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ABSTRACT

A new bulk microphysical parameterization (BMP) scheme is presented that includes a diagnosed riming

intensity and its impact on ice characteristics. As a result, the new scheme represents a continuous spectrum

from pristine ice particles to heavily rimed particles and graupel using one prognostic variable [precipitating

ice (PI)] rather than two separate variables (snow and graupel). In contrast to most existing parameterization

schemes that use fixed empirical relationships to describe ice particles, general formulations are proposed to

consider the influences of riming intensity and temperature on the projected area, mass, and fall velocity of

PI particles. The proposed formulations are able to cover the variations of empirical coefficients found in

previous observational studies. The new scheme also reduces the number of parameterized microphysical

processes by ;50% as compared to conventional six-category BMPs and thus it is more computationally

efficient.

The new scheme (called SBU-YLIN) has been implemented in the Weather Research and Forecasting

(WRF) model and compared with three other schemes for two events during the Improvement of Micro-

physical Parameterization through Observational Verification Experiment (IMPROVE-2) over the central

Oregon Cascades. The new scheme produces surface precipitation forecasts comparable to more complicated

BMPs. The new scheme reduces the snow amounts aloft as compared to other WRF schemes and compares

better with observations, especially for an event with moderate riming aloft. Sensitivity tests suggest both

reduced snow depositional growth rate and more efficient fallout due to the contribution of riming to the

reduction of ice water content aloft in the new scheme, with a larger impact from the partially rimed snow and

fallout.

1. Introduction

Ice particles have different properties and growth

characteristics based on the ambient conditions (Korolev

et al. 2000). Under different temperature and supersatu-

ration conditions, ice particles grow into different habits

and complex structures as summarized in Pruppacher

and Klett (1997). These habits impact the ice particle’s

cross-sectional area, mass, and fall speed. In addition, be-

cause of the relatively small number of ice nuclei avail-

able and slow ice growth compared to the condensational

growth (Pruppacher and Klett 1997), supercooled water

exists at heights above the freezing level. In mixed phase

clouds, riming also changes and modifies the ice particle

properties.

The representation of ice particle properties is impor-

tant, since it has wide applications ranging from the re-

trieval of ice water content using remote sensing (Mace

et al. 2006; Heymsfield et al. 2008a) and in situ measure-

ments (Heymsfield et al. 2002) to its parameterization in

numerical models (Lin et al. 1983; Rutledge and Hobbs

1983; Thompson et al. 2004, 2008; among others). Many

empirical formulas, such as power laws, have been derived

to describe irregular shape ice particle properties, such

as relating the projected area, mass, and fall velocity to

the maximum dimension (e.g., Locatelli and Hobbs 1974;

Mitchell et al. 1990; Heymsfield 2003; among others).

However, the change in coefficients for the power laws with

different environmental conditions has not been noted until

recently (Barthazy and Schefold 2006; Baker and Lawson

2006; Heymsfield et al. 2007). A generalized description of
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ice particle properties is needed in numerical models to

represent more of the conditions associated with ice clouds.

There are a wide variety of bulk microphysical pa-

rameterizations (BMPs) available in version 3.1 of

the Weather Research and Forecasting (WRF) model

(Skamarock et al. 2005), ranging from the simple Kessler

BMP to the newer Thompson (Thompson et al. 2008)

and double-moment (Morrison et al. 2009) schemes. One

key property in a BMP is the treatment of snow and

graupel. Because of the large difference in fall velocity

between snow and graupel (or hail), the residence time

and fallout of precipitation depends highly on the parti-

tioning of mass between snow and graupel (Colle et al.

2005; Lin and Colle 2009). Snow and graupel (and hail) are

often treated as separate categories in traditional BMPs

(Rutledge and Hobbs 1983; Lin et al. 1983). Most BMPs

treat snow and graupel by assuming spherical particles

with constant density and use an abrupt transition from

snow to graupel, thus neglecting partially rimed particles

(Lin et al. 1983; Rutledge and Hobbs 1983; Reisner et al.

1998; Hong et al. 2004; among others). However, in

reality, ice particles have different habits, while riming

modifies these characteristics.

Both ice habit and riming should be considered in

BMPs in order to better represent ice-related processes.

In general, there have been two approaches to include

habits in BMPs. One is to increase the numbers of prog-

nosed variables to simulate the different habits explic-

itly (Meyers et al. 1997; Kong and Yau 1997; Straka and

Mansell 2005), while another approach is to estimate the

preferred habit at each grid point based on the local

conditions in the cloud (Meyers et al. 1997), which can be

tracked by partitioning the snow category into different

habit types (Woods et al. 2007). To consider partially

rimed particles, Dudhia et al. (2008) proposed using the

snow and graupel mass-weighted fall velocity for the

sedimentation of snow and graupel in a six-category BMP

in WRF (Hong and Lim 2006).

By separately predicting the ice mixing ratios acquired

from ice deposition versus riming, the riming contri-

bution to the mass and fall speed of snow can be calcu-

lated (Stoelinga et al. 2007). Using a similar approach,

Morrison and Grabowski (2008) considered the variation

of particle properties with particle size and rimed mass

fraction. The approach is novel and has some advantages

over conventional BMPs; however, it is limited to use

a fixed mass–diameter relation for nonspherical particles.

Particle size–dependent mass–dimension and projected

area–dimension relationships also make the integration

over the whole size spectrum complicated and the tran-

sition between different sizes unsmooth.

Snow overprediction aloft has been noted in sev-

eral studies from the Improvement of Microphysical

Parameterization through Observational Verification Ex-

periment (IMPROVE-2) over the central Oregon Cas-

cades (Garvert et al. 2005b; Colle et al. 2005; Milbrandt

et al. 2008; Lin and Colle 2009; Milbrandt et al. 2010).

Sensitivity tests from some of these studies have sug-

gested that small changes to existing BMPs may not help

snow overprediction because of the inherent limitations

of some BMPs, such as fixed snow characteristics (mass

and fall speed relationships) and an abrupt transition

from snow to graupel. Recent work by Milbrandt et al.

(2010) showed that a single-moment version of the mul-

timoment scheme of Milbrandt and Yau (2005) reduced

the snow aloft compared with the two-moment version

for the 13–14 December IMPROVE-2 event (Garvert

et al. 2005a,b; Colle et al. 2005). They also emphasize the

importance of snow depositional growth parameteriza-

tion on the simulated snow aloft and surface precipi-

tation. To overcome these limitations in many BMPs, the

current paper proposes a more flexible and general ap-

proach that considers both the temperature and riming

impact on ice particle properties. With the introduction

of a diagnosed riming intensity parameter in the BMP,

a continuous spectrum from pristine ice to heavily rimed

snow and graupel can be represented.

The new BMP is described in detail in section 2

along with some observational and theoretical justifica-

tions. The new scheme is tested in WRF model for two

IMPROVE-2 cases in section 3. Section 4 gives a sum-

mary and conclusions.

