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ABSTRACT

This work reports on the sensitivity of accumulated precipitation to the microphysical parameterization in
simulations of deep convective storms using a three-dimensional, nonhydrostatic cloud model with a simple
liquid–ice microphysics scheme. Various intercept parameters from an assumed Marshall–Palmer exponential
size distribution are tested along with two particle densities for the hail/graupel (qh) category. These variations
allow testing of unique qh distributions that have been observed and documented in previous literature. Tests
are conducted for a single thermodynamic profile and three idealized wind shear profiles.

The amount of accumulated precipitation at the ground is very sensitive to the way the qh category is
parameterized. Distributions characterized by larger intercepts and/or smaller particle density have a smaller
mass-weighted mean terminal fall velocity and produce smaller qh mixing ratios spread over a larger area. For
example, for a qh category weighted toward graupel, only a fourth as much precipitation accumulates on the
ground over 2 h (and none is hail) compared to a qh category weighted toward large hail (with baseball-sized
stones common).

The inherent uncertainty within the qh distribution for this simple cloud-scale three-class ice microphysics
scheme suggests limited usefulness in the forecasting of ground-accumulated precipitation and damaging hail.

1. Introduction

In order to improve warm-season flood forecasting,
efforts are under way to couple rainfall output from
cloud-scale atmospheric models to hydrological models.
However, before such efforts can bear fruit, the variation
in rainfall due to the uncertainties inherent in the cloud-
scale microphysical parameterizations must be assessed.
Understanding these microphysical sensitivities is one
important problem in the forecasting of precipitation
(Droegemeier et al. 2000). Assessing these sensitivities
is also important before such models can be used to
reliably forecast damaging hail events.

Explicit cloud-scale forecast models routinely use mi-
crophysics schemes that include the ice phase. For in-
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stance, the Advanced Regional Prediction System
(ARPS; Xue et al. 2001), the Weather Research and
Forecasting model (WRF; Michalakes et al. 2001), and
the Regional Atmospheric Modeling System (RAMS;
Walko et al. 1995) all include simple microphysics pack-
ages that represent between three and five categories of
ice along with the liquid phase. The single-moment
schemes with three ice classes are very similar to that
presented by Lin et al. (1983, hereafter LFO83). LFO83-
like schemes have been used in numerous cloud mod-
eling studies (e.g., LFO83 Fovell and Ogura 1988; Tao
and Simpson 1989, 1993; McCumber et al. 1991; Ferrier
et al. 1995; Liu et al. 1997; Xue et al. 2001).

Previous studies have shown that the characteristics
of the different ice hydrometeors used in cloud-scale
simulations of thunderstorms can greatly influence pre-
cipitation distribution, its fallout (e.g., Cotton et al.
1982; McCumber et al. 1991; Ferrier et al. 1995), and
the resulting downdraft intensity (e.g., Proctor 1988,
1989; Straka and Anderson 1993). For example, larger
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particles such as hail can fall much more quickly than
rain, while snow falls more slowly. Bennetts and Raw-
lins (1981) suggested that higher fall speeds of hail mod-
ulate the precipitation distribution in the low levels, re-
sulting in earlier surface rainfall. Additionally, Fovell
and Ogura (1988) found that melting hail/graupel was
the largest source of rainwater in 2D midlatitude squall-
line simulations. Consistent with these studies, Gilmore
et al. (2004, hereafter GSR2004) found that the inclu-
sion of a fast-falling hail/graupel species resulted in en-
hanced low-level rain production and greater ground-
accumulated rainfall below simulated supercell and mul-
ticell storms.

Thus, hail/graupel may be a particularly important
species that influences the quantity and type of precip-
itation received at the ground in many types of midlat-
itude thunderstorms. Our study focuses on supercell en-
vironments with large instability and wind shear (often
veering). Supercells seem to be associated with the most
damaging hailstorms (e.g., Changnon 2001) and, some-
times, extreme rainfall and flooding (Smith et al. 2001).
We are also interested in hail production within less
organized but apparently more common multicells.

