Atmospheric Research 228 (2019) 77-85

Contents lists available at ScienceDirect

Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

Check for
updates

A modelling study of the continuous ice formation in an autumnal Arctic
mixed-phase cloud case

Shizuo Fu?, Xin Deng”, Matthew D. Shupe®, Huiwen Xue™"*

2 Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing, China
Y College of Crop Science, Fujian Agriculture and Forestry University, Fuzhou, Fujian, China
¢ Cooperative Institute for Research in Environmental Sciences, University of Colorado and NOAA Earth System Research Laboratory, Boulder, CO, USA

ARTICLE INFO ABSTRACT

Keywords:

Arctic mixed-phase cloud

Ice formation

Cloud top entrainment
Ice-nucleating particle recycling
Secondary ice production

An autumnal Arctic mixed-phase cloud case from the Mixed-Phase Arctic Cloud Experiment is simulated with the
Weather Research and Forecasting model with a prognostic ice-nucleating particle (INP) formulation to in-
vestigate the mechanisms sustaining the continuous ice formation. When the model is run with only primary ice
production (PIP) processes, it needs 100 times the observed INP concentration to reproduce the observations.
When a secondary ice production (SIP) process, i.e., droplet shattering when supercooled droplets freeze het-
erogeneously, is added, the model needs 50 times the observed INP concentration to reproduce the observations.
Two factors are found to reduce the INP concentration required to reproduce the observations. First, as the cloud
moves over the open ocean, the cloud top rises quickly, resulting in a cloud top entrainment rate of ~3.0 cms ™%,
which is 4 times as large as that in previous large-eddy simulations of the same case. More INPs can hence be
entrained into the cloud. Second, INPs are recycled when ice crystals are completely sublimated below the cloud
base. Sensitivity tests show that INP recycling reduces the required INP concentration by a factor of 4. In ad-
dition, offline tests show that another two SIP processes, i.e., droplet shattering when supercooled droplets
collect small ice crystals and breakup during ice-ice collision, do not substantially contribute to the ice formation

in this case.

1. Introduction

Single-layer Arctic mixed-phase cloud (AMC) is usually composed of
a thin mixed-phase layer, which is dominated by supercooled liquid
water, and an underlying ice-phase layer (Shupe et al., 2008; Morrison
et al., 2012). Due to the presence of the liquid layer, AMCs effectively
emit longwave radiation and therefore exert a positive radiative forcing
on the surface (Makshtas et al., 1999; Shupe and Intrieri, 2004; Girard
et al., 2005; Dong et al., 2010; Du et al., 2011; Sedlar et al., 2012). This
positive radiative forcing could accelerate the melting of both land ice
(Bennartz et al., 2013; Solomon et al., 2017) and sea ice (Mortin et al.,
2016; Huang et al., 2018). Although it has been widely recognized that
AMCs play an important role in Arctic climate, many processes occur-
ring in AMCs have not been well understood (Morrison et al., 2012;
English et al., 2014; Engstrom et al., 2014; Chu et al., 2018).

Observations show that ice formation in AMCs can persist for many
hours and sometimes for several days (e.g., Shupe et al., 2006; Verlinde
et al., 2007; Morrison et al., 2012). However, models usually fail to
reproduce the observed ice concentrations when prognostic
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formulations are used to treat ice-nucleating particles (INPs; Fridlind
et al., 2007, 2012; Westbrook and Illingworth, 2013; Fridlind and
Ackerman, 2018). In a large-eddy simulation (LES) study of a case from
the Mixed-Phase Arctic Cloud Experiment (M-PACE), Fridlind et al.
(2007) found that when the INP concentration was set to the observed
value, the INPs in the mixed layer were depleted in < 2h. At later
times, the only source of INP was from cloud top entrainment, which
was too weak to maintain the ice concentration at the observed value.
Their sensitivity test showed that three orders of magnitude more INPs
were required to make cloud top entrainment a sufficiently strong
source of INP. Studies of the cases from the Beaufort Arctic Storms
Experiment (BASE; Fridlind et al., 2007), and the Surface Heat Budget
of the Arctic Ocean (SHEBA) campaign (Fridlind et al., 2012) also
showed that the observed INP concentration was insufficient for the
model to reproduce the observed ice concentration.

