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ABSTRACT

The ice crystal enhancement (IE) factor, defined as the ratio of the ice crystal to ice nuclei (IN) number

concentrations for any particular cloud condition, is needed to quantify the contribution of changes in IN to

global warming. However, the ensemble characteristics of IE are still unclear. In this paper, a representation

of the IE factor is incorporated into a three-ice-category microphysical scheme for use in long-term cloud-

resolving model (CRM) simulations. Model results are compared with remote sensing observations, which

suggest that, absent a physically based consideration of how IE comes about, the IE factor in tropical clouds is

about 103 times larger than that in midlatitudinal ones. This significant difference in IE between the tropics

and middle latitudes is consistent with the observation of stronger entrainment and detrainment in the tropics.

In addition, the difference also suggests that cloud microphysical parameterizations depend on spatial res-

olution (or subgrid turbulence parameterizations within CRMs).

1. Introduction

Ice nuclei (IN), a class of aerosol particles, can sig-

nificantly affect cloud ensembles via ice crystal con-

centration (Phillips et al. 2005, 2007; Ekman et al. 2007;

Zeng et al. 2008), which in turn impacts radiation (e.g.,

Zeng et al. 2009b) and even global warming (e.g., Zeng

et al. 2009a; DeMott et al. 2010). To quantify the effect

of IN variability on global warming, it is imperative to

know other dominant factors of ice crystal concentration

besides IN. The ice crystal enhancement (IE) factor,

defined as the ratio of the ice crystal concentration to the

concentration of active IN in an air parcel, varies greatly

from one cloud to another (Pruppacher and Klett 1997).

Given its importance in modeling clouds and radiation

(Zeng et al. 2008, 2009b), how to obtain its climatolog-

ical characteristics (e.g., ensemble average, geographic

distribution) is of great interest. In this paper, an assumed

form of the IE factor is used in long-term cloud-resolving

model (CRM) simulations and compared with field cam-

paign remote sensing observations to infer general IE fac-

tor differences at different latitudes.

a. Ice crystal multiplication

Ice crystal multiplication processes are major contrib-

utors to the IE factor, but all of the mechanisms may

not yet be understood. Ice crystal number concentrations

often exceed IN concentrations estimated at the cloud-

top temperature by up to four orders of magnitude [e.g.,

Koenig 1963; Mossop et al. 1968, 1970; Mossop 1985a;

Hobbs and Rangno 1985, 1990; Blyth and Latham 1993;

see Mossop (1985b) and Cooper (1986) for reviews]. A

riming/splintering mechanism, identified by Hallett

and Mossop (1974), is one candidate for high ice crystal

multiplication (Blyth and Latham 1997; Phillips et al.

2001, 2007). This mechanism works when cloud tem-

peratures are between 238 and 288C and large droplets

($24-mm diameter) as well as relatively fast falling

(0.7 m s21) ice particles are present (e.g., Hallett and

Mossop 1974; Mossop 1985a). Hence, it is of interest to

parameterize ice crystal multiplication in a CRM, al-

though absence of knowledge of all such processes will

continue to limit this approach.
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Blyth and Latham (1997), based on field observations,

proposed a multithermal model of cloud glaciation and

revealed that the riming/splintering mechanism contrib-

utes significantly to ice crystal multiplication via fine cloud

dynamical structure. Using a three-dimensional (3D) high-

resolution cloud model, Ovtchinnikov et al. (2000) ex-

plicitly simulated the fine dynamic structure and confirmed

its importance in ice crystal multiplication.

Because of the effects of finescale cloud dynamics on

microphysics, a CRM with a horizontal resolution of ap-

proximately 1 km must be reevaluated. Since the model

cannot represent fine cloud dynamical structure explic-

itly, it cannot properly simulate the impacts of ice crystal

multiplication. Thus, it is necessary to parameterize the

ice crystal multiplication in a CRM via some assumed

IE factor and then compare the modeled results with

observations.

b. Entrainment and detrainment in tropical clouds

Fine cloud dynamical structure has been explored from

aircraft observations (e.g., Malkus and Scorer 1955; Warner

1970; Paluch 1979; Blyth et al. 1988; Damiani et al. 2006).

