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ABSTRACT

In this study, two parameterizations of ice nucleation rate on dust particles are used in a parcel model to

simulate aircraft measurements of ice crystal number concentrationNi in the Arctic. The parcel model has

detailed microphysics for droplet and ice nucleation, growth, and evaporation with prescribed vertical air

velocities. Three dynamic regimes are considered, including large-scale ascent, cloud-top generating cells,

and their combination. With observed meteorological conditions and aerosol concentrations, the parcel

model predicts the number concentrations of size-resolved ice crystals, which may be compared to aircraft

measurements. Model results show rapid changes with height/time in relative humidity, Ni, and thermo-

dynamic phase partitioning, which is not resolved in current climate and weather forecasting models.

Parameterizations for ice number and nucleation rate in mixed-phase stratus clouds are thus developed

based on the parcel model results to represent the time-integrated effect of some microphysical processes

in large-scale models.

1. Introduction

Mixed-phase clouds, comprising both ice and super-

cooled liquid water, are frequently observed in the

Arctic (Shupe et al. 2006; Verlinde et al. 2007; de Boer

et al. 2011; Shupe 2011; Morrison et al. 2012). The

thermodynamic phase partitioning in clouds is influ-

enced locally by heterogeneous ice nucleation rates

and the Wegener–Bergeron–Findeisen (WBF) process,

which involves the growth of ice crystals via vapor

deposition and evaporation of liquid water droplets

(e.g., Rotstayn et al. 2000) and influences the equilibrium

climate sensitivity to atmospheric CO2 concentration

(Tan et al. 2016). The rate of the WBF process increases

with the concentration of ice crystals in clouds, which

itself increases with the number of ice nucleating parti-

cles (INPs). Atmospheric insoluble aerosols can serve as

INPs as air cools to critical temperatures T and reaches

critical ice supersaturations (SSi) [see, e.g., review by

Hoose and Möhler (2012)]. Model prediction of the

mixed-phase clouds thus requires accurate representa-

tion of atmospheric aerosols such as cloud condensation

nuclei (CCN), a variety of INPs and their concentrations,

the WBF process, large-scale synoptic meteorological

processes, and small-scale dynamics that drive micro-

physical processes. The concentration of ice crystals is an

observable parameter linking ice nucleation and sub-

sequent microphysical processes in clouds that could not

be readily measured in situ, as long as the ice crystal

concentration can be reliably measured.Corresponding author: Songmiao Fan, songmiao.fan@noaa.gov
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Aircraft measurements of ice crystals have been

made in Arctic clouds during multiple field expeditions

(Table 1). The number concentrations of ice crystal were

found mostly in the range of 0.1–100L21 at standard

conditions (T 5 273.2K; pressure P 5 1013hPa), which

is three to six orders of magnitude lower than that of

liquid droplets (Gultepe et al. 2001; Pinto et al. 2001;

McFarquhar et al. 2007; Avramov et al. 2011; Lloyd et al.

2015). Most of the ice crystals were between 50 and

200mm in diameter, and their habits were recognized

as needles, dendrites, rosettes, semispheres, or irregular

in shape (McFarquhar et al. 2007; Avramov et al. 2011).

Measurements of ice smaller than 50mm were subject

to interference from shattering at air-sampling inlets

and othermeasurement uncertainties (McFarquhar et al.

2011). Larger frozen hydrometeors were observed below

the liquid cloud layer with number concentrations on the

order of 1L21, indicating a continual settling of ice from

above. The dominant particle types identified as INPs in

theArctic weremineral dust/metal oxides, carbonaceous

particles, and mixtures of metal oxides/dust with either

carbonaceous components or salts/sulfates (Prenni et al.

2009; McFarquhar et al. 2011).

Over the Arctic Ocean, the formation of mid- and

upper-level clouds is believed to be closely associated

with frontal systems (Curry andHerman 1985). Low-level

clouds appear to be relatively insensitive to the synoptic

situation and form as a result of airmass modification due

to radiative cooling (Curry et al. 1996). Cloud-top cooling

and in-cloud latent heating act to maintain Arctic mixed-

phase stratocumulus in the presence of a temperature and

humidity inversion for many days at a time (Solomon

et al. 2011). Deep convection may occur over ice-free

ocean (Noer et al. 2011). More complex cloud processes,

including that of multilayer clouds, result from cloud,

radiation, moisture, and dynamical interactions (Curry

et al. 1996; Morrison et al. 2012). The role of aerosols and

INPs in the persistence of Arctic mixed-phase clouds

could be important and needs further investigation

(Morrison et al. 2012).

Some climatemodels and forecastmodels are deficient

in simulating liquid-containing Arctic clouds with sub-

stantial consequences on surface radiation (Xie et al.

2008; Liu et al. 2011; Cesana et al. 2012; Sotiropoulou

et al. 2016; Tan et al. 2016). Cloud-resolving models and

single-column models also have difficulties reproducing

the observed cloud fields in observationally based case

studies (Klein et al. 2009; Morrison et al. 2009). The

primary culprit in the underestimation of liquid water

content (LWC) in these models is the treatment of the

WBF process, which is sensitive to Ni and thus to the

concentration of INPs (e.g., Jiang et al. 2000; Fan et al.

2011; Tan et al. 2016). Previous parameterizations for

INPs range from simple empirical relationships with T

(Fletcher 1962), SSi (Meyers et al. 1992), and T and

aerosol (Phillips et al. 2008; DeMott et al. 2010; Niemand

et al. 2012; Phillips et al. 2013; DeMott et al. 2015) to

more comprehensive relationships with vertical velocity

w, T, SSi, and aerosol concentrations (Khvorostyanov

and Curry 2004; Liu and Penner 2005; Barahona

et al. 2010).

Laboratory experiments have been conducted to study

ice nucleation in the deposition and the condensation–

immersion modes for multiple INPs including dust

TABLE 1. Aircraft measurements of ice crystal number concentrations in the Arctic. Some data are for single cloud and others are for

averages of many clouds.

