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Abstract. The importance of Arctic mixed-phase clouds on layer stratiform mixed-phase clouds simulated, process of ice
radiation and the Arctic climate is well known. However, phase initiation due to freezing of supercooled water in both
the development of mixed-phase cloud parameterization fosaturated and subsaturated (w.r.t. water) environments is as
use in large scale models is limited by lack of both relatedimportant as primary ice crystal origination from water va-
observations and numerical studies using multidimensionapor. We also find that the BFP is a process mainly responsible
models with advanced microphysics that provide the basidor the rates of glaciation of simulated clouds. These glacia-
for understanding the relative importance of different micro- tion rates cannot be adequately represented by a water-ice
physical processes that take place in mixed-phase clouds. Teaturation adjustment scheme that only depends on tempera-
improve the representation of mixed-phase cloud processesire and liquid and solid hydrometeors’ contents as is widely

in the GISS GCM we use the GISS single-column modelused in bulk microphysics schemes and are better represented
coupled to a bin resolved microphysics (BRM) scheme thatby processes that also account for supersaturation changes as
was specially designed to simulate mixed-phase clouds anthe hydrometeors grow.

aerosol-cloud interactions. Using this model with the mi-
crophysical measurements obtained from the DOE ARM
Mixed-Phase Arctic Cloud Experiment (MPACE) campaign 4
in October 2004 at the North Slope of Alaska, we inves-

tigate the effect of ice initiation processes and Bergeron-The surface energy budget over the Arctic ice pack is deter-
Findeisen process (BFP) on glaciation time and longevitymined to a large extent by radiative fluxes that in turn are
of single-layer stratiform mixed-phase clouds. We focusstrongly dependent on the presence of clouds. Low-level
on observations taken during 9-10 October, which indicatedarctic clouds contribute about the half of the total cloud frac-
the presence of a single-layer mixed-phase clouds. We pekion throughout the year due to their persistence and horizon-
formed several sets of 12-h simulations to examine modety| extent (e.g.Curry and Ebert1992. The vertical structure
sensitivity to different ice initiation mechanisms and evaluategnd radiative properties of these persistent low-level clouds
model output (hydrometeors’ concentrations, contents, effecgepend on their microphysics, and thus estimation of the rel-
tive radii, precipitation fluxes, and radar reflectivity) against ative significance of the microphysical processes that occur
measurements from the MPACE Intensive Observing Periodjn these clouds is important.

Overall, the model qualitatively simulates ice crystal concen-  ap efficient method to investigate the role of different mi-
tration and hydrometeors content, but it fails to predict quan-crophysical processes that determine the microphysical and
titatively the effective radii of ice particles and their verti- (adiative cloud properties is the utilization of multidimen-
cal profiles. In particular, the ice effective radii are overesti- sional cloud models with bin resolved microphysics (BRM).
mated by at least 50%. However, using the same definition agnhere are many BRM cloud models that are “warm” rain
used for observations, the effective radii simulated and thatgdels (e.g.Cotton 19723 Ogura and Takahashi973
observed were more comparable. We find that for the singlec|ark, 1973 Tzvion et al, 1989 Bott et al, 199Q Kogan
1991 Kogan et al. 1995 Stevens et a1.1996. To account

for the ice phase several BRM cloud models use one size
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Ovtchinnikov and Kogan20003. In these models only one shown that environmental conditions have a strong impact
type of solid hydrometeors that is ice crystals is considered oon modeled cloud properties.
the bins with the smallest ice sizes are assigned to ice crys- Recently an advanced 3-D LES model was used to quan-
tals while the rest of bins are interpreted as graupel. Thaify the role of different ice formation mechanisms in mixed-
ability of these models to simulate realistically microphysi- phase stratocumulus observed during MPACGHEdlind et
cal processes in mixed-phase clouds is limited to situational., 2007). The BRM scheme utilized in this model includes
when the processes of precipitation formation do not play asophisticated equations for ice nuclei (IN) that can be acti-
key role. It is difficult to expect that solid cloud hydromete- vated in the heterogeneous modes (contact, deposition, con-
ors, whose bulk densities and terminal velocities vary widelydensation, and immersion nucleation), formed due to water
(Macklin, 1962, can be described adequately by one distri- drop evaporation and scavenged by water droplets. Addi-
bution function. Only a few BRM models use designated tional ice origination mechanisms such as rime splintering,
distribution functions for different types of ice hydrometeors drop freezing during evaporation, shattering of drops during
and calculate growth rates of microphysical processes duéreezing, and fragmentation during ice-ice collisions are also
to several transformations of liquid and solid hydrometeorsconsidered. The model is able to reproduce persistent mixed-
in mixed-phase cloudCptton 1972h Young 1974 Scott  phase stratocumulus cloud decks as well as cloud microphys-
and Hobbs1977 Chen and Lamhl994 Khain and Sednev ical properties (liquid and ice water content, droplet, and ice
1996 Reisin et al. 1996a Takahashi and Shimura004). nuclei concentration profiles) within the observed ranges for
As arule these models also include a budget equation for thearticular combinations of ice formation mechanisms men-
size distribution function for aerosol particles (AP) that cantioned above. They found that glaciation time and longevity
be of different chemical composition. The values of super-of mixed-phase MPACE clouds are determined by formation
saturation calculated in the course of model integration areof ice nuclei due to water drop evaporation and drop freezing
used to determine the size of APs to be activated, and theluring evaporation, whereas processes of ice multiplication
corresponding spectrum of cloud droplets just nucleated arevere less important.
directly calculated. It is thought that despite high compu- There is a broad consensus that the ice initiation pro-
tational costs these mixed-phase cloud microphysical modeess is of crucial importance for the longevity of mixed-
els provide more accurate simulations of cloud-aerosol interphase clouds. To study the ice initiation processes (IIP)
actions and processes of precipitation formation in mixed-through nucleation from water vapor and transformation
phase clouds than models with simpler ice schemes (Lynn edf super-cooled liquid water, as well as the transforma-
al., 2005). tion of water vapor due to condensation/deposition, evapora-
Cloud models with BRM schemes were successfully usedion/sublimation, and the Bergeron-Findeisen process (BFP)
for the investigation of separate microphysical processesn Arctic mixed-phase clouds, we use the BRM scheme
(e.g.,Takahashi1976 Reisin et al. 1996k Ovtchinnikov et  (Khain and Sednew995 1996 coupled to the GISS SCM
al., 20001 and cloud chemistry (e.g-lossman et 811985, (Menon et al, 2003 called the GISS-LBL SCM. In our sim-
effects of cloud microphysics on spatial redistribution of pre- ulations of single-layer stratiform mixed-phase clouds ob-
cipitation in the coastal zoneKlfain and Sednevi996), served during the DOE ARM Mixed-Phase Arctic Cloud Ex-
simulation of wintertime orographic cloud8lijen and Lamp  periment (MPACE) Intensive Observing Period (IOP) in Oc-
1999 and stratiform clouds and their radiative effed®&a¢-  tober 2004 at the North Slope of Alaskd¢Farquhar et a).
mussen et al.2002, simulation of cloud seedingSeédnev 2007 Verlinde et al, 2007 with the GISS-LBL SCM, we
and Khain 1994 Reisin et al, 1996h Yin et al, 2000gb), consider two mechanisms of ice initiation. If liquid phase is
and simulation of precipitation formation within a realistic not involved in IIP, we parameterize nucleation of ice crys-
mesoscale environmeritynn et al, 2005. tals from water vapor as a function of supersaturation w.r.t.
Although Arctic mixed-phase low level clouds due to their ice. Otherwise, ice crystal origination is considered to pro-
existence throughout much of the year have important cli-ceed via drop freezing, and its rate is a function of the shape
matic impacts, the number of studies, in which BRM modelsof droplet distribution, water droplet mass and temperature.
are used for the investigation of microphysical characteristic€Once nucleated small crystals grow rapidly due to deposi-
of these clouds, is quite limited. Using a mixed-phase BRMtion/BFP. To treat the BFP bulk microphysics schemes use
scheme Reisin et al. 19964, which utilizes three distribu-  various modifications of the "saturation adjustment” assump-
tion functions for the ice phase (crystals, snow, and graupel)tion that mainly only temperature dependent and are not ac-
coupled to a 2-D cloud resolving modefiarrington et al.  count for hydrometeors’ shapes and size distributions. As
(1999 studied model performance for idealized situations opposed to bulk microphysics schemes that use this oversim-
that mimic environmental conditions typical for the transi- plified approach and, in fact, are not able to treat the BFP pro-
tion (spring and fall) Arctic season. A set of sensitivity runs cess adequately, the BRM scheme uses analytical solutions
was performed to reveal the impact of different microphysi- to solve equations for supersaturation w.r.t. water (SSW) and
cal processes on glaciation time, longevity, stability, and ra-ice (SSI) taking into account the hydrometeors’ size distri-
diative properties of simulated mixed-phase clouds. It wasbutions, densities, and shapes. Moreover, the BRM scheme
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takes into account supersaturation (SS) changes for the lig-
uid/solid particle growth equations during the microphysical
time step, thus providing a better representation of the BFP. 3k (m) n 1 9pa(w — Vi(my)) fi(mi)