Updrafts usually take the form of entraining and detrain-

ing thermals, and the mixing between a thermal and its

surrounding air takes place as a series of discrete events

rather than continuously (e.g., Austin et al. 1985; Damiani

et al. 2006). Since the mixed thermals eventually move to

the level of zero buoyancy (Raymond and Blyth 1986;

Taylor and Baker 1991; Emanuel 1994), mixing domi-

nates the fine dynamical structure in clouds and there-

fore affects the vertical IE profile that results from ice

multiplication processes.

However, the mixing varies greatly from one geo-

graphic region to another. Convective downdrafts, for

example, which are quite common, have been observed

to be more frequent in the tropics than in middle lati-

tudes (e.g., Heymsfield et al. 1978; Wei et al. 1998; Igau

et al. 1999). Zipser (2003), after reviewing the aircraft

observations from over the past decades, concluded that

undilute updraft cores have not been found in the tropics

but are common in severe storms in middle latitudes.

Based on this meridional variation in fine cloud dynamic

structure, it is inferred that the IE factor in the tropics is

much larger than that in middle latitudes (see section 4b

for more discussion). This study aims to verify this var-

iation by comparing CRM simulations that incorporate

some assumed vertical IE profile with remote sensing

cloud retrievals.

c. Field observations and CRM simulations

Recent CRM simulations have revealed that cloud en-

sembles and radiation are sensitive to the IE factor (e.g.,

Phillips et al. 2007; Zeng et al. 2008, 2009b). If a cloud

simulation with an assumed IE factor can be made to

match the associated observations, then the IE factor

should be a better inference of the in situ one. This ap-

proach can be applied to estimate the IE factor over

various geographic regions, with the aid of field cam-

paign observations.

Three field campaigns have provided high-quality cloud

observations as well as the corresponding large-scale forc-

ing: the Tropical Warm Pool–International Cloud Experi-

ment (TWP-ICE), the Kwajalein Experiment (KWAJEX),

and the Atmospheric Radiation Measurement Program’s

spring 2000 cloud field campaign conducted around the

Southern Great Plains site (ARM-SGP). Comparing the

cloud observations from the three campaigns with CRM

simulations, the IE factor over those regions can be es-

timated and further analyzed to determine how it varies

meridionally.

The paper consists of five sections. In section 2, a CRM

is described with special attention given to how to repre-

sent the IE factor and IN concentration. In section 3,

CRM simulations are carried out and their results com-

pared with observations to infer ice crystal concentrations.

In section 4, three processes are reviewed connecting the

IE factor and fine cloud dynamic structure, which are

then used to explain the meridional variation in the IE

factor. Section 5 provides the conclusions.

2. Experiment setup

A 3D CRM, the Goddard Cumulus Ensemble (GCE)

model (Tao and Simpson 1993; Tao et al. 2003), is used

to simulate clouds and radiation. The model is non-

hydrostatic and anelastic. It takes account of both ab-

sorption and scattering for solar radiation and both

emission and absorption for infrared radiation. Its cloud–

radiation interaction has been assessed on a scale of 102 km

(Tao et al. 1996). The model parameterizes subgrid-scale

(turbulent) processes with a scheme based on Klemp

and Wilhelmson (1978) and Soong and Ogura (1980)

and incorporates the effects of both dry and moist pro-

cesses on the generation of subgrid-scale kinetic en-

ergy. The model uses a three-category ice formulation

based on Rutledge and Hobbs (1984) with some modi-

fications (Lang et al. 2007; Zeng et al. 2008) for cloud

microphysics. It includes the sedimentation of cloud ice

(Starr and Cox 1985) to better simulate clouds in the upper

troposphere. It calculates all scalar variables (tempera-

ture, water vapor, and all hydrometeors) with a positive

definite advection scheme (Smolarkiewicz and Grabowski

1990). Modeled results [e.g., precipitable water, ice water

content (IWC), radiative fluxes] have been compared with

observations over the past decades to test the model’s
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performance (e.g., Johnson et al. 2002; Tao et al. 2003;

Lang et al. 2007; Zeng et al. 2008, 2009b).

