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Abstract. The importance of Arctic mixed-phase clouds on
radiation and the Arctic climate is well known. However,
the development of mixed-phase cloud parameterization for
use in large scale models is limited by lack of both related
observations and numerical studies using multidimensional
models with advanced microphysics that provide the basis
for understanding the relative importance of different micro-
physical processes that take place in mixed-phase clouds. To
improve the representation of mixed-phase cloud processes
in the GISS GCM we use the GISS single-column model
coupled to a bin resolved microphysics (BRM) scheme that
was specially designed to simulate mixed-phase clouds and
aerosol-cloud interactions. Using this model with the mi-
crophysical measurements obtained from the DOE ARM
Mixed-Phase Arctic Cloud Experiment (MPACE) campaign
in October 2004 at the North Slope of Alaska, we inves-
tigate the effect of ice initiation processes and Bergeron-
Findeisen process (BFP) on glaciation time and longevity
of single-layer stratiform mixed-phase clouds. We focus
on observations taken during 9–10 October, which indicated
the presence of a single-layer mixed-phase clouds. We per-
formed several sets of 12-h simulations to examine model
sensitivity to different ice initiation mechanisms and evaluate
model output (hydrometeors’ concentrations, contents, effec-
tive radii, precipitation fluxes, and radar reflectivity) against
measurements from the MPACE Intensive Observing Period.
Overall, the model qualitatively simulates ice crystal concen-
tration and hydrometeors content, but it fails to predict quan-
titatively the effective radii of ice particles and their verti-
cal profiles. In particular, the ice effective radii are overesti-
mated by at least 50%. However, using the same definition as
used for observations, the effective radii simulated and that
observed were more comparable. We find that for the single-
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layer stratiform mixed-phase clouds simulated, process of ice
phase initiation due to freezing of supercooled water in both
saturated and subsaturated (w.r.t. water) environments is as
important as primary ice crystal origination from water va-
por. We also find that the BFP is a process mainly responsible
for the rates of glaciation of simulated clouds. These glacia-
tion rates cannot be adequately represented by a water-ice
saturation adjustment scheme that only depends on tempera-
ture and liquid and solid hydrometeors’ contents as is widely
used in bulk microphysics schemes and are better represented
by processes that also account for supersaturation changes as
the hydrometeors grow.

1 Introduction

The surface energy budget over the Arctic ice pack is deter-
mined to a large extent by radiative fluxes that in turn are
strongly dependent on the presence of clouds. Low-level
Arctic clouds contribute about the half of the total cloud frac-
tion throughout the year due to their persistence and horizon-
tal extent (e.g.,Curry and Ebert, 1992). The vertical structure
and radiative properties of these persistent low-level clouds
depend on their microphysics, and thus estimation of the rel-
ative significance of the microphysical processes that occur
in these clouds is important.

An efficient method to investigate the role of different mi-
crophysical processes that determine the microphysical and
radiative cloud properties is the utilization of multidimen-
sional cloud models with bin resolved microphysics (BRM).
There are many BRM cloud models that are “warm” rain
models (e.g.,Cotton, 1972a; Ogura and Takahashi, 1973;
Clark, 1973; Tzvion et al., 1989; Bott et al., 1990; Kogan,
1991; Kogan et al., 1995; Stevens et al., 1996). To account
for the ice phase several BRM cloud models use one size
distribution function to describe cloud ice (e.g.,Hall, 1980;
Sednev and Khain, 1994; Khvorostyanov and Sassen, 1998;
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Ovtchinnikov and Kogan, 2000a). In these models only one
type of solid hydrometeors that is ice crystals is considered or
the bins with the smallest ice sizes are assigned to ice crys-
tals while the rest of bins are interpreted as graupel. The
ability of these models to simulate realistically microphysi-
cal processes in mixed-phase clouds is limited to situations
when the processes of precipitation formation do not play a
key role. It is difficult to expect that solid cloud hydromete-
ors, whose bulk densities and terminal velocities vary widely
(Macklin, 1962), can be described adequately by one distri-
bution function. Only a few BRM models use designated
distribution functions for different types of ice hydrometeors
and calculate growth rates of microphysical processes due
to several transformations of liquid and solid hydrometeors
in mixed-phase clouds (Cotton, 1972b; Young, 1974; Scott
and Hobbs, 1977; Chen and Lamb, 1994; Khain and Sednev,
1996; Reisin et al., 1996a; Takahashi and Shimura, 2004).
As a rule these models also include a budget equation for the
size distribution function for aerosol particles (AP) that can
be of different chemical composition. The values of super-
saturation calculated in the course of model integration are
used to determine the size of APs to be activated, and the
corresponding spectrum of cloud droplets just nucleated are
directly calculated. It is thought that despite high compu-
tational costs these mixed-phase cloud microphysical mod-
els provide more accurate simulations of cloud-aerosol inter-
actions and processes of precipitation formation in mixed-
phase clouds than models with simpler ice schemes (Lynn et
al., 2005).

Cloud models with BRM schemes were successfully used
for the investigation of separate microphysical processes
(e.g.,Takahashi, 1976; Reisin et al., 1996b; Ovtchinnikov et
al., 2000b) and cloud chemistry (e.g.,Flossman et al., 1985),
effects of cloud microphysics on spatial redistribution of pre-
cipitation in the coastal zones (Khain and Sednev, 1996),
simulation of wintertime orographic clouds (Chen and Lamb,
1999) and stratiform clouds and their radiative effects (Ras-
mussen et al., 2002), simulation of cloud seeding (Sednev
and Khain, 1994; Reisin et al., 1996b; Yin et al., 2000a,b),
and simulation of precipitation formation within a realistic
mesoscale environment (Lynn et al., 2005).

Although Arctic mixed-phase low level clouds due to their
existence throughout much of the year have important cli-
matic impacts, the number of studies, in which BRM models
are used for the investigation of microphysical characteristics
of these clouds, is quite limited. Using a mixed-phase BRM
scheme (Reisin et al., 1996a), which utilizes three distribu-
tion functions for the ice phase (crystals, snow, and graupel),
coupled to a 2-D cloud resolving model,Harrington et al.
(1999) studied model performance for idealized situations
that mimic environmental conditions typical for the transi-
tion (spring and fall) Arctic season. A set of sensitivity runs
was performed to reveal the impact of different microphysi-
cal processes on glaciation time, longevity, stability, and ra-
diative properties of simulated mixed-phase clouds. It was

shown that environmental conditions have a strong impact
on modeled cloud properties.

Recently an advanced 3-D LES model was used to quan-
tify the role of different ice formation mechanisms in mixed-
phase stratocumulus observed during MPACE (Fridlind et
al., 2007). The BRM scheme utilized in this model includes
sophisticated equations for ice nuclei (IN) that can be acti-
vated in the heterogeneous modes (contact, deposition, con-
densation, and immersion nucleation), formed due to water
drop evaporation and scavenged by water droplets. Addi-
tional ice origination mechanisms such as rime splintering,
drop freezing during evaporation, shattering of drops during
freezing, and fragmentation during ice-ice collisions are also
considered. The model is able to reproduce persistent mixed-
phase stratocumulus cloud decks as well as cloud microphys-
ical properties (liquid and ice water content, droplet, and ice
nuclei concentration profiles) within the observed ranges for
particular combinations of ice formation mechanisms men-
tioned above. They found that glaciation time and longevity
of mixed-phase MPACE clouds are determined by formation
of ice nuclei due to water drop evaporation and drop freezing
during evaporation, whereas processes of ice multiplication
were less important.

There is a broad consensus that the ice initiation pro-
cess is of crucial importance for the longevity of mixed-
phase clouds. To study the ice initiation processes (IIP)
through nucleation from water vapor and transformation
of super-cooled liquid water, as well as the transforma-
tion of water vapor due to condensation/deposition, evapora-
tion/sublimation, and the Bergeron-Findeisen process (BFP)
in Arctic mixed-phase clouds, we use the BRM scheme
(Khain and Sednev, 1995, 1996) coupled to the GISS SCM
(Menon et al., 2003) called the GISS-LBL SCM. In our sim-
ulations of single-layer stratiform mixed-phase clouds ob-
served during the DOE ARM Mixed-Phase Arctic Cloud Ex-
periment (MPACE) Intensive Observing Period (IOP) in Oc-
tober 2004 at the North Slope of Alaska (McFarquhar et al.,
2007; Verlinde et al., 2007) with the GISS-LBL SCM, we
consider two mechanisms of ice initiation. If liquid phase is
not involved in IIP, we parameterize nucleation of ice crys-
tals from water vapor as a function of supersaturation w.r.t.
ice. Otherwise, ice crystal origination is considered to pro-
ceed via drop freezing, and its rate is a function of the shape
of droplet distribution, water droplet mass and temperature.
Once nucleated small crystals grow rapidly due to deposi-
tion/BFP. To treat the BFP bulk microphysics schemes use
various modifications of the ”saturation adjustment” assump-
tion that mainly only temperature dependent and are not ac-
count for hydrometeors’ shapes and size distributions. As
opposed to bulk microphysics schemes that use this oversim-
plified approach and, in fact, are not able to treat the BFP pro-
cess adequately, the BRM scheme uses analytical solutions
to solve equations for supersaturation w.r.t. water (SSW) and
ice (SSI) taking into account the hydrometeors’ size distri-
butions, densities, and shapes. Moreover, the BRM scheme
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takes into account supersaturation (SS) changes for the liq-
uid/solid particle growth equations during the microphysical
time step, thus providing a better representation of the BFP.