Field campaign and location

Month

and year Reference

Base Z

(m)

Top Z

(m)

Base T

(K)

Top T

(K)

Ice crystal Ni

(L21)

Size D

(mm)

BASE; Beaufort Sea Sep and Oct

1994

Pinto et al. (2001) 5300 5800 — 240 77.6 .50

,4300 6200 — 239 33.7

Mixed-phase clouds (see Fig. 9) 2.8 (0.01–12.3) .50

SHEBA; Chukchi Sea May and Jun

1998

Rangno and Hobbs

(2001)

Mixed-phase clouds (see Fig. 9, with data from BASE)

FIRE-ACE; Northwest

Territories

Apr 1998 Gultepe et al. (2001) Glaciated clouds (see Fig. 10, with data from BASE)

M-PACE; Alaska Oct 2004 McFarquhar

et al. (2007)

542 1238 263 258 5.62 6 12.10 .53

583 1154 262 258 1.60 6 2.40

745 1322 260 257 2.04 6 2.06

420 885 262 261 2.07 6 4.97

Indirect and Semi-Direct Aerosol

Campaign (ISDAC); Alaska

Apr 2008 Avramov et al.

(2011)

500 1000 — 259 0.5 6 0.2 .100

Aerosol-Cloud Coupling And

Climate Interactions in the

Arctic (ACCACIA); Svalbard

Mar and Apr

2012

Lloyd et al. (2015) 1200 1700 — 254 0.61 —

900 1400 — 256 0.47
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particles of different mineralogical compositions, soot

and organic particles, and primary biological particles

(Hoose and Möhler 2012; Murray et al. 2012). In these

experiments, the activated fraction was measured as

a function of T and SSi. The measurements were in-

terpreted with a stochastic freezing model based on the

classical nucleation theory (CNT) and/or with the sin-

gular freezing model. In the CNT, the rates of nucleation

are characterized by different contact angles u and acti-

vation energies Dg# for different INPs (Chen et al.

2008; Hoose et al. 2010) or by different relationships

between u and T (Zobrist et al. 2007). In the singular

freezing model, the number of active sites per surface

area is characterized as a function of T for each type

of INP (Hoose and Möhler 2012; Niemand et al. 2012).

A key difference between the stochastic and singular

models is that the latter neglects ice nucleation ki-

netics (Alpert and Knopf 2016). In other words, the

stochastic approach accounts for the effects of T and

time while the singular description accounts for T only.

A continued immersion freezing could sustain the

formation of ice and steady precipitation of ice ob-

served in long-lived supercooled-layer clouds (de Boer

et al. 2010; Westbrook and Illingworth 2013). By con-

trast, if activated rapidly as assumed in the singular

description, available INPs are depleted from a mixed-

phase boundary layer cloud within minutes (Fridlind

et al. 2012).

A relationship between the nucleation rate coeffi-

cient per unit INP surface area Jhet (m22 s21) and

water activity aw [approximately the same as ambient

relative humidity (RH) in fraction when droplet and

surrounding water vapor are in equilibrium] has been

proposed recently for immersion freezing (Knopf and

Alpert 2013; Alpert and Knopf 2016). In the aw-based

immersion freezing model (ABIFM), Jhet is calculated

according to

log
10
(J

het
)5m[a

w
(T)2 a

w,ice
(T)]1 c , (1)

a
w,ice

(T)5 p
ice
(T)=p

w
(T) , (2)

where pice(T) and pw(T) are the saturation water vapor

pressure of ice and pure liquid water at temperature T.

The values of aw,ice at T can be computed with high

accuracy (Koop and Zobrist 2009). The parameters,

c and m, were estimated for each type of INP based on

laboratory nucleation experiments (Knopf and Alpert

2013; Alpert and Knopf 2016).

In this study, the parameters (u, Dg#, c, and m) ob-

tained from fitting laboratory measurements are used to

predict ice nucleation on dust aerosols in a parcel model.

The results are compared to aircraft measurements of

Ni in the Arctic troposphere and elsewhere, which

highlights the need for more targeted concurrent ob-

servations of clouds, dynamics, and INP. Our objec-

tives are threefold: 1) to assess which parameter sets

yield better agreements with the aircraft data; 2) to

obtain familiarity with the time evolution of Ni, SSi,

water supersaturation (SSw), ice–liquid partition, size

distribution of hydrometeors, and their dependence on

w and aerosols; and 3) to derive new parameterizations

for ice nucleation, which account for the effect of

rapidly changing RH (i.e., SSi and SSw) and allow for

sub-grid-scale variation of the thermodynamic phase

partitioning.

The remainder of the papers is laid out as follows. The

parcel model and simulations are described in section 2.

Model results for stratocumulus simulations and for

stratus are presented in sections 3 and section 4, respec-

tively. New parameterizations are presented in section 5.

Parcel model results are compared to aircraft measure-

ments of Ni over the Arctic in section 6. A summary of

results and conclusions are given in section 7.

2. Model description

An adiabatic parcel model calculates pressure P and

temperature T as air moves up or down from an initial

state while the parcel has no exchange of mass or energy

with its environment. It prescribes dynamic forcing

through vertical velocity w and neglects the thermody-

namic effects of radiative heating/cooling and entrain-

ment, both of which occur in the atmosphere. The parcel

model is thus an approximation of the changing state

(i.e., P and T), which is suitable for simulating cloud

microphysical processes occurring on relatively short

time scales under the restricted conditions. The model

predicts SSi, SSw, and droplet and ice crystal number

concentrations and sizes. The equations for time rate of

change is integrated forward in time at a 0.1-s time step,

except for INP and Ni increments, which are calculated

at 20-s time step.