2. Description of the new microphysical
parameterization

a. Prognostic variables

The new State University of New York at Stony Brook

BMP scheme (hereafter referred to as SBU-YLIN, but

labeled as SUNY in all the figures) was developed using

the Purdue–Lin scheme (Lin et al. 1983; Chen and Sun

2002) as a starting point, which includes the supersatu-

ration adjustment from Tao et al. (1989). The SBU-YLIN

scheme includes five prognostic mixing ratios: water va-

por, cloud ice, precipitating ice (PI), cloud liquid water,

and rain. Dry snow, rimed snow, and graupel are included

in the PI category through the introduction of a varying

riming intensity parameter. Since snow and graupel share

the same category in this new scheme, they also share

the same processes (deposition/sublimation and colli-

sion with other hydrometeors). As compared with other

six-category single-moment schemes (Fig. 1), such as the

Purdue–Lin (Chen and Sun 2002) and WRF single-moment

microphysics (WSM6; Hong and Lim 2006) schemes, the

new scheme reduces the number of microphysical pro-

cesses from ;40 to less than 20 and computational time
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by ;5% and ;20%, respectively. The source, sink, and

conversion terms that are different from conventional

BMPs are described in the appendix.

b. Precipitating ice

The new approach in the SBU-YLIN scheme is mainly

in the treatment of precipitating ice particles, which have

a variety of riming intensities. Both shape and riming can

change the particle properties. Because of the irregular

shapes involved, the geometry of ice particles is often

described by introducing a maximum diameter or di-

mension D. Power laws have been widely used to describe

the mass–diameter (M-D), area–diameter (A-D), and fall

velocity–diameter (V-D) relationships for ice particles:

M 5 a
m

Db
m , (1)

A 5 a
a
Db

a , (2)

V 5 a
y
Db

y , (3)

where a and b are empirical coefficients, which are

constants in many BMPs (Lin et al. 1983; Rutledge and

Hobbs 1983; Ferrier 1994; Tao and Simpson 1993;

Schultz 1995; Reisner et al. 1998; Hong et al. 2004;

Thompson et al. 2004, 2008; Morrison et al. 2005; among

others). Heymsfield et al. (2007) collected aircraft ob-

servations from a wide range of temperatures (between

2608 and 08C) within ice clouds at middle and low lati-

tudes and derived a linear dependence on temperature

for the coefficients (am and bm) in the M-D relationship

in Eq. (1) [see Table 1 in Heymsfield et al. (2007)]. This

linear dependence is an oversimplification of ice particle

habit considering the complex dependence of habits on

both temperature and supersaturation (Pruppacher and

Klett 1997), but it does serve as a useful starting point

to generalize temperature impacts on ice characteristics.

Using data collected in wave clouds over the Colorado

Front Range, Baker and Lawson (2006) reported the

A-D relationships for three crystal types (rosette, irreg-

ular, and column; see their Table 4). These approaches

were used in the SBU-YLIN scheme to help mimic some

of the impacts of different snow characteristics in the

M-D and A-D relationships without needing to parti-

tion the snow category in a BMP into different habits.

Riming depends on several factors, such as liquid wa-

ter content (LWC), ice water content (IWC), ice habit,

temperature, and vertical motion. Riming also depends

on ice particle size and droplet size [e.g., riming effi-

ciency is near zero for small (,30–100 microns) ice crys-

tals]. Relatively few observations (Mosimann et al. 1994;

Mosimann 1995) have been reported to describe the de-

gree of riming. For modeling studies, rimed mass fraction

has been used instead of the more subjective riming de-

gree used in observational studies. Mosimann et al. (1994)

proposed a relationship [their Eq. (16)] between the de-

gree of riming and the rimed mass fraction for all crystal

types, which shows a near-linear relation for the rimed

mass fraction in the range of [0.2, 0.8]. We refer the rimed

mass fraction as riming intensity (Ri) later in the paper.

Although the dependence of cloud phase on tempera-

ture has been noted (Korolev et al. 2003), few studies

have tried to parameterize Ri based on environmental

conditions. Lin et al. (2011) proposed that Ri can be ap-

proximated by the ratio between riming growth rate and

the sum of riming and ice depositional growth rate, as-

suming steady state and saturation with respect to water

as riming occurs [their Eq. (4)]:

Ri 5
P

rim

P
rim

1 P
dep

5
1

11
F(T)

LWC(IWC)0.17

’
1

11
6 3 10�5

LWC(IWC)0.17

. (4)

Lin et al. (2011) showed that this parameterization

provides a reasonable estimate of riming intensity when

compared with independent estimates using Doppler

velocities from a vertically pointing millimeter cloud

radar (MMCR) over Oklahoma during the Department

of Energy Atmospheric Radiation Measurement (ARM)

program (Stokes and Schwartz 1994). This definition

automatically bounds the Ri from 0 (pristine ice parti-

cles) to 1 (graupel). The value of Ri is only computed

when both LWC and IWC are larger than a threshold of

0.01 g m23; otherwise, Ri is set to zero. More field ob-

servations will be utilized in the future to refine the Ri

parameterization. Since rimed particles do not typically

decrease their riming intensity as they fall through the

cloud (i.e., riming is primarily a one-way process), Ri in

each grid column in the model does not decrease down-

ward from its maximum value in the column. This pre-

vents the situation of Ri approaching zero as rimed

particles fall out of the cloud. As a property of ice parti-

cles, riming intensity should follow the ice particle growth

history and trajectory. Future work will compare Ri as

in Morrison and Grabowski (2008) and Stoelinga et al.

(2007), in which Ri is predicted at each point by sepa-

rately predicting the ice mixing ratios acquired through

water vapor deposition and through riming. Overall, a

simple diagnosed Ri in this paper still provides a useful

first step to explore its impacts.

Now we propose a general framework to represent the

impact of riming and temperature on ice crystal prop-

erties (mass, projected area, and fall speed). In the M-D
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relationship above [Eq. (1)], am can be considered as

an effective density and bm as a fractal dimension (Liu

1995). The roundness of particles generally increases

with riming and bm approaches 3 for a spherical parti-

cle. Mosimann et al. [1994, their Eq. (3)] found that the

rimed mass is dependent on a fitted constant raised to

a power determined by riming degree. Since the M-D in

Eq. (1) also has mass raised to some power bm, we as-

sume Ri is linearly related with bm in this new scheme

(note the near-linear relation between riming degree

and rimed mass fraction stated before). Ice particle fall

velocity generally increases with degree of riming (e.g.,

Locatelli and Hobbs 1974; Barthazy and Schefold 2006).

Equation (11) indicates am should be proportional to a

higher order of Ri to ensure the dependence of ay on Ri.

We found that am proportional to Ri2 gives a good match

with the empirical M-D relations (e.g., Fig. 3a). In ad-

dition, a stronger dependence of am on Ri than bm is

also consistent with the strong dependence of ice par-

ticle density on riming in some observational studies

(e.g., Mitchell et al. 1990). However, we acknowledge

that this square dependence needs to be better quantified

and refined in future work. More observations are needed

to better quantify the proposed functional forms and co-

efficients in the future. More specifically, the first two

terms in Eqs. (5) and (6) are from Heymsfield et al.

(2007) and reflect the particle property changes as a func-

tion of ambient temperature in 8C, while the last term

reflects the riming effect:

a
m

5 c
0

1 c
1
T 1 c

2
Ri2, (5)

b
m

5 C
0

1 C
1
T 1 C

2
Ri. (6)

We utilize the temperature-dependent A-D relation-

ship derived by Baker and Lawson (2006) and include

the effect of Ri to get

a
a

5 d
0

1 d
1
T 1 d

2
Ri, (7)

b
a

5 D
0

1 D
1
T 1 D

2
Ri. (8)

To our knowledge, there is no observational analysis

of how riming impacts ice crystal projected area. For

simplicity, we start with a simple linear dependence of

aa and ba on riming intensity.

With the M-D and A-D relationships known, we fol-

low the Best number X and Reynolds number Re ap-

proach to derive the V-D relationship (Mitchell 1996).

This approach does not need an explicit drag coefficient

and the fall speed is relatively independent of the par-

ticle habit after accounting for the dependence on the

mass–projected area ratio (Mitchell 1996),

Re 5 aXb 5
DV

n
, (9)

X 5
2gmD2

r
a
n2A

, (10)

where g is the gravitational acceleration constant, ra is

the air density, and n is the kinematic viscosity of the air.

Both a 5 1.08 and b 5 0.499 are from Mitchell (1996).