We describe the GISS-LBL SCM bin-resolved micro-
physics in Sect. 2. Simulation setup is given in Sect. 3. The
results of several sensitivity experiments and comparison to
observations are presented in Sect. 4, and a summary and dis-
cussion are provided in Sect. 5. Finally, in AppendixA we
outline some details of the BRM scheme that are relevant to
this study.

2 Model description

In this study we use the GISS-LBL SCM that is a modified
version of the GISS SCM (Menon et al., 2003) adapted from
the GISS GCM. The cloud physics parameterizations in the
GISS GCM is based on an assumption that only liquid or
ice phase is permitted to exist at temperatures below freezing
(Del Genio et al., 1996, 2005). This cloud scheme also has
limited ability to represent cloud-aerosol interactions, relying
on diagnostic calculations of cloud droplet concentration as
a function of aerosol mass (Menon et al., 2002). To better ac-
count for effects of environmental conditions and microphys-
ical processes on cloud development and persistence several
modifications to the GISS SCM have been done. These mod-
ifications include: 1) redesign of numerical algorithms used
in the turbulence scheme and reformulation of the numeri-
cal surface boundary conditions; 2) implementation of a bin
resolved microphysical (BRM) scheme that was specially de-
signed to represent mixed-phase clouds. The BRM scheme
takes into account numerous microphysical processes, some
of which (IIP and BFP) are of special interest in this study.

2.1 Equations for size distribution functions

The modified BRM scheme originally developed byKhain
and Sednev(1995, 1996) directly solves integro-differential
equations for mass (size) distribution functions describing
seven types of hydrometeors:f1 is the mass distribution
function for water droplets and rain drops;f2, f3, andf4 are
the size (mass) distribution functions for columnar crystals,
plate crystals, and dendrites, respectively;f5, f6, andf7 are
the mass distribution functions for snowflakes, graupel parti-
cles, and frozen drops/hail and does not use assumptions re-
garding the shape of distribution functions. The distribution
functions are defined on mass grids that can contain differ-
ent number of bins. The changes in distribution functions for
liquid and solid phases are governed by the following equa-
tions:
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wherek=1. . .7 denotes the type of hydrometeor,Vk is its
terminal velocity,w is vertical velocity, andρa is air den-
sity. [∂fk/∂t]act/nucl are the rates of changes offk due to
activation/nucleation processes;[∂fk/∂t]cond/ev are the rate
of changes offk due to the condensational growth or evapo-
ration of droplets (fork=1 ) or due to deposition/sublimation
of ice particles (fork>1). [∂fk/∂t]coal are the rates of change
of fk due to coalescence between hydrometeors of any type
including typek; [∂fk/∂t]frz/mlt and[∂fk/∂t]brk are the rates
of change offk due to the freezing of droplets and melt-
ing of ice particles and breakup processes;[∂fk/∂t]mult de-
scribes ice multiplication process, and operator1() denotes
the contribution of small scale turbulence. The BRM scheme
provides calculation of precipitation amount, concentration,
mass contents and precipitation fluxes of different hydrome-
teors, radar reflectivity from water and ice, the mean and ef-
fective radii of droplets and ice particles as well as provides
information for calculation of cloud optical properties such
as single scatter albedo, optical depth and asymmetry param-
eter. For example, concentrationsnk, water/ice contentsqk,
and precipitation fluxesPk of hydrometeors are determined
by means of distribution functions as follows:

nk =

∫
∞

0
fk(mk)dmk (2)

qk =

∫
∞

0
mkfk(mk)dmk (3)

Pk = ρa

∫
∞

0
(w − Vk(mk))mkfk(mk)dmk (4)

In the above,fk are given in number of particles per kg of
water in kg of air, andnk, qk, andPk are in number of par-
ticles in kg of air, kg of condensate in kg of air, and kg of
condensate per m2 per second, respectively.

2.2 Initiation of liquid phase

Liquid phase initiation parameterization in BRM scheme is
based on solving the supersaturation equations, which pre-
dict SSW and SSI, K̈ohler theory, and a prognostic spectrum
of aerosol particles that can be of different chemical compo-
sition. The equation for distribution functions for APfccn
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Table 1. Description of sensitivity experiments without ice micro-
physics.

updated CCN water-water
profile interactions

W1 No No
W2 No Yes
W3 Yes Yes
W4 Yes No

that is defined on separate mass gridmc is as follows:

∂fccn(mc)

∂t
+

1

ρa

∂ρa(w − Vccn(mc))fccn(mc)
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+
1
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[
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(5)

where[∂fccn/∂t]act is the rate of change offccn due to acti-
vation. Sedimentation velocities of APVccn(mc) are set to be
zero, and wet removal of AP is not considered in this study.

Aerosol particles of a certain size can be activated when
the supersaturation calculated exceeds the critical value de-
termined by the K̈ohler equation. K̈ohler theory is also used
to calculate so called critical and equilibrium aerosol radii.
In the case the AP distribution contains aerosols with dry ra-
dius greater than critical radius at a given point, these APs
can be activated and transformed into droplets. The size of
new nucleated droplets is equal to equilibrium radius if dry
AP radii is less than 0.03 microns; otherwise, the radii of
cloud droplets are five times as much as dry AP radii since
large CCN does not reach their equilibrium sizes. This ap-
proach prevents origination of unrealistically large droplets
and too fast warm rain formation (Kogan, 1991; Khain and
Sednev, 1996). This droplet nucleation scheme starts with
activation of the APs, whose critical supersaturation is the
smallest, calculates corresponding droplet sizes and liquid
content increase, and assures that total vapor and cloud wa-
ter content is conserved and there is still enough water vapor
exceed to activate APs in the next bin.

2.3 Initiation of solid phase

Solid phase initiation parameterization in BRM scheme ac-
counts for two general mechanisms distinguishable accord-
ing to the involvement of liquid phase in the ice generation
process.

If liquid phase is not involved in ice initiation process (the
first IIP), we parameterize nucleation of ice crystals from wa-
ter vapor as a function of SSI (Meyers et al., 1992) (M1992):

Nmc = Nmsexp[Ams + BmsSi] (6)

whereAms and Bms are set to−0.639 and 12.96, respec-
tively, Nms is ice nuclei (IN) concentration in 1/L (Table2),

Table 2. Description of sensitivity experiments with ice micro-
physics.Nms andAf are constants in Eqs. (6) and (7), respectively,
that influence ice crystal concentration increase due to the different
ice initiation mechanisms.

Af NmsEXP
kg−1 L−1

I1 0.0 1.0
I2 0.0 0.1
I3 0.1 0.0
I4 0.1 0.1

andNmc determines the upper limit of concentration, up to
which ice crystals can be nucleated from water vapor at a
particular point. Nucleation is not permitted if concentration
of ice hydrometeors is already greater than that determined
by Eq. (6). Only the number of crystals needed to reach the
concentration given by Eq. (6) is nucleated. All ice crys-
tals just nucleated have the minimum size permitted by mass
grid, and basic crystal habits, which depend on tempera-
ture (Takahashi et al., 1991), are plates (−4◦C<T ), columns
(−8◦C6T 6−4◦C), plates (−14◦C6T <−8◦C), dendrites
(−18◦C6T <−14◦C), plates (−22.4◦C6T <−18◦C), and
columns (T <−22.4◦C).

If liquid phase is involved in ice initiation process (the sec-
ond IIP), water drop freezing that contribute to ice initiation
is considered separately, and is treated as a main mechanism
of primary graupel formation. The freezing probability is
given by:

1

f1(m)

∂f1(m)

∂t
=

{
−Af m{exp[Bf Tsup] − 1}, if Tsup > 0

0, if Tsup 6 0

(7)

A similar dependence was used inTakahashi(1976), Alheit
et al. (1990), andKhain and Sednev(1995). In Eqs. (7) m

is the drop mass,Tsup=Tf –T is the degree of supercooling,
Tf =273.16 K is temperature threshold value,Bf =0.66 K−1,
and values for arbitrary constantAf are in Table2. It is
arbitrarily assumed that frozen droplets with radii less than
100 µm are transformed into plate crystals with the density
of 0.9 g cm−3, and drops with greater radii become graupel
particles.

It should be noted that opposite to the parameterization
of the activation of aerosol particles to form cloud droplets
that depends on aerosol chemical composition (among oth-
ers), parameterization of solid phase initiation does not de-
pend on chemical composition of IN. To account for this ef-
fect two-dimensional size distributions functions are needed
(Bott, 2000). In this approach the particles are classified
according to their water and total aerosol mass on a two-
dimensional grid. For example,Diehl and Wurzler(2004)
andDiehl et al.(2006) studied heterogeneous drop freezing
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employing the two-dimensional treatment of cloud physics
that allows the coexistence of similarly sized drops with dif-
ferent contents of soluble and insoluble particles. Because
the two-dimensional approach is very computationally ex-
pensive, in our BRM scheme the one-dimensional approach
is used, and freezing probability of equally sized droplets re-
mains the same and does not depend on the origination mech-
anism.