In the parcel model, droplets form when diffusion of

water molecules to deliquescent aerosols cause rapid

growth as a critical supersaturation over water is

reached (Pruppacher and Klett 1997). The rate of ho-

mogeneous ice nucleation is calculated in deliquescent

sulfate and sea salt aerosols and in liquid water

droplets (Koop et al. 2000). The rate of heterogeneous

ice nucleation is calculated in dust and soot aerosols as

the sum of rates in the deposition mode and in the

condensation–immersion mode. Contact nucleation is

limited by drop–INP collision and is neglected in this

study. The rate of deposition freezing is calculated

based on the CNT (Chen et al. 2008; Hoose et al. 2010).
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The rate of immersion freezing is calculated based on

the ABIFM (Knopf and Alpert 2013; Alpert and Knopf

2016). The parameters used in the parcel model are

listed in Table 2.

Growth of ice crystals occurs by molecular diffusion

(Pruppacher and Klett 1997) and is calculated with

habit evolution based on the two-axis oblate or prolate

spheroid method (Sulia and Harrington 2011). Ice

larger than 200mm in diameterD (for a mass equivalent

sphere) is excluded from further growth or sublimation

to indicate that they have settled out of the air parcel.

This choice of critical size is guided by previous studies

(Morrison and Gettelman 2008). It is noted that ice

crystals larger than 200mmare often observed inmixed-

phase clouds (Heymsfield et al. 2013; Yang et al. 2013,

2014). Increasing the critical size, allowing accumula-

tion and continued growth of larger ice crystals by vapor

deposition, would cause more dehydration and more

rapid evaporation of droplets (Fan 2013). The concen-

tration of these ‘‘snow’’ particles Ns increases mono-

tonically in the model. Evaporation of droplets and

sublimation of ice occur when the air becomes sub-

saturated. Collision and accretion of hydrometeors are

not considered. The parcel model also neglects ice

multiplication by the Hallett–Mossop process, which is

important between 265 and 270K (Hallett and Mossop

1974; Rangno and Hobbs 2001), or by shattering of

freezing drops, which may be important when the drops

are large (Rangno 2008; Gayet et al. 2009; Lawson

et al. 2015).

The size distribution of dry aerosols is assumed to

be lognormal and is discretized into 20 logarithmically

equal size bins between 0.01 and 10mm in radius.

A single-modal distribution is specified for sulfate, sea salt,

and soot aerosols, and a two-modal distribution is speci-

fied for dust aerosols (Fan 2013). Dust and soot aerosols

are assumed to be an insoluble spherical core with sulfate

coating (5% by mass for dust and 50% for soot). These

specifications are the same for all simulations.

Four sets of simulations were conducted in this study

(Table 3). In S1, the parcel oscillates within a 550-m

horizontal layer with vertical velocities varying linearly

with height increasing from 0.04m s21 at the base to

a maximum of 0.5m s21 at 275m and decreasing to

0.04m s21 at the top, then with w in reversed sign from

the top to the base, in order to simulate stratocumulus

in the Arctic boundary layer (Solomon et al. 2011).

In S2, the parcel ascends at a constant w (0.1, 0.3, 0.5,

and 1.0m s21) to simulate stratus associated with large-

scale isentropic advection. In S3, the parcel oscillates

in a 550-m slanted layer (i.e., the combination of S1 and

S2 at w 5 0.1m s21) to simulate cloud-top generating

cells embedded in a large-scale stratus. Deposition

freezing is set to zero in S1–S3. In S4, the parcel moves

as in S2, but deposition freezing is initiated at about

15% ice supersaturation. Soluble coating is assumed to

inhibit deposition nucleation in S1–S3 and to have no

impact in S4. Initial aerosol concentrations, P, and T for

the simulations are also shown in Table 3. Dust con-

centrations are specified to between 0.05 and 10mgm23

in separate simulations to show the sensitivity of Ni

to INP concentration, covering the range of observa-

tions of dust in the Arctic (McNaughton et al. 2011; Fan

2013; Breider et al. 2014; Zwaaftink et al. 2016). Soot

concentration is set to zero because of uncertainty on

whether soot aerosols act as ice nuclei at T warmer

TABLE 2. Condensation–immersion freezing parameters.

Parameterization Dust and experiment Mode of nucleation Parameters

Chen et al. (2008);

Hoose et al. (2010)

Illite (Zimmermann

et al. 2008)

Deposition u 5 12.78, Dg# 5 26.21 3 10221 J

Knopf and Alpert (2013);

Alpert and Knopf (2016)

Natural dust particles

(Niemand et al. 2012)

Condensation or

immersion freezing

c 5 21.35, m 5 22.62

TABLE 3. Model simulations. Deposition nucleation is set to zero for the S1–S3 series assuming coated dust particles do not initiate ice

nucleation in this mode, and it is calculated in S4 regardless of coating.

Simulation Initial P (hPa) Initial T (K) w (m s21) Dust (mgm23)

S1 series 950 244–268 20.5 to 0.5 0.5, 2.0

S2 series 950 244–268 0.03, 0.1, 0.3, 0.5, 1.0 0.05, 0.5, 2.0, 10

475 244–268 0.03, 0.1, 0.3, 0.5, 1.0 2.0

850, 750, 650, 550 244–268 0.1 2.0

S3 series 950 244–268 0.1 1 (20.5 to 0.5) 0.5, 2.0

S4 series 950 244–268 0.03, 0.1, 0.3, 0.5, 1.0 0.05, 0.5, 2.0, 10
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than 240K (Friedman et al. 2011). Sulfate and sea salt

are both specified to be 1mgm23 in concentration.