Hail damage is not simply a function of hail size.
While roof destruction increases with hailstone size
(Collins and Howe 1964; Changnon 1977; Marshall et
al. 2002), hailstones of only 6-mm diameter can damage
crops such as corn, wheat, tobacco, and tea, especially
when the cumulative hail mass is large (Changnon 1971,
1977, 1999). Of course, unsheltered livestock and peo-
ple are particularly vulnerable to large hail. Understand-
ing how the parameterized hail/graupel species influ-
ences hailstone size and mass in simulated storms is
important before that output is used as guidance in
storm-scale forecasts.

Therefore, the impact of the uncertainties inherent in
the parameters defining the hail/graupel distribution are
studied first. We later show that there is less ground-
accumulated precipitation sensitivity due to uncertain-
ties in the parameters describing rain and snow distri-
butions.

In section 2 of this paper, we briefly describe the
microphysics scheme and its limitations that form the
basis of this sensitivity study. A complete description
of the microphysics scheme can be found in the peer-
reviewed supplement to GSR2004 (this electronic sup-
plement is available at the Journals Online Web site:
http://dx.doi.org/10.1175/MWR2760.s1). In section 3,
we introduce the numerical cloud model and experi-
mental procedure. The results are reported and briefly
discussed in section 4. Implications for precipitation
forecasting and applicability of the results for other en-
vironments are among the topics discussed in section
5. The paper is concluded in section 6.

2. Microphysics description
The simple liquid–ice microphysics scheme used

herein is referred to as 3-ICE. (In GSR2004 this scheme

was referred to as ‘‘Li.’’) 3-ICE was chosen primarily
because of its similarity to the LFO83-like schemes that
are currently used in storm-scale forecast models such
as ARPS, WRF, and RAMS. The purpose of using a
simple microphysics scheme is to demonstrate some of
its limitations and motivate the use of more sophisti-
cated schemes.

3-ICE predicts a single-moment bulk mixing ratio for
each precipitating class. The smaller particles (cloud ice
and cloud water, hereafter qi and qw, respectively) are
monodisperse. The faster-precipitating particles (rain,
snow, and hail/graupel, hereafter qr, qs, and qh, re-
spectively) are defined by Marshall–Palmer exponential
size distributions (Marshall and Palmer 1948):

21n (D) 5 n exp(2D D ),x ox x nx (1)

where x is r (rain), s (snow), or h (hail), and nx(D)dD
is the number of drops per unit volume (number con-
centration) between diameters D and D 1 dD. The ex-
ponential size distribution assumption appears to pro-
vide a good fit to actual rain and snow distributions (D
. 1 mm) and hail distributions (D . 5 mm) (e.g., Mar-
shall and Palmer 1948; Gunn and Marshall 1958; Prup-
pacher and Klett 1978; Cheng et al. 1985; Braham
1990). Higher-order gamma functions, as used in
RAMS, can be used to provide more realistic distri-
butions at smaller diameters (Walko et al. 1995); how-
ever, the current work follows the exponential form
commonly used in ARPS and WRF. The intercept pa-
rameter, nox, is the value of nx(D) for D 5 0. The mean
size diameter of an exponential distribution, Dnx is equal
to the inverse of the slope parameter. Here Dnx is di-
agnosed1 using

1/4D 5 [rq /(pr n )] ,nx x x ox (2)

where rx is the species particle density (constant), r is
the local air density, and qx is the species mixing ratio
(e.g., Kessler 1969; Smith et al. 1975). Thus, each ex-
ponential particle distribution is a function of rx and no.
For a given qx, if nox or rx are decreased, the distribution
becomes more heavily weighted toward larger-sized par-
ticles.