We describe the GISS-LBL SCM bin-resolved micro- ¢ Oa 9z
physics in Sect. 2. Simulation setup is given in Sect. 3. The 1 Afi
results of several sensitivity experiments and comparison to + —A(pa fi(mp)) = [W}
observations are presented in Sect. 4, and a summary and dis- ¢ acy/nucl
cussion are provided in Sect. 5. Finally, in Appendixve + [8_fk} + [a_fk} + [%]
outline some details of the BRM scheme that are relevant to 0 Iendrevp 91 |coal Ot Ifrz/mit
this study.
y [, 1]
ot brk ot mult

2 Model description
wherek=1...7 denotes the type of hydrometedf; is its

In this study we use the GISS-LBL SCM that is a modified terminal velocity,w is vertical velocity, ando, is air den-
version of the GISS SCM (Menon et al., 2003) adapted fromsity. [3fx/d¢]acynuci are the rates of changes gf due to
the GISS GCM. The cloud physics parameterizations in theactivation/nucleation process€sifi/dt]congev are the rate
GISS GCM is based on an assumption that only liquid orof changes off; due to the condensational growth or evapo-
ice phase is permitted to exist at temperatures below freezingation of droplets (fok=1) or due to deposition/sublimation
(Del Genio et al.1996 2005. This cloud scheme also has of ice particles (fok>1). [3f;/0dt]coalare the rates of change
limited ability to represent cloud-aerosol interactions, relying of f; due to coalescence between hydrometeors of any type
on diagnostic calculations of cloud droplet concentration asincluding typek; [9fi /91 lfrz/mit and[dfi /9t bk are the rates
a function of aerosol massenon et al.2002). To better ac-  of change off; due to the freezing of droplets and melt-
count for effects of environmental conditions and microphys-ing of ice particles and breakup process8¥; /0t 1mult de-
ical processes on cloud development and persistence seversdribes ice multiplication process, and operat@y denotes
modifications to the GISS SCM have been done. These modthe contribution of small scale turbulence. The BRM scheme
ifications include: 1) redesign of numerical algorithms usedprovides calculation of precipitation amount, concentration,
in the turbulence scheme and reformulation of the numeri-mass contents and precipitation fluxes of different hydrome-
cal surface boundary conditions; 2) implementation of a binteors, radar reflectivity from water and ice, the mean and ef-
resolved microphysical (BRM) scheme that was specially defective radii of droplets and ice particles as well as provides
signed to represent mixed-phase clouds. The BRM schemmformation for calculation of cloud optical properties such
takes into account numerous microphysical processes, sones single scatter albedo, optical depth and asymmetry param-
of which (IIP and BFP) are of special interest in this study. eter. For example, concentratioms, water/ice contents,

and precipitation fluxe®; of hydrometeors are determined

2.1 Equations for size distribution functions by means of distribution functions as follows:

The modified BRM scheme originally developed Kiain o0

and Sedney1995 199§ directly solves integro-differential 7k = / Jie(mp)dmy (2)
equations for mass (size) distribution functions describing OOO

seven types of hydrometeorsf; is the mass distribution g =/ my fi(my)dmy, 3)
function for water droplets and rain drop®;, f3, and f4 are 0

the size (mass) distribution functions for columnar crystals,Pk _ pa/w(w — Vi (mp))ma fi ) dmy (4)
plate crystals, and dendrites, respectively;; fs, and f7 are 0

the mass distribution functions for snowflakes, graupel parti- ] . )

cles, and frozen drops/hail and does not use assumptions r& the above.f; are given in number of particles per kg of
garding the shape of distribution functions. The distribution Water in kg of air, andi, g, and P, are in number of par-
functions are defined on mass grids that can contain differficles in kg of air, kg of condensate in kg of air, and kg of
ent number of bins. The changes in distribution functions forcondensate per fiper second, respectively.

liquid and solid phases are governed by the following equa-
tions: 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, Ehler theory, and a prognostic spectrum
of aerosol particles that can be of different chemical compo-
sition. The equation for distribution functions for AR
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Table 1. Description of sensitivity experiments without ice micro- Table 2. Description of sensitivity experiments with ice micro-

physics. physics.Nps andA ¢ are constants in Eqss(and (7), respectively,
that influence ice crystal concentration increase due to the different
updated CCN  water-water ice initiation mechanisms.

profile  interactions
w1 No No EXP kgfl i’f‘{
w2 No Yes
w3 Yes Yes 11 00 10
w4 Yes No 12 0.0 0.1

13 0.1 0.0

14 0.1 0.1

that is defined on separate mass gtidis as follows:
0 fcen(me) + i 904 (w — Veen(me)) feen(me)

and N,,,. determines the upper limit of concentration, up to

or Pa 0z which ice crystals can be nucleated from water vapor at a
n iA( Foon(me)) = dfcen ®) particular point. Nucleation is not permitted if concentration
= Waleen(Me)) =1 = act of ice hydrometeors is already greater than that determined

by Eq. 6). Only the number of crystals needed to reach the
concentration given by Eq6) is nucleated. All ice crys-

zero, and wet removal of AP is not considered in this study. tals just nucleated have the minimum size permitted by mass

. L . rid, and basic crystal habits, which depend on tempera-
Aerosol particles of a certain size can be activated Wherf’ure (Takahashi et 311997, are plates£4°C<T), columns
the supersaturation calculated exceeds the critical value d ' P '

. . ) —8°C<T<—4° °C<T <—8° i
termined by the Khler equation. Khler theory is also used e( 8°C<T<~4°C), plates £14°C<T <—8°C), dendrites

e . (—18°C<T<—-14° A4°C<T <—18°
to calculate so called critical and equilibrium aerosol radu.( 18°C<T'<—14°C), plates £22.4°C<T<~18°C), and

o k : columns ['<—22.4°C).
In the case the AP distribution contains aerosols with dry ra- If liquid phase is involved in ice initiation process (the sec-

dius greater than critical radius at a given point, these APs

. . . nd 1IP), water drop freezing that contribute to ice initiation
can be activated and transformed into droplets. The size o ; . X .
. o S is considered separately, and is treated as a main mechanism
new nucleated droplets is equal to equilibrium radius if dry

AP radii is less than 0.03 microns; otherwise, the radii of of primary graupel formation. The freezing probability is

cloud droplets are five times as much as dry AP radii sinceglven by:

large CCN does not reach their equilibrium sizes. This ap-

where[dfccn/0t ]act is the rate of change of.cn due to acti-
vation. Sedimentation velocities of ARcn(m.) are set to be

proach prevents origination of unrealistically large droplets_ 1 3f1(m) _ [ —Agm{exdBsTsupl — 1}, if Toyp> 0
and too fast warm rain formation (Kogan, 1991; Khain and f1(m) dt 0, if Tsup< O
Sednev, 1996). This droplet nucleation scheme starts with 7

activation of the APs, whose critical supersaturation is the

smallest, calculates corresponding droplet sizes and liquich similar dependence was usedTakahash{1976, Alheit
content increase, and assures that total vapor and cloud wat al. (1990, andKhain and Sedne¢1995. In Egs. {) m

ter content is conserved and there is still enough water vapois the drop massfs,=7—T is the degree of supercooling,
exceed to activate APs in the next bin. T;=27316 K is temperature threshold valug;=0.66 K1,

and values for arbitrary constadt; are in Table2. It is
arbitrarily assumed that frozen droplets with radii less than
100 um are transformed into plate crystals with the density
of 0.9gcnT3, 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
Nye = Nyus€XP Ams + Bps i1 (6) (Bott, ZOOQ. In 'this approach the particles are classified

according to their water and total aerosol mass on a two-
where A,,; and B,,; are set to—0.639 and 12.96, respec- dimensional grid. For exampl®iehl and Wurzler(2004
tively, N, is ice nuclei (IN) concentration in 1/L (Tabl®), andDiehl et al.(2006 studied heterogeneous drop freezing