All of the numerical experiments in this study follow

the model setup used in previous studies (e.g., Johnson

et al. 2002; Xie et al. 2005; Xu et al. 2005; Blossey et al.

2007; Zeng et al. 2007), which simulated clouds with

prescribed large-scale forcing derived from field obser-

vations. The experiments are 3D, using a 1-km hori-

zontal resolution and a vertical resolution that ranges

from 42.5 m at the bottom to 1 km at the top. The model

uses 256 3 256 3 41 grid points and a time step of 6 s for

integration. Other model parameters are detailed in

Zeng et al. (2008, 2009b).

The model has five prognostic hydrometeor variables:

the mixing ratios of cloud water, rainwater, cloud ice,

snow, and graupel. In brief, the model represents cloud

microphysics with two water categories and three ice

categories (referred to herein as a three-ice-category

microphysical scheme).

Cloud ice and snow represent small and large crystals,

respectively. They are segregated with an ice crystal 50 mm

in diameter. In contrast to snow, graupel represents large

crystals that are densely rimed. Thus, the present mi-

crophysics scheme uses a larger density for graupel (or

0.4 g cm23) but a smaller one for snow (or 0.1 g cm23).

These categories of ice possess different terminal velocities

and consequently stay aloft with different time scales.

The model represents the effects of the IE factor and

IN concentration on the Bergeron process as follows.

The conversion rate of cloud ice to snow due to vapor

deposition is expressed as (Zeng et al. 2008, 2009b)

max[2a1(3qi 2 mI50r21mNi)m
a

2
21

I50 , 0],

and the conversion rate of cloud water to ice as

2

(a2 1 1)(a2 1 2)
[3a2qi 1 (1 2 a2)mI50r21mNi]a1m

a
2
21

I50 ,

where Ni is the number concentration of active ice

nuclei, qi the mixing ratio of cloud ice, a1 and a2 the

temperature-dependent parameters in the Bergeron pro-

cess (Koenig 1971), r the air density, and mI50 5 4.8 3

1027 g the mass of an ice crystal 50 mm in diameter; also,

the parameter m represents the IE factor due to riming/

splintering and other mechanisms (Hallett and Mossop

1974; see section 4b for discussion).

Active IN concentration increases with decreasing air

temperature (e.g., Fletcher 1962; Meyers et al. 1992;

DeMott et al. 2010). Since there are no observations of

IN and aerosol particles in the field campaigns, the

model uses the simplest IN formula (Fletcher 1962) to

compute the active IN concentration in the mixed-phase

region as a function of air temperature T, or

Ni 5 n0 exp[b(T0 2 T)], (1)

where n0 and b are constant. To explore the effects of IN

and IE on clouds and radiation, different IN concentra-

tions and IE factors are tested for each large-scale forcing.

In this study, expression (1) represents the ensemble

average of IN concentration over a sounding network

that is approximately 100 km wide. Thus, the IN con-

centration cannot be compared directly with the aircraft

observations at a specific location and time. Besides, the

IN concentration and IE factor are combined into one

factor in the present simulations. If a CRM simulation

with specific values of mn0 and b agrees well with field

observations (i.e., radar, satellite, sounding networks

and other measurements), then those values are treated

as the in situ ones.

Table 1 shows the categories of ice crystal concentra-

tion used in the present simulations. When the ice crystal

concentration is quite low (e.g., mn0 5 1.2 3 1029 cm23

and b 5 0.4), the present microphysical scheme de-

generates into the default (or old) one.

3. TWP-ICE simulations

In this section, CRM simulations over TWP-ICE are

carried out and their results compared with remotely

sensed cloud data to estimate the ice crystal concentra-

tion (or the product of IN concentration and the IE factor).

Three simulations, T06L, T06M, and T06H, are carried out

using low, moderate, and high ice crystal concentrations,

respectively (see Table 1 for a summary; the terminology

of low, moderate, and high is used for a brief description).

Next, their results are compared with TWP-ICE obser-

vations to determine which category of crystal concen-

tration brings about reasonable results.