The first IIP is only active in supersaturated w.r.t. water en-
vironment, whereas the second IIP operates in both saturated
and subsaturated (w.r.t. water) environment. Even if liquid
particles evaporate and ice particles sublimate, this trans-
formation takes place. If SSW>0 transformation of liquid
phase into ice phase is accompanied with droplet condensa-
tional and ice particle depositional growth. The same trans-
formation occurs when droplets are evaporated supplying
additional water vapor for ice particles depositional growth
(Bergeron-Findeisen process).

2.4 Treatment of Bergeron-Findeisen process

The parameterization of the Bergeron-Findeisen process is
a challenging problem because of the necessity to partition
water vapor excess between solid and liquid phases. For this
we have to answer a question on how we can calculate the
amount of water vapor, water, and ice if their total amount,
temperature, and pressure are known. Usually this partition-
ing is assumed to be only a function of temperature or “sat-
uration adjustment” schemes of different degrees of sophis-
tication are used in atmospheric models of different scales
(Lord et al., 1984; Tao et al., 1989; Ferrier, 1994; Fowler
et al., 1996; Del Genio et al., 1996). Advanced schemes
(Rotstayn et al., 2000; Morrison et al., 2005) solve growth
equation for ice particles using some additional assumptions.
Essential features of theRotstayn et al.(2000) scheme are
(a) saturation w.r.t. water; and (b) supersaturation w.r.t ice
is constant during a microphysical time step. The assump-
tion (a) works well for situations when only liquid phase
exists. To some extent assumption (b) works for only icy
clouds. If both assumption are used simultaneously it leads to
the following consequences: 1) liquid phase becomes com-
pletely decoupled from ice phase (the amount of water va-
por deposited on ice particles will be the same if LWC is
equal to 0.001 g kg−1, 1 g kg−1or 10 g kg−1; 2) BFP parame-
terization might be valid for environmental conditions with-
out liquid phase. Such kind of parameterizations are able
to treat only icy clouds. Moreover, it contradicts the defi-
nition of BFP process (“depositional growth of ice particles
on expense of evaporated cloud droplets). It’s well known
that in mixed-phase clouds supersaturation w.r.t. water and
ice might coexist at the same time. In this situation we have
condensational growth of droplets and depositional growth of
ice particles at the same time but not BFP. InMorrison et al.
(2005) equation for SSI that account for coexistence of liquid
and solid phases is solved, but equation for ice phase growth

rate due to sublimation/deposition relies on assumption that
supersaturation w.r.t ice remains unchanged during the mi-
crophysical time step. It might lead to excessive ice phase
growth rates and the atmosphere drying at different altitudes
(especially those where the temperature varies in a the range
−15◦C<T <−10◦C, in which the differences between satu-
rated water pressure w.r.t. water and ice have a maximum).

To improve BFP representation in BRM scheme we uti-
lize a treatment for condensational processes in mixed-phase
clouds considering different growth regimes: (1) condensa-
tion for liquid phase (SSW>0) and deposition for ice phase
(SSI>0); (2) evaporation for liquid phase (SSW<0) and sub-
limation for ice phase (SSI<0); and (3) Bergeron-Findeisen
process or evaporation for liquid phase (SSW<0) and de-
position for ice phase (SSI>0). This treatment accounts
for effect of hydrometeors size distribution as well as su-
persaturation changes during the time step on liquid phase
growth rate due to condensation (evaporation) and ice phase
growth rates due to deposition (sublimation). Because of
the significant impact of the BFP on mixed-phase clouds
glaciation time, we outline the numerical procedure that is
used to calculate the condensation/deposition and evapora-
tion/sublimation rates of liquid and solid hydrometeors in
saturated/subsaturated (w.r.t. water/ice) environments in Ap-
pendixA.

It should be noted that this approach is applicable in any
cloud model that resolves supersaturation. It can be used in
bin-resolved and bulk microphysical schemes. In the latter
case it can be significantly simplified using prescribed a pri-
ori liquid/solid phase size distributions. The approach out-
lined in the Appendix can be used for the numerical model-
ing of cloud processes using cloud resolving models and de-
veloping parameterization of processes of vapor/liquid/solid
phase transformations for use in large-scale models.

3 Simulation setup

The initial vertical profiles used to drive the SCM (36 lev-
els with ∼25 mb resolution near the surface) are given by
the idealized profiles from observations during the MPACE
IOP. We use the large-scale forcing, horizontal velocity com-
ponents, subsidence velocity, surface pressure, temperature,
and fluxes as defined byKlein et al. (2007). We focus on
Period B (17Z, 9 October to 5Z, 10 October) when single-
layer stratocumulus mixed phase clouds with temperatures
varying between−5◦C and−20◦C were observed. These
clouds are characterized by persistent liquid phase with liq-
uid water content (LWC) that increases with altitude reach-
ing its maximum at the top of a well mixed boundary layer.
Ice phase exists both in clouds and under the liquid cloud
base. The typical values of liquid water path (LWP) and
ice water path (IWP) are 200 g m−2 and 20 g m−2, respec-
tively. A detailed description of the environmental conditions
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Fig. 1. Vertical profiles of temperature T and potential temperature Θ (top-left), vapor content
(QV), liquid water content LWC, and total water content TWC=QV+LWC (top-right), supersat-
uration with respect to water SSW and ice SSI (bottom-left), and large scale horizontal tendencies
of temperature and vapor content (bottom-right).

Fig. 1. Vertical profiles of temperature T and potential temperature2 (top-left), vapor content (QV), liquid water content LWC, and total
water content TWC=QV+LWC (top-right), supersaturation with respect to water SSW and ice SSI (bottom-left), and large scale horizontal
tendencies of temperature and vapor content (bottom-right).

and microphysical characteristics of observed clouds can be
found inKlein et al.(2007).

In all our 12-h simulations (from 17Z, 9 October to 5Z,
10 October) the pressurePs near the surface is 1010 hPa
with constant sea surface temperatureTs=0.85◦C. Sur-
face sensible and latent heat fluxes are 138 W g m−2 and
108 W g m−2, respectively, and vertical profiles of horizontal
velocities are also prescribed (Klein et al., 2007). There is no
ice phase at all altitudes, and no liquid phase exists above the

inversion (Pinv=850 hPa) at the initial time. Idealized verti-
cal profiles of total water mixing ratioqt =q+qw and liquid
water potential temperature2l are defined as (Klein et al.,
2007):

Atmos. Chem. Phys., 9, 4747–4773, 2009 www.atmos-chem-phys.net/9/4747/2009/



I. Sednev et al.: Simulating mixed-phase Arctic stratus clouds 4753

Table 3. Microphysical properties of single layer Arctic clouds ob-
served during MPACE IOP (McFarquhar et al., 2007).

LWC Rew Nw IWC Rei NiDate
mg m−3 µm cm−3 mg m−3 µm L−1

193± 9.4± 72.2± 25± 25.5± 5.6±
10/09

131 2.2 34.4 60 1.3 12.1
174± 9.0± 25.7± 15± 24.6± 1.6±

10/10 a
120 2.4 13.4 32 2.3 2.4

154± 10.9± 23.0± 6± 25.8± 2.0±
10/10 b

116 2.6 9.9 6 5.7 2.1
193± 9.1± 51.7± 6± 25.2± 2.1±

10/12
116 2.3 16.6 18 7.3 5.0

qt =

{
Aq , P > Pinv

Bq + Cq(P − Pq), P 6 Pinv
(8)

2l =

{
At , P > Pinv

Bt − Ct (P − Pt ), P 6 Pinv
(9)

where Aq , Bq , Cq , Pq and At , Bt , Ct , Pt are set to be
equal to 1.950 g kg−1, 0.291 g kg−1, 0.00204 g kg−1 hPa−1,
590 hPa and 269.20 K, 275.33 K, 0.07910 K hPa−1, 815 hPa,
respectively. Adiabatic LWCqw, vapor content q, and po-
tential temperature2 derived from Eqs. (8)–(9) are shown
in Fig. 1. The initial bimodal distribution of dry APs are
assumed to be composed of ammonium sulfate and indepen-
dent of altitude. We do not simulate cloud origination and
development, but use idealized vertical profile of LWC and
droplet effective radii from flight measurements (Klein et al.,
2007) to initialize the BRM. These characteristics as well
as the derived vertical profile of droplet concentration and
droplet size distributions at different altitudes at the initial
time are shown in Fig.2. In all our runs we use the BRM
scheme with a 10 s time step. With this small time step,
prescribed dynamics, and idealized forcing there is no sig-
nificant spin up time, and we account for all data obtained
during the course of our 12-h simulations.