Several mechanisms have been proposed to justify an increase of the
ice concentration in model simulations with prognostic INP formula-
tions. Avramov et al. (2011) performed an LES study of a case from the
Indirect and Semi-direct Aerosol Campaign (ISDAC; McFarquhar et al.,
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2011), and found that a reservoir of INPs below the cloud base could
provide a prolonged supply of INPs and hence maintain the ice for-
mation. Solomon et al. (2015) simulated the same case and found that
INP recycling could substantially increase the ice concentration. Fu and
Xue (2017) simulated a similar case and showed that the cooling of the
cloud continuously activated low-efficiency INPs and maintained the
ice formation. The continuous ice formation sustained by cloud cooling
was also supported by the LES study of other cases from ISDAC (Savre
and Ekman, 2015). Note that the aforementioned mechanisms were
closely related to the ISDAC cases, where the AMCs were decoupled
from the surface. In other cases, such as those encountered in the M-
PACE, the AMCs were strongly coupled to the surface. The efficacy of
the aforementioned mechanisms in coupled cases is not guaranteed.
Actually, in a LES study of the M-PACE case, Fridlind et al. (2007) has
shown that the INP reservoir below cloud base was consumed in a very
short time and could not provide INPs at later times. They also argued
that the effect of INP recycling was negligible. On the contrary, Fan
et al. (2009) showed that the effect of INP recycling was significant in
the M-PACE case. In addition to the aforementioned mechanisms,
Morrison et al. (2005) proposed that contact freezing could prolong ice
formation when contact nuclei were treated separately from other INPs.
In this situation, contact freezing was the dominant mode of ice nu-
cleation. However, some later observational studies suggested that
immersion freezing, instead of contact freezing, was the dominant ice
nucleation mode in mixed-phase clouds (de Boer et al., 2010, 2011). In
addition, in order to adequately resolve the dynamical and micro-
physical processes, the aforementioned modelling studies generally
used a relatively small domain (i.e., ~10km in the horizontal and
~2km in the vertical).

Secondary ice production (SIP) processes are also frequently in-
voked to explain the discrepancy between the low INP concentration
and the high ice concentration (e.g., Rangno and Hobbs, 2001; Lawson
et al., 2015; Field et al., 2017; Huang et al., 2017; Sullivan et al., 2018).
Several SIP processes have been identified. Rime splintering is the
process where ice fragments are produced when ice particles collect
supercooled liquid droplets (Hallett and Mossop, 1974; Field et al.,
2017). Although this process can potentially increase the ice con-
centration by several orders of magnitude, it occurs only when the
temperature is between —8 and — 3 °C. Another SIP process is collision
breakup, where ice fragments are produced when ice-ice collision oc-
curs (Field et al., 2017). Vardiman (1978) interpreted his experiments
of collision breakup in terms of the change in momentum, and for-
mulated a parameterization where the number of ice fragments was a
function of the momentum change during the ice-ice collision. Re-
cently, Phillips et al. (2017) interpreted the experiments of Takahashi
et al. (1995) in terms of the conservation of energy, and built a para-
meterization where the collision kinetic energy was the governing
parameter. Ice fragments can also be produced when a supercooled
droplet freezes (i.e., droplet shattering; Dye and Hobbs, 1967; Lawson
et al., 2015; Field et al., 2017). By reviewing previous experiments of
droplet shattering, Phillips et al. (2018) showed that the number of ice
fragments increased with the size of the freezing droplet, and peaked
near —15°C. Note that the freezing of a supercooled droplet can occur
either by heterogeneous nucleation or by collecting a small ice crystal
(Phillips et al., 2018).

In this study, we also focus on a case from M-PACE (i.e., flight 10a).
This case occurred during a cold air outbreak event, where the cold and
dry air from the pack ice moved over the relatively warm open Arctic
Ocean, leading to the formation of well-organized cloud streets
(Verlinde et al., 2007; Solomon et al., 2009). Observations showed that
as the cloud moved downwind, the cloud top rose rapidly (Sethuraman
et al., 1986; Hartmann et al., 1997). Later modelling studies showed
that the rapid lifting of the cloud top was driven by the strong surface
fluxes (Harrington and Olsson, 2001; Gryschka and Raasch, 2005; Liu
et al., 2006). As will be shown, the rapid lifting results in a large cloud
top entrainment rate and can subsequently increase the amount of INPs
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entrained into the cloud.

Solomon et al. (2009) used the Weather Research and Forecasting
(WRF) model to perform meso-scale simulations of the same case from
M-PACE, and conducted extensive comparisons between the simula-
tions and observations. Their results showed that the simulations with a
two-moment microphysics scheme (Morrison et al., 2009) well re-
produced the organized structure, the radiative properties, and the
microphysical properties of the cloud system. It is worth mentioning
that a diagnostic INP formulation, instead of a prognostic INP for-
mulation, was used in Solomon et al. (2009).

In this study, we investigate the mechanisms that can increase the
ice concentration in the model. We also use the WRF model to conduct
simulations of the M-PACE case. We first run the model with only
primary ice production (PIP) process, and focus on the role of cloud top
entrainment in providing INPs to the AMC. We then run the model with
a droplet shattering process, and investigate the effect of droplet shat-
tering processes in increasing ice concentration. In section 2, we de-
scribe the case, the model, and the experiment setup. Section 3 presents
the results. A discussion is given in Section 4, followed with a summary
in section 5.