TWP-ICE was conducted around Darwin, Australia, in

January and February 2006 during the northern Australian

TABLE 1. List of all the numerical simulations.

Field

campaign

Numerical

experiment mn0 (cm23) b

Ice crystal

concentration

TWP-ICE T06H 1.2 3 1026 0.6 High

T06MH 1.2 3 1027 0.55 Moderately

high

T06M 1.2 3 1028 0.5 Moderate

T06L 1.2 3 1029 0.4 Low

KWAJEX K3DH 1.2 3 1026 0.6 High

K3DL 1.2 3 1029 0.4 Low

ARM-SGP A00H 1.2 3 1026 0.6 High

A00M 1.2 3 1028 0.5 Moderate

A00L 1.2 3 1029 0.4 Low
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monsoon (May et al. 2008). It was centered at 128S, 1318E.

It provided a great deal of information on clouds such as

the liquid and ice water content retrieved from ARM

Microbase products (Miller et al. 2003). It also provided

large-scale forcing data (e.g., vertical motion and hori-

zontal advective tendencies of temperature and moisture)

derived using the variational analysis approach described

in Zhang and Lin (1997) and Zhang et al. (2001). The

large-scale forcing data represent the mean domain with

a center at 128S, 1318E and a radius of approximately

120 km [see Xie et al. (2010) for more details on the

forcing]. The present study focuses on the period from

2100 UTC 4 February to 2100 UTC 12 February 2006,

a typical monsoon break period, during which convection

was characterized by intense afternoon thunderstorms

with several squall lines crossing Darwin in the evening

and early morning.

All three of the simulations start at 2100 UTC 4 February

2006 and last for 8 days. Figure 1 displays the 3-hourly

average precipitation rate for the simulations. For com-

parison, it also displays an observed precipitation rate that

is consistent with the large-scale forcing used. Generally

speaking, the model captured the main precipitation

events in spite of some quantitative deviations. The figure

also shows that the ice crystal concentration can affect

precipitation (e.g., days 1.5, 3.2, 4.5, 5.1, 5.8, 7, and 7.8).

Because both the large-scale forcing data and the model

satisfy water balance in their frameworks, respectively, the

effect of ice crystal concentration on precipitation is as-

sociated with that on precipitable water. As the ice crystal

concentration increases from low to moderate to high, the

modeled average precipitation rate decreases while the

modeled average precipitable water amount increases

from 49.4 to 51.4 mm. Compared to the observed pre-

cipitable water amount of 55.6 mm, a higher ice crystal

concentration brings about more reasonable amount

of precipitable water, which is consistent with previous

results for the Global Atmospheric Research Program’s

(GARP’s) Atlantic Tropical Experiment (GATE) sim-

ulations (Zeng et al. 2009b).

Moreover, ice crystal concentration can significantly af-

fect cloud ensembles via the partitioning of ice species in the

mixed-phase region. Figures 2 and 3 display time–pressure

cross sections of the simulated ice contents using the low and

high crystal concentrations, respectively. With increasing ice

crystal concentration, the cloud ice content in the upper

troposphere increases significantly. Correspondingly, snow

increases while graupel decreases. This impact of ice crystal

concentration on ice species is realized via supercooled

droplets [see section 2.2 of Zeng et al. (2009a) for a com-

plete discussion]. With increasing ice crystal concentration,

the Wegener and Bergeron processes become stronger and

consequently snow increases. Since snow competes with

graupel at the expense of supercooled droplets in the

upper mixed-phased region, graupel decreases there and

falls into the lower mixed-phase region and then rela-

tively weakens graupel riming there. As a result, more

supercooled droplets survive, which results in an in-

crease in cloud ice content in the upper troposphere.

The modeled ice content can be compared with the

observed content to determine which category of crystal

concentration, if any, is close to the in situ concentration.

Figure 4 displays the vertical profile of the 8-day mean

IWC retrieved from the radar observations over the

Darwin station. The retrieval algorithm has been well

tested on thin nonprecipitating clouds but not on thick

precipitating clouds (Dong and Mace 2003). Figure 4

also displays the vertical profiles of mean modeled ice

content (the sum of the cloud ice, snow, and graupel

mixing ratios) for comparison; it shows that the IWC in

the upper troposphere increases with increasing the ice

crystal concentration in the mixed-phase region.