Incorporating Eqs. (9) and (10) and using the M-D and

A-D relationships defined in Eqs. (5)–(8), one obtains

a
y
5 an

2ga
m

r
a
n2a

a

� �b

, (11)

b
y
5 b(b

m
� b

a
1 2)� 1. (12)

We need to determine the parameters c2, C2, d2, and

D2. First, C2 and D2 are determined to bound bm and ba

by 3 and 2, respectively, by assuming Ri 5 1 for spherical

particles. Second, previous studies (e.g., Hanesch 1999)

suggest that the equivalent density of heavily rimed ice

particles and graupel is around 200–300 kg m23 and does

not depend on particle size. From Eq. (1), equivalent

density re is

r
e
5

6

p
a

m
Db

m
�3. (13)

If we apply an equivalent density of 300 kg m23 and

bm of 3, we get c2 ; 0.15. Finally, we determine d2 from

Eq. (11) after applying the fall speed relationship for

graupel (V 5 1.1D0.57, M 5 0.044D2.9) as in Locatelli and

Hobbs (1974). Because of the relatively weak depen-

dence of these coefficients on temperature (cf. Table 1),

we use a representative temperature of 2108C and Ri of

0.85 [graupel in Locatelli and Hobbs (1974) is generally

heavily rimed particles] in the derivation of d2. Note that

in the derivation of d2 we have to ensure ay, am, and bm

in a reasonable range simultaneously as compared to

observations. These empirical constants in Eqs. (5)–(8)

are shown in Table 1 to give the power-law coefficients

in cgs units.

TABLE 1. Parameters (showing power-law coefficients in cgs

units) used in the A-D and M-D relationships for the SBU-YLIN

scheme.

Name Value Name Value

c0 0.004 C0 1.85

c1 6 3 1025 C1 0.003

c2 0.15 C2 1.25

d0 1.28 D0 1.50

d1 20.012 D1 0.0075

d2 20.6 D2 0.50
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Figures 2a and 2b show the derived coefficients in the

A-D and M-D relationships as Ri is varied from 0 to 1

and how they compare with those already in the litera-

ture (Locatelli and Hobbs 1974; Mitchell et al. 1990;

Mitchell 1996; Barthazy and Schefold 2006). Note that

Ri was not explicitly observed in these cited studies, so

it was derived from the reported qualitative ‘‘riming

status’’ according to Table 1 in Mosimann et al. (1994)

and then converted to riming intensity using Eq. (16)

in Mosimann et al. (1994). These formulations describe

qualitatively well the observed increase of these coef-

ficients with riming intensity. Spherical assumption (circle

in Fig. 2a) is used widely in most BMPs to calculate the

particle projected area. It gives larger aa and ba than those

empirically derived (crosses in Fig. 2a), especially for

lightly and moderately rimed particles. Since aa and ba

are smaller than those for a spherical particle in other

BMPs (circle in Fig. 2a), ice particles in the new scheme

generally have smaller projected area than that of a

spherical particle. For the ice mass (Fig. 2b), the spher-

ical assumption with a density of 400 kg m23 (upper

circle in Fig. 2b), which is used widely for graupel in

many BMPs (Reisner et al. 1998; Hong et al. 2004; Chen

and Sun 2002; Thompson et al. 2004; among others),

occurs within the upper bound of various densely rimed

snow and graupel observations. Meanwhile, the spheri-

cal assumption with a density of 100 kg m23 (lower circle

in Fig. 2b), which is used widely for snow in BMPs (Lin

et al. 1983; Reisner et al. 1998; Hong et al. 2004; Chen and

Sun 2002; Thompson et al. 2004; among others), also

overestimates the density of most ice particles, espe-

cially for lightly and moderately rimed particles. In ad-

dition, smaller empirical coefficients (double circle in

Fig. 2b) from Brown and Francis (1995) also cannot

represent the wide range of habits and riming intensity

observed. With the temperature- and Ri-dependent co-

efficients, the scheme covers the wide range of these co-

efficients with both am and bm increasing with Ri, and it

has graupel properties as Ri approaches 1. Note that the

observed am and bm do not show a consistent increase

with Ri due to the various types of rimed particles and

graupel observed (Fig. 2b). Temperature and riming in-

tensity dependent am and bm in the scheme cannot fully

capture the observed wide range of variation of rimed

particles and graupel properties.

Figure 2c shows the variation of derived ay and by

with temperature and Ri, which matches relatively

well the empirical parameters derived from observa-

tions (Locatelli and Hobbs 1974; Mitchell et al. 1990;

Mitchell 1996; Barthazy and Schefold 2006), with an

increase of both ay and by with Ri. It also indicates that

quite different fall speed formulations are used for

graupel (circles) and snow (double circles) in BMPs. In

contrast to the large impact of Ri on fall speed param-

eters ay and by, the temperature impact on these pa-

rameters is relatively small (Fig. 2d). Recently, Barthazy

and Schefold (2006) investigated the fall velocity of

graupel and snowflakes of differing riming intensity and

different crystal types using observations of particle size,

shape, and fall velocity during two winter seasons in the

Swiss Alps. They found that the fall velocity of snow

depends on both the riming intensity and their crystal

type composition. This supports the temperature and

Ri-dependent fall speed formulation proposed in this

paper. Both ay and by in the V-D relationship in their

study (their Table 3) increase with the riming intensity,

with by ranging from 0.2 to 0.4. The ay and by derived

in our new BMP scheme also increase with riming in-

tensity (Fig. 2c) and generally range from 0.2 to 0.5 for

partially rimed particles. Using snow crystal habit types

and the degree of riming measured during two winters

FIG. 1. (a) Microphysical flowchart showing the processes for the

SBU-YLIN scheme. The circles represent the various water species

(water vapor, cloud water, cloud ice, precipitating ice, and rain),

and the arrows are the processes that link the various species (see

the appendix for the description of some processes) and Colle and

Zeng (2004) for the others. (b) As in (a), but for the Purdue–Lin

scheme.
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over the Washington Cascade Mountains, Stoelinga et al.

(2008) found a similar variation of fall velocity with de-

gree of riming. However, more observations and theo-

retical studies are needed to better quantify the Ri effect

on ice particle properties.

To illustrate the relative impact of Ri and tempera-

ture on M-D and V-D, Fig. 3 shows the empirical M-D

and V-D for different BMPs and ice habits and those

predicted in the new scheme. Both mass and velocity of

PI in the new scheme increase with Ri and cover a wide

range encompassed by those M-D and V-D relationships

used in conventional BMPs (Figs. 3a,b). For example,

the M-D in the new scheme approaches Thompson

et al. (2008) (whose scheme is hereafter referred to as

THOM2) for a Ri of ;0.1 and matches Thompson et al.’s

(2004) (this scheme is hereafter referred to THOM1)

M-D as Ri increases to ;0.3. When Ri approaches 1, the

new scheme has an M-D relation close to the graupel

M-D value used in THOM1. There is some temperature

impact on the M-D and V-D relationships (Figs. 3c,d),

but the variations are smaller than the different ice

habits in the literature (Woods et al. 2007). For example,

FIG. 2. (a) Coefficients for the area–diameter (A-D) relationship in the new scheme for a range of temperatures

(2508 to 08C) and Ri (each line represents the change with temperature for each Ri). The black circle is for spherical

particle. Gray crosses (with increasing sizes for increasing riming intensity and u for unknown riming intensity) in the

figure are the empirical coefficients derived from observations in Locatelli and Hobbs (1974), Mitchell et al. (1990),

Mitchell (1996), and Barthazy and Schefold (2006). (b) As in (a), but for the mass–diameter (M-D) relationship. Two

black circles represent spherical particles with constant density (400 and 100 kg m23 for graupel and snow, respec-

tively) as used in many BMPs. The double black circle represents the Brown and Francis (1995) relationship. (c) As in

(a), but for the velocity–diameter (V-D) relationship. The four black circles represent V-D relationships for graupel

used in various WRF BMPs. The two black double circles represent V-D relationships of snow in WRF BMPs. (d) As

in (c), but each line shows the variation with Ri instead of temperature.

1018 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



an observed dendritic ice particle falls relatively slowly

(;0.5 m s21), while a cold-type snow crystal falls much

faster (;1.5 m s21). Thus, most of the changes and po-

tential benefit of this new scheme will be from the Ri

impacts. Future work is needed to better include habit

impacts on ice particle properties within the scheme.

Ice particle capacitance directly impacts its deposi-

tion and sublimation growth and is a function of the size

and shape of the ice particle (Rogers and Yau 1989).

Westbrook et al. (2008) showed that the capacitance of

snow aggregates (bm ; 2) was only half that of a sphere.