2. Method
2.1. Observations

The M-PACE took place from September 27 to October 22, 2004
(UTC, the same hereinafter; Verlinde et al., 2007). From October 8 to
13, a high pressure system sat over the pack ice to the northeast of
Barrow, Alaska. The cold air moved from the pack ice over the rela-
tively warm open ocean, leading to the formation of a long-lived
widespread mixed-phase stratocumulus cloud system. Several flights
were made to sample this cloud system. In this study, we focus on flight
10a taking off on October 10. During this flight, the aircraft mainly flew
along the coast of Alaska. From 01:10 to 02:00, the aircraft performed
several spirals over Barrow to detect the vertical structure of the cloud.
The microphysics data collected during this time is used to evaluate the
simulation results.

A suite of instruments onboard the aircraft were used to measure the
properties of both clouds and aerosols. The instrumentation and the
data processing algorithms have been well documented in Verlinde
et al. (2007), McFarquhar et al. (2007), and Fridlind et al. (2007). In
this study, the observed liquid water content (LWC), droplet con-
centration, ice water content (IWC), and ice concentration are used.
Previous studies pointed out that the measured concentration of small
ice crystals was not reliable (McFarquhar et al., 2007). When an ice
crystal collides with the probe inlet and breaks up into a number of
small ice crystals, the concentration of small ice crystals is artificially
increased (Korolev and Isaac, 2005; Korolev et al., 2011). The un-
certainty in the determination of the depth of field of small ice crystals
also results in uncertainty in the concentration of small ice crystals
(Korolev, 2007). Therefore, the concentration of only the ice crystals
with diameters > 128 pm is used in this study.

The INP concentration was measured with the continuous flow
diffusion chamber (Rogers et al., 2001). Previous studies of the M-PACE
case did not distinguish the INPs measured below the cloud top from
those measured above the cloud top, and obtained a mean INP con-
centration of 0.2L~! (Fridlind et al., 2007; Fan et al., 2009). In this
study, we use only the INP data obtained above the cloud top, which is
defined as the highest point with LWC > 0.001 gm~°. For the whole
flight 10a, the mean INP concentration above the cloud top is 0.18 L ™%
In addition, the INP concentration obtained during two preceding
flights (flew on October 8 and 9, respectively) are similar to that during
flight 10a. Prenni et al. (2007) showed that the INP concentration
during M-PACE increased with decreasing temperature when tem-
perature was above —12°C but remained quasi constant when tem-
perature was lower than —12°C, meaning that the INPs mainly take
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Fig. 1. Domain d01, d02, and d03 are respectively shown with the largest, the
medium, and the smallest grey boxes. The light grey region indicates sea ice,
and the dark grey region indicates land. The red contours show sea surface
temperature of the open ocean. The black line shows a back trajectory in si-
mulation PIP1x, which starts at Barrow at 01:00 October 10. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

effect above —12 °C. At this temperature, the Fletcher parameterization
gives an INP concentration of 0.013 L~! (Fletcher, 1962), while the
Meyers parameterization gives an INP concentration of 2.6 L.~ ! at water
saturation (Meyers et al., 1992).

Data obtained with the ground-based remote sensing instruments,
operated by the Atmospheric Radiation Measurement (ARM) Program
and located at Barrow (Verlinde et al., 2016), are also used to evaluate
the simulation results. Liquid water path (LWP) was retrieved with the
microwave radiometer operating at 23.8 and 31.4 GHz, with an un-
certainty of 25gm ™2 (Shupe et al., 2001, 2005). The ice water path
(IWP) was obtained by integrating the IWC, which was calculated based
on a power-law relation between IWC and the radar reflectivity mea-
sured by the millimeter cloud radar (Shupe et al., 2001, 2005). The
estimated uncertainty of IWP is up to 100% (Shupe et al., 2005).

2.2. Model description

The WRF model (version 3.8.1; Skamarock et al., 2008) is used to
simulate the M-PACE case. Previous studies found that two-way nesting
was generally superior to one-way nesting (Harris and Durran, 2010).
We therefore use three two-way nested domains, as shown in Fig. 1. The
horizontal resolutions are 6, 1, and 0.2 km for domains d01, d02, and
d03, respectively. In order to well resolve the low-level thin cloud
system, 30 vertical levels are used in the lowest 1.5 km. The 6-hourly
ERA-interim dataset is used for the initial and boundary conditions (Dee
et al., 2011). The model runs from 12:00 October 8 to 06:00 October
10. The first 24h is the spin-up time. The radiative transfer (both
longwave and shortwave) is calculated with the RRTMG scheme
(Iacono et al., 2008). In all three domains, the boundary layer processes
are treated with the YSU scheme (Hong et al., 2006), and the horizontal
diffusion is treated with the Smagorinsky first order closure (Skamarock
et al., 2008). A discussion of the turbulence in domain d03 and a sen-
sitivity test with 3 dimensional (3D) turbulent kinetic energy (TKE)
closure are presented in the Appendix. Microphysical processes are
parameterized with the Milbrandt two-moment scheme (Milbrandt and
Yau, 2005a, 2005b). In this text, we present only the microphysical
processes that are modified. For the other details, please consult the
references.