To better match the retrieved vertical profile in the

upper troposphere, a new TWP-ICE simulation, T06MH,

is carried out that uses a moderately high ice crystal

concentration (or mn0 5 1.2 3 1027 cm23 and b 5 0.55).

Figure 4 shows that the modeled ice profile from T06MH

is close to the retrieved profile above 350 hPa.

However, all of the modeled ice contents differ greatly

from the retrieved below the 350-hPa level. This differ-

ence between the retrieved and modeled contents is due

not just to the model but also to the retrieval algorithm. In

the retrieval algorithm, it is difficult to distinguish ice

from liquid water using radar reflectivity, especially in the

mixed-phase region (X. Dong 2008, personal communi-

cation). Hence, the retrieval in the mixed-phase region

may contain a large error and therefore partly explains

the difference between the retrieved and modeled ice

contents below the 350-hPa level.

Observational sampling can also account for the differ-

ence between the retrieved and modeled IWCs below the

FIG. 1. Time series of surface precipitation rate for the TWP-ICE

observations and three simulations that start at 2100 UTC 4 Feb

2006. The thick line represents the observations. Dashed, dotted–

dashed, and dotted lines represent the modeling results with low

(T06L), moderate (T06M), and high ice crystal concentrations

(T06H), respectively.
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350-hPa level. The modeled IWC in Fig. 4 represents the

domain average of IWC. Thus, its peak at 500 hPa is at-

tributed mainly to the graupel and snow in convective

cores. In contrast, the observed IWC comes from the

ARM radar that always points vertically and therefore

cannot represent a domain average. Since convective cores

cover only a small area, it is difficult for the radar to sample

them sufficiently. Therefore, the radar may overlook the

peak in IWC at 500 hPa. In contrast to convective cores,

the cloud anvils that extend laterally outward from them

cover a large area. Hence, the observed IWC can represent

a domain average of IWC above 350 hPa.

Since ice particles, rather than supercooled drops, are

common in the upper troposphere (e.g., above the 350-hPa

level), the retrieval of IWC is reliable there (Dong and

Mace 2003). Hence, based on the comparison between the

modeled and retrieved IWCs above the 350-hPa level, it is

inferred that the ice crystal concentration in the tropics is

FIG. 2. Time–pressure cross sections of (top) cloud ice, (middle) snow, and (bottom) graupel

mixing ratios for the TWP-ICE simulation T06L with the low ice crystal concentration.
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moderately high, which supports the preceding estimation

of ice crystal concentration using observed precipitable

water and precipitation rate.

4. Meridional variation in the IE factor

a. Comparing KWAJEX and ARM-SGP
simulations with TWP-ICE

KWAJEX and ARM-SGP simulations using different

ice crystal concentrations, which were carried out by

Zeng et al. (2009a,b), are reviewed here in contrast to

the TWP-ICE simulations to help infer the meridional

variation of the IE factor. KWAJEX was centered at

8.88N, 167.48E. It took place over a tropical open ocean

from 23 July through 15 September 1999. The two

KWAJEX simulations start at 0600 UTC 24 July 1999

and last for 52 days. The simulations follow the same

setup as those of TWP-ICE. The first simulation, K3DH,

uses a high ice crystal concentration (or that of T06H),

and the second one, K3DL, uses a low ice crystal con-

centration (or that of T06L). The modeled mean pre-

cipitation rate and precipitable water with the higher ice

FIG. 3. As in Fig. 2, but for T06H with the high ice crystal concentration.

JULY 2011 Z E N G E T A L . 1429



crystal concentration are closer to the observed (Zeng

et al. 2008).

The Precipitation Radar (PR) on the Tropical Rainfall

Measuring Mission (TRMM) satellite (Simpson et al.

1988) flew over the KWAJEX region and thus provided

vertical profiles of radar reflectivity during the campaign.