In actual hailstorms, the internal structure of the rim-
ing hail/graupel (which determines particle density) is
a function of the impact velocity, water drop size, air
temperature, and particle temperature (Macklin 1961;
Macklin and Ryan 1962, 1965; Pflaum and Pruppacher
1979). As reviewed by LFO83, the water density can
vary within a single hailstone or graupel particle. There-
fore, what is reported is usually the net or bulk particle
density for a single stone. Depending upon the individ-
ual growth trajectories (e.g., Miller et al. 1988), there
can be a great diversity of bulk particle density through-
out the storm (Pruppacher and Klett 1978), and this is
reported in Table 1. Also, the noh (intercept for the qh

1 Alternatively, as in RAMS, the Dnx can be set to a constant and
the nox diagnosed.
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TABLE 1. A summary of thunderstorm hail and graupel bulk particle
densities observed in situ or at the ground. The term ‘‘graupel’’ and
‘‘hail,’’ per convention, are used to describe any particle less than or
greater than 5 mm in equivalent spherical diameter, respectively, re-
gardless of bulk particle density or number concentration.

Observed
rh

(kg m23) Species References

700–900
400

50–890

Hail
Hail

Graupel

Pruppacher and Klett (1978)
D. Zrnić (2001, personal

communication)
Pruppacher and Klett (1978)

TABLE 2. A summary of thunderstorm hail and graupel intercept
parameters observed in situ or at the ground. Note that the units dm23

mm21 are equivalent to m24.

Observed
noh

(dm23 mm21) Species References

103–105 Hail Dennis et al. (1971);
Federer and Waldvogel
(1975); Spahn (1976)

102–106

104–108

106–1010

Hail
Hail/graupel

(.1 mm)
Graupel

(,1 mm)

Cheng et al. (1985)
Knight et al. (1982)

Knight et al. (1982)

FIG. 1. Relative frequency of the slope intercept parameter com-
puted from hail and graupel particle distributions observed during
the National Hail Research Experiment. The ‘‘D . 1 mm’’ and ‘‘D
, 1 mm’’ curves refer to relative frequency distributions for different
groups of particles. A hail spectrometer and foil impressions were
used to define the distributions. Variations in slope intercept param-
eter were found within a single storm and between storms. [Adapted
from Knight et al. (1982).]

distribution) can vary widely within and among hail-
storms (Dennis et al. 1971; Federer and Waldvogel
1975; Spahn 1976; Knight et al. 1982; Ziegler et al.
1983; Cheng et al. 1985). These noh observations (not
necessarily from supercells) are summarized in Table 2
and Fig. 1. Hailstorm noh in the literature ranges from
102 to greater than 108 m24 (Table 2).

The consequences of prescribing a constant nox and
rx are the focus of our current investigation. These con-
stants represent a limitation of single-moment bulk mi-
crophysics schemes that predict mixing ratio only (such
as LFO83 and 3-ICE). However, these are not the only
limitations to such schemes.

Two other artifacts may also affect the microphysics
but are not investigated here. One is the mass-weighted
mean terminal fall velocity (hereafter abbreviated as
simply ‘‘fall velocity’’) that is evaluated at each grid
volume. It is applied uniformly to each particle in the
precipitation particle spectrum—forcing the smaller
(larger) particles to fall too quickly (slowly). Further-
more, there are a variety of observational studies to
justify different constants in the fallout equations and
that can affect fallout and accretion rates between spe-
cies (e.g., McFarquhar and Black 2004). Another arti-
fact, which an anonymous reviewer suggested we men-
tion, is that collection efficiencies are often assumed
invariant with particle diameter (e.g., Farley and Orville
1986; Orville and Kopp 1977; LFO83; GSR2004). The
efficiency assumption ignores the strong dependence
upon particle diameter and shape for two interacting
distributions (e.g., Pruppacher and Klett 1978). Partic-
ularly in the case of the efficiencies, there could be a
great deal of microphysical uncertainty, and future work
is needed to understand any resulting precipitation sen-
sitivities.