In the original microphysics scheme, PIP processes included contact
freezing, deposition nucleation, and condensation nucleation. Contact
freezing was parameterized following Young (1974) and Walko et al.
(1995). Deposition nucleation and condensation nucleation were not
distinguished and were parameterized with the formula from Meyers
et al. (1992). Because the Meyers parameterization is a diagnostic re-
lation, it actually provides an unlimited source of INP. Therefore, the
original parameterization of ice nucleation does not satisfy the purpose
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of this study.

In the modified microphysics scheme, the parameterization of
contact freezing is retained while the combination of deposition nu-
cleation and condensation nucleation is replaced with immersion
freezing. Specifically, two variables are used to represent the INP
concentrations. The first represents the concentration of ambient INPs
and the second represents the concentration of immersed INPs in liquid
droplets. Initially, all INPs are ambient INPs. Ambient INPs are con-
verted to immersed INPs when local saturation ratio over water exceeds
one and vertical velocity is > 0.001 ms~'. Immersed INPs are con-
verted back to ambient INPs when local liquid water mixing ratio is
smaller than 0.01 g kg~ '. Ambient INPs catalyze ice formation through
contact freezing, as in the original microphysics scheme. Immersed
INPs catalyze ice formation via immersion freezing. Based on this set-
ting, PIP processes mainly occur via immersion freezing. For the INPs
entrained from above the cloud top, they are initially ambient INPs,
which nucleate ice crystals via contact freezing. However, contact
freezing is very slow and produces very few ice crystals. Most ambient
INPs are transported downwards. When these ambient INPs are en-
trained into updrafts, they are converted to immersed INPs, which can
then produce significant amount of ice crystals via immersion freezing.

As mentioned above, INPs in the M-PACE case mainly take effect
before the temperature becomes lower than —12 °C. We therefore set
the nucleating temperature to be —12°C, i.e., ice nucleation occurs
when local temperature is lower than —12 °C. We also require the local
liquid water mixing ratio to be > 0.01gkg™'! before immersion
freezing can occur. In the M-PACE case, the level of —12 °C is near the
cloud base, so PIP processes mainly occur near the cloud base. A sen-
sitivity test with a higher nucleating temperature (—10 °C) produces
results similar to the simulation with a nucleating temperature of
—12°C. This is because ice nucleation also occurs near the cloud base
in the simulation with a higher nucleating temperature. Another sen-
sitivity test with a lower nucleating temperature (—14 °C) produces less
ice than the simulation with a nucleating temperature of —12 °C. In the
simulation with a lower nucleating temperature, ice nucleation occurs
at a higher elevation so the ice crystals have less time to grow. In this
situation, IWC is smaller and the concentration of ice crystals with
diameters > 128 um is lower.

In the original microphysics scheme, rime splintering process is the
only SIP process. However, this process does not take effect in the si-
mulated case because the cloud is not in the corresponding temperature
range. In the modified scheme, another SIP process, i.e., droplet shat-
tering, is added. Following Phillips et al. (2018), the number of frag-
ments per frozen droplet is parameterized as a function of temperature
and droplet size. As mentioned before, droplet shattering can occur
either when supercooled droplets freeze heterogeneously or when su-
percooled droplets collide with smaller ice crystals. In the WRF model,
only the first situation is considered. As will be shown, the other si-
tuation contributes negligibly to the ice formation in this case. Solid
phase hydrometeors are categorized as ice, snow, graupel, and hail in
the original microphysics scheme. In this study, graupel and hail are
turned off because of their extremely low production rates. Unless
specifically mentioned, ice and snow are collectively referred to as ice
or ice crystals.

INP recycling is also added to the scheme. When only PIP processes
are considered, the complete sublimation of every ice crystal produces
an ambient INP. When SIP processes are also considered, some ice
crystals do not contain INPs. No INPs should be released when these ice
crystals sublimate completely. Therefore, we need to know the fraction
of ice crystals that are formed through PIP processes before we can
calculate the number of recycled INPs. In every time step, we store the
concentration of newly formed ice crystals due to PIP processes and the
concentration of newly formed ice crystals due to SIP processes, both of
which are averaged over regions of 50 km x 50 km. The mean fraction
of newly formed ice crystals due to PIP processes is therefore obtained,
and then used to calculate the number of recycled INPs. A sensitivity
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test shows that the simulation results are very similar when the aver-
aging region is shrunk from 50 km X 50 km to 20 km X 20 km.

Some other parameters are also modified to be consistent with the
observations in the M-PACE case. The relation between mass m (in kg)
and diameter D (in m) of an ice crystal is m = 0.5D?*2, The relation
between the fallspeed v (in m s~ 1) and D is v = 45D% (Fridlind et al.,
2007). As in Fridlind et al. (2007), we assume that ice crystals are
spherical. In accordance with this assumption, the capacitance C (in m)
of ice crystals is set to be C = 0.5D (Pruppacher and Klett, 1997). In
addition, the droplet concentration is fixed to the observed value (i.e.,
30 cm™3).