We perform four sets of simulations for the “warm” and
“ice” microphysics cases. We present the microphysical
cloud properties obtained from the sensitivity experiments
described in Tables1 and2 for simulations with only “warm”
and “ice” microphysics, respectively, as moments (concen-
tration, content, and effective radius) of size distribution
functions for liquid/solid hydrometeors. In simulations with
“warm” microphysics, listed as W1, W2, W3, and W4, “ice”
microphysics is inactive, and we switch on/off processes of
water-water interactions (coagulation) and processes respon-
sible for changes of initial CCN distribution as described in
Table1. Differences between W1 and W2 indicate the ef-
fects of coagulation and those between W1 and W4 indicate

Table 4. Average liquid water content (LWC), effective radius
(Rew), concentration (Nw), and precipitation flux (Pw) of water
droplets in experiments without ice microphysics.

LWC Rew Nw Pw
EXP

mg m−3 µm cm−3 mm d−1

82± 18.9± 3.9± 0.6±
W1

57 3.9 2.9 0.3
39± 28.5± 1.6± 0.6±

W2
27 10.0 1.0 0.2

343± 10.4± 80.1± 0.7±
W3

124 1.0 18.3 0.3
239± 11.3± 66.2± 1.5±

W4
101 2.9 31.3 1.3

the effects of changes in the CCN distribution when coagu-
lation is switched off. W3 includes both coagulation and an
updated CCN distribution.

For simulations with “ice” microphysics switched on,
listed as I1, I2, I3, and I4, we use different ice crystal orig-
ination rates due to the IIP under consideration as described
in Table2. For I1 and I2, the first IIP is active, and the IN
concentrations differ by a factor of 10 as shown in Table2.
Only the second IIP is active in I3, and both IIP are active in
I4. Both I2 and I4 have the same IN concentrations. For sim-
ilar IN concentrations, differences between I2 and I4 indicate
the relative effect of the second IIP.

4 Results

As described in the previous section we perform a series of
simulations to evaluate the impact of idealized forcing on
modeled SS, the importance of the CCN spectrum shape for
droplet activation and ice initiation processes. These runs are
described in Tables1 and2. We compare cloud microphysi-
cal properties from these simulations with observed values as
obtained from MPACE IOP shown in Table3 (McFarquhar
et al., 2007). These simulations are discussed below.

4.1 Sensitivity runs with warm microphysics

We perform “warm” sensitivity runs to ensure that simu-
lated cloud characteristics for liquid phase (droplet concen-
tration, content, and effective radius) are in range with ob-
servations. In addition, these runs permit us to evaluate in-
fluence of initial setup (temperature, water vapor mixing ra-
tio, and microphysical characteristics vertical profiles and bi-
modal distribution of dry aerosols) and applied forcing (tem-
perature and water vapor mixing ratio tendencies, prescribed
subsidence and surface sensible and latent fluxes) proposed
for MPACE intercomparison study (Klein et al., 2007) on
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Fig. 2. Droplet mass (top-left) and number (top-right) distribution functions at different altitudes;
vertical profiles of droplet concentration and effective radius (bottom-left), and CCN number dis-
tribution function (bottom-right).

Fig. 2. Droplet mass (top-left) and number (top-right) distribution functions at different altitudes; vertical profiles of droplet concentration
and effective radius (bottom-left), and CCN number distribution function (bottom-right).

simulated clouds. Here we describe our results for simu-
lations without ice microphysics. Table4 shows the aver-
age values of liquid-phase microphysical properties during
the course of model integration. Figure3 shows the SSW
for these experiments. At altitudes where SSW is negative,
no activation of new cloud droplets is permitted, and cloud
droplets instantly evaporate and sediment due to their own
terminal velocities and applied large-scale subsidence at all

levels. At altitudes where SSW is positive, activation of
new cloud droplets can occur. The BRM droplet activation
scheme is sensitive to modeled SS that determines critical
CCN radius, which is the cut off radius for the CCN spec-
trum, and the number of droplets just nucleated.

In W1 coagulation is switched off, and droplet activa-
tion, condensation, evaporation, and sedimentation are the
only active microphysical processes. Droplet activation at a
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Fig. 3. Supersaturation w.r.t. water in W1, W2, W3, and W4 (top to bottom).
Fig. 3. Supersaturation w.r.t. water in W1, W2, W3, and W4 (top to bottom).

particular level mainly occurs when SSW exceeds its value
at the previous time steps because if an activation event takes
place, the corresponding bins in the CCN spectrum are likely
to be empty. In all our experiments we do not model pro-
cesses of new AP formation as well as their growth due to
condensation/coagulation. There is no AP supply due to the
large-scale horizontal processes in W1 and the only physi-
cal mechanisms that supply AP at a particular altitude are
large-scale subsidence and vertical turbulent diffusion. The
implied large-scale tendencies of temperature and water va-

por mixing ratio together with the prescribed subsidence ve-
locity result in mainly negative tendencies of SSW in cloudy
regions. The balance between tendencies, turbulence, and ra-
diation are such that SSW rarely increases, and the critical SS
and CCN critical radius remain practically unchanged. This
means that the amount of water droplets just activated is neg-
ligibly small. Figure4 shows the droplet concentrationNw ,
and Fig.5 shows the LWC for all the “warm” microphysics
simulations. Both droplet concentration and LWC diminish
with time due to sedimentation and evaporation at all levels
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Fig. 4. Droplet concentration in W1, W2, W3, and W4 (top to bottom).
Fig. 4. Droplet concentration in W1, W2, W3, and W4 (top to bottom).

during the first six hours in W1. After this time, in sub-cloud
layers SSW becomes positive due to the instantaneous va-
por supply from the surface and droplet evaporation just be-
low the initial cloud base. Starting with the lowest layer and
propagating upward, SSW remains positive determining the
existence of non-dissipated warm clouds near the surface. In
these clouds droplet effective radiiRew shown in Fig.6 and
droplet precipitation fluxPw (not shown) reach about 30 µm
and 2.2 mm d−1, respectively, and maximum droplet concen-
tration and LWC never exceed their initial values (Fig.2).

As in W1, in simulation W2, in which coagulation is ac-
tive, Nw and LWC have maximum value at the initial time
(Fig. 2) and diminish with time as can be seen in Fig.4 and
Fig. 5. However, the process of rebuilding of SSW starts
early, and SSW reaches very high values (about 3.5%, Fig.3)
because coagulation effectively reduces droplet concentra-
tion. The “warm” rain formation process determines the in-
crease inRew (Fig. 6) andPw (not shown), whose average
values are about 28.5 µm and 0.6 mm d−1, respectively (Ta-
ble4). TheRew values are significantly greater than those in
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Fig. 5. Droplet content in W1, W2, W3, and W4 (top to bottom).
Fig. 5. Droplet content in W1, W2, W3, and W4 (top to bottom).

W1. To prevent unrealistically high values of supersaturation
and very short glaciation time in experiments with ice micro-
physics, we update the CCN spectrum after each time step
with its initial values assuming that air masses with similar
aerosol properties travel through the domain considered.

Supersaturation and microphysical characteristics (Nw,
LWC, andRew) for runs without “ice” microphysics using
the CCN spectrum update assumption, W3 (with coagula-
tion) and W4 (without coagulation) are shown in Fig.3 and
Figs.4–6, respectively. In both W3 and W4 there are no areas

of largely positive SSW as in W2 Fig.3). At the same time
averageNw in W3 and W4 reaches 80 cm−3 and 66 cm−3,
respectively, as compared to 4 cm−3 and 2 cm−3 in W1 and
W2, respectively. With coagulation turned on, as in W3, pre-
cipitation flux is reduced, and the LWC is higher compared
to W4 in which coagulation is turned off.

Although the measurements of cloud droplets by a one-
dimensional cloud probe (1DC, 20–640 µm maximum parti-
cle dimension) show drizzle development at the top of some
of the MPACE single-layer clouds (McFarquhar et al., 2007),
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Fig. 6. Droplet effective radius in W1, W2, W3, and W4 (top to bottom).
Fig. 6. Droplet effective radius in W1, W2, W3, and W4 (top to bottom).

MPACE observations indicate that the spectrum of water
droplets remains relatively narrow, and there is no remark-
able precipitation during 10–12 October. Cloud microphys-
ical values for W3 and W4, shown in Table4, are in bet-
ter agreement with observations (Table3) compared to those
obtained for W1 and W2. For example, W3 and W4 have
Rew average values that are within theRew observed range of
9 to 10.9 µm, shown in Table3. However, compared to ob-
servations, W1 and W2 overestimate averageRew values by
a factor of 2 and 3, repsectively. Average values ofNw and

LWC for W1 and W2 are severely underestimated compared
to observed ranges of 23 to 72 cm−3 and 154 to 193 mg m−3

for Nw and LWC, respectively. On the other hand, values of
Nw for both W3 and W4 are within uncertainties in observa-
tions forNw and LWC for W4 is closer to the observed range
in LWC than are values simulated for W3. These results in-
dicate that regardless of the warm rain formation process,
the CCN spectrum update assumption is crucial to maintain
a persistent liquid phase with values of LWC that are com-
parable with observations. Based on numerous supplemental
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Fig. 7. Supersaturation w.r.t. water in I1, I2, I3, and I4 (top to bottom).
Fig. 7. Supersaturation w.r.t. water in I1, I2, I3, and I4 (top to bottom).

runs (not shown) and analysis of observation we conclude
that water-water interactions (coagulation) is relatively mi-
nor if we believe that applied forcing and AP distribution are
typical for MPACE period B conditions.