3. Experimental design

a. Model and domain parameters

The Straka Atmospheric Model [SAM; Johnson et al.
(1993, 1994); Straka and Anderson (1993); Carpenter
et al. (1998)] is the three-dimensional, nonhydrostatic
cloud model used for the simulations. SAM solves the
quasi-anelastic (Chorin 1967; Anderson et al. 1985) Na-

vier–Stokes equations for the following: three-dimen-
sional Cartesian wind components, pressure, potential
temperature, mixing ratios of water vapor (qv), cloud
water (qw), and rain (qr), and subgrid turbulent kinetic
energy (Carpenter et al. 1998). SAM works with a num-
ber of ice microphysics packages including 3-ICE and
a similar LFO83-like package with 10 ice classes (Straka
and Mansell 2004, manuscript submitted to J. Appl. Me-
teor., hereafter SM04). The lateral boundaries of the
model domain are open. The upper and lower bound-
aries are free slip with w 5 0 there. A Rayleigh damper
is applied above 17 km to damp spurious gravity waves
in the stratosphere. A constant vertical grid spacing of
500 m is used. The horizontal grid spacing is 1 km. As
in Weisman and Klemp (1984), the domain is translated
at constant velocity (see Table 1 of GSR2004). This
allowed the storm updrafts to remain within the 90 km
3 90 km 3 20 km domain over the 2 h of simulation.
A larger domain would be required to prevent anvil-
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TABLE 3. Guide to simulation naming convention for the main
experiments. The simulations are named according to the treatment
applied to the hail/graupel category. The treatments are labeled as
Narb, where a is the exponent in the intercept parameter, 4 3 10a

m24, and b is the first digit in particle density, b00 kg m23. Bulk
particle densities for rain (1000 kg m23) and snow (100 kg m23) are
kept constant for the main experiments. Intercept parameters for rain
and snow are also kept constant at 8 3 106 and 3 3 106 m24, re-
spectively, for the main experiments.

Case
name

noh

(m24)
rh

(kg m23) Color key

Warm
rain

N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

N/a
4 3 102

4 3 103

4 3 104

4 3 105

4 3 104

4 3 105

4 3 106

4 3 107

4 3 108

N/a
900
900
900
900
400
400
400
400
400

Black
Brown
Red
Orange
Yellow
Green
Light blue
Dark blue
Violet
Pink

FIG. 2. (a) Number concentration per mm diameter size and (b) mass percentage per mm diameter size for a total
water content of 10 g m23 for rain, snow, and hail/graupel species. The overlaid dot in (b) corresponds to the diameter
of the median mass of the distribution. (c) Mass-weighted mean terminal fall speed vs water content for the three
species at z 5 4.5 km (rair 5 0.76 kg m23). Line styles are given in the key. The faint vertical gray line shows the
5-mm diameter delineation between graupel and hail. The treatments applied to the hail/graupel category are labeled
as Narb, where a is the exponent in the slope intercept parameter, 4 3 10a m24, and b is the first digit in particle
density, b00 kg m23.

level precipitation from leaving the lateral domain
boundaries starting at about t 5 90 min. Model output
was dumped at 3-min intervals for postanalysis.

b. Initial conditions

The model was run with an idealized temperature and
moisture profile described by Weisman and Klemp
(1984, hereafter WK84). This sounding has a CAPE of
2200 J kg21. Three of the idealized half-circle hodo-
graphs from WK84 were tested; these have arc lengths
of Us 5 20, 30, and 50 m s21 (mean wind shear of 4
3 1023, 6 3 1023, and 10 3 1023 s21, respectively)
over the lowest 5 km. Above 5 km, the u and y wind–
wind components are held constant. With this sounding,

the 30 and 50 m s21 profiles are known to support long-
lived supercell storms, while the 20 m s21 wind profile
supports multicells (e.g., WK84; GSR2004).