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 lIP), we parameterize nucleation of ice crystals from wa-
ter vapor as a function of SSMeyers et al.1992 (M1992):
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employing the two-dimensional treatment of cloud physicsrate due to sublimation/deposition relies on assumption that
that allows the coexistence of similarly sized drops with dif- supersaturation w.r.t ice remains unchanged during the mi-
ferent contents of soluble and insoluble particles. Because&rophysical time step. It might lead to excessive ice phase
the two-dimensional approach is very computationally ex-growth rates and the atmosphere drying at different altitudes
pensive, in our BRM scheme the one-dimensional approaclfespecially those where the temperature varies in a the range
is used, and freezing probability of equally sized droplets re-—15°C<T <—10°C, in which the differences between satu-
mains the same and does not depend on the origination mechated water pressure w.r.t. water and ice have a maximum).

anism. To improve BFP representation in BRM scheme we uti-
The first lIP is only active in supersaturated w.r.t. water en-lize a treatment for condensational processes in mixed-phase
vironment, whereas the second IIP operates in both saturateglouds considering different growth regimes: (1) condensa-
and subsaturated (w.r.t. water) environment. Even if liquidtion for liquid phase (SSWO0) and deposition for ice phase
particles evaporate and ice particles sublimate, this trans¢SSt-0); (2) evaporation for liquid phase (SS¥@) and sub-
formation takes place. If SSYO0 transformation of liquid  |imation for ice phase (S$I0); and (3) Bergeron-Findeisen
phase into ice phase is accompanied with droplet condensgrocess or evaporation for liquid phase (SSW and de-
tional and ice particle depositional growth. The same transposition for ice phase (SSD). This treatment accounts
formation occurs when droplets are evaporated supplyingor effect of hydrometeors size distribution as well as su-
additional water vapor for ice particles depositional growth persaturation changes during the time step on liquid phase

(Bergeron-Findeisen process). growth rate due to condensation (evaporation) and ice phase
o growth rates due to deposition (sublimation). Because of
2.4 Treatment of Bergeron-Findeisen process the significant impact of the BFP on mixed-phase clouds

glaciation time, we outline the numerical procedure that is
The parameterization of the Bergeron-Findeisen process igsed to calculate the condensation/deposition and evapora-
a challenging problem because of the necessity to partitionion/sublimation rates of liquid and solid hydrometeors in
water vapor excess between solid and liquid phases. For thisaturated/subsaturated (w.r.t. water/ice) environments in Ap-
we have to answer a question on how we can calculate thgendixA.
amount of water vapor, water, and ice if their tota_ll amo_u_nt, It should be noted that this approach is applicable in any
temperature, and pressure are known. Usually this partitiong|od model that resolves supersaturation. It can be used in
ing is assumed to be only a function of temperature or “satin_resolved and bulk microphysical schemes. In the latter
uration adjustment” schemes of different degrees of sophisgage it can be significantly simplified using prescribed a pri-
tication are used in atmospheric models of different scalegy; |iquid/solid phase size distributions. The approach out-
(Lord et al, 1984 Tao et al, 1989 Ferrier 1994 Fowler  |ineq in the Appendix can be used for the numerical model-
et al, 1996 Del Genio et al.1999. Advanced schemes jng of cloud processes using cloud resolving models and de-

(Rotstayn et &).200Q Morrison et al, 2009 solve growth  \6|oping parameterization of processes of vapor/liquid/solid
equation for ice particles using some additional assumpuonsphaSe transformations for use in large-scale models.
Essential features of thRotstayn 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 3 Simulation setup

exists. To some extent assumption (b) works for only icy

clouds. If both assumption are used simultaneously it leads t@ he initial vertical profiles used to drive the SCM (36 lev-
the following consequences: 1) liquid phase becomes comels with ~25mb resolution near the surface) are given by
pletely decoupled from ice phase (the amount of water vathe idealized profiles from observations during the MPACE
por deposited on ice particles will be the same if LWC is IOP. We use the large-scale forcing, horizontal velocity com-
equal to 0.001 g kg!, 1 gkg tor 10gkg?; 2) BFP parame- ponents, subsidence velocity, surface pressure, temperature,
terization might be valid for environmental conditions with- and fluxes as defined blein et al. (2007). We focus on

out liquid phase. Such kind of parameterizations are ablePeriod B (17Z, 9 October to 5Z, 10 October) when single-
to treat only icy clouds. Moreover, it contradicts the defi- layer stratocumulus mixed phase clouds with temperatures
nition of BFP process (“depositional growth of ice particles varying between-5°C and—20°C were observed. These
on expense of evaporated cloud droplets). It's well knownclouds are characterized by persistent liquid phase with lig-
that in mixed-phase clouds supersaturation w.r.t. water andiid water content (LWC) that increases with altitude reach-
ice might coexist at the same time. In this situation we haveing its maximum at the top of a well mixed boundary layer.
condensational growth of droplets and depositional growth ofice phase exists both in clouds and under the liquid cloud
ice particles at the same time but not BFPMarrison etal.  base. The typical values of liquid water path (LWP) and
(2005 equation for SSI that account for coexistence of liquid ice water path (IWP) are 200gTh and 20 gn1?, respec-
and solid phases is solved, but equation for ice phase growttively. A detailed description of the environmental conditions

www.atmos-chem-phys.net/9/4747/2009/ Atmos. Chem. Phys., 9, 47232009
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Fig. 1. Vertical profiles of temperature T and potential tempera@rgop-left), vapor content (QV), liquid water content LWC, and total
water content TWEQV+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 béwversion (R,,=850 hPa) at the initial time. Idealized verti-

found inKlein et al.(2007). cal profiles of total water mixing ratig, =g+g,, and liquid
In all our 12-h simulations (from 17Z, 9 October to 5Z, water potential temperatu®,; are defined asK(ein et al,

10 October) the pressurB; near the surface is 1010hPa 2007):

with constant sea surface temperatte=0.85°C. Sur-

face sensible and latent heat fluxes are 138 W § rand

108 W g nT2, respectively, and vertical profiles of horizontal

velocities are also prescribeldléin et al, 2007). There is no

ice phase at all altitudes, and no liquid phase exists above the
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Table 3. Microphysical properties of single layer Arctic clouds ob- Table 4. Average liquid water content (LWC), effective radius
served during MPACE I0OPMcFarquhar et a]2007). (Rew), concentration Xy,), and precipitation flux £,,) of water
droplets in experiments without ice microphysics.

b LWC Rew Ny IWC Rei N;
ate _ 3 —3 —3 -1
mgm um  cnm°  mgm um L LWC Rew Nuw Pu
193+ 9.4+ 722+ 25+ 255t G5.6& EXP mgm3 pm cm3 mmd?
10/09 131 2.2 34.4 60 1.3 121 821 189r 39L 064
174+ 9.0+ 257+ 15k 246t 1.6& W1 ' ' '
010a 159 2.4 13.4 32 23 24 3‘21 2:'51 126i 0 gf
154  10.9 23.0+ 6+ 258 2.0+ W2 : : :
1010b g 26 99 6 57 21 27 10.0 1.0 0.2
193t 9.1+ 5174 6+ 252 2.1+ wa 343 104 80.+ 0.7+
10712 116 2.3 16.6 18 73 50 124 1.0 18.3 0.3
239 113+ 66.2+ 15+
w4
101 2.9 31.3 1.3
0= Ay, P > Piny 8 the effects of changes in the CCN distribution when coagu-
By +Cy(P—Py), P < Py lation is switched off. W3 includes both coagulation and an
updated CCN distribution.
Ay, P > Pny - . e - -
= 9) For simulations with “ice” microphysics switched on,
B —C(P—P), P<Pny listed as 11, 12, I3, and 14, we use different ice crystal orig-

ination rates due to the IIP under consideration as described
in Table2. For I1 and 12, the first IIP is active, and the IN
concentrations differ by a factor of 10 as shown in Table
Only the second IIP is active in 13, and both IIP are active in
14. Both 12 and 14 have the same IN concentrations. For sim-

tential temperatur® derived from Egs.&—(9) are shown jj5¢ |\ concentrations, differences between 12 and 14 indicate
in Fig. 1. The initial bimodal distribution of dry APs are ne relative effect of the second IIP.