3. Ice in stratocumulus

Parcel model simulations were carried out for stra-

tocumulus with initial T between 244 and 268K (S1 in

Table 3). Here, we show some model results for two

initial T values as examples. Figure 1 shows the time

profiles of variables predicted in the model for an ini-

tial T of 262K and a dust concentration of 0.5mgm23

(;1.4 particles per cubic centimeter; ;0.17 cm23 with

D . 0.5mm). As the parcel oscillates in the layer, air

T also oscillates between 262 and 257K (Fig. 1a). The

air becomes supersaturated over water at ;150m on

ascent (Fig. 1b) and then droplet activation occurs. The

number of droplets Nd increases quickly from 0 to

;120 cm23 while the LWC increases from 0 at cloud

base to ;0.25 g kg21 at cloud top (Fig. 1c). Ice nucle-

ation in the immersion mode is initiated before droplet

activation, but the rate is slower below water satura-

tion than at saturation (Fig. 1d). Ice supersaturation

increases rapidly when Ni (D , 200mm) is small and

more slowly when Ni is greater (Figs. 1b and 1d). The

decrease of Ni on descent is due to a combination of

zero or slower ice nucleation and conversion to snow

(D 5 200mm) by depositional growth (Fig. 1d). Over

four ascent–descent cycles, a total of 5 L21 ice crystals

are produced (Ni 1 Ns in Fig. 1d) while Ni fluctuates

between ;0.1 and 0.5 L21 during this period. All these

results are in good agreement with aircraft measure-

ments, which include ice particles smaller than 200mm

(Ni) and larger ones (remaining fraction of Ns)

(McFarquhar et al. 2007; Avramov et al. 2011). The

observations of ice crystals in the Arctic stratocumulus

clouds have a median value of ;0.5L21 in March and

April and 2–5L21 in October (Table 1). More INPs in

October may originate from ice-free ocean (Knopf

et al. 2011; Alpert et al. 2011; Yun and Penner 2013;

DeMott et al. 2016; Wilson et al. 2015), terrestrial

vegetation (Tobo et al. 2013), and high-latitude sources

of dust (Barrie and Barrie 1990; Crusius et al. 2011;

Bullard et al. 2016; Zwaaftink et al. 2016).

Figure 2 shows the time profiles of variables predicted

in the model for an initial T of 253K. At the low tem-

peratures (Fig. 2a), rapid ice nucleation produces large

Ni (Fig. 2d) and causes dehydration (Fig. 2b). Droplet

activation occurs in the first two ascent–descent cycles

but not later, indicating that stratocumulus is not sus-

tainable at the lower temperatures because the air is

being dehydrated to prevent the formation of liquid

water, which is required to generate sufficient cloud-top

radiative cooling and downdraft (Solomon et al. 2011).

The value of Ni is proportional to INP concentration in

mixed-phase clouds in which ice nucleation is not self-

limited by low RH or dehydration. A large number of

INPs cause a large Ni and more rapid vapor deposition

on ice, which may inhibit the formation of stratocu-

mulus. When the INP concentration is low, the mixed-

phase stratocumulus may be maintained at very low

temperatures, as often observed in the Arctic.

4. Ice in stratus

Parcel model simulations were also carried out for

stratus with initial temperatures between 244 and

268K, dust concentrations from 0.05 to 10mgm23,

and a range of vertical velocities (S2 in Table 3). In

this section, we show some model results for two up-

draft velocities as examples. In the next two sections,

we construct parameterizations for ice in mixed-phase

clouds based on these simulations and compare parcel

FIG. 1. A parcel model simulation of a stratocumulus cloud

(S1 in Table 3). Model results are given as a function of time for

[dust] 5 0.5mgm23, w oscillating between 20.5 and 0.5 m s21,

initial P 5 950 hPa, and initial T 5 262K. (a) Height (left axis,

solid) and T (right axis, dashed), (b) SSw (left axis, solid) and

SSi (right axis, dashed), (c) Nd (left axis, solid) and LWC (right

axis, dashed), and (d) sum of ice Ni and snow Ns (left axis, solid)

and Ni (right axis, dashed).
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model results of Ni in stratus to aircraft measurements,

respectively.

Figure 3 shows model results for w 5 0.1ms21 and

a dust concentration of 0.5mgm23 in the first 600m.

Results from higher altitudes are not shown because they

are to a large extent represented by simulations for lower

initial temperatures. At low temperatures, fast ice nu-

cleation results in large Ni, which causes rapid decreases

in SSw (Fig. 3a) and SSi (Fig. 3b). At the lowest T values,

ice nucleation is fast enough to dehydrate the air and

prevent droplet activation (Fig. 3a). The decrease of Ni

after a peak concentration is again due to a combination

of slowdown or cessation of ice nucleation, caused by

decreases of RH, and conversion to snow (Fig. 3c). It

takes about 1000 s to grow a newly formed ice crystal to

200mm in diameter (Yang et al. 2013). For comparison,

we estimated a residence time of;1300 s for ice crystals

in a long-lived supercooled cloud layer based on the

observed ice number concentrations in the column, and a

steady flux of ice crystals fell from the cloud (Westbrook

and Illingworth 2013). At warmer temperatures, Ni

continues to increase with height as air temperature de-

creases (Fig. 3d), which indicates the rate of nucleation is

greater than conversion to snow.

Model results for w 5 1m s21 and a dust concentra-

tion 0.5mgm23 are shown in Fig. 4. As the parcel as-

cends more rapidly, water supersaturation is reached

for all initial temperatures (Fig. 4a). SSi continues to

increase but at slower rates after the initiation of

ice (Fig. 4b). At low temperatures, more ice is nucleated

forw5 1ms21 than forw5 0.1ms21 (cf. Figs. 3c and 4c),

because more rapid immersion nucleation occurs in

a liquid droplet than in a deliquescent aerosol with

the same insoluble core. At warmer temperatures,

however, a factor-of-4 fewer ice crystals are nucleated

forw5 1ms21 than forw5 0.1ms21 (cf. Figs. 3d and 4d).

This is because ice nucleation occurs at the same

rates (at the same temperature and at water saturation),

but the 10-times-longer period to reach 600m for the

case of w5 0.1m s21 allows more conversion to snow as

well as 10 times more ice nucleation, which have par-

tially compensating effects on Ni (i.e., reduction from

10 to 4 times).