Based on differences between the four sets of simulations
shown in Table4 and observations shown in Table3 we sug-
gest that the CCN spectrum shape for droplet activation is
more important than is the process of water-water interac-
tions (coagulation). Moreover, because of small concentra-
tion of ice particles and significantly reduced collision effi-

ciencies for water-ice and ice-ice interactions at low temper-
atures, we conclude that coagulation is relative unimportant
as compared to the BFP.

All these validate to some extend the assumptions used in
experiments with “ice” microphysics that processes of water-
water, ice-water, and ice-ice interactions may be relatively
minor for the MPACE single-layer mixed-phase clouds (co-
agulation is switched off).
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Fig. 8. Supersaturation w.r.t. ice in I1, I2, I3, and I4 (top to bottom).
Fig. 8. Supersaturation w.r.t. ice in I1, I2, I3, and I4 (top to bottom).

4.2 Sensitivity runs with ice microphysics

To evaluate the impact of the rates of the different IIP’s on
single-layer cloud evolution, we perform a set of runs I1, I2,
I3, and I4 with ice microphysics (Table2). As shown in the
previous section, simulations with the updated CCN spec-
trum, (W3 and W4) show more realistic cloud properties than
do those without the updated CCN spectrum (W1 and W2).
In the runs with ice microphysics we restore the CCN spec-
trum to its initial values after each droplet activation event

to prevent the cloud glaciating in unrealistically short time-
scales. Tables5–6 show the average values of cloud micro-
physical properties for droplets and individual ice crystals,
and Figs.7–8 show SSW and SSI evolution for runs with ice
microphysics.

In these runs we consider two mechanisms of ice initia-
tion. The fundamental difference between the two ice orig-
ination processes is the involvement of the liquid phase in
the IIP. If the liquid phase is not involved in the IIP, we pa-
rameterize the origination of ice crystals from water vapor
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Fig. 9. Droplet concentration in I1, I2, I3, and I4 (top to bottom).
Fig. 9. Droplet concentration in I1, I2, I3, and I4 (top to bottom).

as a function of the SSI as shown in Eq. (6). It is assumed
that this function provides the maximum concentration, up
to which ice crystals can be nucleated at a particular point.
We assume that all ice crystals just nucleated, whose shape
(plates, columns, or dendrites) depends on temperature, have
the minimal size permitted by the mass grid (of about the av-
erage values associated with a cloud droplet of 2 µm). This
process operates for temperaturesT <−2◦C. When the liq-
uid phase is involved in the IIP, ice origination is considered
to proceed via drop freezing, and its rate is a function of the

shape of the droplet distribution, droplet mass and tempera-
ture, as shown in Eq. (7). Nucleated ice crystals of different
sizes are assumed to be plate-like crystals. This process is
active at negative temperatures in both saturated and subsat-
urated (w.r.t. water) conditions.

In all experiments with ice microphysics I1, I2, I3, and
I4 the implied forcing assures the existence of high(∼20%)
SSI (Fig.8), and crystals thus formed grow rapidly reaching
sizes of hundreds microns due to deposition and the BFP in
mainly subsaturated (w.r.t. water) environments (Fig.7).
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Fig. 10. Droplet content in I1, I2, I3, and I4 (top to bottom).
Fig. 10. Droplet content in I1, I2, I3, and I4 (top to bottom).

In I1, only the first IIP is active. Figure9 shows cloud
droplet concentrationNw , and Fig.10 shows LWC for the
liquid phase for all simulations I1, I2, I3, and I4. Figures11–
13 show the microphysical properties for the ice phase (con-
centrationNi , IWC, and effective radiusRei) for the same
simulations. For I1,Nw (Fig. 9) and LWC (Fig.10) have
maximum values of 73 cm−3 and 468 mg m−3 at the ini-
tial time (Fig. 2) and are continuously diminished due to
evaporation and the BFP. Cloud glaciation time is∼three
hours in I1. Simulated fields of SS show that initially in-

tensively glaciated clouds continue their development as icy
clouds in sub-saturated (w.r.t. water) conditions (Fig.7). Ice-
phase concentration and content have maximum values in
this experiment as compared to other experiments with ice
microphysics as shown in Fig.11 and Fig. 12. For ex-
ample, the maximum value of the concentration/content is
9.2 L−1/11 mg m−3 and 7.4 L−1/152 mg m−3 for plate and
dendrite crystals, respectively. We note that the total ice-
phase concentration, content and effective radii in I1 are sig-
nificantly higher than those observed during MPACE.
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Fig. 11. Ice crystal concentration in I1, I2, I3, and I4 (top to bottom).
Fig. 11. Ice crystal concentration in I1, I2, I3, and I4 (top to bottom).

As in I1 only the first IIP is active in I2, but the maxi-
mum concentration of ice crystals which can be nucleated
at a particular point for the same SSI is reduced due to the
assumption made forNms , which is an order of magnitude
smaller than that used for I1. As a result, the liquid phase in
I2 exists for the course of model integration (12 h) supplying
water vapor due to droplet evaporation for ice crystal depo-
sitional growth. Activation of new droplets also takes place
because the maximum value ofNw is greater that its value at
the initial time.Nw (Fig. 9) and LWC (Fig.10) have average

values of 29 cm−3 and 123 mg m−3, respectively (Table5).
LWC is reduced by an order of magnitude in∼nine hours
(Fig. 10). The maximum ice concentration is 7 times less in
I2 than in I1, andRei in I2 is larger compared to that in I1
(Fig. 11).

I3, in which only the second IIP is active, is characterized
by persistent liquid phase with maximum values of droplet
concentration (Fig.9) and LWC (Fig.10) near cloud top, sig-
nificantly higher crystal concentration, and minimum values
of ice precipitation flux (not shown) as compared with I2.
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Fig. 12. Ice crystal content in I1, I2, I3, and I4 (top to bottom).
Fig. 12. Ice crystal content in I1, I2, I3, and I4 (top to bottom).

Crystals effective radiiRei in I3 also have minimum values
(Table5).

Both IIP are active in I4, that combines some microphysi-
cal features of I2 and I3. Its main features are reduced droplet
concentration and LWC as compared to I3 (Table5), in-
creased ice concentration and reduced effective radii as com-
pared to I2, with about the same precipitation fluxes (not
shown) for both runs (Table6). I4 also agrees qualitatively
with M-PACE data (McFarquhar et al., 2007) that show the
typical vertical structure of single layer clouds: existence of

mainly liquid and ice phases at cloud top and near cloud base,
respectively, with mixed phase in the middle of cloudy re-
gion. We expect that the relative importance of the second
IIP will increase for long-lasting Arctic stratocumulus clouds
within the temperature range−5◦C and−20◦C in less su-
persaturated (w.r.t. ice) environments than used in our runs.

It should be noted that using MPACE ice nuclei mea-
surementsPrenni et al. (2007) (P2007) proposed non-
temperature dependent formula that has the same func-
tional form as formula (2.4) in M1992, which we use to
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Fig. 13. Ice crystal effective radius in I1, I2, I3, and I4 (top to bottom).
Fig. 13. Ice crystal effective radius in I1, I2, I3, and I4 (top to bottom).

parameterize nucleation of ice crystals from water vapor (our
formula6). Values forNms , Ams , andBms used in P2007 are
1.0 1/L,−1.488, and 0.0187, respectively. In our sensitivity
experiments we use different values forNms (Table 2). For
example, these value are 1.0 1/L and 0.1 1/L for runs I1 and
I2, respectively.Nmc values calculated using our formula (6)
in I2 and P2007 formula coincide (0.285 1/L and 0.288 1/L,
respectively) when supersaturation w.r.t. ice is about 13%.
For SSI between 2%–13% and 13%–25% these two formu-
lae provide mean values equal to 0.154 1/L and 0.260 1/L

and 0.663 1/L and 0.320 1/L, respectively. MeanNmc ra-
tios for our formula (1) as used in I2 and P2007 formulation
are 0.591, 2.071, and 1.506 for SSI between 2%–13%, 13%–
25%, and 2%–25%, respectively.

Both formulae giveNmc that has the same order of magni-
tude for wide SSI range ifNms is set equal to 0.1 1/L in our
formula (6). It can be demonstrated on P2007 Fig. 3 by par-
allel shifting of blue line that depicted M1992 formulation.
Nms is set equal to 0.1 1/L in our sensitivity runs I2 and I4
(Table 2). If formula (6) were replaced by P2007 formulation
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Table 5. Average liquid water content (LWC), effective radius
(Rew), concentration (Nw), and precipitation flux (Pw) of water
droplets in experiments with ice microphysics.