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 and4 Results

droplet effective radii from flight measuremeniddin et al,

2007 to initialize the BRM. These characteristics as well As described in the previous section we perform a series of
as the derived vertical profile of droplet concentration andsimulations to evaluate the impact of idealized forcing on
droplet size distributions at different altitudes at the initial modeled SS, the importance of the CCN spectrum shape for
time are shown in Fig2. In all our runs we use the BRM  droplet activation and ice initiation processes. These runs are
scheme with a 10s time step. With this small time step,described in Table$ and2. We compare cloud microphysi-
prescribed dynamics, and idealized forcing there is no sigcal properties from these simulations with observed values as
nificant spin up time, and we account for all data obtainedobtained from MPACE IOP shown in Tab&(McFarquhar

during the course of our 12-h simulations. et al, 2007). These simulations are discussed below.
We perform four sets of simulations for the “warm” and

“ice” microphysics cases. We present the microphysical4.1 Sensitivity runs with warm microphysics

cloud properties obtained from the sensitivity experiments

described in Tablekand2 for simulations with only “warm”  We perform “warm” sensitivity runs to ensure that simu-
and “ice” microphysics, respectively, as moments (concendated cloud characteristics for liquid phase (droplet concen-
tration, content, and effective radius) of size distribution tration, content, and effective radius) are in range with ob-
functions for liquid/solid hydrometeors. In simulations with servations. In addition, these runs permit us to evaluate in-
“warm” microphysics, listed as W1, W2, W3, and W4, “ice” fluence of initial setup (temperature, water vapor mixing ra-
microphysics is inactive, and we switch on/off processes oftio, and microphysical characteristics vertical profiles and bi-
water-water interactions (coagulation) and processes respomaodal distribution of dry aerosols) and applied forcing (tem-
sible for changes of initial CCN distribution as described in perature and water vapor mixing ratio tendencies, prescribed
Table1. Differences between W1 and W2 indicate the ef- subsidence and surface sensible and latent fluxes) proposed
fects of coagulation and those between W1 and W4 indicatdor MPACE intercomparison study (Klein et al., 2007) on

where Ay, B;, C,4, P, and A;, B, C;, P, are set to be
equal to 1.950gkgt, 0.291gkg?, 0.00204 gkgthPa?,
590 hPa and 269.20K, 275.33K, 0.07910 K hPa815 hPa,
respectively. Adiabatic LW(,,, vapor content q, and po-
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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 distribution function (bottom-right).

simulated clouds. Here we describe our results for simu-devels. At altitudes where SSW is positive, activation of
lations without ice microphysics. Tabkeshows the aver- new cloud droplets can occur. The BRM droplet activation
age values of liquid-phase microphysical properties duringscheme is sensitive to modeled SS that determines critical
the course of model integration. FiguBeshows the SSW  CCN radius, which is the cut off radius for the CCN spec-
for these experiments. At altitudes where SSW is negativetrum, and the number of droplets just nucleated.

80 alct|va_t|on oflnew cloud drop(ljets ('js permgted, anr(]:I _CIOUd In W1 coagulation is switched off, and droplet activa-
rop.etsi '”Slta'.“.y evagorat? &:jnl Se |me|nt ul:? tg their OWlion, condensation, evaporation, and sedimentation are the
terminal velocities and applied large-scale subsidence at a nly 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).

particular level mainly occurs when SSW exceeds its valuepor mixing ratio together with the prescribed subsidence ve-
at the previous time steps because if an activation event takdscity result in mainly negative tendencies of SSW in cloudy
place, the corresponding bins in the CCN spectrum are likelyregions. The balance between tendencies, turbulence, and ra-
to be empty. In all our experiments we do not model pro- diation are such that SSW rarely increases, and the critical SS
cesses of new AP formation as well as their growth due toand CCN critical radius remain practically unchanged. This
condensation/coagulation. There is no AP supply due to theneans that the amount of water droplets just activated is neg-
large-scale horizontal processes in W1 and the only physiligibly small. Figure4 shows the droplet concentration, ,

cal mechanisms that supply AP at a particular altitude areand Fig.5 shows the LWC for all the “warm” microphysics
large-scale subsidence and vertical turbulent diffusion. Thesimulations. Both droplet concentration and LWC diminish
implied large-scale tendencies of temperature and water vawith time due to sedimentation and evaporation at all levels

www.atmos-chem-phys.net/9/4747/2009/ Atmos. Chem. Phys., 9, 47432009
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MPACE: caseB: Droplet concentration, NMo/fcc
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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  As in W1, in simulation W2, in which coagulation is ac-
layers SSW becomes positive due to the instantaneous vdive, N,, and LWC have maximum value at the initial time
por supply from the surface and droplet evaporation just be{Fig. 2) and diminish with time as can be seen in Fgand

low the initial cloud base. Starting with the lowest layer and Fig. 5. However, the process of rebuilding of SSW starts
propagating upward, SSW remains positive determining thesarly, and SSW reaches very high values (about 3.5%3JFig.
existence of non-dissipated warm clouds near the surface. Ibecause coagulation effectively reduces droplet concentra-
these clouds droplet effective radii,, shown in Fig.6 and  tion. The “warm” rain formation process determines the in-
droplet precipitation fluxP,, (not shown) reach about 30 um crease inR,,, (Fig. 6) and P,, (not shown), whose average
and 2.2 mm d?, respectively, and maximum droplet concen- values are about 28.5 um and 0.6 mnt drespectively (Ta-
tration and LWC never exceed their initial values (F1y. ble4). TheR,,, values are significantly greater than those in
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MPACE: caseB: Droplet content, mog/m**3
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Fig. 5. Droplet content in W1, W2, W3, and W4 (top to bottom).

W1. To prevent unrealistically high values of supersaturationof largely positive SSW as in W2 Fi@). At the same time
and very short glaciation time in experiments with ice micro- averageN,, in W3 and W4 reaches 80 crd and 66 cn?,
physics, we update the CCN spectrum after each time stepespectively, as compared to 4cthand 2 cnt3 in W1 and
with its initial values assuming that air masses with similar W2, respectively. With coagulation turned on, as in W3, pre-
aerosol properties travel through the domain considered. cipitation flux is reduced, and the LWC is higher compared

Supersaturation and microphysical characteristitfg,, ( to W4 in which coagulation is turned off.

LWC, and R.,,) for runs without “ice” microphysics using Although the measurements of cloud droplets by a one-
the CCN spectrum update assumption, W3 (with coagula-dimensional cloud probe (1DC, 20—-640 um maximum parti-
tion) and W4 (without coagulation) are shown in Figand  cle dimension) show drizzle development at the top of some
Figs.4-6, respectively. In both W3 and W4 there are no areasof the MPACE single-layer clouds (McFarquhar et al., 2007),

www.atmos-chem-phys.net/9/4747/2009/ Atmos. Chem. Phys., 9, 47432009
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MPACE: caseB: Droplet effective radius, micron
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Fig. 6. Droplet effective radius in W1, W2, W3, and W4 (top to bottom).