Our simulations (S3) for stratus with cloud-top gen-

erating cells yield results (not shown) more similar to

the simulations for stratus than for stratocumulus. This

indicates the dominant effect of the large-scale ascent

(w5 0.1m s21) on P, T, and RH over that of the small-

scale vertical motions embedded within. The effect of

vertical oscillation w0 is minor because the probability

distribution of w0 is close to a Gaussian distribution:

most of the time, jw0j is ,0.1m s21 and w0 at the tails of

the distribution occurs in short periods. The effect of w0

is relatively more important if the large-scale w is

smaller. It should be noted that these simulations do not

apply to more vigorous convective cells occurring above

stratus associated with midlatitude synoptic systems or

in cirrus associated with convective outflows.

5. Parameterizations for ice in mixed-phase clouds

The above results demonstrate the intricate time and

height patterns of Ni, SSi, and SSw as they are associ-

ated with w and T. The concentration of INP is another

important factor influencing themicrophysics in mixed-

phase clouds. The rapid changes with height and time

found in the parcel model simulations are not resolved

in atmospheric models with large model time steps.

Parameterizations must be developed to represent ice

nucleation and the WBF process in the large-scale

models. In this section, we construct a parameteriza-

tion for Ni as a function of w, T, and dust concentra-

tions for stratus clouds, which is appropriate for use

with theWBF scheme derived by Rotstayn et al. (2000).

We also construct a parameterization for the rate of

Ni source as a function of w, T, and dust, which is

appropriate for use with the WBF scheme adopted by

FIG. 2. As in Fig. 1, but for initial T 5 253K.
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Morrison and Gettelman (2008). The new parameteri-

zations will be compared to some existing parameteri-

zations that are used for stratus in climate models. A

parameterization for stratocumulus will be developed

based on additional simulations similar to S1 (Table 3)

for a range of vertical velocity profiles and cloud

thicknesses, to be reported in a forthcoming paper. A

parameterization for convective clouds needs to consider

FIG. 4. As in Fig. 3, but for w 5 1.0m s21.

FIG. 3. A parcelmodel simulation of a stratus cloud (S2 in Table 3).Model results are given as a function of height

for [dust] 5 0.5mgm23, w 5 0.1m s21, initial P 5 950 hPa, and variable initial T (see legend for lines). (a) SSw,

(b) SSi, (c)Ni (T5 244, 247, 250, and 253K), and (d)Ni (T5 256, 259, 262, and 265K). Legends for lines in (c) and

(d) also apply for lines in (a) and (b), respectively.
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entrainment, ice multiplication, and large vertical ve-

locities and is beyond the scope of this study.

In the WBF scheme of Rotstayn et al. (2000), a liquid

cloud is assumed initially and a constant number of ice

crystals grow (from an initial size) at ice supersaturation,

which may cause water subsaturation and thus the

evaporation of liquid water. In effect, a steady-stateNi is

assumed for themodel time step.However, a steady-state

Ni does not exist inmost clouds as suggested by the parcel

model results (Figs. 3 and 4). We choose to approximate

this ‘‘steady state’’ Ni with 1/2 of the maximum Ni from

0 to 600m Ñ i, which is effectively responsible for the

WBF process within this column (Figs. 3 and 4). The

choice of 600m is based on considerations of typical

thickness of stratiform mixed-phase clouds and climate

model layers in the free troposphere. A relationship of

Ñ i with w, T, and dust concentration is then derived by

a method of trial and error and least squares, where w

and dust concentration are model inputs and T is the

mean temperature from 200 to 600m. The relationship

is given by the following equations:

Ñ
i
5Aeaw[12 sech(x3)] , (3)

x5Bebw(273:162T)g(f
act
[dust])1/6 , (4)

wherea5 6.65,b521.32,g5 1.18,A5 18.8,B5 0.0277,

fact 5 1, and [dust] indicates dust concentration. The

factor fact (see discussions below) is the active particle

fraction and is intended to be a tunable parameter.

Measurements show that fact is dependent on T and

mineralogical composition (Kaufmann et al. 2016).

The inactive particles may yet initiate ice nucleation at

lower temperatures or higher ice supersaturation than

simulated in the parcel model (Hoose et al. 2010;

Kanji and Abbatt 2010; Wang and Knopf 2011). In

these equations, the unit for Ñ i is per liter and for

dust is micrograms per cubic meter (volume at

P 5 950 hPa and T). In Fig. 5, the parcel model results

for Ñ i (symbols) are compared with those calculated

by the Eqs. (3) and (4) (lines). The lines generally

follow the symbols as Ñ i vary with T for different w

and dust values, although the goodness of fit is not

uniform with the lines deviating from the symbols at

T , 250K.

In the scheme of Morrison and Gettelman (2008),

Ni is a prognostic variable for which a source DNi is

calculated every time step (or substep). For instance,

DNimay be calculated from the empirical relationship of

Meyers et al. (1992) [Eq. (6a)] or DeMott et al. (2015)

[Eq. (6b)] for condensation–immersion nucleation:

DN
i
5N

INP
(T1DT)2N

INP
(T) , (5)

N
INP

(T)5 expf20:6391 0:12963 [RH
i
(T)2 100]g,

(6a)

FIG. 5. Number concentration of ice crystalsÑ i as a function of T forw5(a) 0.1, (b) 0.3, (c) 0.5, and (d) 1.0m s21.