LWC Rew Nw PwEXP
mg m−3 µm cm−3 mm d−1

98± 15.0± 11.1± 0.9±
I1

104 2.2 13.3 0.4
123± 10.9± 29.1± 0.5±

I2
93 1.3 22.5 0.1

253± 10.3± 64.1± 0.5±
I3

108 1.1 21.3 0.3
127± 11.0± 28.4± 0.5±

I4
94 1.3 22.1 0.1

in these runs, we would expect increasing significance of the
second IIP. We would not expect to get dramatical changes
if P2007 formulation were used. The relative significance of
expected differences is determined by how often simulated
SSI is less than 13% (P2007 formulation overpredicts ob-
served MPACE values) and greater than 13% (our formula-
tion overpredicts observed MPACE values). In this paper we
use in formula (6) exactly the same values forAms andBms

as in M1992. As opposed to P2007 who derived newAms

andBms values for M1992 type formula, we changedNms

value. Moreover,Nms that is constant in this study can be
a function of altitude and geographical location (among oth-
ers) if used in global models. In this case it would be better
to treatAms andBms as constants and make changes toNms

in a manner that it is done to account for maritime and conti-
nental CCN concentration differences in some GCMs.

4.3 Comparison with observations

To facilitate a comparison between observations shown in
Table3 and simulations, we show the same averaged char-
acteristics for experiments with ice microphysics – I1, I2, I3,
and I4 – in Table7. Comparison of these tables indicate that
observed and simulated microphysical characteristics (con-
centration of liquid and solid particles, LWC, and IWC) are
quite similar. TheRew calculated using observed and simu-
lated data are also comparable.

At the same time ice crystal effective radiiRei calculated
from observations and simulations differ significantly. The
Rei calculated from observations are about 25 microns for
9–10 October flights, whereas theRei calculated from sim-
ulations are systematically greater. For example, values of
Rei for I2 and I3 are 8 and 5 times greater than that from ob-
servations. Possible reasons for these differences are from
numerical diffusion and different techniques used forRei

calculations. Numerical diffusion is an unavoidable fea-
ture of any numerical scheme used to solve equations for

distribution functions for condensation/evaporation, deposi-
tion/sublimation, and BFP. Because favorable conditions for
the BFP exist in modeled clouds during glaciation, deposi-
tional growth of ice crystals at the expense of evaporated
cloud droplets is a reason that might determine the artifi-
cial spectra broadening in numerical simulations (see the Ap-
pendixA for details). A second reason for possible differ-
ences between observed and simulatedRei is different tech-
niques used to calculate its values.

To calculateRei from the observations (McFarquhar et al.,
2007) the following definition based on the ice water content
(IWC) and cross-sectional area of the particle distributions
(Ac) is used (Fu, 1996):

Rei =

√
3IWC

3ρiAc

(10)

whereρi=0.9 g cm−3 is the bulk density (mass divided by
volume) of the ice crystals. TheRei calculated from the ob-
servations are highly dependent on the mass-diameter (m-
D) relation that is assumed to characterize the observed size
distributions (for details seeMcFarquhar and Heymsfield,
1998).

The Rei calculated from the simulations correspond to
a “composite” crystal distribution because more than one
type of crystals with different shapes and densities are used.
TheseRei are provided in Table3 (Rei for individual ice crys-
tals are listed in Table6). The “composite” ice phase effec-
tive radius shown in Table7 is calculated as

Rei =

4∑
k=2

∫
∞

0
r3
k (m)fk(m)dm /

4∑
k=2

∫
∞

0
r2
k (m)fk(m)dm

(11)

whererk(m) are bulk radius for columns (k=2), plates (k=3)
and dendrites (k=4), respectively. Definition (11) is useful
for analysis of radar data providing information about ice
particles sizes. As Tables7 and3 show,Rei calculated using
Eq. (11) reflect the contribution of large crystals to size dis-
tribution and are significantly greater than those calculated
using Eq. (10) chosen in such a way that if a lot of large ice
crystals exist theRei are actually small.

To compareRei calculated from the observations and sim-
ulations using definition (10) a “composite” m-D relation is
needed. It is not easy to determine what m-D relation might
apply to the “composite” crystal distribution from the sim-
ulations. It becomes evident that techniques used to calcu-
late different microphysical characteristics from observations
and essential BRM scheme characteristics (mass grids, m-D
relations, hydrometeor densities, capacitances, and terminal
velocities among others) should be interrelated. Otherwise,
direct comparison of data derived from observations and sim-
ulations is not logically based.

To determine if the differences between observed and
simulatedRei arise due to different definitions, we use the
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Table 6. Average values of ice water content (IWCp), effective radius (Rep), concentration (Np), and precipitation flux (Pp) for plates
and ice water content (IWCd ), effective radius (Red ), concentration (Nd ), and precipitation flux (Pd ) for dendrites in experiments with ice
microphysics.

IWCp Rep Np Pp IWCd Red Nd Pd
EXP

mg m−3 µm cm−3 mm d−1 mg m−3 µm cm−3 mm d−1

2± 100.9± 1.9± 0.3± 41± 160.4± 3.9± 1.4±
I1

1 35.8 3.0 0.1 17 42.3 1.4 0.7
2± 124.9± 0.3± 0.2± 19± 234.9± 0.6± 1.0±

I2
2 35.4 0.3 0.0 10 59.6 0.1 0.6

10± 123.9± 1.3± 0.5± 0.0± 0.0± 0.0± 0.0±
I3

5 31.6 0.6 0.2 0.0 0.0 0.0 0.0
4± 115.2± 0.6± 0.2± 13± 243.4± 0.4± 0.7±

I4
2 34.4 0.2 0.1 5 60.4 0.1 0.3

formula that mimics Eq. (10) for individual ice crystals:

Rek=

√
3

3

∫
∞

0
mfk(m)dm /

∫
∞

0
ρik(m)Ack(m)(m)fk(m)dm (12)

whereRek, ρik, andAck are ice crystal effective radius, den-
sity, and projected area, respectively, for columns (k=2),
plates (k=3), and dendrites (k=4). Corresponding “compos-
ite” ice phase effective radiusRei then calculated as

Rei =

√
3

3

4∑
k=2

∫
∞

0
mfk(m)dm /

4∑
k=2

∫
∞

0
ρik(m)Ack(m)(m)fk(m)dm (13)

Another definition of the “composite” ice phase effective ra-
dius shown in Tables7 and8 reads as

Rei =

4∑
k=3

∫
∞

0
fk(m)r3

m(m)dm /

4∑
k=3

∫
∞

0
fk(m)r2

m(m)dm

(14)

whererm(m) is melted radius (radius of sphere that has the
same mass as ice particle and whose density is equal to water
density).

Both Eqs. (11) and (14) definitions are useful for analysis
of radar data because they provide information about crystal
sizes.

Table8 shows the composite ice effective radii calculated
from the simulations using Eqs. (11), (13), (14), respectively,
and effective radius for individual ice crystals (platesRep and
dendritesRed ) calculated according to Eq. (12). As can be
seen from Table8, Rei calculated using Eq. (13) from simu-
lations are within observed ranges (Table3) indicating com-
parability of observed and simulated ice crystal distributions.

Table 7. Average values of liquid water content (LWC), effective
radius (Rew), and concentration (Nw) for liquid phase and ice water
content (IWC), effective radius (Rei ), and concentration (Ni ) for ice
phase in experiments with ice microphysics.

LWC Rew Nw IWC Rei NiEXP
mg m−3 µm cm−3 mg m−3 µm L−1

98± 15.0± 11.1± 37± 142.7± 4.8±
I1

104 2.2 13.3 21 54.9 2.3
123± 10.9± 29.1± 17± 202.2± 0.7±

I2
93 1.3 22.5 11 83.8 0.2

253± 10.3± 64.1± 10± 123.9± 1.3±
I3

108 1.1 21.3 5 31.6 0.6
127± 11.0± 28.4± 15± 157.7± 0.8±

I4
94 1.3 22.1 9 50.3 0.1

But these radii show relatively small variability from experi-
ment to experiment as compared toRei calculated using defi-
nition based on melted radius. Definition based on melted ra-
dius requires only distributions of ice particles on mass grids,
and additional knowledge of ice crystals m-D relations, pro-
jected areas, bulk radii and bulk densities is not necessary.
Thus, ice crystal effective radius definition based on melted
radius should be recommended for evaluation of relative im-
portance of different microphysical processes such as differ-
ent ice initiation mechanisms in intercomparison studies.

The differences between effective radius calculated using
different definitions for individual ice crystal (Tables6 and8)
as well as “composite” ice phase effective radiusRei (Table7
and Table8) highlight the necessity to standardize calcula-
tion of ice effective radii since these are ultimately provided
as input for radiation calculations.
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Table 8. Composite ice phase effective radius (Rei ) calculated us-
ing Eqs. (14), (11), and (13), respectively, plates effective radius
(Rep) and dendrites effective radius (Red ) calculated using Eq. (12)
in experiments with ice microphysics.