MPACE observations indicate that the spectrum of waterLWC for W1 and W2 are severely underestimated compared
droplets remains relatively narrow, and there is no remark+o observed ranges of 23 to 72 chand 154 to 193 mg m?
able precipitation during 10-12 October. Cloud microphys-for N,, and LWC, respectively. On the other hand, values of

ical values for W3 and W4, shown in Tabfe are in bet-
ter agreement with observations (TaB)ecompared to those

N,, for both W3 and W4 are within uncertainties in observa-
tions for N, and LWC for W4 is closer to the observed range

obtained for W1 and W2. For example, W3 and W4 havein LWC than are values simulated for W3. These results in-

R.,, average values that are within tRg,, observed range of
9 to 10.9 um, shown in Tablgé However, compared to ob-
servations, W1 and W2 overestimate aver&gg values by
a factor of 2 and 3, repsectively. Average valuesvgfand

Atmos. Chem. Phys., 9, 4744#73 2009

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 11, 12, 13, and 14 (top to bottom).

runs (not shown) and analysis of observation we concludeciencies for water-ice and ice-ice interactions at low temper-
that water-water interactions (coagulation) is relatively mi- atures, we conclude that coagulation is relative unimportant
nor if we believe that applied forcing and AP distribution are as compared to the BFP.

typical for MPACE period B conditions. All these validate to some extend the assumptions used in

Based on differences between the four sets of simulation$’ xper|n_1ents with “ice !mcrophysws th_at processes of wgter-
water, ice-water, and ice-ice interactions may be relatively

shown in Tablet and observations shown in Talave sug- . minor for the MPACE single-layer mixed-phase clouds (co-

gest that the CCN spectrum shape for droplet activation is L .

. . . agulation is switched off).
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-
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Fig. 8. Supersaturation w.r.t. ice in 11, 12, I3, and 14 (top to bottom).

4.2 Sensitivity runs with ice microphysics to prevent the cloud glaciating in unrealistically short time-
scales. Table5-6 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.

To evaluate the impact of the rates of the different 1IP’s on
single-layer cloud evolution, we perform a set of runs I1, 12,
13, and 14 with ice microphysics (Tab®. As shown in the
previous section, simulations with the updated CCN spec- In these runs we consider two mechanisms of ice initia-
trum, (W3 and W4) show more realistic cloud properties thantion. The fundamental difference between the two ice orig-
do those without the updated CCN spectrum (W1 and W2).ination processes is the involvement of the liquid phase in
In the runs with ice microphysics we restore the CCN spec-the IIP. If the liquid phase is not involved in the IIP, we pa-
trum to its initial values after each droplet activation event rameterize the origination of ice crystals from water vapor

Atmos. Chem. Phys., 9, 474Z#73 2009 www.atmos-chem-phys.net/9/4747/2009/



I. Sednev et al.: Simulating mixed-phase Arctic stratus clouds 4761

MPACE: caseB: Droplet concentration, No/fcc

0 O
s00 - s
4 soo
-1 S0
= FO0O - ?Eg
= o -
s — =00
; 800 — gg
o] +H 150
= — 1O
o ooo | - o
4 3o
i s
1000 i .

21 22 23 24 o1 o= o3 (e =8 o5

MPACE: caseB: Droplet concentration, No/fcc

0 O
s00 - s
4 soo
-1 S0
= FO0O = ::D’ug
= o -
s — =00
; 800 —] gg
& - 150
= 100
5 goo 23
X
2.0
1000 o

17 18 19 20 21 22 23 24 o1 o2 o3 O 05

MPACE: caseB: Droplet concentration, No/fcc

600 B0.0

OO

[ s R}

= 00 =

e 23

s 300

= 800 5.0
[

o goo se

4.0

3.0

o0

1000 1.0

o

MPACE: caseB: Droplet concentration, No/cc

[= =]

S00 - s0o

- To.o

- Sso.o0

- =00

= FO0 — 1;15

E_ 4 =so

o - =00

= B00 — =s.o

% =a

B> E 4

o 900 'so

4.0

30

20

1000 1.0

o1

17 18 19 20 21 =22 23 24 o1 oz o3 ey 05

Time, hours

Fig. 9. Droplet concentration in 11, 12, 13, and 14 (top to bottom).

as a function of the SSI as shown in E).(It is assumed shape of the droplet distribution, droplet mass and tempera-
that this function provides the maximum concentration, upture, as shown in Eq7]. Nucleated ice crystals of different

to which ice crystals can be nucleated at a particular pointsizes are assumed to be plate-like crystals. This process is
We assume that all ice crystals just nucleated, whose shapactive at negative temperatures in both saturated and subsat-
(plates, columns, or dendrites) depends on temperature, haweated (w.r.t. water) conditions.

the minimal size permitted by the mass grid (of about the av-
erage values associated with a cloud droplet of 2 um). Thi
process operates for temperatufes—2°C. When the lig-
uid phase is involved in the IIP, ice origination is considered
to proceed via drop freezing, and its rate is a function of the

In all experiments with ice microphysics 11, 12, 13, and
34 the implied forcing assures the existence of higt20%)

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 (Fjg.
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MPACE: caseB: Droplet content, mog/m**3
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Fig. 10. Droplet content in I1, 12, 13, and 14 (top to bottom).

In 11, only the first IIP is active. Figur® shows cloud tensively glaciated clouds continue their development as icy
droplet concentratiowv,, , and Fig.10 shows LWC for the  clouds in sub-saturated (w.r.t. water) conditions (F)g.Ice-
liquid phase for all simulations 11, 12, 13, and 14. Figutek- phase concentration and content have maximum values in
13 show the microphysical properties for the ice phase (con-this experiment as compared to other experiments with ice
centrationN;, IWC, and effective radiu,;) for the same  microphysics as shown in Fidll and Fig.12. For ex-
simulations. For I11,N,, (Fig. 9) and LWC (Fig.10) have  ample, the maximum value of the concentration/content is
maximum values of 73cm? and 468mgm? at the ini- 9.2L /11 mgm3 and 7.41-1/152mg m2 for plate and
tial time (Fig. 2) and are continuously diminished due to dendrite crystals, respectively. We note that the total ice-
evaporation and the BFP. Cloud glaciation time~ithree  phase concentration, content and effective radii in 11 are sig-
hours in 11. Simulated fields of SS show that initially in- nificantly higher than those observed during MPACE.
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Fig. 11. Ice crystal concentration in 11, 12, 13, and 14 (top to bottom).

As in 11 only the first IIP is active in 12, but the maxi- values of 29 cm?® and 123 mgm?3, respectively (Tabl&).
mum concentration of ice crystals which can be nucleated WC is reduced by an order of magnitude 4#mine hours
at a particular point for the same SSl is reduced due to thg€Fig. 10). The maximum ice concentration is 7 times less in
assumption made fav,,;, which is an order of magnitude 12 than in I1, andr,; in 12 is larger compared to that in 11
smaller than that used for I11. As a result, the liquid phase in(Fig. 11).
12 exists for the course of model integration (12 h) supplying 13, in which only the second IIP is active, is characterized
water vapor due to droplet evaporation for ice crystal depo-by persistent liquid phase with maximum values of droplet
sitional growth. Activation of new droplets also takes place concentration (Figd) and LWC (Fig.10) near cloud top, sig-
because the maximum value 8f, is greater that its value at nificantly higher crystal concentration, and minimum values
the initial time. Ny, (Fig. 9) and LWC (Fig.10) have average of ice precipitation flux (not shown) as compared with 12.
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MPACE: caseB: lce crystal content, mg/m™*3
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Fig. 12.Ice crystal contentin 11, 12, I3, and 14 (top to bottom).