Storms were initiated with a spheroid-shaped thermal
having maximum perturbation of 18C in its center at 1.4
km AGL (WK84) and varying as the cosine squared to
the 08C perturbation at its edge (Klemp and Wilhelmson
1978). The thermal has a horizontal radius of 10 km
and a vertical radius of 1.4 km (WK84).

c. Microphysics treatments

The following treatments were applied. For the main
experiments, the noh and rh constants for the qh category
were varied one at a time while all other microphysics
parameters were kept constant (such as those describing
the rain and snow distributions) for both Us 5 30 and
50 m s21 shear profiles. Distributions were chosen that
span the range of observed intercept and particle den-
sities discussed in section 2 (Table 3; Figs. 2a and 2b).
The treatments are labeled as Narb, where a is the ex-
ponent in the intercept parameter, 4 3 10a m24, and b
is the first digit in particle density, b00 kg m23. Each
qh distribution intersects the y axis at the value of the
intercept parameter (Fig. 2a). The treatments range from
qh distributions where the mass is weighted heavily to-
ward small graupel to distributions weighted heavily
toward large hail (Fig. 2b). Because of this, the N8r4
and N3r9 cases are hereafter referred to as the ‘‘small
graupel’’ and ‘‘large hail’’ cases, respectively. The N2r9
case (at Us 5 50 m s21) was additionally performed at
the request of an anonymous reviewer to acknowledge
that many of the earlier hailstorm observations (Table
2; Fig. 1) may not have included a supercell with ex-
tremely large hail.

After the Us 5 30 and 50 m s21 cases established
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the precipitation sensitivity, the N3r9 and N8r4 cases
were tested for Us 5 20 m s21 to see whether the results
were valid for groups of multicell storms as well.

Both a smaller particle density and a larger intercept
parameter act to decrease the fall velocity over all ranges
of water content (Fig. 2c). The N8r4 (small graupel)
case, therefore, has the slowest qh fall speeds while the
N2r9 case has the fastest.

4. Results and discussion

It was our intention to investigate the influence of the
microphysics on the entire storm system—not just the
right-moving supercell. Thus, unless otherwise indicat-
ed, all of the storms in the domain are analyzed si-
multaneously when computing the various statistics
shown below. All runs were analyzed using history files
archived at 3-min intervals.

Overview of the differences for the main experiments

It will be shown that when the qh distribution is
weighted toward small graupel, faster qh production re-
sults and is associated with greater latent heating, slight-
ly faster updrafts, and more widespread condensate. Be-
cause of slower fall speeds, qh leaves the storm at a
higher level with smaller qh mass and is slower to pre-
cipitate to ground. Much less rain and no severe hail
reaches ground in those cases.

1) UPDRAFT

Individual updraft maxima (Fig. 3) and the time series
of domain updraft maximum (Fig. 4) are slightly larger
for the small-graupel case than the large-hail case (for
both Us 5 30 and 50 m s21). This is corroborated in
the small-graupel case where the southernmost supercell
updraft (Us 5 50 m s21) is continually larger in cross-
sectional area than the large-hail case after 30 min (Figs.
3g and 31; Table 4). Cross-sectional areas and updraft
maxima for the other cases (shown in Figs. 3 and 4;
Table 4) vary between the large-hail and small-graupel
cases. The cases with qh distributions weighted toward
smaller graupel also tend to have larger total updraft
volumes for all storms integrated over the domain (snap-
shots in Table 5).

Cases supporting stronger updrafts are associated
with greater time-averaged maximum temperature per-
turbations (Figs. 5a and 5b). To understand why the
latent heating is apparently larger in the small-graupel
case (N8r4), hypothetical rates were first plotted for
N3r9 and N8r4 using assumed mixing ratios. All of the
following qh production and loss rates influenced by rh

or noh increased in magnitude between N3r9 and N8r4:
qhaci, qhacr, qhacs, qhacw, qhdpv, qvsbh, and qrmlh
(see rate key in the appendix). A diagnostic plot of these
equations using assumed mixing ratios can be found in
Fig. 6 of Gilmore et al. (2002).