Since bm linearly increases to 3 as Ri increases from

0 to 1, for simplicity we assume (where Cs 5 0.25 for dry

snow and maximum C is 0.5 for spherical particles;

Rogers and Yau 1989)

C
s
5 0.25(1 1 Ri). (14)

Following the fact that the exponential distribution gives

reasonable estimates of ice water content (Heymsfield

et al. 2008b), the conventional exponential size distri-

bution with a temperature-dependent intercept (Houze

et al. 1979) is used for PI in the new scheme. Both the

M-D relationship and intercept parameter in the expo-

nential distribution determine the mass-mean diameter,

which is important in all the PI-related microphysical

process parameterizations. Woods et al. (2008) com-

piled and analyzed aircraft measurements between

2368 and 08C over the Oregon coast and Cascades from

the IMPROVE project, which include IWC, LWC,

temperature, and the intercept and slope parameters

by line fitting of measured particle size distribution

with a cutoff size of 25 microns. Using observed LWC,

IWC, and temperatures, the M-D relationships are first

computed using the SBU-YLIN approach. Then the

inverse of slope parameter (equivalent to the mass-

mean diameter multiplied by a bm-dependent constant) is

derived from the observed IWC and the M-D relation

using

FIG. 3. (a) The M-D relationships for various riming intensities (Ri) at 2108C (black lines). The gray lines are the

M-D relationships used in conventional BMPs. (b) As in (a), but showing the V-D relationships for various riming

intensities with gray lines representing the V-D relationships used in conventional BMPs. (c) The M-D relation-

ships for various temperatures and a zero Ri. Gray lines are the M-D relationships for different ice habits as

summarized in Woods et al. (2007). (d) As in (c), but for the V-D relationships.
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l�1 5
IWC

a
m

N
0
G(b

m
1 1)

� �1/(b
m
11)

, (15)

where IWC includes small ice particles. Figure 4 shows

the observed and predicted inverse of the slope param-

eters. Observed particle sizes generally increase with

increasing temperature from 2308 to 2108C as a result

of depositional and aggregation growth. Particle sizes

decrease as temperature further increases to 08C. This

may be due to the riming and secondary ice generation

(Hallett and Mossop 1974) or the shattering of dendrites

on the instrument probes (Vidaurre and Hallett 2009).

The SBU-YLIN approach depicts well the three domi-

nant ice growth regimes (depositional, aggregation, and

riming growth) under different temperatures as observed

by aircraft when using the observed intercept (Fig. 4a).

In contrast, when the temperature-dependent intercept

is used (Houze et al. 1979), particle sizes are too large

at temperatures warmer than 2108C and increase with

increasing temperature without a transition near 2108C

(Fig. 4b). This implies that both realistic M-D relation-

ships and intercept parameterization are required to rep-

resent realistic ice particle sizes. Future work is needed to

better quantify the intercept parameter, such as those

used in Thompson et al. (2008) and Boudala and Isaac

(2006).

In reality, ice depositional and riming growth can

occur concurrently. As cloud liquid droplets accrete

to the ice surface and freeze, latent heat is released

and the surface temperature of ice particles increases.

As a result, the supersaturation over the ice particle

surface is reduced and so is the depositional growth

(Kong and Yau 1997). The error neglecting the riming

FIG. 4. (a) Observed temperatures (8C) vs the inverse of the slope parameter for snow (cm) from the Convair

aircraft measurements (black circles) and that derived from the SBU-YLIN scheme (gray crosses) using the M-D

relationship derived from the observed LWC, IWC, and temperature. See text for more details. (b) As in (a), but

using the temperature-dependent snow intercept (Houze et al. 1979).
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effect on the depositional growth may be nontrivial.

Milbrandt et al. (2010) showed that adding the latent

heat effect in the snow depositional growth reduced

the snow amount at lower levels where accretion is

appreciable. The new scheme adds the riming growth

effect on the PI depositional growth parameteriza-

tion [Eq. (A3) in the appendix]. Other parameteriza-

tions related to PI use the new A-D, M-D, and V-D

relations.

c. Other modifications

In addition to the new PI parameterizations described

above, other modifications in the scheme are briefly

presented here. This new scheme uses a generalized

gamma distribution to describe the size distribution of

cloud water droplets (Liu and Daum 2004):

N
c
5 N

0c
Dme�lD, (16)

where N0c is the intercept, m is the shape parameter, and

l is the slope. The total number concentration of cloud

droplets generally depends on the ambient aerosol dis-

tribution and properties. In the new scheme, the most

representative numbers is used for maritime (100 cm23)

and continental air mass (250 cm23) when aerosol infor-

mation is not available. Future work will add the aerosol

activation and its interaction with cloud microphysics.

The collision and coalescence of cloud droplets to form

raindrops has been described as a simple autoconversion

FIG. 5. (a) The 12-h (2000 UTC 4 Dec–0800 UTC 5 Dec) precipitation (mm) from IMPROVE-2 IOP6 for the

SBU-YLIN scheme and terrain height (shaded in km). The 12-h precipitation difference (mm) between SBU-YLIN

and the (b) THOM1, (c) THOM2, and (d) HUGH schemes. Solid contours (every 5 mm) show where the pre-

cipitation is less than SBU-YLIN, while dashed–dotted contours (every 5 mm) indicate where the precipitation is

more than SBU-YLIN. The solid line box in (c) shows the region used for the east–west average of microphysics,

precipitation, and the water budget in Table 2, while the dashed line box in (c) shows the region to compute the

mean vertical profiles of IWC and LWC. UW and SJ respectively denote the location of the University of

Washington sounding and the microwave radiometer at Santium Junction.
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process by utilizing the cloud liquid water content (Kessler

1969). More physically based autoconversion parameter-

izations (Berry 1968; Berry and Reinhardt 1974; Walko

et al. 1995) have been implemented into some new BMPs

(Thompson et al. 2004; Thompson et al. 2008; Hong et al.

2004), which consider the cloud droplet number concen-

tration and the spectral shape of the cloud droplet size

distribution besides the liquid water content. Liu and

Daum (2004) compared various existing autoconversion

parameterizations and derived a new Kessler-type pa-

rameterization that suggests a strong dependence of the

autoconversion rate on liquid water content, droplet

concentration, and relative dispersion (defined as the ratio

of the standard deviation to the mean radius of the cloud

droplet size distribution). Li et al. (2008) showed that the

Liu and Daum formula gave reasonable results for a con-

vective event compared with other autoconversion pa-

rameterizations. More specifically, we use Eq. (6) from

Liu and Daum (2004) with a critical radius of 10 microns

and a number concentration of 100 cm23 in the fol-

lowing preliminary tests. See the appendix for more de-

tails. Rain and its related parameterizations are similar

to Lin et al. (1983).

The division between cloud ice and PI in the BMP is

not as physically based as the division between cloud

droplets and rain, which grow by condensation and by

collision and coalescence, respectively. Based on aircraft

observations, Heymsfield et al. (2007) found that the

spherical assumption is good for ice particles with di-

ameters smaller than 90 microns. For these small ice

particles, a constant ice density (910 kg m23) is consid-

ered a reasonable approximation given previous studies

(Pruppacher and Klett 1997). It is known that small ice

crystals under a threshold size (100 microns for plates

and about 50 microns for columnar crystals) are unable

to collect cloud droplets (Pruppacher and Klett 1997).

Thus, a maximum size of 100 microns is applied for cloud

ice to snow conversion in the scheme. To simplify the

description of ice in BMPs, a monodisperse distribution

is widely used (Hong et al. 2004; Thompson et al. 2004),

which is also applied here. We also adopted the ice fall

speed proposed by Heymsfield and Donner (1990) as

used in Hong et al. (2004) for cloud ice.

3. IMPROVE-2 comparison

The IMPROVE-2 project in December 2001 collected

a comprehensive set of measurements from a variety of

remote and in situ instruments over the central Oregon

Cascades (Stoelinga et al. 2003). The wealth of observa-

tions provides an unprecedented opportunity to rigor-

ously test various BMP schemes (Garvert et al. 2005a,b;

Colle et al. 2005; Lin and Colle 2009; Milbrandt et al.