Symbols indicate model output, and lines indicate calculations based on Eqs. (3) and (4). Colors indicate dust

concentrations: 0.05 (black), 0.5 (blue), 2.0 (green), and 10mgm23 (red).
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N
INP

(T)5 (cf)(n
a.0:5mm

)1:25exp[0:46(273:162T)211:6],

(6b)

DT5
›T

›z
wDt , (7)

whereNINP is the number concentration (standard: L21)

of INPs, RHi(T) is percentage relative humidity over

ice at saturation vapor pressure over liquid water and

dependent on T (K), cf is a calibration factor (53),

na.0.5mm is number concentration (standard: cm23)

of dust particles larger than 0.5mm in diameter, and

DT and Dt are increments of temperature and time,

respectively. We calculated average ice nucleation rates

(J 5 DNi/Dt) based on the parcel model results from

100 to 600m and derived the following relationship by

a method of trial and error and least squares:

J(L21s21)5minfa(f
act
[dust])eb(273:162T), 2:8w2:2g, (8)

where a 5 9.5 3 1027 and b 5 0.443. The J rate and Ñ i

are associated with dust through the INP surface area

calculated with a prescribed initial size distribution,

and biases will result for different size distributions.

The J rates calculated using Eq. (8) compare very well

with the parcel model outputs (Fig. 6). The maximum

rates are imposed by the self-limiting effect of dehy-

dration due to ice growth by vapor deposition, which

depends on w. A larger w causes more rapid cooling,

delaying the effect of dehydration by vapor-to-ice

deposition and extending immersion freezing to lower

T (and larger J).

So far, we have neglected the effect of pressure on Ñ i

and J. Themain effect ofP on J is through latent heating:

slightly warmerT results from lowerP and in turn causes

smaller J. In comparison, the effect of P on Ñ i is much

greater as a result of more rapid molecular diffusion and

ice growth at lower P (i.e., faster conversion of ice to

snow). The ratio of Ñ i for an initial P of 475hPa to that

of 950 hPa is shown in Fig. 7 as a function of T. The

accumulated effect is thus smaller (i.e., larger ratio)

when w is larger for a specified cloud thickness. The

effect also changes from a mixed-phase regime to a

cirrus regime (Fig. 7): the ratios are larger with activated

droplets (e.g., T. 255K, for w5 0.1m s21 and [dust]5
2.0mgm23) than when condensation ice nucleation

prevents activation of liquid droplets (e.g., T , 252K).

Figure 8 shows the ratio of Ñ i at initial P from 475

to 950hPa to that at 950 hPa (with w 5 0.1m s21

and [dust] 5 2.0mgm23) and averaged for T . 255

(mixed phase) and T , 252K (fully glaciated), re-

spectively, versus (P/950 2 1). The linear relationship

for the mixed-phase regime is given by

Ñ
i
(P)5Ñ

i
(950)

�
11

�
P

950
2 1

�
max(0:3, 1:042 1:9w)

�
,

(9)

FIG. 6. The rate of ice nucleation J (L21 s21, shown in log10) as a function of T for w5 (a) 0.1, (b) 0.3, (c) 0.5, and

(d) 1.0m s21. Symbols indicate model output, and lines indicate calculations based on Eq. (8). Colors indicate dust

concentrations: 0.05 (black), 0.5 (blue), 2.0 (green), and 10mgm23 (red).
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which also accounts for the dependence on vertical ve-

locity. The variableÑ i(950) in Eq. (9) may be calculated

based on Eqs. (3) and (4).

6. Comparing model results with observations

The remaining question for this study is whether the

parcel model results and thus the parameterization can

predict observations in stratus clouds. In Figs. 9 and 10,

the parcel model predicted Ñ i (line) for w 5 0.1m s21

and various dust concentrations are compared with air-

craft measurements (symbols) of Ni during the Beaufort

Arctic Storms Experiment (BASE) and FIRE-ACE

campaigns (Gultepe et al. 2001; Rangno and Hobbs

2001; Pinto et al. 2001). Although dust was not measured

during the campaigns, concentrations of mineral dust

observed at Alert, Ellesmere Island, Nunavut, Canada

(82.48N, 62.38W), vary with season, ranging from

0.2mgm23 in February to 0.7mgm23 in April and about

0.5mgm23 in autumn (Barrie and Barrie 1990; Fan

2013). Aircraft measurements of supermicron aerosol

volume and aerosol calcium were made over the west-

ern Arctic in spring 2008 and were used to estimate

mineral dust concentrations (McNaughton et al. 2011;

Breider et al. 2014; Zwaaftink et al. 2016). The average

dust concentrations based on aerosol volume mea-

surements are 0.4mgm23 below 1 km, increasing to

about 3mgm23 in the middle troposphere (4–8 km)

(McNaughton et al. 2011). The average dust concen-

trations based on aerosol calcium measurements are

lower (0.4–2.0mgm23) (Breider et al. 2014; Zwaaftink

et al. 2016). A vertical velocity of 0.1m s21 is typical

of stratus clouds associated with warm fronts (e.g.,

Kemppi and Sinclair 2011; Colle et al. 2014).

Themeasurements ofNi inmixed-phase clouds during

the BASE and SHEBA campaigns are shown in Fig. 9.

The BASE data are average ice concentrations for

each cloud sampled in the altitude range of 1.5–5.5 km

(Pinto et al. 2001), where the cloud type is not re-

ported. The SHEBA data are maximum ice concen-

trations in 1-km pathlengths for altocumulus and

stratocumulus clouds (Rangno and Hobbs 2001). A

comparison between model results for stratus and

observations for stratocumulus is justified based on

the similar results from S2 (with w 5 0.1m s21) and

S3 simulations (Table 3) but should be interpreted

with caution. Maximum concentrations on the order

of 0.001L21 were observed from 260 to 270K during

SHEBA but are not shown in Fig. 9. The observed ice

concentrations during BASE and SHEBA are gener-

ally between themodel lines for a dust concentration of

0.05mgm23 and for a dust concentration of 2.0mgm23

at T , 263K (Fig. 9). The BASE data are in better

agreement with the model results of Ñ i for a dust

concentration of 0.05, while the SHEBA data are in

better agreement for a dust concentration of 0.5

(Fig. 9). It is possible that clear air was present in a

flight path, which would lower the average Ni for a

cloud during BASE. At T . 263K, the ice crystals are

thought to be produced by rime splintering and by

shattering of freezing drops (Rangno and Hobbs 2001).