Crystals effective radiR,; in 13 also have minimum values mainly liquid and ice phases at cloud top and near cloud base,
(Tableb). respectively, with mixed phase in the middle of cloudy re-
Both IIP are active in 14, that combines some microphysi- 910n- We expect that the relative importance of the second
cal features of 12 and I3. Its main features are reduced dropletl P Will increase for long-lasting Arctic stratocumulus clouds
concentration and LWC as compared to 13 (TaBjgin-  Within the temperature range5°C and—20°C in less su-
creased ice concentration and reduced effective radii as conersaturated (w.r.t. ice) environments than used in our runs.
pared to 12, with about the same precipitation fluxes (not It should be noted that using MPACE ice nuclei mea-
shown) for both runs (Tabl6). 14 also agrees qualitatively surementsPrenni et al. (2007 (P2007) proposed non-
with M-PACE data McFarquhar et al.2007) that show the  temperature dependent formula that has the same func-
typical vertical structure of single layer clouds: existence oftional form as formula (2.4) in M1992, which we use to
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MPACE: caseB: lce effective radius, micron
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Fig. 13. Ice crystal effective radius in 11, 12, 13, and 14 (top to bottom).

parameterize nucleation of ice crystals from water vapor (ourand 0.663 1/L and 0.320 1/L, respectively. Me#p,. ra-
formula6). Values forN,,;, A5, andB,,; used in P2007 are tios for our formula (1) as used in 12 and P2007 formulation
1.0 1/L,—1.488, and 0.0187, respectively. In our sensitivity are 0.591, 2.071, and 1.506 for SSI between 2%-13%, 13%—
experiments we use different values gy, (Table 2). For  25%, and 2%—25%, respectively.

example, these value are 1.0 1/L and 0.1 1/L for runs 11 and

12, respectivelyN,,. values calculated using our formuk) ( tude for wide SSI range i¥,,, is set equal to 0.1 1/L in our
ms .

in 12 and P2007 formula coincide (0.285 1/L and 0.288 1/L, formula @). It can be demonstrated on P2007 Fig. 3 by par-

respectively) when supersaturation w.r.t. ice is about 13%. s : : .
For SSI between 2%-13% and 13%—25% these two formu_allel _shlftlng of blue line thqt depicted !\/_I1_992 formulation.
is set equal to 0.1 1/L in our sensitivity runs 12 and 14

. ms
lae provide mean values equal to 0.154 1/L and 0.260 1/L(Table 2). If formula 6) were replaced by P2007 formulation

Both formulae givev,,. that has the same order of magni-
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Table 5. Average liquid water content (LWC), effective radius distribution functions for condensation/evaporation, deposi-
(Rew), cOncentration X,,), and precipitation flux y,) of water tion/sublimation, and BFP. Because favorable conditions for

droplets in experiments with ice microphysics. the BFP exist in modeled clouds during glaciation, deposi-
tional growth of ice crystals at the expense of evaporated

Exp LWC Row Nu I c!oud droplets is a reason that_migh_t dete_rmine the artifi-
mgm3  um o3 mmdl cial spectra broadening in numerical simulations (see the Ap-

pendix A for details). A second reason for possible differ-

98+ 5.0 111 0.9+ ences between observed and simulatgdis different tech-

11 . .
104 2.2 13.3 0.4 nigues used to calculate its values.
123 109+ 291+ 0.5t To calculater,; from the observationscFarquhar et a).
12 93 1.3 225 0.1 2007 the following definition based on the ice water content
253+ 10.3+ 64.1+ 0.5+ (IWC) and cross-sectional area of the particle distributions
13 108 11 213 03 (Ac) is used Eu, 1996
" 127+ 11.0+ 28.4F 0.5+ . J3IWC )
94 1.3 22.1 0.1 ei = 30, A,

wherep;=0.9 gcnt2 is the bulk density (mass divided by

in these runs, we would expect increasing significance of the/olume) of the ice crystals. The,; calculated from the ob-
second IIP. We would not expect to get dramatical change$ervations are highly dependent on the mass-diameter (m-
if P2007 formulation were used. The relative significance of D) refation that is assumed to characterize the observed size
expected differences is determined by how often simulatedfistributions (for details se#lcFarquhar and Heymsfield
SSl is less than 13% (P2007 formulation overpredicts 0b-1998. . ]
served MPACE values) and greater than 13% (our formula- 1€ R.; calculated from the simulations correspond to
tion overpredicts observed MPACE values). In this paper we2 ‘cOmposite” crystal distribution because more than one
use in formula §) exactly the same values e, and B, type of crystals W[th dlfferent shapes a.md' dpns@es are used.
as in M1992. As opposed to P2007 who derived n TheseRe,-_ are prowded in Tabl8 (R,; for!ndl\_/ldual ice crys-
and B,,, values for M1992 type formula, we changag,, t_als are_ listed in Tfablé). The “composite” ice phase effec-
value. MoreoverN,,, that is constant in this study can be tive radius shown in Tablé s calculated as
a function of altitude and geographical location (among oth- 4 4
ers) if used in global models. In this case it would be better, =~ _ Z/OO r3(m) fi(mydm |/ Z /'OO r2(m) fi (m)dm
to treatA,,; and B,,; as constants and make changed/ia ‘T = Jo k g i=Jo k ,
in a manner that it is done to account for maritime and conti- (11)
nental CCN concentration differences in some GCMs.

wherery (m) are bulk radius for column&£2), plates k=3)
4.3 Comparison with observations and dendriteski=4), respectively. Definition1(l) is useful

for analysis of radar data providing information about ice
To facilitate a comparison between observations shown irparticles sizes. As Tabl&sand3 show,R,; calculated using
Table 3 and simulations, we show the same averaged chargq. (11) reflect the contribution of large crystals to size dis-
acteristics for experiments with ice microphysics — 11, 12, 13, tribution and are significantly greater than those calculated
and 14 —in Table7. Comparison of these tables indicate that using Eq. £0) chosen in such a way that if a lot of large ice
observed and simulated microphysical characteristics (conerystals exist the®,; are actually small.
centration of liquid and solid particles, LWC, and IWC) are  To compareR,; calculated from the observations and sim-
quite similar. Ther,,, calculated using observed and simu- ulations using definition1(0) a “composite” m-D relation is
lated data are also comparable. needed. It is not easy to determine what m-D relation might

At the same time ice crystal effective radii; calculated  apply to the “composite” crystal distribution from the sim-

from observations and simulations differ significantly. The ulations. It becomes evident that techniques used to calcu-
R.; calculated from observations are about 25 microns forlate different microphysical characteristics from observations
9-10 October flights, whereas ti®; calculated from sim- and essential BRM scheme characteristics (mass grids, m-D
ulations are systematically greater. For example, values ofelations, hydrometeor densities, capacitances, and terminal
R.; for 12 and I3 are 8 and 5 times greater than that from ob-velocities among others) should be interrelated. Otherwise,
servations. Possible reasons for these differences are fromirect comparison of data derived from observations and sim-
numerical diffusion and different techniques used ulations is not logically based.
calculations. Numerical diffusion is an unavoidable fea- To determine if the differences between observed and
ture of any numerical scheme used to solve equations fosimulatedR,; arise due to different definitions, we use the
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Table 6. Average values of ice water content (IWY; effective radius R.p), concentration§/,,), and precipitation flux £,) for plates
and ice water content (IWg, effective radius R.4), concentration{;), and precipitation flux ;) for dendrites in experiments with ice
microphysics.

IWC,, Rep Np Pp IWC, Red Ny P,
EXP mg m—3 um e mmd?! mgm3 um cmm3  mmd?
2+ 100.9 1.9%+ 0.3+ 41+ 160.4 3.9+ 1.4+
1 1 35.8 3.0 0.1 17 42.3 1.4 0.7
2+ 1249+ 0.3+ 0.2+ 19+ 2349 0.6t 1.0+
12 2 354 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+
13 5 31.6 0.6 0.2 0.0 0.0 0.0 0.0
44+ 115.2t 0.6+ 0.2+ 13+ 243.4 0.4t 0.7+
4 2 344 0.2 0.1 5 60.4 0.1 0.3

formula that mimics Eq.10) for individual ice crystals: Table 7. Average values of liquid water content (LWC), effective

radius R.y ), and concentration\, ) for liquid phase and ice water

Rekzéfoo mfe(m)dm | /00 ik (M) Ac (m)(m) fe(m)dm (12) content (IWC), effective radiusR(; ), and concentration\) for ice
3 Jo 0 phase in experiments with ice microphysics.

whereR., pir, andA ., are ice crystal effective radius, den-

sity, and projected area, respectively, for columks2), EXP LWC,3 Rew N’f3 'ng Rei Aiil
. s mgm pm cm mg m pm L

plates k=3), and dendritesk=4). Corresponding “compos-
ite” ice phase effective radiug,; then calculated as " 98+ 150+ 11 37+ 14274 48+
104 2.2 13.3 21 54.9 2.3
R \/Z_Si/‘” fomydm / 123 109k 294+ 17+ 2022t 0.7+

i — —— m m)am
“T3a), 12 93 13 225 11 838 02
4 B 253+  10.3+ 6414+ 10+ 1239 1.3+
o0 13