2.3. Experiment design

Observations showed that INPs were continuously observed (at least
from October 8 to 10), indicating there was a continuous source of INP
in the upwind region. In previous LES studies, the INP source was
maintained by fixing the INP concentration above the cloud top. In the
WREF real case simulation presented here, we fix the INP concentration
below 1.5 km over the sea ice, which is indicated with light grey colour
in Fig. 1. These INPs are then transported over the open ocean, pro-
viding the cloud system with a continuous source of INP.

In this study, the effects of PIP processes and SIP processes are in-
vestigated separately. We first run the model with only PIP processes
and the observed INP concentration (0.18 L™1). This simulation is
called simulation PIP1x. As will be shown, simulation PIP1x produces
very few ice crystals. Simulation PIP100x, where the INP concentration
is increased to 100 times the observed value, is also run. We then run a
simulation with droplet shattering process and 50 times the observed
INP concentration. This simulation is called simulation DS50x. Some
other sensitivity tests are also performed and are discussed in the ap-
propriate sections.

3. WREF simulation results
3.1. A Lagrangian analysis of cloud evolution

A Lagrangian analysis of cloud evolution is performed by analyzing
the cloud properties along back trajectories. The back trajectories are
calculated with the horizontal wind at the 20th vertical level
(~0.85 km, which is in the middle of the observed cloud). Additionally,
the horizontal wind is averaged over a region of 40 km X 40km to
eliminate the effect of small-scale turbulence. The back trajectory
starting at Barrow and at 01:00 October 10 in simulation PIP1x is
shown with the black line in Fig. 1. The back trajectories in simulations
PIP100x and DS50x are very similar to that in simulation PIP1x, pro-
vided they start at the same location and the same time.

Fig. 2 shows the evolutions of the LWC profile, IWC profile, and INP
concentration profile averaged over regions of 40km x 40km along
the back trajectories for simulations PIP1x (first row), PIP100x (second
row), and DS50x (third row). In all three simulations, the back trajec-
tories start at Barrow and at 01:00 October 10. We first present the
results of simulation PIP1x. In this simulation, when the air mass moves
over the open ocean, the strong surface fluxes strengthen the turbulence
and increase the vapor amount in the boundary layer. Consequently,
clouds form about 4 h after the air mass crosses the ice edge (Fig. 2a). At
later times, the LWC increases rapidly, along with the cloud top height
and cloud base height.

Based on our experimental setup, INPs are released only over the sea
ice. They are then efficiently transported over the open ocean and then
to the continent (e.g., Barrow; Fig. 2¢). After cloud forms, ice nucleation
occurs. This leads to the depletion of INPs in the cloud layer (Fig. 2c).
However, the INP concentration in simulation PIP1x is so low that the
IWC is negligible (Fig. 2b). Because very few ice crystals are available
for sublimation, INP recycling is negligible in this simulation.

The fast rising of the cloud top is associated with a large cloud top
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entrainment rate. Following Moeng (2000), the entrainment rate w, =
dz;/dt — ws, where g; is the cloud top height, and w; is the large-scale
subsidence at the cloud top. In this study, cloud top is defined as the
highest grid with LWC > 0.001 gm 3. Cloud top height is also aver-
aged over the 40km X 40km region, as in the calculation of the
averaged wind used to calculate the back trajectories. The large-scale
subsidence is averaged over a larger region of 400 km X 400 km. As the
air mass moves toward Barrow, the cloud top height increases rapidly
(Fig. 3a). The large-scale subsidence first remains nearly constant at
—0.2cms ™, and then becomes increasingly stronger (Fig. 3b). In si-
mulation PIP1x, the large-scale subsidence is —0.71 cms~* when the
air mass reaches Barrow. This subsidence is close to that in previous
studies of the same case, which is approximately —0.7 cms~* (Fridlind
et al., 2007; Klein et al., 2009; Fan et al., 2009). In simulation PIP1x,
the entrainment rate is generally larger than 2.0cms™' and is
3.2cms™ ! at Barrow (Fig. 30).

When INP concentration is increased to 100 times the observed
value (i.e., simulation PIP100x), much more ice is produced, resulting
in a larger IWC (Fig. 2e). Due to the competition between ice crystals
and liquid droplets for available water vapor, the growth of ice crystals
inhibits the growth of liquid droplets, resulting in a smaller LWC and a
higher cloud base (Fig. 2d). The cloud top height and the large-scale
subsidence in simulation PIP100x are both similar to those in simula-
tion PIP1x (Fig. 3a and b). Thus, the entrainment rate in simulation
PIP100x is also similar to that in simulation PIP1x (Fig. 3c).

INP recycling is important in simulation PIP100x. In this simulation,
the ice concentration is relatively high. The competition among ice
crystals therefore reduces the growth of ice crystals. In addition, the
high cloud base results in a deep sub-saturated layer below cloud base.
In response to these two factors, many ice crystals are completely
sublimated, leading to the formation of recycled INPs. When the air
mass reaches Barrow, the INP concentration below the cloud base is
almost the same as that above the cloud top.