2008, 2010). For example, Lin and Colle (2009) found

large sensitivity of surface precipitation and microphysics

aloft simulated by different BMPs in the WRF model for

an orographic precipitation event during IMPROVE-2.

The new SBU-YLIN scheme was implemented in WRF

and tested for two well-documented IMPROVE-2 cases

[4–5 and 13–14 December 2001, hereafter referred to as

intensive observing periods 6 and 9 (IOP6 and IOP9)].

Large liquid water content for IOP9 favored more riming

growth and more rapid precipitation fallout. Significant

snow overprediction aloft has been documented for these

events using different BMPs (Garvert et al. 2005b; Colle

et al. 2005; Milbrandt et al. 2008; Lin and Colle 2009).

It should be noted that the derived parameters in sec-

tion 2 were not modified using the data from these two

FIG. 6. (a) Simulated WRF precipitation (mm, using the right

y axis) meridionally averaged across the solid boxed region in

Fig. 5c from 2000 UTC 4 Dec to 0800 UTC 5 Dec 2001. The average

terrain profile (km) is also indicated using the left y axis. (b) The

percent of observed precipitation (right y axis on plot) at the pre-

cipitation gauge sites is shown for the boxed area for the four

BMPs. See Colle et al. (2008) for gauge locations and Lin and Colle

(2009) for more details about the percent of observed precipitation

profile. The circles are the observed 12-h precipitation (cm) at

precipitation gauges using the left y axis. The thick dashed line

denotes 100% of the observed precipitation.
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IMPROVE-2 cases, so IMPROVE-2 serves as an inde-

pendent comparison dataset for the scheme.

a. Experimental setup

The WRF setup and configuration for IOP6 (4–5

December) is identical to Lin and Colle (2009), except

that the new SBU-YLIN microphysics scheme is used.

For the 13–14 December 2001 case (IOP9), the WRF

configuration follows Hahn and Mass (2009). WRF ver-

sion 2.2 is used for both IOPs, with 1.33-, 4-, and 12-km

domains with 32 vertical levels nested within an outer

36-km domain that extends from the central Pacific to

the intermountain western U.S. Global Forecast Sys-

tem (GFS) analyses every 12 h were used for the lat-

eral boundary conditions for the full 36-h simulation

and the initialization at 1200 UTC 4 December 2001

for IOP6 and 0000 UTC 13 December 2001 for IOP9.

Four-dimensional data assimilation (FDDA or analysis

nudging; Stauffer and Seaman 1990) was used during the

first 24 h in the 36- and 12-km domains, and then it was

turned off gradually during the subsequent 6-h period.

The physics used for IOP9 include the modified Kain–

Fritsch scheme (Kain and Fritsch 1993; Kain 2004) in

the 36- and 12-km domains and the medium-range fore-

cast (MRF) planetary boundary layer (PBL) scheme (Hong

and Pan 1996). The SBU-YLIN scheme was compared

with three other BMPs available in the WRF, which

include an older version of Thompson (i.e., THOM1;

Thompson et al. 2004), new Thompson (THOM2;

Thompson et al. 2008), and a six-category double-moment

scheme wherein both the number concentration and

mixing ratio are predicted as described in Morrison et al.

(2005, 2009), which is hereafter called HUGH). We used

the updated version of THOM2 and HUGH as released

FIG. 7. A west–east cross section across the solid line box in Fig. 5c showing north–south averaged LWC (shaded every 0.1 g m23), IWC

(the sum of snow, graupel, and ice; black solid, every 0.1 g m23), graupel (black dotted, every 0.1 g m23), and rain (black dashed, every

0.1 g m23) for the (a) SBU-YLIN, (b) THOM1, (c) THOM2, and (d) HUGH schemes. The simulated fields were temporally averaged

from 2300 UTC 3 Dec to 0200 UTC 5 Dec 2001 (forecast hours 11–14) using the 15-min model output. The boxed numbers are the NOAA

P-3 measured IWC (black) and LWC (white) during the same period for each north–south flight leg within the box.
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in WRF version 3.1. This helps compare our new scheme

with more sophisticated and recently updated schemes

in WRF. The Purdue–Lin scheme and WSM6 are not

compared because of their dominance by graupel aloft

for IOP6 (Lin and Colle 2009). All simulations used the

positive definite advective (PDA) scheme for the mois-

ture and hydrometeor advection (Skamarock 2006). The

following analysis will present results from the 1.33-km

WRF domain.

As highlighted in Colle et al. (2008), the IOP6 event

featured a landfalling baroclinic trough over the Pacific

Northwest with a relatively low freezing level (;1 km MSL)

and embedded convective cells. A detailed description

of kinematic and precipitation evolution of the event as

well as the WRF model accuracy is presented in Colle

et al. (2008) and Lin and Colle (2009). Because of the

relatively weak cross-barrier flow (10–15 m s21) at crest

level and low freezing level in IOP6, there is little su-

percooled cloud liquid water, and the riming growth is

relatively small. In contrast, IOP9 featured the passage

of an intense baroclinic zone with heavy precipitation,

strong (25–30 m s21) cross-barrier flow, and a relatively

high freezing level (;2 km MSL) (Garvert et al. 2005a).

Since previous modeling studies of IOP9, such as Garvert

et al. (2005b) and Colle et al. (2005), used the fifth-

generation Pennsylvania State University–National Cen-

ter for Atmospheric Research (NCAR) Mesoscale Model

FIG. 8. (a) IWC (black) and LWC (gray) profiles for IOP6

averaged over the Cascades windward slopes and crest (dashed

line box in Fig. 5c) using 15-min model outputs from a 3-h period

(2300 UTC 4 Dec–0200 UTC 5 Dec) for the four schemes. The

freezing level is also indicated. (b) As in (a), but for the mean

profiles from a 3-h period (2300 UTC 13 Dec–0200 UTC 14 Dec)

for IOP9. The thin lines are IWC (black) and LWC (gray) for the

FIXVD (solid) and FIXSC (dashed) runs, respectively.

FIG. 9. Vertically integrated liquid water depth (LWD, mm)

from the microwave radiometer at Santium Junction (SJ on Fig. 5c)

and the four microphysical simulations (THOM1, THOM2, HUGH,

and SBU-YLIN) from 1200 UTC 4 to 1200 UTC 5 Dec 2001.

FIG. 10. A west–east cross section showing north–south averaged

riming intensity for IOP6 during a 3-h period (2300 UTC 4 Dec–

0200 UTC 5 Dec 2001) over the box in Fig. 5c. The black numbers

are the Ri estimates from the P-3 measurements (see text for details).
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(MM5; Grell et al. 1994), some evaluation of the am-

bient conditions in the 1.33-km WRF is presented be-

low for this event.

b. 4–5 December 2001 (IOP6)

The kinematic and thermodynamic evolution for the

4–5 December 2001 event was well simulated using

WRF (Lin and Colle 2009). The model winds are a few

meters per second weaker than observed (;15 m s21

near crest level), and the simulated potential tempera-

ture profile was within 1–2 K of observed (not shown).

The general pattern of the 12-h (2000 UTC 4 December–

0800 UTC 5 December, or forecast hours 8–20) precipi-

tation distribution in the SBU-YLIN scheme is similar

to the other BMPs, with heavy (2–5 cm) precipitation

over the Oregon Coastal Range and Cascades, 0.5–1.5 cm

in the Willamette Valley, and an obvious rain shadow in

the lee of the Cascades (Fig. 5a). The SBU-YLIN scheme

produces 0.5–1.0 cm (10%–20%) more precipitation over

parts of the Coastal Range than other three schemes,

especially over the southern part of the Coastal Range.