) A () () Fo (m)dm 13 108 1.1 21.3 5 31.6 0.6
;fo Pitc(m) Ak (m)(m) fi(m) (13) 127+ 110+ 284t 15+ 1577t 0.8t
4 94 1.3 22.1 9 50.3 0.1

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

But these radii show relatively small variability from experi-
4 .0 4 .0 ment to experiment as comparedRg calculated using defi-
R, = Z/ fi(m)r3 (m)ydm / Z/ fi(m)r2 (m)dm nition based on melted radius. Definition based on melted ra-
k=370 k=370 dius requires only distributions of ice particles on mass grids,
(14) and additional knowledge of ice crystals m-D relations, pro-
jected areas, bulk radii and bulk densities is not necessary.
wherer,, (m) is melted radius (radius of sphere that has theThus, ice crystal effective radius definition based on melted
same mass as ice particle and whose density is equal to watesdius should be recommended for evaluation of relative im-
density). portance of different microphysical processes such as differ-
Both Egs. 11) and (L4) definitions are useful for analysis ent ice initiation mechanisms in intercomparison studies.
of radar data because they provide information about crystal The differences between effective radius calculated using
sizes. different definitions for individual ice crystal (Tablésand8)
Table8 shows the composite ice effective radii calculated as well as “composite” ice phase effective radRys(Table7
from the simulations using Eqsl1), (13), (14), respectively, and Table8) highlight the necessity to standardize calcula-
and effective radius for individual ice crystals (plates and  tion of ice effective radii since these are ultimately provided
dendritesk,.,) calculated according to Eql?). As can be  as input for radiation calculations.
seen from Tabl®, R,; calculated using Eq1@) from simu-
lations are within observed ranges (TaBJendicating com-
parability of observed and simulated ice crystal distributions.
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Table 8. Composite ice phase effective radiug,{) calculated us- is broaq e_nough) iC? crystals that continu-e to grow mainly
ing Eqgs. (4), (11), and (L3, respectively, plates effective radius du€ to riming, reducing droplet concentration and water va-
(Rep) and dendrites effective radiug{;) calculated using Eq1Q) por supply for the ice phase due to droplet evaporation. The

in experiments with ice microphysics. second mechanism indicates the importance of the AP spec-

trum for the ice initiation process. It crucially depends on

Roi Roi Ryi Rep Rog the she_lpe of the AP distribution and not only on the con-

EXP um um um um um centration of cloud droplets but also on the broadness of the
spectrum of cloud droplets just activated. We speculate that

536. 4 142.# 267+ 192+ 29.5+ in maritime stratiform clouds with broader droplet spectra

1 251.6 65.0 5.7 4.3 1.2 the second IIP might be of greater importance. In our sim-
77074 202.2- 28.0- 21.9- 31.2+ ulations with prescribed large-scale forcing that assures the

12 208.1 711 53 37 10 existence of high supersaturation (w.r.t. ice) (up to 20%) and
297 0L 123.9- 224L 224  0.04 coalescence processes switched off, the net supply of new

13 ice particles due to the two ice initiation mechanisms has the

75.0 31.6 3.1 3.1 0.0

same order of magnitude.
14 ralee ISt 267 213k 3l2s The differences between ice effective radii calculated us-

318.3 48.6 4.7 3.7 14 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-

5 Discussion sis of precipitation formation process in mixed-phase clouds.
Because of the relatively small variability of ice effective ra-
To improve the representation of mixed-phase cloud pro-dius calculated using cross-sectional area definition, ice ef-
cesses in the GISS GCM and facilitate the improvement offective radius definition based on melted radius should be
bulk microphysics parameterizations that do not use knowrused as additional microphysical characteristic for evalua-
a priory shape of hydrometeors’ distribution functions, we tion of relative importance of different microphysical pro-
couple a mixed-phase BRM scheme to the GISS SCM. Wecesses such as different ice initiation modes in intercompari-
perform sensitivity simulations with and without ice micro- son studies.
physics to evaluate the impact of the CCN spectrum shape, Recently, a 2-D CRM was used to obtain differences in
process of warm rain formation, different ice initiation mech- cloud properties in simulations with one and two-moment
anisms, and the Bergeron-Findeisen process on glaciatiobulk microphysics (BLK) for MPACE conditionsL(io et
time and longevity of mixed-phase clouds observed duringal., 200§. MPACE mixed-phase clouds were also simu-
the ARM MPACE IOP. lated with a 3-D Arctic version of MM5 with a two-moment
Based on differences between our sensitivity simulationsbulk microphysics scheme to evaluate sensitivity of clouds
that do not include ice microphysics, we find that the procesroperties to cloud condensation and ice nuclei concentra-
of water-water interaction may be relatively minor comparedtion (Morrison et al, 2008. Although BLK schemes are
to that of the CCN spectrum shape for droplet activation forusually able to represent adequately the variations of droplet
the MPACE single-layer mixed-phase clouds. concentration for maritime and continental clouds, their abil-
For the ice phase initiation we consider two main mech-ity to represent the process of droplet activation for maritime
anisms. The first mechanism is active in cold supersatu-and continental clouds with respect to broadness of spectrum
rated (w.r.t. ice) environments and determines the numbeof cloud droplets just activated is limited. Accounting only
of small ice crystals originating from water vapor, whose for the variations of the droplet concentration under different
shapes depend on temperature. The second mechanism aérosol conditions is necessary, but not sufficient, for the ap-
ice initiation is active at negative temperatures in both satu{propriate representation of ice initiation processes in mixed-
rated and under-saturated (w.r.t. water) environments due tphase clouds. This fact has to be taken into account if bulk
the transformation of super-cooled droplets, whose spectrummicrophysics schemes are used to investigate relative impor-
and masses as well as degree of supercooling determine thance of different ice initiation modes in mixed-phase clouds.
rate of origination of bigger (up to 100 um) plate-like crys-  Analytical considerations highlight the effect of the BFP
tals. Because the freezing rate depends on the droplet massn the longevity of mixed-phase cloudsafolev, 2007 Ko-
the bigger droplets are likely to freeze faster. These two icerolev and Field2008. In our sensitivity runs, originated ice
initiation mechanisms act quite differently. The first IIP is crystals continue to grow in simulated clouds mainly due to
responsible for the supply of small ice crystals with differ- the BFP that is identified as a process responsible for the rate
ent shapes. These crystals grow fast at different rates in af glaciation of single layer mixed-phase MPACE clouds. An
highly supersaturated (w.r.t. ice) environment at the expensadequate treatment of Bergeron-Findeisen process is impor-
of evaporated cloud droplets. The second IIP is responsitant for models that use BRM or BLK schemes to investigate
ble for the supply of bigger (assuming the droplet spectrumthese types of Arctic clouds. Despite the high computational
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cost, our calculations of hydrometeors’ growth rates due to 1)
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 schemeMorrison et al, 2005 coupled
to the GISS-LBL SCM.

Numerical implementation of Bergeron-Findeisen process 2)
outlined in Appendid 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
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Integrating Eq. A1) with respect to mas&1 from O to
0

a o0
[5/ fl(ml)dml]
0 cnd/evp
dm
dt

dmy 1
f1(m1)7|ml=o — fi(m1) lmyi=o0s

(A2)

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

|:8nw:| _Jo,
ot cnd/evp —0nye/0t,

wheren,,. is total number of evaporated droplets.
The first Eq. A3)

for condensation
for evaporation

(A3)

0Ny,
[ lcna = 0

a7 (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

d
[E(nw + nwe)]evp =0 (A5)

Multiplying Eq. (A1) by massn1 and integrating result-
ing equation with respect ta1 and using definition3)
for k=1, we get

Aqw o dmq

v = —d A6
[ ar ]cnd/evp /0 Si1(ma) dr mi (A6)
The last equation determines the increase in liquid water
content (LWC)g,, due to condensed water vapor supply

or decrease in LWC due to evaporation.