Because such an analysis only gives a guess as to the
expected behavior, actual model mass transfer rates are
evaluated at t 5 30, 60, 90, and 120 min. Two times (t
5 30 and 90 min) are shown in Figs. 6 and 7. One can
see that the fusion and deposition heating associated
with qh growth (qhacw, qhacr, and qhdpv) are indeed
much larger as one moves toward the small-graupel re-
gime (Figs. 6c and 7c). Most important, the domain
heating from the net condensation rate is much larger
toward the small-graupel regime (qwcdv 2 qvevw; Figs.
6d and 7d) and as such could not be predicted from a
simple analysis of the model equation sets. Also, the
changes in heating contributions from fusion and de-
position growth of snow and cloud ice are negligible in
comparison (Figs. 6e, 6f, 7e, and 7f). The rates presented
in Figs. 6 and 7 are visited again in the next section.

One caution should be mentioned regarding Figs. 6
and 7: domain-total rates are a function of both the
amount of mixing ratio available at each grid box as
well as the volumetric coverage. Large volumes of small
rates might have the same domain total as small volumes
of large rates. Thus, the domain-total rates must be in-
terpreted alongside the other evidence presented herein.

2) PRECIPITATION STRUCTURE

The time-averaged horizontally summed qh mass
(Figs. 8a and 8e) and the time-averaged maximum tem-
perature perturbation (Figs. 5a and 5b) are maximized
at a higher altitude as one moves from the large-hail
(N3r9) case to the small-graupel (N8r4) case. Not only
is qh domain-total growth enhanced (Figs. 6 and 7) and
total precipitation volume enhanced (Table 6), but qh is
lofted to higher altitudes as one moves toward the small-
graupel (N8r4) case. Because the terminal fall speed is
reduced, upward qh fluxes within the updraft are en-
hanced (not shown), and qh must spend less time in the
updraft, resulting in smaller maximum values of qh (Ta-
ble 7). The greater upward fluxes result in higher-alti-
tude transport of qh (Figs. 8a and 8e). After leaving the
updraft, the smaller terminal fall speed results in a lon-
ger qh residence time aloft, and qh is more susceptible
to horizontal advection by the environmental winds.
More expansive precipitation volumes (Table 6) result
and explain why the horizontally summed qh values are
larger as one moves from N3r9 to N8r4 (Figs. 8a and
8e) despite the maximum qh values showing the op-
posite trend (Table 7).

For instance, at t 5 90 min and Us 5 50 m s21, the
small-graupel case (N8r4) has the largest volumes of
total precipitation mixing ratio (greater than 0.1 or 2.1
g m23; Table 6). In contrast, only the hail-weighted
regime has large volumes of large total precipitation
(greater than 8.1 or 10.1 g m23; Table 6). These com-
parisons are also valid for Us 5 30 m s21 (not shown)
and t 5 30, 60, and 120 min. The other cases shown
vary between the large-hail (N3r9) and small-graupel
(N8r4) cases. Consistent with this, east–west vertical
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FIG. 4. Maximum updraft in the domain as a function of time for
(a) Us 5 30 m s21 and (b) Us 5 50 m s21. See key for line-style
coding. Arrows show the general direction of change from the large-
hail case (N3r9) to the small-graupel case (N8r4). The warm-rain
(WR) case from GSR2004 is also included for reference, and the
N2r9 case is included for Us 5 50 m s21.

TABLE 4. Cross-sectional (XY) area of the southernmost supercell
main updraft (greater than 5 m s21) at z 5 4.75 km and four simulation
times. The case with the maximum area at a particular time is high-
lighted in boldface type. The warm-rain case is included for reference.

Us 5 50
m s21 case

Updraft area (km2) at

t 5 30
min

t 5 60
min

t 5 90
min

t 5 120
min

Warm rain
N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

44
47
50
50
50
47
50
50
50
50

50
57
60
60
57
57
60
66
66
69

85
69
69
72
69
82
88

107
107
107

98
85
76
66
63
91
98

123
126
139

TABLE 5. Updraft volume greater than 10 m s21 integrated below
the anvil level (z # 9 km) over the domain at four simulation times.
The case with the maximum (minimum) area at a particular time is
highlighted in boldface (underlined) type. The warm-rain case is in-
cluded for reference.