These secondary ice production processes are not

included in the parcel model.

Three points should be made about these compari-

sons: First, dust was not measured during BASE

and SHEBA; the comparison in Fig. 9 is tentative

and intended to guide parameterizations for ice nucle-

ation and the WBF process in large-scale models.

However, dust concentrations from 0.05 to 2.0mgm23

are within the range of observations in the Arctic

FIG. 7. The ratio of Ñ i calculated at initial P 5 475 hPa to

P 5 950 hPa at different T (x axis) and w (solid: 0.1; dotted:

0.3 m s21; short dash: 0.5 m s21; and long dash: 1.0 m s21).

FIG. 8. The ratio of Ñ i calculated for various initial P to that for

950 hPa vs the ratio (P/950 2 1), with w 5 0.1m s21 and [dust] 5
2.0mgm23 specified. The ratios are averaged for ice-only (circles)

and mixed-phase (triangles) regimes. The dashed lines are drawn

for linear least squares fit.
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(McNaughton et al. 2011; Fan 2013; Breider et al. 2014;

Zwaaftink et al. 2016). Lower or higher concentrations

of dust are also likely when Ni was measured during

BASE and SHEBA. Second, the uncertainty range of

ice nucleation rate associated with the ABIFM param-

eters c and m spans about 2.5 orders of magnitude

(Knopf and Alpert 2013; Alpert and Knopf 2016).

LargerNi and J rates are predicted when the model uses

the immersion freezing parameterization of Hoose et al.

(2010), especially at warmer temperatures (results not

shown), which are in better agreement with certain

observations [Mixed-Phase Arctic Cloud Experiment

(M-PACE) in Table 1]. Third, atmospheric dust may

have small ice nucleation efficiency in the immersion

mode (fact � 1). For droplets containing natural dust

particles, Kaufmann et al. (2016) report frozen fractions

averaged over different dust sources reaching 10%

between 244 and 250K, 25% between 242 and 246K,

and 50% between 239 and 244K.

The measurements of Ni in glaciated clouds during

the BASE and FIRE-ACE (Gultepe et al. 2001) are

shown in Fig. 10. An empirical curve derived based on

averaged measurements in stratiform cirrus over the

Arctic and the midlatitudes (Heymsfield et al. 2013),

N
i
5 3:1 e0:049(273:162T), (10)

is also shown in Fig. 10. The observed ice concentrations

are generally about 10L21 during the campaigns, even

at a T of 260K (Fig. 10). Larger ice numbers were

observed at higher altitudes during BASE (Table 1).

For instance, a mean Ni of 77.6 L21 was observed in

one case during which T was too warm for homoge-

neous nucleation to have occurred (Table 1). Ice-only

clouds may occur through ice nucleation in the de-

position mode and in the immersion mode at water

subsaturation or in the immersion mode in activated

droplets followed by complete droplet evaporation (by

the WBF process or by warming).

The parcel model calculates deposition ice nucle-

ation on dry dust particles (S4 simulations in Table 3).

It reproduces the observed Ni with [dust] 5
0.05mgm23 and w 5 0.03m s21 and overpredicts with

[dust] 5 0.5mgm23 (Fig. 10). A dust concentration of

0.05mgm23 is 2%–10% of the amount observed in

spring 2008 (McNaughton et al. 2011; Breider et al. 2014).

The parcel model specifies a u of 12.78 for deposition

nucleation on dust particles of all sizes (Hoose et al. 2010),

corresponding to an onset SSi between 11% (at ;260K)

and 14% (;240K). This may suggest active fractions

of 2%–10% for the range of SSi values (11%–14%).

Previously, it was observed that at T 5 240K, the INP

at28%SSw (i.e., deposition ice nucleation at SSi5 13%)

is only 1% of the INP at 5% SSw (immersion freezing) in

the dust-laden Saharan air layer (Boose et al. 2016).

Similarly low active fractions in the deposition mode

relative to that in the immersion mode were observed in

laboratory ice nucleation experiments using Arizona

Test Dust, K-feldspar, illite, montmorillonite, and quartz

particles (Kulkarni et al. 2014). For all these particles,

the active fraction in the deposition mode increases with

SSi (Kulkarni et al. 2014).

FIG. 10. Number concentration of ice crystalsÑ i as a function of

T in glaciated clouds (i.e., no detectable liquid water). Symbols

indicate observations during the BASE (square) and FIRE-ACE

(triangle) field campaigns (Gultepe et al. 2001). The dotted line

indicates an empirical relation for stratiform cirrus (Heymsfield

et al. 2013). The solid and dashed lines indicate model outputs for

[dust] 5 0.05 and 0.5mgm23, respectively, w 5 0.03m s21, and

initial P 5 950 hPa (S4 in Table 3).

FIG. 9. Number concentration of ice crystalsÑ i as a function of T

in mixed-phase clouds. Black squares indicate observations in

mixed-phase clouds (altitude: 1.5–5.5 km) during the BASE field

campaign (Pinto et al. 2001), blue crosses indicate observations

(maximum in 1-km pathlengths) in liquid-topped altocumulus and

stratocumulus during SHEBA(Rangno andHobbs 2001), and lines

indicate model output for specified dust concentrations (see legend

for values; mgm23), w 5 0.1m s21, and initial P 5 950 hPa. The

model simulates immersion freezing based on Alpert and Knopf

(2016), with deposition freezing set to zero. Secondary ice pro-

duction was suggested to occur at T . 265K and possibly at even

colder temperatures (Rangno and Hobbs 2001) but is neglected in

the parcel model.
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The onset RH of ice formation via deposition nu-

cleation on mineral dust was observed to decrease with

particle size (Archuleta et al. 2005; Kanji and Abbatt

2010; Koehler et al. 2010) and with total particulate

surface area (Kanji et al. 2008). As the onset SSi in-

creases with contact angle u, expected by CNT (Hoose

et al. 2010; Kanji and Abbatt 2010; Wang and Knopf

2011), this may indicate a dependence of u on particle

size or total available INP surface area, which is ne-

glected in the parcel model. Supermicron particles are

few but account for most of the dust mass observed in

the atmosphere and would also contribute significantly

to total particle surface area. Submicron dust particles

are more numerous but are poor INPs in the deposition

mode at T . 243K (Hoose and Möhler 2012), which is

consistent with a large u and high onset SSi for these

particles. The parcel model has likely overestimated

Ni if u is larger than 12.78 for some submicron particles

and decreases with the size as shown by the laboratory

experiments. The parcel model could be improved

by prescribing a probability distribution function for

u based on measurements (Niedermeier et al. 2014;

Wang and Liu 2014; Wang et al. 2014).