The rate of change of the water vapor mixing ratjodue

The rate of changes of distribution functiofy for lig-

to condensation/evaporation in ice free environment can be

uid phase due to condensatiafnd(y/dt>0) or evaporation written as
(dm1/dt<0Q) is written as
|:3q:| — ¢ (A7)
df1(m1) 0 dmy at o
e g = - = Al cnd/evp
[ 97 ]Lnd/wp amlfl(”/ll) di ( )

Adding Egs. A6) and A7), it follows that

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

0 o0 dm
[— (g + quw)lend/evp = / fim) =Zdmy — e,  (A8)
at 0 dt

Since the mass conservation law

ad
[E(Q + Qw)]cnd/evp =0
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has to be satisfied, we obtain
o0 dm
b = f frm) P dmy (A10)
0 dt

The rate of change of the temperatdrean be written as

[BT} Ly
—_— ] _810
ot cnd/evp Cp

whereL,, is the specific latent heat of evaporation ands
specific heat of air at constant pressure.

(A11)

Combining Eqs.A7) and @AL11l), we get energy conserva-

tion law

ad
7 (T + Luq)
cnd/evp

The rates of changes of distribution functiofs for solid
hydrometeorsi=2...7) due to depositiordfn;/dt>0) or
sublimation ¢my /dt<0) are given as

|:8fk (mk)]
ot dep/sub

wherek is the type of hydrometeok{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

=0 (A12)

d f( )dmk
= - m _—
k\Mf dt

A13
p— (A13)

Fon:
ﬁ} _0 (A14)
L ot dep
[ g LS d
i} = / Folm) =k dmy (A15)
L 97 ldeysub =30 dt
K]
—q} = g (A16)
_8t dep/sub
[ d
5 @t ‘]i):| =0 (A17)
Lot dep/sub
7 00
dmy,
g = Z/ fk(mk)Tdmk (A18)
k=270
oT L;
[—} = "¢ (A19)
ot cndevp  Cp
0
|:— (cpT + Liq)] =0 (A20)
ot dep/sub

whereL; is the specific latent heat of sublimation=
ZZ:z Jo© fe(mpdmy andq,:ZZ:z Jo~ mk fi(mp)dmy, are
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wheree,, and¢; are rates of changes of LWC and IWC,
which are defined by EqsA(0) and @AL18), respectively.
Bothe,, ande; depend among other characteristics on super-
saturation w.r.t. wates,, and iceS; that change during one
microphysical time step. To account in this fact and calculate
gy andeg;, 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 bingVy:

(=D
myj = myody 'K,

(A23)

where j is the mass bin numben;,o is the minimal mass
for hydrometeor of typé, Jyo anda,>1 are parameters that
characterize the mass grid. For example=33, J,0=1 and
a,=2 were used ifKhain and Sedne{1996 (KS96).

Diffusional growth (evaporation) of water droplets of mass
my; in Eq. (A10) is expressedRruppacher and Klgti 978
(PK78):

dmy; 47 Cy;
dt zq"ljswa lIJlj = Gu ’
R, T R,L
Gy = — - (A24)

+
eswDy (Ly — RyT)k,

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

L — W, S;, - ,
dt kji kj G,
R, T RyL;
=Rl Rl (A25)

esi Dy (Li — RyT)k,

In the aboveD,, k,, andR,, are the water and air diffusiv-
ity coefficients and the moist air gas constant, respectively;
expressions for the "electrostatic capacitance” of particles of
different shapeCy; are taken from PK78 (see also KS96).
The method used for the calculation of supersaturation
(SS) is similar to that used byzvion et al. (1989 and
KS96 with some additional modifications. The calculation
of SS w.rt. waterS,,=(e/es;y—21) and iceS;=(e/egzy,—1)
(wheree, e, ande,; 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 temperatur® and water vapor mix-
ing ratio ¢ are integrated during a dynamical time step
Atgyn Without microphysical terms. As a result, the val-

ice concentration and ice water content (IWC), respectively. ues of supersaturations;, and S , as well as the non-
In mixed-phase cloud the rates of changes of water vapomicrophysical tendencies QBSw/(St)dynz(Sj;—SS,)/Atdyn
mixing ratio and temperature due to diffusional processesand(ss; /‘St)dyn:(S;k_S,Q)/A[dyn are calculated at each grid

are governed by

dq
M| = e =g A21
[5” :|diff o (A21)
3T L L
[_] v, Ly (A22)
ot Jgif  Cp Cp
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point. The dynamical time step is divided into several mi-
crophysical time stepsizgit. The change of supersatura-
tion at each microphysical time step is calculated as the sum
of the non-microphysical tendency [e.gSSw,,-/St)dynAtdif]

and changes caused by diffusional growth/evaporation of lig-
uid phase or deposition/sublimation of ice phase.

www.atmos-chem-phys.net/9/4747/2009/
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Using Egs. A21)-(A22), (A24)—(A25), definitions calculate new watek=1) and ice(k>1) particle massesy;
(A10)—(A18), expression for the water vapor mixing ratio inj-zA bin:
q=0.622(¢/ p), and dependence of the saturation vapor pres-
sure over wate;,, and iceey; on temperature, one can derive (g+1)

o+t
(o) .
the following equations fo§,, ands; (KS96): =@a- T“J)mk/ T [mk/ +/t Yij S’”dr]

0

p (A37)
w
Lw _ _p,s, - P (A26) ot
5; v e ](:jﬂ) 1- tl)m,(fj) +7 [m,(ij) +/ \IfkjSidr:| ;
i o
— = ~RuSu = RiS; (A27) (A38)

CoefficientsPy, P;, Ry, andR,, in (A26) — (A27) are given  where O<t,,;;<1 are parameters,is iteration number, and

by (’0) are given by Eq.423). It was found that effective stop-
pmg criterion of the iteration procesa37)—(A38) is

e /1 Lyde >
Py =——(c+22) f Wy fu(my)dmy (A28)
sw g P 0 ma)qm(s+l) mk)| (A39)
e /1 Lidesyym [® ’
1 sSw
Fi = esw (5 + ; dT )kZZZ/O Vi fitmiydmy - (A29) wheres is a minimum mass increment permitted. If creterion

1 L, de (A39) is satisfied, we usez(”l) and the method bifovetz

oo
Ry = —(— + _d_T)/ Wy fr(ma1)dmy (A30)  and Olund(1969, which conserves both concentratic{,
< (A14) and massA6), (A15), to calculate new values of dis-
e L des, tribution functionsf;; (to + t) on regular mass grids. To de-
Ri = Z(_ o dT Z/ Yifumadme— (A31) e expressions for the changes of LW\G,, and IWC Ag;
st P . . ..
during timestepr, we use Eq.A23) and definition of hy-

wherede,,, /dT anddes; /dT are any analytical formulaithat drometeor conten@j, which can be rewritten as
express dependence of saturation pressure with respect to

watere,,, and icee;; on temperature. gr = /Oomkfk(mk)dmk — /00 m,ffk(mk)dﬂ
If the microphysical time step¢gis is small enough, the 0 0 Mk
coefficients A28)—(A31) can be considered as constants, and Inay [ , d
. . . . = — J A40
the analytical solution of EqsAR6)—(A27) during the time Jio mie fimi) (A40)

7 < Atgif can be written as KS96:
Because of the fact that/=1, we replace integral by sum-

Swlto+71) = Of_l{Sw(tO) [V eXp(—,BT) +8 eXp(VT)] mation and obtain

+[PuSu(to)+PiS; (t0)] [Xp=BT) =Xy D]} Ap — 004 7) — quto)

(A32) N
N1 $R 02 [fajtio +0) — fu (o] (A41)
= — my . ; T) — H
_ Ag; = qi(tg+ 1) — gqi (¢
Silto+ 1) =« S:(10) [y eXp(—Br) + B exp(y 1)) @i = arfo ) a0
In k
+[RuSu (10)+R: i (10)] [exp(—p7)— exply )]}, =Y =Y mElfglo+ o)~ fylo)]  (A42)
(A33) k0
where SinceAgq,, and Ag; are known, mass and energy conserva-
tion laws are used to calculated new temperaturg F )
a? = (Py — R)?+4PiRy, (A34) and water vapor mixing ration(gy + t) at the end of micro-
Py, + R; hysical time step.
,3=a+ ;"‘ i (A35) phy P
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