Since the data are independent of the large-scale forcing

data used, they provide further evidence regarding the

sensitivity of the cloud ensembles to ice crystal concen-

tration. Figure 5 displays vertical profiles of the mean and

maximum radar reflectivity obtained from the TRMM

observations over the period. The figure also displays the

vertical profiles of simulated radar reflectivity sampled

when the satellite flew over the campaign site [see Matsui

et al. (2009) for the computational procedure]. As shown

in the figure, the reflectivity profiles using the high crystal

concentration are closer to the observed, especially in the

upper troposphere, which supports the comparison in

precipitable water and precipitation rate and the con-

clusion that the in situ ice crystal concentration is high.

Li et al. (2008) used a three-ice-category microphysi-

cal parameterization (similar to the present scheme with

low ice crystal concentration or that of K3DL) to sim-

ulate a KWAJEX precipitation event on 11–12 August

1999 and found that the simulated radar reflectivities

were 5–13 dBZ higher than those observed between

7 and 10.5 km where graupel is the dominant simulated

ice species. The present two simulations cover this pre-

cipitation event. Their time–pressure cross sections of

domain-averaged graupel mixing ratio and radar reflec-

tivity from 0600 UTC 11 August to 0600 UTC 13 August

1999 (not shown) show that K3DH using the high ice

crystal concentration reduces radar reflectivity and graupel

significantly in the middle troposphere and subsequently is

closer to the ground-based radar observations, which also

supports the conclusion that the in situ ice crystal con-

centration is high.

The ARM-SGP simulations, in contrast to those from

TWP-ICE and KWAJEX, lead to a different conclusion.

Since the ARM-SGP campaign was centered at 36.68N,

96.58W and conducted during the spring of 2000, the

simulations involved continental clouds in middle lati-

tudes. Three ARM-SGP simulations with different ice

crystal concentrations (A00H, A00M, and A00L; see

Table 1 for details) were carried out, using the same setup

as TWP-ICE and KWAJEX except that the surface

fluxes were provided by observations. All of the simula-

tions started at 1730 UTC 1 March 2000 and lasted for 20

days (Zeng et al. 2009a,b). Variables such as precipitable

water, precipitation rate, and the infrared radiative flux at

the top of the atmosphere change monotonically with ice

crystal concentration and approach the observed when

the ice crystal concentration is low. To further support the

preceding estimation of in situ ice crystal concentration,

radar observations are compared with cloud simulations.

Figure 6, like Fig. 4, displays the vertical profile of IWC

retrieved from radar observations. The figure also pres-

ents the vertical profiles of modeled IWC from the three

FIG. 4. Eight-day mean vertical profiles of IWC from the TWP-

ICE observations (an ARM Microbase product; thick solid line) and

the four simulations using the low (T06L; dashed line), moderate

(T06M; dotted line), moderately high (T06MH; dotted–dashed

line), and high ice crystal concentrations (T06H; thin solid line).

FIG. 5. Vertical distributions of radar reflectivity from KWAJEX

observations and two simulations. Blue, red, and green symbols

denote the observations and the simulations K3DL and K3DH

with the low and high ice crystal concentrations, respectively. Open

and solid symbols represent mean and maximum radar reflectivity,

respectively.
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simulations. As shown in the figure, the IWC from the low

ice crystal concentration is closer to the observed above

the 400-hPa level, which indicates that the ice crystal

concentration in spring is rather low in middle latitudes.

In brief, the TWP-ICE and KWAJEX simulations sug-

gest that ice crystal concentrations in tropical clouds are

high, but the ARM-SGP ones suggest that ice crystal con-

centrations in midlatitudinal clouds are low. This difference

in ice crystal concentration is attributed to either a larger IN

concentration or a larger IE factor in tropical clouds.

It is inferred that the ensemble averages of IN concen-

tration in TWP-ICE and KWAJEX are not higher than

those in ARM-SGP. The IN concentration is directly pro-

portional to the aerosol concentration (e.g., DeMott et al.