There is also 0.5–1.0 cm more precipitation over some

windward ridges and crest of the Cascades in the SBU-

YLIN scheme as compared to the other schemes. The new

scheme slightly reduces the precipitation spillover over

the Cascade crest, with ;0.2 cm less precipitation in the

immediate lee than in THOM1 (Fig. 5b). The precipi-

tation difference between SBU-YLIN and THOM2 is

rather small over the Cascades (Fig. 5c). SBU-YLIN pre-

dicts ;20% more precipitation over the Coastal Range

and 10%–20% less precipitation over the windward Cas-

cades than the HUGH scheme (Fig. 5d). Figure 6a shows

an east–west profile of north–south averaged precipita-

tion within a box (see Fig. 5c for location) for the four

BMP simulations over the Oregon Coastal Range and

Cascades from IOP6 (2000 UTC 4 December–0800 UTC

5 December 2001). Most of the schemes produce similar

precipitation amounts over these barriers (within ;10%),

while the THOM1 scheme has 10%–20% less precipi-

tation over the Cascades and upstream Willamette Valley

than the other schemes. Overall, the new scheme produces

FIG. 11. (a) Vertical profiles of the observed and simulated wind speeds (m s21) from the four WRF BMP simulations at the UW site at

2100 UTC 13 Dec 2001. (b) As in (a), but for potential temperature (K). (c) As in (a), but for water vapor mixing ratio in (g kg21). (d)–(f)

As in (a)–(c), respectively, but at 0000 UTC 14 Dec 2001.
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precipitation amounts comparable to many other WRF

schemes for this case.

The surface gauge precipitation and the model per-

cent of observed precipitation are illustrated using the

stations averaged meridionally within the box and plotted

from west to east (Fig. 6b). Compared with ;30% un-

derprediction by other schemes over the Coastal Range,

the SBU-YLIN scheme predicts precipitation within

20% of the observed from the Coastal Range to the

windward slopes and crest of the Cascades. There is

dramatic overprediction in the immediate lee for all

schemes, which is slightly less for THOM2. The over-

prediction in the lee has some uncertainty, since there

were only two rain gauges and the possibility existed of

gauge undercatchment of frozen precipitation. Overall,

the mean absolute error (MAE) is similar (;0.5 cm)

among the schemes.

A west–east cross section of hydrometeors meridi-

onally averaged over the black box in Fig. 5c was con-

structed for the four WRF BMP schemes (Fig. 7).

Observed IWC and LWC are from the averaged in situ

measurements of north–south National Oceanic and

Atmospheric Administration (NOAA) P-3 flight tracks

within this same box (Lin and Colle 2009). IWC re-

trieved from P-3 measurements during IOP6 has a 20%–

40% uncertainty depending on altitude (Lin and Colle

2009). The SBU-YLIN and THOM1 predict larger

(;0.1 g m23) LWC over the Cascades than do the

THOM2 and HUGH schemes, with the SBU-YLIN and

THOM1 comparing better (within 20%) with the P-3

observations. The IWC structures among the schemes

are similar over the Coastal Range and Cascades, with

0.05–0.25 g m23 overprediction in all schemes over the

Cascades. The HUGH scheme predicts ;0.1 g m23 more

IWC than the other three BMPs, while SBU-YLIN pro-

duces 0.2–0.3 g m23 (30%–50%) less IWC than THOM2

and HUGH over the Cascades at 1.5–3.5 km MSL and

thus compares better with the P-3 measurements.

Another view of the IWC and LWC for the various

BMPs is shown in Fig. 8a, which shows the mean vertical

profiles of IWC and LWC over the Cascade windward

slopes (dashed line box in Fig. 5c). Maximum IWC is

near 1.6 km MSL (approximately 248C) for HUGH,

THOM1, and THOM2, with ;0.58 g m23 for HUGH

and 0.43 g m23 for THOM1 and THOM2. SBU-YLIN

has a smaller maximum IWC (;0.35 g m23) in a layer

FIG. 12. (a) The 18-h (1400 UTC 13 Dec–0800 UTC 14 Dec; IOP9) precipitation for the SBU-YLIN scheme

(contoured every 20 mm); terrain height (km) is shaded for reference. The 18-h precipitation difference (mm)

between SBU-YLIN and the (b) THOM1, (c) THOM2, and (d) HUGH schemes. The solid contours illustrate areas

where the precipitation is less than SBU-YLIN, while dashed–dotted contours indicate areas with more pre-

cipitation than SBU-YLIN.
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between 1.5 and 2.5 km MSL. SBU-YLIN and THOM1

have 2–3 times larger LWC than HUGH and THOM2

below 3 km MSL. Above 3.5 km MSL, where there is

little LWC, the various schemes predict more similar

IWC, thus emphasizing that most of the differences are

in lower mixed phase regions of the cloud.

Liquid water depth (LWD) measured by the radiome-

ter at Santium Junction (labeled SJ in Fig. 5c) at 1.1 MSL

provides another check of the cloud water prediction

(Fig. 9). LWD gradually increases from 0.2 to 0.5 mm

from 0000 to 0700 UTC 5 December before the passage

of a midlevel trough. LWD decreases to 0.18 mm with

the passage of surface trough at 0900 UTC 5 December

and rebounds to ;0.4 mm with the postfrontal convec-

tion. Consistent with Fig. 8a, SBU-YLIN and THOM1

predict larger LWD than HUGH and THOM2, with

THOM1 and SBU-YLIN LWD predictions slightly less

and greater than the observations after 0000 UTC 5

December, respectively. Compared with radiometer

observations, HUGH and THOM2 significantly under-

predict the LWD by ;70%. LWC underprediction in

THOM2 and HUGH over the Cascades limits the rim-

ing growth and thus there is negligible graupel aloft

(Figs. 7c,d).

In situ measurements from aircraft also provide an

estimate of graupel (including partially rimed crystals)

mass and total IWC (Woods et al. 2005). This gives a

useful estimate of Ri from observations, which is the

ratio of the graupel and total IWC estimates from air-

craft (Woods et al. 2005). However, this observed Ri is

uncertain and quantitative comparison with model re-

sults should be taken with caution. Figure 10 shows the

west–east cross section of meridionally averaged Ri

from the SBU-YLIN run overlaid with the Ri estimated

from the P-3. The SBU-YLIN run predicts maximum

Ri up to 0.2 over the Coastal Range and ;0.3 over the

windward slopes and crest of the Cascades (Fig. 10).

These values are generally within 0.1 of Ri estimated

from aircraft. In contrast, the THOM2 and HUGH

schemes had very little graupel (riming) aloft (,5% of

IWC), while THOM1 had ;20% of the IWC as graupel

over the Cascades windward slopes. Overall, these results

suggest that the Ri parameterization and new PI approach

in the SBU-YLIN scheme realistically capture the riming

variability. The IWC differences are relatively small be-

tween the schemes for this IOP, since riming was rela-

tively light; thus, the 13–14 December event was also

verified, since it had more riming.

c. 13–14 December 2001 (IOP9)

Garvert et al. (2005a,b, 2007) extensively evaluated

the MM5 simulations for the 13–14 December event

(IOP9) in terms of the large-scale forcing, kinematic,

thermodynamic, and precipitation evolution. The WRF

simulations in our study used the same initial and

boundary conditions as the MM5 and similar physics

packages, but the model upstream temperature, mois-

ture, and winds were still verified before evaluating the

precipitation and microphysics aloft. Figure 11 shows

the observed and model wind speed, potential tem-

perature, and moisture at 2100 and 0000 UTC 13 and

14 December at UW (see UW in Fig. 5c). Before the

period of heavy precipitation, cross-barrier flow up to

35 m s21 at 1–2 km MSL, temperature, and moisture up-

stream of the Cascades are well simulated (Figs. 11a–c).

However, during the stratiform precipitation period at

0000 UTC 14 December (Fig. 11d), the simulated cross-

barrier flow between 2 and 4 km MSL is ;8 m s21 too

weak, as noted in previous studies (Garvert et al. 2007;

Milbrandt et al. 2008). Simulated profiles are slightly too

warm and moist from the surface up to 4 km MSL at this

time as well (Figs. 11e,f). The wind and moisture profiles

at UW for the various BMP schemes are close (within

;5%), thus allowing a fair comparison of precipitation

and microphysics.