Rei Rei Rei Rep Red
EXP

µm µm µm µm µm

536.7± 142.7± 26.7± 19.2± 29.5±
I1

251.6 65.0 5.7 4.3 1.2
770.7± 202.2± 28.0± 21.9± 31.2±

I2
298.1 71.1 5.3 3.7 1.0

227.0± 123.9± 22.4± 22.4± 0.0±
I3

75.0 31.6 3.1 3.1 0.0
741.9± 157.7± 26.7± 21.3± 31.2±

I4
318.3 48.6 4.7 3.7 1.4

5 Discussion

To improve the representation of mixed-phase cloud pro-
cesses in the GISS GCM and facilitate the improvement of
bulk microphysics parameterizations that do not use known
a priory shape of hydrometeors’ distribution functions, we
couple a mixed-phase BRM scheme to the GISS SCM. We
perform sensitivity simulations with and without ice micro-
physics to evaluate the impact of the CCN spectrum shape,
process of warm rain formation, different ice initiation mech-
anisms, and the Bergeron-Findeisen process on glaciation
time and longevity of mixed-phase clouds observed during
the ARM MPACE IOP.

Based on differences between our sensitivity simulations
that do not include ice microphysics, we find that the process
of water-water interaction may be relatively minor compared
to that of the CCN spectrum shape for droplet activation for
the MPACE single-layer mixed-phase clouds.

For the ice phase initiation we consider two main mech-
anisms. The first mechanism is active in cold supersatu-
rated (w.r.t. ice) environments and determines the number
of small ice crystals originating from water vapor, whose
shapes depend on temperature. The second mechanism of
ice initiation is active at negative temperatures in both satu-
rated and under-saturated (w.r.t. water) environments due to
the transformation of super-cooled droplets, whose spectrum
and masses as well as degree of supercooling determine the
rate of origination of bigger (up to 100 µm) plate-like crys-
tals. Because the freezing rate depends on the droplet mass,
the bigger droplets are likely to freeze faster. These two ice
initiation mechanisms act quite differently. The first IIP is
responsible for the supply of small ice crystals with differ-
ent shapes. These crystals grow fast at different rates in a
highly supersaturated (w.r.t. ice) environment at the expense
of evaporated cloud droplets. The second IIP is responsi-
ble for the supply of bigger (assuming the droplet spectrum

is broad enough) ice crystals that continue to grow mainly
due to riming, reducing droplet concentration and water va-
por supply for the ice phase due to droplet evaporation. The
second mechanism indicates the importance of the AP spec-
trum for the ice initiation process. It crucially depends on
the shape of the AP distribution and not only on the con-
centration of cloud droplets but also on the broadness of the
spectrum of cloud droplets just activated. We speculate that
in maritime stratiform clouds with broader droplet spectra
the second IIP might be of greater importance. In our sim-
ulations with prescribed large-scale forcing that assures the
existence of high supersaturation (w.r.t. ice) (up to 20%) and
coalescence processes switched off, the net supply of new
ice particles due to the two ice initiation mechanisms has the
same order of magnitude.

The differences between ice effective radii calculated us-
ing ice crystal cumulative cross-sectional area and melted
radius definitions indicate importance of the first definition
for radiation calculations and the second definition for analy-
sis of precipitation formation process in mixed-phase clouds.
Because of the relatively small variability of ice effective ra-
dius calculated using cross-sectional area definition, ice ef-
fective radius definition based on melted radius should be
used as additional microphysical characteristic for evalua-
tion of relative importance of different microphysical pro-
cesses such as different ice initiation modes in intercompari-
son studies.

Recently, a 2-D CRM was used to obtain differences in
cloud properties in simulations with one and two-moment
bulk microphysics (BLK) for MPACE conditions (Luo et
al., 2008). MPACE mixed-phase clouds were also simu-
lated with a 3-D Arctic version of MM5 with a two-moment
bulk microphysics scheme to evaluate sensitivity of clouds
properties to cloud condensation and ice nuclei concentra-
tion (Morrison et al., 2008). Although BLK schemes are
usually able to represent adequately the variations of droplet
concentration for maritime and continental clouds, their abil-
ity to represent the process of droplet activation for maritime
and continental clouds with respect to broadness of spectrum
of cloud droplets just activated is limited. Accounting only
for the variations of the droplet concentration under different
aerosol conditions is necessary, but not sufficient, for the ap-
propriate representation of ice initiation processes in mixed-
phase clouds. This fact has to be taken into account if bulk
microphysics schemes are used to investigate relative impor-
tance of different ice initiation modes in mixed-phase clouds.

Analytical considerations highlight the effect of the BFP
on the longevity of mixed-phase clouds (Korolev, 2007; Ko-
rolev and Field, 2008). In our sensitivity runs, originated ice
crystals continue to grow in simulated clouds mainly due to
the BFP that is identified as a process responsible for the rate
of glaciation of single layer mixed-phase MPACE clouds. An
adequate treatment of Bergeron-Findeisen process is impor-
tant for models that use BRM or BLK schemes to investigate
these types of Arctic clouds. Despite the high computational
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cost, our calculations of hydrometeors’ growth rates due to
the BFP are based on analytical solution to equations for su-
persaturation (w.r.t. water and ice), and the changes of super-
saturation during the microphysical time step in liquid/solid
particle growth equation are also taken into account. It is
difficult to expect that the utilization of different modifica-
tions of ”saturation adjustment” that is widely used in BLK
schemes can represent the simultaneous growth rate of cloud
particles due to the BFP. Since the droplet nucleation process
(w.r.t. broadness of spectrum of cloud droplets just nucle-
ated) and the BFP (w.r.t. calculation of simultaneous evapo-
ration rates for droplets and deposition rates for ice particles)
are difficult to be reliably represented in bulk schemes, the
interpretation of the results with these schemes in the case
of mixed-phase clouds as observed during MPACE has to be
done very carefully.

One of the possible ways to improve the creditability of
mixed-phase bulk microphysics schemes is the creation of a
unified modeling framework that includes a computationally
expensive BRM-type scheme and a computationally efficient
but less sophisticated microphysics scheme. Development of
such a scheme should be based on observations and numeri-
cal simulations obtained using the BRM scheme that is con-
sidered as a benchmark. This work is underway. Our future
study will focus on the investigation of the impact of dif-
ferent environmental conditions and processes of water-ice
and ice-ice interaction on the longevity and glaciation time
of mixed-phase MPACE clouds using the BRM scheme and
a two-moment BLK scheme (Morrison et al., 2005) coupled
to the GISS-LBL SCM.

Numerical implementation of Bergeron-Findeisen process
outlined in AppendixA is applicable in any cloud model that
resolves supersaturation and utilizes bin-resolved or bulk mi-
crophysical schemes. In the latter case it can be significantly
simplified because of prescribed a priori hydrometeors’ size
distributions. This approach can also be used for develop-
ing parameterization of processes of vapor/liquid/solid phase
transformations for use in large-scale models.

Appendix A

The rate of changes of distribution functionf1 for liq-
uid phase due to condensation (dm1/dt>0) or evaporation
(dm1/dt<0) is written as

[
∂f1(m1)

∂t
]cnd/evp = −

∂

∂m1
f1(m1)

dm1

dt
(A1)

Equation (A1) provides two useful computational constrains
for condensation or evaporation processes

1) Integrating Eq. (A1) with respect to massm1 from 0 to
∞[

∂

∂t

∫
∞

0
f1(m1)dm1

]
cnd/evp

=

f1(m1)
dm1

dt
|m1=0 − f1(m1)

dm1

dt
|m1=∞, (A2)

using definition (2) for k=1, and applying appropriate
boundary conditions, we obtain

[
∂nw

∂t

]
cnd/evp

=

{
0, for condensation

−∂nwe/∂t, for evaporation

(A3)

wherenwe is total number of evaporated droplets.

The first Eq. (A3)

[
∂nw

∂t
]cnd = 0 (A4)

has the simple physical meaning that in the condensa-
tion process concentration of droplets is constant. The
second one expresses the fact that in the evaporation
process the total number of existing and evaporated
cloud droplets remains unchanged

[
∂

∂t
(nw + nwe)]evp = 0 (A5)

2) Multiplying Eq. (A1) by massm1 and integrating result-
ing equation with respect tom1 and using definition (3)
for k=1, we get

[
∂qw

∂t
]cnd/evp =

∫
∞

0
f1(m1)

dm1

dt
dm1 (A6)

The last equation determines the increase in liquid water
content (LWC)qw due to condensed water vapor supply
or decrease in LWC due to evaporation.

The rate of change of the water vapor mixing ratioq due
to condensation/evaporation in ice free environment can be
written as[
∂q

∂t

]
cnd/evp

= −εw (A7)

Adding Eqs. (A6) and (A7), it follows that

[
∂

∂t
(q + qw)]cnd/evp =

∫
∞

0
f1(m1)

dm1

dt
dm1 − εw (A8)

Since the mass conservation law

[
∂

∂t
(q + qw)]cnd/evp = 0 (A9)
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has to be satisfied, we obtain

εw =

∫
∞

0
f1(m1)

dm1

dt
dm1 (A10)

The rate of change of the temperatureT can be written as[
∂T

∂t

]
cnd/evp

=
Lw

cp

εw (A11)

whereLw is the specific latent heat of evaporation andcp is
specific heat of air at constant pressure.