2010), whose ensemble average in turn is proportional to

aerosol production rate. Hence, the ensemble average

of IN concentration is large over IN sources and small

away from the sources. Since IN usually come from conti-

nents rather than oceans (e.g., Pruppacher and Klett 1997),

it is inferred that the ensemble averages of IN concen-

tration over TWP-ICE and KWAJEX are lower than

those over ARM-SGP because TWP-ICE, KWAJEX, and

ARM-SGP occurred respectively in coastal, oceanic, and

continental regions. Suppose that the ensemble averages

of IN concentration over TWP-ICE and KWAJEX are

smaller than (or even equal to) those over ARM-SGP. The

difference in crystal concentration category between the

simulations with good results suggests that the IE factor

over TWP-ICE and KWAJEX is 103 times larger than that

over ARM-SGP at a temperature of 2108C.

b. Connection of IE to convective downdrafts

Three kinds of processes account for the large IE

factor in the tropics: downward-moving parcels with

prior heterogeneous ice nucleation, downward-moving

parcels with prior homogeneous freezing (e.g., Phillips

et al. 2007), and rime-splintering (e.g., Blyth and Latham

1997). They are discussed next to show their dependence

on convective downdrafts or moist eddies.

1) HETEROGENEOUS ICE NUCLEATION

Heterogeneous ice nucleation increases the IE factor

via moist eddies or mixing. Consider an air parcel that has

a temperature lower than 08C and a relative humidity of

100% with respect to water. The parcel fluctuates verti-

cally around its original position because of moist turbu-

lence. Let Dzm denote the maximum vertical displacement

of the parcel above its original position. The IE factor due

to moist turbulence can be derived based on (1).

Suppose that the IN concentration exactly follows (1).

Consider an air parcel that goes adiabatically upward

from height z to z 1 Dzm first and then returns to its

original position. As a result, the IE factor

m 5 exp(bgsDzm), (2)

where gs is the saturated adiabatic lapse rate. The pre-

ceding expression shows that the IE factor increases

significantly with increasing Dzm under the given Fletcher

formula assumptions. Suppose b 5 0.6 and gs 5 78C km21.

Thus, m 5 10 when Dzm 5 548 m, and m reaches 103

when the vertical displacement is around 1.5 km. This

ice crystal enhancement due to heterogeneous nucle-

ation works effectively for air temperatures between

08 and 2408C, even though heterogeneous nucleation

is not effective when the air temperature is between

08 and 2108C.

2) HOMOGENEOUS FREEZING

Homogeneous freezing increases the IE factor via con-

vective downdrafts (Sassen and Dodd 1988; Heymsfield

and Sabin 1989; Heymsfield and Miloshevich 1993;

Heymsfield et al. 2005; Phillips et al. 2007). Consider an

air parcel that rises above the 2408C level and then re-

turns to its original position. Since all of the supercooled

droplets freeze because of homogeneous nucleation at

temperatures lower than 2408C, the IE factor becomes

very large through prior homogeneous freezing. This ice

crystal enhancement works efficiently right below the

2408C level. Phillips et al. (2007), using a cloud model

with a double-moment bulk microphysics scheme, found

that homogeneous freezing contributes significantly to

ice crystal concentrations, although the mechanism is

not fully represented in the present simulations.

3) ICE CRYSTAL MULTIPLICATION

Ice crystal multiplication can contribute to the IE

factor greatly; this has already been modeled by Chisnell

FIG. 6. Twenty-day mean vertical profiles of IWC from the

ARM-SGP observations (thick solid line) and the three simulations

using the low (A00L; dotted–dashed line), moderate (A00M; dashed

line), and high ice crystal concentrations (A00H; thin solid line).
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and Latham (1976), Ovtchinnikov et al. (2000), Phillips

et al. (2001, 2002, 2005), and others. Of all the known

multiplication mechanisms, rime splintering is most ef-

ficient, although it requires a strict set of conditions

(Hallett and Mossop 1974; Mossop 1985a). If an air

parcel undergoes these conditions again and again via

moist eddies, the ice crystal multiplication factor (or its

resulting IE factor) can reach 103 (Blyth and Latham

1997). Phillips et al. (2007) analyzed cloud simulations

and showed that this form of ice crystal multiplication is

important in the lower part of the mixed-phase region.