FIG. 13. As in Fig. 6, but for 1400 UTC 13 Dec–0800 UTC 14 Dec

2001 (IOP9).
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Like the other BMPs for IOP9, the SBU-YLIN scheme

produced two precipitation maxima of 6–8 cm over the

Coastal Range and windward slopes of the Oregon

Cascades for the 18-h period 1400 UTC 13 December–

0800 UTC 14 December 2001 (Fig. 12a). The SBU-YLIN

has ;1 cm (15%) more precipitation over the Coastal

Range, located farther east of the Cascades, than THOM2

(Fig. 12c). THOM1 predicts 1–2 cm (15%–30%) less

precipitation than SBU-YLIN over the Coastal Range

and windward slopes of Cascades (Fig. 12b). Meanwhile,

the HUGH scheme produces 2–3 cm more precipitation

than the SBU-YLIN scheme over the lee of Cascades,

while its precipitation over the windward Cascades is 1–

2 cm less than the SBU-YLIN run (Fig. 12d).

Figure 13 shows a west–east profile of north–south av-

eraged precipitation for the four BMP simulations over

the Oregon Coastal Range and Cascades from 1400 UTC

13 December to 0800 UTC 14 December 2001. The pre-

cipitation profiles for the various schemes are similar,

with relatively heavy precipitation over the Coastal Range

and windward slopes of Cascades, and a rain shadow

in the Cascades’ lee (Fig. 13a). The total precipitation

amounts within the box (in Fig. 5c) for the four schemes

are within 15%, with SBU-YLIN and HUGH predicting

FIG. 14. As in Fig. 7, but for 2300 UTC 13 Dec–0200 UTC 14 Dec 2001 (forecast hours 23–26) of IOP9. The boxed numbers are the Convair

measured IWC (white) and NOAA P-3 measured IWC (white) and LWC (black) during the same period.

FIG. 15. As in Fig. 9, but for 1200 UTC 13 Dec–1200 UTC 14 Dec

2001 of IOP9.

1028 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



larger precipitation than THOM2 and THOM1. Most of

the difference is over the Cascades, with THOM2 pre-

dicting ;20% more precipitation than THOM1. The peak

precipitation over the Cascades shifts ;10 km to the east

in the HUGH compared with other BMPs.

Figure 13b shows the observed and simulated surface

precipitation meridionally averaged and plotted from

west to east for the box in Fig. 5c and the model percent

of observed precipitation. The precipitation is within

30% of the observed from the Coastal Range to the

windward Cascades for the various schemes. However,

HUGH gives a larger overprediction than other schemes

over the lee of Cascades. Similar to IOP6, all schemes

overpredict precipitation in the lee of Cascades, although

the overprediction magnitude is smaller than IOP6. Over-

all, all schemes have similar MAE (;1.2 cm) except

HUGH (;1.6 cm) for the precipitation gauges in the

model domain.

During IOP9, THOM1, THOM2, and HUGH predict

IWC up to 1.2 g m23 over windward slopes and crest

of the Cascades at 2.5–3.0 km MSL (Fig. 14). In con-

trast, SBU-YLIN predicts IWC up to 0.7 g m23 and

compares better with the IWC observed by the Convair

(0.27 g m23) and P-3 (0.40 g m23) aircrafts. The Purdue–

Lin scheme and WSM6 predict ;0.4 and 0.7 g m23

of graupel instead (not shown), which is not supported

by the aircraft measurements. Consistent with IOP6,

HUGH predicts the maximum IWC (;1.15 gm23) and

THOM1 and THOM2 predict similar maximum IWC

(;0.95 gm23) near 3 km MSL (Fig. 8b), whereas maxi-

mum IWC predicted by SBU-YLIN is ;0.6 gm23 over a

layer from 3 to 5 km MSL over the windward Cascades.

Similar to IOP6, LWC is largest for SBU-YLIN and

smallest for THOM2 (Fig. 8b). LWC extends to 5 km

MSL in the SBU-YLIN, with maximum values up to

0.4 g m23, while THOM2 and HUGH predict generally

less than 0.2 g m23 LWC near the freezing level over

the Cascades (Fig. 8b). Compared with aircraft obser-

vations, SBU-YLIN slightly overpredicts LWC, while

HUGH and THOM2 underpredict LWC. THOM1 pre-

dicts up to 0.3 g m23 graupel over the Cascades, while

THOM2 produces little graupel (Fig. 14). The rain dis-

tribution is similar among four schemes (Fig. 14). Over-

all, SBU-YLIN reduces the IWC overprediction aloft, as

noted in other BMPs for this IOP (Garvert et al. 2005b;

Milbrandt et al. 2008).

Figure 15 shows the observed and simulated LWD

variations for IOP9. LWD has fairly large values (up to

2.4 mm) from 1300 to 2000 UTC 13 December, while

all the runs underpredict the relatively shallow water

FIG. 16. As in Fig. 10, but for IOP9 during a 3-h period (2300 UTC

13 Dec–0200 UTC 14 Dec 2001).

FIG. 17. Parameterized snow depositional growth rates at 2158C

from THOM1 (dashed line), THOM2 (dashed–dotted line), and

SBU-YLIN [solid lines using LWC of 0.1 (thin) and 0.5 (thick)

times of IWC, respectively]. Note that black (gray) solid lines

denote the snow depositional growth rate including (excluding)

the riming-induced latent heat release.

TABLE 2. Description of sensitivity experiments. Each experiment

is identical to the control simulation except as described here.

Expt name Description and note

FIXRI Fixed Ri (0.2) gives smaller M-D and V-D

relation than THOM1 (cf. Fig. 3)

FIXVD Same V-D as in THOM1 to emphasize

the importance of fallout

FIXMD Same M-D as in THOM1, M-D impact

slope parameter and thus all snow processes

FIXSC Fixed snow capacitance (0.5) to increase

the snow depositional growth
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clouds with little ice aloft (not shown). The LWD in-

creases again to 1.5 mm as the surface front passes

at ;0200 UTC 14 December and then drops down to

0.25 mm after frontal passage (Fig. 15). All simulations

predict some of the observed LWD variations, but the

magnitude is smaller than observed except for SBU-

YLIN from 2000 to 0300 UTC. The simulated Ri is up

to 0.3 and 0.4 over the Coastal Range and Cascades,

respectively (Fig. 16). The model Ri drops quickly to 0

over the lee of Cascades. Compared with P-3 estimates,

the SBU-YLIN 3-h mean Ri is somewhat smaller. How-

ever, considering the large variation of LWC modeled

and thus the large fluctuations of Ri, the model values are

within a reasonable range.

d. Discussion

The SBU-YLIN scheme reduces the IWC aloft and

has a larger LWC compared with THOM2 and HUGH.

The discussion aims to answer why the new scheme re-

duces the IWC aloft. Snow depositional growth and fall-

out are the dominant source and sink terms for the IWC

aloft in IOP9 (Colle et al. 2005). Figure 17 shows the snow

depositional growth rates in THOM1, THOM2, and SBU-

YLIN at 2158C assuming saturation with respect to

water. Although both THOM1 and SBU-YLIN use the

same temperature-dependent intercept, snow deposi-

tional growth rate in SBU-YLIN [Eq. (A3)] is ;1–2

times smaller than in THOM1 because of the reduced

capacitance given Eq. (14) (THOM1 uses a fixed value

of 0.5) and Ri-dependent M-D and V-D relationships

(Fig. 3). Inclusion of latent heat release from riming in

Eq. (A3) further reduces the snow deposition rate in

SBU-YLIN (Fig. 17). As LWC and Ri increase, snow

depositional growth rate in SBU-YLIN decreases and

becomes ;2–3 times smaller than in THOM1 for most

IWC (Fig. 17). Although THOM2 has a smaller snow

FIG. 18. As in Fig. 14, but showing the (a) fixed Ri run, (b) fixed V-D run, (c) fixed M-D run, and (d) fixed snow capacitance run.

See the text and Table 2 for details.

1030 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



depositional rate than SBU-YLIN, the larger IWC aloft

for IOP9 may be due to the underestimated LWC and

riming in THOM2 (Figs. 14c and 15). Future work will

need to investigate why the LWC and riming is less in

THOM2.