The results of the simulation with droplet shattering included and
50 times the observed INP concentration (i.e., DS50x) is shown in the
third row in Fig. 2. Compared with simulation PIP100x, simulation
DS50x produces slightly higher IWC (Fig. 2h) and slightly less LWC
(Fig. 2g). The evolutions of the cloud top height, large-scale subsidence,
and entrainment rate in simulation DS50x are almost the same as those
in simulation PIP100x (Fig. 3). Additionally, it is found that the amount
of recycled INP in simulation DS50x is half of that as in simulation
PIP100x (Fig. 2i), indicating that the proportion of INPs that are re-
cycled in simulation DS50x is the same as that in simulation PIP100x.

3.2. Comparison with observations

We now compare the simulation results with the remote sensing and
aircraft data to see whether the model can reproduce the observations.
All the simulated quantities at Barrow are represented by the values
averaged over domain d03. Simulation PIP1x well reproduces the LWP
derived from ground-based microwave radiometer (Fig. 4a). In ac-
cordance with the LWP, the simulation also reproduces the LWC profile
and the droplet concentration profile measured by aircraft (Fig. 5a and
b). As mentioned before, this simulation produces very few ice crystals
(Fig. 5d), leading to a severe underestimation of IWC (Fig. 5¢), and
therefore a negligible IWP (Fig. 4b). This result is consistent with pre-
vious studies (Fridlind et al., 2007), where the observed INP con-
centration was found to be too low to reproduce the observed ice
concentration.

In simulation PIP100x, the increased INP concentration produces
much more ice (Fig. 4b). Nevertheless, the simulated IWP in simulation
PIP100x is generally smaller than the retrieved value. Similarly, the
simulated LWP is also generally smaller than the retrieved value
(Fig. 4a). In our simulation, ice crystals start to form up to 10 h before
the air mass reaches Barrow (Figs. 2 and 3). The sedimentation of these
ice crystals continuously removes moisture from the air mass, leading to
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Fig. 3. The evolutions of (a) cloud top height, (b) large-scale subsidence, and
(c) entrainment rate along the back trajectories. Simulations PIP1x, PIP100x,
and DS50x are shown with red, green, and blue lines, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

a small LWP at Barrow. The continuous removal of moisture also re-
duces the growth of ice crystals, resulting in a small IWP.

From 01:00 to 02:00 on October 10, the simulated IWC profile and
ice concentration profile are both close to the aircraft observations
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Fig. 2. The evolutions of (left column) LWC profile,
(middle column) IWC profile, and (right column) INP
concentration profile along the back trajectory
starting at Barrow at 01:00 October 10. The first,
second, and third rows are respectively for simula-
tions PIP1x, PIP100x, and DS50x. The x-axis shows
the time before the back trajectory arrives at Barrow.
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Fig. 4. (a) The simulated and retrieved LWP. Simulations PIP1x, PIP100x, and
DS50x are shown with red, green, and blue lines, respectively. The black line
shows the 1-hour running mean of the retrieved LWP, and the grey shading
indicates the range from 15th to 85th percentile. (b) is the same as (a) but for
IWP. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(Fig. 5g and h). We note that the simulated IWC is much smaller than
the observed value near the cloud top. As mentioned in Section 2.2, ice
crystals mainly form near the cloud base. These ice crystals grow ra-
pidly and can hardly reach the cloud top, leading to the under-
estimation of the IWC near the cloud top. The simulated LWC is slightly
smaller than the aircraft observed value (Fig. 5e), consistent with the
fact that the simulated LWP is smaller than the retrieved value. In si-
mulation DS50x, the results are almost the same as those in simulation
PIP100x (Figs. 4 and 5).
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Height (km)

Fig. 5. The simulated (blue) and the aircraft-ob-
served (black) profiles of (first column) LWC,
(second column) droplet concentration, (third
column) IWC, and (fourth column) concentration of
ice crystals with diameters > 128 ym. The first,
second, and third rows are for simulations PIP1x,
PIP100x, and DS50x, respectively. The solid lines
indicate the mean values, and the shadings re-
present the ranges from 15th to 85th percentile. (For
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figure legend, the reader is referred to the web
version of this article.)
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4. Discussion
4.1. Offline calculation of other SIP processes