The parcel model may also overestimate Ni by ne-

glecting the effect of soluble coating. The ice nucleating

ability of desert dust particles may be decreased by

coating of nitric and sulfuric acids, ammonium nitrate,

and sulfate (Möhler et al. 2008; Cziczo et al. 2009;

Eastwood et al. 2009; Chernoff and Bertram 2010;

Sullivan et al. 2010; Niedermeier et al. 2011; Reitz et al.

2011; Kulkarni et al. 2014). A study of aerosol aging in

a global tracer transport model suggests that a large

fraction of dust particles in the Arctic is coated by

nitrate and sulfate (unpublished result), while soluble

coating during atmospheric transport is not significant

in the Saharan air layer over the tropical North Atlantic

Ocean (Fan et al. 2004). On the contrary, Saharan dust

particles were found to nucleate droplets in eastern

Atlantic clouds (Twohy et al. 2009), suggesting that a

significant fraction of the particles are hygroscopic and

likely coated with soluble materials. Measurements of

the size distribution and chemical and mineral compo-

sition of ice evaporation residuals would provide useful

information on the causes of low active fraction in the

deposition mode and cloud glaciation at relatively

warm temperatures.

In Fig. 11, we compare the J rates calculated by Eq. (8)

and by Eqs. (5), (6a), and (7). Again, the comparisons

are only tentative because of a lack of concurrent dust

and INP measurements. The J rates based on Meyers

et al. (1992) straddle the model results for the range of

dust concentrations (0.05–10mgm23), in better agree-

ment at low dust–low T and at higher dust–higher T,

respectively. At w 5 0.1m s21, the J rates calculated

by Eqs. (5), (6a), and (7) are within that calculated by

Eq. (8) for the range of dust concentrations (Fig. 11a).

The differences between them can be as large as one

to two orders of magnitude. At w 5 0.5m s21, larger J

rates are predicted by both and the differences between

them are also greater (Fig. 11b).

In Fig. 12, we compare the J rates calculated by

Eq. (8) and by Eqs. (5), (6b), and (7). The dust number

concentrations (na.0.5mm 5 0.017, 0.17, 0.68, and

3.4 cm23 for dust concentrations of 0.05, 0.5, 2.0, and

10mgm23, respectively) are estimated based on a pre-

scribed size distribution. The J rates based on DeMott

et al. (2015) show similar temperature dependence with

those based on parcel model calculations, as suggested

by the nearly parallel trends in Fig. 12. The coefficient

for the exponential T dependence is 0.443 in Eq. (8) for

the parcel model and 0.46 in Eq. (6b) for the empirical

relation of DeMott et al. (2015). However, the J rates

based on DeMott et al. (2015) are lower than the parcel

FIG. 11. The rate of ice nucleation J (L21s21, shown in log10) as

a function of T for w 5 (a) 0.1 and (b) 0.5ms21. Solid line indicates

calculationsbasedon theempirical relationofMeyers et al. (1992), using

Eqs. (5), (6a), and (7). Dashed lines indicate calculations based on

Eq. (8) for twowvalues and fourdust concentrations (blue: 0.05mgm23;

green: 0.5mgm23; brown: 2.0mgm23; and red: 10mgm23).
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model by about two orders of magnitude. The difference

may be attributed partly to a lack of time dependence for

nucleation in the empirical relation, which was derived

based on continuous flow diffusion chamber (CFDC)

measurements. The residence time of air in a CFDC is

typically 10 s (DeMott et al. 2015), much shorter than in a

stratus cloud. The parcel model assumes fact 5 1 for im-

mersion freezing with dust particles, which may also

contribute to the differences shown in Fig. 12. Laboratory

measurements have shown that not all dust particles are

active INPs in the temperature range for mixed-phase

clouds (e.g., Kulkarni et al. 2014).

7. Summary

In this study, we carried out parcel model simula-

tions of the WBF process in mixed-phase clouds. Two

parameterizations of ice nucleation based on labora-

tory experiments were used in separate simulations.

The air parcel was assumed to oscillate in a horizontal

layer for a stratocumulus cloud, undergo ascent at a

constant vertical velocity for a stratus cloud, or oscil-

late in a slanted layer. The model results for typical

aerosol concentrations observed in the Arctic were

compared to aircraft measurements of ice crystals.

However, the comparison is tentative and intended

to guide parameterizations. More rigorous comparison

is only possible if measurements will be made concur-

rently of ice crystals, vertical air velocities, and insol-

uble aerosols in the future. It is useful to obtain

characterizations of ice crystal evaporation residues

including their size distribution and chemical and

mineralogical compositions.

The model results show rapid changes in ice nucle-

ation, ice number, relative humidity, and ice–liquid

partition within a 500-m vertical distance. Because

these fast processes are not readily resolved in large-

scale atmospheric models, parameterizations were

constructed in this study for ice in mixed-phase clouds

based on the parcel model results. The parameteri-

zations for J and Ñ i developed in this study allow INP

to vary with dust and vertical velocity in addition to

temperature, represent a time-integrated effect of the

WBF process in ;500-m cloud layers, and could be

used provisionally in climate models to improve the

simulation of mixed-phase clouds.
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