Combining Eqs. (A7) and (A11), we get energy conserva-
tion law[

∂

∂t

(
cpT + Lwq

)]
cnd/evp

= 0 (A12)

The rates of changes of distribution functionsfk for solid
hydrometeors (k=2. . . 7) due to deposition (dmk/dt>0) or
sublimation (dmk/dt<0) are given as[
∂fk(mk)

∂t

]
dep/sub

= −
∂

∂mk

fk(mk)
dmk

dt
(A13)

wherek is the type of hydrometeor (k=2 . . . 4, ice crystals;
5, aggregates; 6, graupel; and 7, frozen drops/hail).

Equations (A4), (A6), (A7), (A9)- (A12) for ice phase can
be written as[

∂ni

∂t

]
dep

= 0 (A14)

[
∂qi

∂t

]
dep/sub

=

7∑
k=2

∫
∞

0
fk(mk)

dmk

dt
dmk (A15)[

∂q

∂t

]
dep/sub

= −εi (A16)[
∂

∂t
(q + qi)

]
dep/sub

= 0 (A17)

εi =

7∑
k=2

∫
∞

0
fk(mk)

dmk

dt
dmk (A18)[

∂T

∂t

]
cnd/evp

=
Li

cp

εi (A19)[
∂

∂t

(
cpT + Liq

)]
dep/sub

= 0 (A20)

whereLi is the specific latent heat of sublimation,ni=∑7
k=2

∫
∞

0 fk(mk)dmk andqi=
∑7

k=2

∫
∞

0 mkfk(mk)dmk are
ice concentration and ice water content (IWC), respectively.

In mixed-phase cloud the rates of changes of water vapor
mixing ratio and temperature due to diffusional processes
are governed by[

∂q

∂t

]
diff

= −εw − εi (A21)[
∂T

∂t

]
diff

=
Lw

cp

εw +
Li

cp

εi (A22)

where εw and εi are rates of changes of LWC and IWC,
which are defined by Eqs. (A10) and (A18), respectively.
Bothεw andεi depend among other characteristics on super-
saturation w.r.t. waterSw and iceSi that change during one
microphysical time step. To account in this fact and calculate
εw andεi , we define size distribution function for each type
of hydrometeors on the mass grids. The mass grid for each
type of hydrometeor is represented by different numbers of
mass binsNk:

mkj = mk0ak

(j−1)
Jk0 , (A23)

wherej is the mass bin number,mk0 is the minimal mass
for hydrometeor of typek, Jk0 andak>1 are parameters that
characterize the mass grid. For example,Nk=33,Jk0=1 and
ak=2 were used inKhain and Sednev(1996) (KS96).

Diffusional growth (evaporation) of water droplets of mass
m1j in Eq. (A10) is expressed (Pruppacher and Klett, 1978)
(PK78):

dm1j

dt
= 91jSw, 91j =

4πC1j

Gw

,

Gw =
RvT

eswDv

+
RvLw

(Lw − RvT )ka

(A24)

The changes of ice particles massmkj (k>1) due to deposi-
tion (sublimation) in Eq. (A18) is written as (PK78):

dmkj

dt
= 9kjSi, 9kj =

4πCkj

Gi

,

Gi =
RvT

esiDv

+
RvLi

(Li − RvT )ka

(A25)

In the above,Dv, ka , andRv are the water and air diffusiv-
ity coefficients and the moist air gas constant, respectively;
expressions for the ”electrostatic capacitance” of particles of
different shapeCkj are taken from PK78 (see also KS96).

The method used for the calculation of supersaturation
(SS) is similar to that used byTzvion et al. (1989) and
KS96 with some additional modifications. The calculation
of SS w.r.t. waterSw=(e/esw−1) and iceSi=(e/esw−1)

(wheree, esw, andesi are water vapor pressure and its sat-
urated values w.r.t. water and ice, respectively), are per-
formed in two steps. First, the equations for the ad-
vection of potential temperature2 and water vapor mix-
ing ratio q are integrated during a dynamical time step
1tdyn without microphysical terms. As a result, the val-
ues of supersaturationsS∗

w and S∗

i , as well as the non-
microphysical tendencies of(δSw/δt)dyn=(S∗

w−S0
w)/1tdyn

and(δSi/δt)dyn=(S∗

i −S0
i )/1tdyn are calculated at each grid

point. The dynamical time step is divided into several mi-
crophysical time steps,1tdif . The change of supersatura-
tion at each microphysical time step is calculated as the sum
of the non-microphysical tendency [e.g.,(δSw,i/δt)dyn1tdif ]
and changes caused by diffusional growth/evaporation of liq-
uid phase or deposition/sublimation of ice phase.
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Using Eqs. (A21)–(A22), (A24)–(A25), definitions
(A10)–(A18), expression for the water vapor mixing ratio
q=0.622(e/p), and dependence of the saturation vapor pres-
sure over wateresw and iceesi on temperature, one can derive
the following equations forSw andSi (KS96):

dSw

dt
= −PwSw − PiSi (A26)

dSi

dt
= −RwSw − RiSi (A27)

CoefficientsPw, Pi , Rw, andRw in (A26) − (A27) are given
by

Pw =
e

esw

( 1

q
+

Lw

cp

desw

dT

)∫
∞

0
9wf1(m1)dm1 (A28)

Pi =
e

esw

( 1

q
+

Li

cp

desw

dT

) 7∑
k=2

∫
∞

0
9ifk(mk)dmk (A29)

Rw =
e

esi

( 1

q
+

Lw

cp

desi

dT

)∫
∞

0
9wf1(m1)dm1 (A30)

Ri =
e

esi

( 1

q
+

Li

cp

desi

dT

) 7∑
k=2

∫
∞

0
9ifk(mk)dmk (A31)

wheredesw/dT anddesi/dT are any analytical formulai that
express dependence of saturation pressure with respect to
wateresw and iceesi on temperature.

If the microphysical time step1tdif is small enough, the
coefficients (A28)–(A31) can be considered as constants, and
the analytical solution of Eqs. (A26)–(A27) during the time
τ 6 1tdif can be written as KS96:

Sw(t0 + τ) = α−1
{Sw(t0)

[
γ exp(−βτ) + β exp(γ τ)

]
+ [PwSw(t0)+PiSi(t0)]

[
exp(−βτ)− exp(γ τ)

]
}

(A32)

and

Si(t0 + τ) = α−1
{Si(t0)

[
γ exp(−βτ) + β exp(γ τ)

]
+ [RwSw(t0)+RiSi(t0)]

[
exp(−βτ)− exp(γ τ)

]
},

(A33)

where

α2
= (Pw − Ri)

2
+ 4PiRw (A34)

β =
α + Pw + Ri

2
(A35)

γ =
α − Pw − Ri

2
(A36)

To account the fact thatSw andSi are non-constant during
time step the following iteration procedure is used. Expres-
sions (A24)–(A25) and solution (A32)–(A33) permit us to

calculate new water(k=1) and ice(k>1) particle massesmkj

in j-th bin:

m
(s+1)
kj = (1 − τw) m

(s)
kj + τw

[
m

(t0)
kj +

∫ t0+τ

t0

9kjSwdτ

]
(A37)

m
(s+1)
kj = (1 − τi) m

(s)
kj + τi

[
m

(t0)
kj +

∫ t0+τ

t0

9kjSidτ

]
,

(A38)

where 0<τw/i61 are parameters,s is iteration number, and

m
(t0)
kj are given by Eq. (A23). It was found that effective stop-

ping criterion of the iteration process (A37)–(A38) is

max|m(s+1)
kj − m

(s)
kj | 6 δ (A39)

whereδ is a minimum mass increment permitted. If creterion
(A39) is satisfied, we usem(s+1)

kj and the method byKovetz
and Olund(1969), which conserves both concentration (A4),
(A14) and mass (A6), (A15), to calculate new values of dis-
tribution functionsfkj (t0 + τ) on regular mass grids. To de-
rive expressions for the changes of LWC1qw and IWC1qi

during timestepτ , we use Eq. (A23) and definition of hy-
drometeor content (3), which can be rewritten as

qk =

∫
∞

0
mkfk(mk)dmk =

∫
∞

0
m2

kfk(mk)
dmk

mk

=
ln ak

Jk0

∫
∞

0
m2

kfk(mk)dJ (A40)

Because of the fact thatdJ=1, we replace integral by sum-
mation and obtain

1qw = qw(t0 + τ) − qw(t0)

=
ln a1

J10

N1∑
j=1

m2
1j [f1j (t0 + τ) − f1j (t0)] (A41)

1qi = qi(t0 + τ) − qi(t0)

=

7∑
k=2

ln ak

Jk0

Nk∑
j=1

m2
kj [fkj (t0 + τ) − fkj (t0)] (A42)

Since1qw and1qi are known, mass and energy conserva-
tion laws are used to calculated new temperature T(t0 + τ)

and water vapor mixing ration q(t0 + τ) at the end of micro-
physical time step.
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