All of the preceding processes contribute to the IE

factor and its vertical profile via convective downdrafts

or moist eddies. Thus, their effects depend on the oc-

currence of convective downdrafts. Fine cloud dynami-

cal structure (e.g., convective downdrafts, mixing) has

been explored from aircraft observations (e.g., Malkus

and Scorer 1955; Warner 1970; Paluch 1979; Blyth et al.

1988; Damiani et al. 2006). Updrafts usually take the

form of entraining and detraining thermals, and the

mixing between a thermal and its surrounding air takes

place as a series of discrete events rather than continu-

ously (e.g., Austin et al. 1985; Damiani et al. 2006). Since

the mixed thermals eventually move to the level of zero

buoyancy (Raymond and Blyth 1986; Taylor and Baker

1991; Emanuel 1994), mixing dominates the fine dy-

namical structure in clouds and therefore affects ice

crystal multiplication.

Convective updrafts and downdrafts determine the

maximum vertical displacement of air parcels. Since the

drafts vary in frequency from one geographic region to

another, they can bring about a geographic variation in

the IE factor. Aircraft observations show that there are

a great many downdrafts in the tropics but not in middle

latitudes (e.g., Warner 1970; Heymsfield et al. 1978; Wei

et al. 1998; Igau et al. 1999). Also, undilute (or concen-

trated) updraft cores have not been found in the tropics

but are common in severe storms in middle latitudes

(Zipser 2003). Aircraft observations also show that ice

crystal concentrations are quite small in updrafts cores but

large along the edges and in downdrafts (e.g., Damiani

et al. 2006). All of the observations are consistent with the

concept that frequent downdrafts in the tropics contribute

a great deal to the high ice crystal concentrations or large

IE factor there.

5. Conclusions and discussion

Since both the IN concentration and IE factor strongly

impact upper-tropospheric ice water content (e.g., Phillips

et al. 2007; Zeng et al. 2008, 2009b), they are both im-

portant in quantifying the effect of IN variability on global

warming (Zeng et al. 2009a; DeMott et al. 2010). Because

of the sparse cloud sampling by aircraft, no ensemble in-

formation on the IE factor is currently available. In this

paper, long-term cloud simulations are compared with

field observations to infer a meridional variation in the IE

factor, which is summarized as follows:

d Long-term CRM simulations are compared with TWP-

ICE, KWAJEX, and ARM-SGP cloud observations. It

is found that the IE factor (e.g., at a temperature of

2108C) in the tropics is approximately 103 times larger

than that in middle latitudes.
d The significant decrease in the IE factor with increasing

latitude makes physical sense. Fine cloud dynamic struc-

ture (e.g., convective downdrafts) can affect the IE factor

greatly via homogeneous/heterogeneous ice nucleation

and ice crystal multiplication. Since the fine dynamic

structure varies significantly from one geographic region

to another, the frequent downdrafts or strong vertical

mixing in the tropics bring about the large IE factor there

in combination with processes that apparently create

copious numbers of ice crystals at temperatures as warm

as 2208C.
d Consider CRMs with a horizontal resolution of approx-

imately 1 km. Since they do not simulate moist eddies

explicitly, they should parameterize the effect of moist

eddies on ice crystal concentration. In the present study,

CRM simulations with different assigned crystal concen-

trations are compared with observations to infer (or

diagnose) in situ crystal concentrations. It is found that

the ice crystal concentration or IE factor varies signifi-

cantly with latitude. In other words, the prediction or

representation of ice crystal concentration in a CRM

should be coupled with the subgrid turbulence parame-

terization, which is usually overlooked in current CRMs.
d After the IE factor is introduced into the Rutledge–

Hobbs scheme, the scheme can be used to model clouds

not only in middle latitudes but also in the tropics and

can therefore provide a prototype version for future

global CRM simulations.

In this study, radar and satellite observations and

CRM simulations are used to indirectly estimate the IE

factor. Further studies are needed to quantify the dif-

ference in the IE factor between middle latitudes and

the tropics because many factors have not been quan-

tified in the present study, such as IN concentration and

its variation with temperature, relative humidity, and

aerosol properties (e.g., DeMott et al. 2003). Besides,

high-resolution cloud simulations are also needed to

address why convective downdrafts are more frequent in

the tropics than in middle latitudes.
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