To investigate the relative impact of various modifi-

cations in the SBU-YLIN scheme, four sensitivity tests

were conducted to evaluate the relative impact of Ri,

V-D, M-D, and snow capacitance on the IWC aloft, re-

spectively (Table 2). Compared with the control run,

using a fixed V-D relationship as in THOM1 (the FIXVD

scheme) nearly doubles the IWC, with the maximum

IWC shifted to a lower level (;2.8 km MSL), and

FIXVD has the largest IWC among the various experi-

ments and BMPs (Figs. 18b and 19). Using a fixed Ri 5

0.2 yields smaller M-D and V-D relationships than

THOM1 (FIXRI in Table 2). This reduces the IWC by

;20% relative to FIXVD (Figs. 18 and 19), while it in-

creases the IWC relative to the control by 30%–40% at

2–4 km MSL (Fig. 19). FIXRI also reduces LWC by

;30% compared with the control simulation (Figs. 18a

and 19). In contrast, the IWC differences between FIXMD

(same M-D as THOM1 in Fig. 3a; Table 2) and the con-

trol, and between FIXSC (same snow capacitance as

THOM1, 0.5) and the control, are within 15% (Fig. 19).

Compared with the control run, the FIXSC run increases

the IWC by 20%–30% near 4 km MSL and depletes

LWC there because of increased snow depositional

growth (Fig. 18d). Snow depositional growth is inversely

proportional to slope parameter [Eq. (A3)] and this im-

plies that the smaller M-D relationship favors more

snow depositional growth. Compared with FIXMD, the

control simulation has a smaller M-D and thus larger

snow deposition in regions where Ri , 0.3 (cf. Fig. 3),

that is, above ;4 km MSL (Fig. 16). As a result, the

FIXMD run reduces the IWC aloft (Figs. 18c and 19).

Consistent with reduced fall speed of PI in FIXRI and

FIXVD run, more PI is advected downwind and con-

tributes to ;80% and 100% more downstream precipi-

tation than the control run and ;15% and 30% less

precipitation over the windward slopes (Figs. 20a,b). In

contrast, surface precipitation changes only slightly be-

tween the FIXSC, FIXMD, and the control runs (Figs.

20c,d). This implies that fallout as influenced by varia-

tions of Ri has a larger impact on IWC aloft and surface

precipitation than other changes such as snow deposi-

tional growth.

To further explore the large (;50%) IWC reduction

relative to other BMPs using SBU-YLIN for IOP9,

a box water budget following Lin and Colle (2009) was

conducted for a 3-h period (2300 UTC 13 December–

0200 UTC 14 December) over the box shown in Fig. 5c.

The SBU-YLIN scheme has a 2100-s residence time for

hydrometeors aloft, which is smaller than HUGH (2300 s),

THOM2 (2400 s), and THOM1 (2600 s). Consistent with

the relatively short residence time, the SBU-YLIN drying

ratio (surface precipitation divided by incoming water

vapor flux over the box in Fig. 5c) is 5%–10% larger than

the other BMPs (Table 3). The analyses and sensitivity

tests suggest that both reduced depositional growth rel-

ative to the THOM1 scheme and more efficient fallout

in the mixed phase region of the cloud contribute to the

significant reduction of IWC aloft in SBU-YLIN.

4. Summary and conclusions

A new approach for representing the ice microphysics

is presented, which considers both temperature and rim-

ing effects on ice properties. In contrast to traditional

BMPs, the graupel category is included in the precipi-

tating ice category through the introduction of a varying

riming intensity parameter. The new scheme (SBU-YLIN)

allows for physically based representation of the ice par-

ticles with temperature- and riming intensity–dependent

properties, such as the mass, cross-sectional area, and fall

velocity relationships. Riming intensity is diagnosed from

LWC, precipitating ice (PI) mass, and temperature. One

advantage of the new approach is the simplification of the

scheme and the reduction of the computation time. Also,

it is more physically based than many existing schemes,

since it considers partially rimed particles.

Preliminary tests of the new scheme using data from

the IMPROVE-2 project over the central Oregon Cas-

cades suggests that the new approach using riming in-

tensity (Ri) and a continuous snow to graupel category is

promising. For both IMPROVE-2 cases, surface pre-

cipitation and microphysics aloft using the new scheme

FIG. 19. As in Fig. 8, but showing the IWC and LWC profiles

for SBU-YLIN and the four sensitivity runs of IOP9.
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are compared with observations and other BMPs in

WRF. The new scheme predicts surface precipitation

amounts comparable to those of other schemes. The

new scheme reduces the IWC overprediction in the

mixed phase part of the cloud and verifies better with

aircraft in situ measurements, especially for the case

with moderate riming aloft. Sensitivity tests suggest that

reduced snow depositional growth and efficient fallout

associated with the rimed snow (Ri . 0) yield the reduced

snow aloft in the new scheme, with larger impact from

the fallout. The new scheme has reasonable estimates

of riming intensity as compared with aircraft estimates.

The new scheme needs to be further evaluated under

different weather conditions and for large numbers of

cases to have more robust results. Further evaluation of

the new scheme will include some winter snowstorms

over the U.S. Northeast, which will be reported in a fu-

ture paper. Future work will also use more observations

to better quantify Ri and its effect on the ice particle

properties (area, mass, and fall velocity). These rela-

tionships are also important in microphysical retrievals

from radar and satellite measurements. For example, all

IWC retrieval algorithms need A-D and M-D to derive

the IWC from radar reflectivity or satellite-measured

radiance. Finally, the proposed formulation of ice parti-

cle properties is general enough to be easily implemented

for any BMP, including double-moment schemes.

FIG. 20. As in Fig. 12b, but showing the precipitation difference between SBU-YLIN and the (a) fixed Ri run,

(b) fixed V-D run, (c) fixed M-D run, and (d) fixed snow capacitance run.

TABLE 3. Water budget results for a 3-h period (2300 UTC

13 Dec–0200 UTC 14 Dec) for the solid line box in Fig. 5c. The total

surface precipitation within the box is in units of Tkg. The drying

ratio (DR; in percent) is the ratio of the total precipitation within

the solid line box in Fig. 5c and the moisture flux entering this box.

The residence time (RT; in hundred of seconds) is the ratio of the

total hydrometeors aloft and the surface precipitation rate within

the box.

Simulation Precipitation DR (%) RT (100s)

THOM1 241 18.1 26

THOM2 250 18.8 24

HUGH 274 19.9 23

SBU-YLIN 264 20.4 21
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APPENDIX

Description of Deposition and Autoconversion
Parameterization

The parameterization is modified based on Lin et al.

(1983) and Rutledge and Hobbs (1983), with the snow

and graupel being combined and represented by PI us-

ing new A-D, M-D, and V-D relationships. We only

present the parameterizations that are pertinent and

different from other conventional parameterizations in

this appendix. Herein P (kg kg21 s21) represents the

mass transformation rate.

a. Modification of PI depositional growth

PI deposition and sublimation with the consideration

of latent heat release due to concurrent riming growth

can be derived as (Kong and Yau 1997)
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where C is PI capacitance, F is the ventilation factor, Si

is the supersaturation with respect to ice, Ls is the latent

heat of sublimation and Lf is latent heat of fusion, Rw is

the gas constant for water vapor, K is air conductivity,

and g(t, p) is a thermodynamic quantity defined in

Rogers and Yau (1989). Further, F is generally given, for

example, by Thorpe and Mason (1966), as

F 5 0.65 1 0.44S1/3
c (Re)0.5, (A2)

where Sc is the Schmidt number (equal to 0.6), Re is the

Reynolds number defined before, and n is kinematic

viscosity of the air. The rate equation is integrated over

the PI size spectrum assuming exponential distribution

with intercept (N0s) and slope (l), and we get
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b. Autoconversion

Different Kessler-type parameterizations were com-

pared and a new parameterization of autoconversion

of cloud water to rain was derived by Liu and Daum

(2004). The new parameterization is
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where the coefficient k2 ’ 1.9 3 1011 is in cm23 s21, N is

the cloud droplet number concentration, « is the relative

dispersion, and H is the Heaviside function to consider

the threshold process such that the autoconversion rate

is negligibly small when R6 , R6c; also, R3 is the mean

volume radius and R3c is the threshold mean volume

radius (generally set to 10 microns).
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