In the WRF simulations presented, only one SIP process is con-
sidered, i.e., droplet shattering when supercooled droplets freeze het-
erogeneously. Now, we perform offline calculation of another two SIP
processes. As has been mentioned, when supercooled droplets collect
small ice crystals, they can also produce ice fragments (Phillips et al.,
2018). The ice-forming rate due to this process is calculated as a
function of rain water content and ice concentration. In this calculation,
the rain droplet concentration is fixed at 30 L™, and the IWC is fixed at
0.02gm ™3, both of which are representative in this case. The tem-
perature is set to —15°C to maximize the ice-forming rate (Phillips
et al., 2018). Fig. 6a shows that the ice-forming rate increases with both
the rain water content and the ice concentration. When rain water
content becomes larger, the droplets become larger, and can collect
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Fig. 6. (a) Ice-forming rate (in L™ h™1) as a function of rain water content and
ice concentration for droplet shattering when supercooled droplets collect ice
crystals. The rain droplet concentration is fixed at 30 L™, and the IWC is fixed
at 0.02 gm_3. (b) The normalized joint distribution of rain water content and
ice concentration in simulation PIP100x between 01:00 and 02:00 October 10.
(c) Ice-forming rate as a function of IWC and ice concentration for collision
breakup. (d) The same as (b) but for IWC and ice concentration.
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more ice crystals, resulting in more ice fragments. When ice con-
centration increases, more ice crystals can be collected by droplets. In
addition, increasing ice concentration also decreases the size of ice
crystals. This increases the fall speed difference between droplets and
ice crystals, further enhancing the number of ice crystals collected by
droplets. In order to evaluate the importance of droplet shattering when
supercooled droplets collect ice crystals, we also need to know how
often the combination of large rain water content and high ice con-
centration occurs. Fig. 6b shows the joint distribution of rain water
content and ice concentration in domain d03 of simulation PIP100x
between 01:00 and 02:00 October 10. It shows that the rain water
content is mostly very small. Thus, the contribution of droplet shat-
tering when supercooled droplets collect ice crystals is negligible.

The collision breakup process is tested using the momentum based
parameterization (Vardiman et al.,, 1978). In order to maximize the
number of fragments produced, the ice crystals are assumed to be the
lightly to moderately rimed spatial crystals. Fig. 6¢ shows that the ice-
forming rate due to collision breakup reaches its maximum when IWC is
large and ice concentration is low. However, this optimum condition
rarely occurs in simulation PIP100x (Fig. 6d), similar to the droplet
shattering when supercooled droplets collect small ice crystals.

4.2. INPs emitted from sea surface

Recent studies have pointed out that sea-salt aerosols can be a
source of INPs (Burrows et al., 2013; Wilson et al., 2015; DeMott et al.,
2016). Here, we briefly show that the INP flux from the sea surface is
much smaller than that from cloud top entrainment. Gong (2003) shows
that the sea-salt aerosol number flux density can be given by

dF

_p2
o = 1373 A (L + 0057534 x 101007 ’
;

(@)
where r is the radius of sea-salt aerosol (in pm), u;, the wind speed at
10m, A = 4.7(1 + 61~ %7 and B = (0.433 — logr)/0.433. The
adjustable parameter ® = 30, as used in Gong (2003). Using Eq. (1), we
obtain the total surface area of sea-salt aerosols emitted from the sea
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surface. DeMott et al. (2016) gave the surface active site density (n,) of
sea-salt aerosols. The upper bound of ng at —15°C, the lowest tem-
perature in the simulated cloud, is approximately 100 cm ™2 When we
set ;o= 12ms™ !, which is the maximum u;o encountered in the si-
mulations, the INP flux is 6 x 10°m~2h 1. As has be shown, the cloud
top entrainment rate is generally > 2.0 cms™!, corresponding to an
INP flux of 1.3x10°m~2h~'! in simulation PIP100x and
6.5 x 10°m~2h ™! in simulation DS50x. It can be seen that the INP flux
from the sea surface is much weaker than that from the cloud top.

4.3. Comparison with previous studies

The cloud top entrainment rate in this study is much stronger than
that in previous studies of the same case. In this study, as revealed by
the Lagrangian analysis, the cloud top entrainment rate is ~3.0 cms ™!
at Barrow. In previous LES studies (Fridlind et al., 2007; Klein et al.,
2009; Fan et al., 2009), the cloud top was maintained at quasi-constant
heights. This means that the entrainment rate had the same magnitude
as the large-scale subsidence, which was ~0.7 cm s~ 1. Thus, previous
studies underestimated the amount of INPs entrained into the cloud by
a factor of 4.

INP recycling is found to play an important role in this study
(Fig. 2). Sensitivity tests are performed to further reveal the effect of
INP recycling. When INP recycling is neglected, in order to reproduce
the observed ice concentration, the INP concentration needs to be 400
times the observed INP concentration in the simulation with only PIP
processes, and 200 times the observed INP concentration in the simu-
lation with both PIP and droplet shattering processes. Thus, INP con-
centration required in the simulations without INP recycling is 4 times
that required in the simulations with INP recycling. Fan et al. (2009),
who studied the same case as this study, found that the ice con-
centration in the simulation with INP recycling was 7 times that in the
simulation without INP recycling. Solomon et al. (2015), who studies a
different case than this study, found that the ice concentration in the
simulation with INP recycling was 4 times that in the simulation
without INP recycling.

Even when the model has included INP recycling and droplet
shattering, and has simulated a stronger cloud top entrainment rate
than in previous studies (i.e., simulation DS50x), it still requires 50
times the observed INP concentration to reproduce the observed ice
concentration. In previous studies (Fridlind et al., 2007; Fan et al.,
2009), several possible mechanisms have been proposed to reproduce
the observed ice concentration with the observed INP concentration.
For example, evaporating residues become INPs (Beard, 1992), or
droplets freeze during evaporation (Cotton and Field, 2002; Durant and
Shaw, 2005; Shaw et al., 2005). Due to the lack of reliable para-
meterizations for these two mechanisms, no further simulation is per-
formed.

5. Summary

An autumnal Arctic mixed-phase cloud case from the M-PACE is
simulated with the WRF model to investigate the mechanisms

Appendix A
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sustaining continuous ice formation. In simulation PIP1x, the model is
run with only PIP process and the aircraft-observed INP concentration.
It reproduces the observed LWC profile and droplet concentration
profile. It also reproduces the observed temporal evolution of LWP.
However, this simulation produces very few ice crystals, leading to a
severe underestimation of IWC and IWP. The amount of recycled INPs is
also negligible in this simulation. In simulation PIP100x, the INP con-
centration is increased to 100 times the observed value. This simulation
reproduces some aspects of the observed IWC, ice concentration, and
the temporal evolution of IWP. Due to the higher ice concentration,
simulation PIP100x underestimates the LWC and LWP. In this simula-
tion, INP recycling produces an INP reservoir near the surface, which
subsequently contributes to ice formation. In simulation DS50x, in ad-
dition to PIP processes, the model also has a SIP process, i.e., droplet
shattering when supercooled droplets freeze heterogeneously.
Additionally, the INP concentration is reduced to 50 times the observed
value. The result of simulation DS50x is very similar to that of simu-
lation PIP100x.

In all three simulations, the Lagrangian analysis shows that the
cloud top rises quickly as the cloud moves over the open ocean. The fast
rising cloud top results in a cloud top entrainment rate of ~3.0 cms™?,
which is 4 times as large as those in previous studies. As a result, more
INPs are entrained into the cloud in this study than in previous studies.
In addition, sensitivity tests show that INP recycling can reduce the INP
concentration required to reproduce observations by a factor of 4.
Offline tests show that another two SIP processes, i.e., droplet shat-
tering when supercooled droplets collect small ice crystals and breakup
during ice-ice collision, do not substantially contribute to the ice for-
mation in this case. A simple calculation shows that INPs emitted from
the sea surface is also negligible in this case.

While we have identified two mechanisms that can substantially
reduce the amount of INPs required by the model to reproduce the
observed cloud properties, a significant gap between the low INP con-
centration and the high ice concentration still exists. In addition, we
also find that improving the agreement between the simulated ice
concentration and the observed ice concentration reduces the agree-
ment between the simulated LWC and the observed LWC. Information
on the spatiotemporal distribution of INPs might be able to bring both
the ice phase and the liquid phase closer to observations. In addition,
further information on SIP processes are also required to narrow the
gap between observations and simulations.

Acknowledgement

We thank Jost Heintzenberg, Fan Yang, Zhiqiang Cui, Lulin Xue, and
Aaron Bansemer for their helps. Observational data products were de-
rived from the North Slope of Alaska ground site and research aircraft,
both sponsored by the US Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) Program. S. F., X. D., and H. X. were
supported by Chinese NSF grants 41675134 and 41330421. M. S. was
supported by the DOE Atmospheric System Research Program (DE-
SC0011918) and the NOAA Earth System Research Laboratory.

In simulation PIP100x, the TKE production in domain d03 due to buoyancy and shear are very similar to that by Gryschka and Raasch (2005),
where very high resolution LES (50 m in the horizontal and 25 m in the vertical) is used to simulate a cold air outbreak event (Fig. Al(a)). The
variance of vertical velocity is similar to that observed by Chou et al. (1986), where a cold air outbreak event is observed, and also similar to that
simulated by Moeng (1986), where LES of a stratus topped boundary layer is performed (Fig. A1(b)). In our simulations, the TKE in the cloud layer is
at least one order of magnitude larger than the variance of vertical velocity (Fig. A1(c)). This is not similar to that in Moeng (1986), where the TKE
and the variance of vertical velocity in the cloud layer are of the same order. We are not sure whether this difference is a result of the different cases

simulated or the different model setups.

In the sensitivity test, the setups of domains dO1 and d02 are the same as that in simulation PIP100x. In domain d03, we turn off the PBL scheme
and use the 3D TKE closure to treat diffusion. The results of the sensitivity tests (second row in Fig. Al) are very similar to those of simulation
PIP100x, except the magnitude of each quantities is slightly larger. The profiles of LWC, droplet concentration, IWC, and concentration of ice crystals
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with diameters > 128 um in the sensitivity test are all similar to
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those in simulation PIP100x.
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Fig. Al. (a) TKE production due to buoyancy (solid line) and shear (dashed line), (b) variance of vertical velocity, and (c) TKE from simulation PIP100x. (d) (e) and
(f) are respectively the same as (a) (b) and (c) but for the sensitivity test (see text for details).
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