Us 5 50
m s21 case

Domain updraft volume (km3) at

t 5 30
min

t 5 60
min

t 5 90
min

t 5 120
min

Warm rain
N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

148.0
187.5
189.5
192.0
194.5
187.0
185.5
194.5
196.5
196.5

420.0
483.5
497.5
516.0
524.0
513.5
540.5
554.5
558.0
549.5

614.5
787.0
624.5
690.5
694.0
669.5
838.5
867.0
846.5
950.5

915.0
1003.0
1124.5
1291.5
1344.0
1158.0
1207.5
1352.0
1491.5
1694.0

cross sections through the strongest storm updraft at t
5 60, 90, and 120 min reveal a greater portion of qh
within the anvil region marching toward the N8r4 case
(not shown). This is similar to the sensitivity reported
by McCumber et al. (1991).

Total (and maximimum values of ) qs and qi become
more scarce moving from the large-hail (N3r9) to small-
graupel (N8r4) cases (Figs. 8b, 8c, 8f, and 8g; Table
7). This is due primarily to reduced qs and qi production
rates toward small graupel (Figs. 6e, 6f, 7e, and 7f )
rather than increased scavenging by qh. Also note that
the amount of qw decreases (increases) above (below)
z 5 5 km toward the small-graupel case. This is ap-
parently associated with the shifting of qh toward higher
altitudes (Fig. 8).

Total precipitation mass fallout and rain depths in-
tegrated over 2 h are maximized for the N4r9 case (Fig.
9; Table 8).2 This is consistent with the rates that show
a net maximum rain production near N4r9 (Figs. 6a and
7a; also true at t 5 60 and 120 min; not shown). A

2 As explained in GSR2004, the accumulated rainfall and hailfall
estimates were computed by diagnosing the rain and hail precipitation
rates for the lowest model grid level at 3-min intervals and then
assuming constant fluxes for each 3-min period. A Richardson’s ex-
trapolation analysis reveals that this technique underestimates the
total precipitation accumulation by about 4% for the N4r9 case. Once
hail and rain has fallen to the ground, it retains its phase and no
longer interacts with the model.

greater fraction falls as qh for the N3r9 and N2r9 cases
(Table 8), with slightly less total mass reaching the
ground. In contrast, going toward small graupel, less qh
and qr mass accumulates at the ground. In fact, the total
mass fallout is about 4(3) times less for N8r4 compared
to N3r9 for Us 5 50 m s21 (Us 5 30 m s21). The ratio
drops to about 2 times less for a nonsupercell regime
of Us 5 20 m s21. Thus, accumulated precipitation dif-
ferences decrease with decreasing shear.

Additionally, in cases with less precipitation reaching
ground over time, more precipitation remains aloft (Fig.
10) because of the slower fall speed (Fig. 2c). That qh
that does reach the melting level is spread over a larger
area (not shown; similar to Table 6) and with smaller
amounts at each grid box (Table 7), results in smaller
qr amounts after melting (Table 7). Complete melting
occurs at a higher altitude (inferred from Figs. 8a and
8e), and therefore qr has more time to evaporate before
reaching ground marching toward the small-graupel
case.

Moreover, greater crop damage can be inferred from
the N2r9 or N3r9 cases than the N8r4 case because of
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FIG. 5. Time-averaged height profiles of (a) maximum u9 and (c)
minimum u9 for Us 5 30 m s21 for the eight variations in the ice
microphysical parameterization. (b), (d) As in (a), (c), respectively,
but for Us 5 50 m s21 cases (including the additional N2r9 case).
The average was computed using model data sampled every 3 min
from t 5 3 to t 5 120 min. See the key in Fig. 4 for line styles.
Arrows show the general direction of change from the large-hail case
(N3r9) to the small-graupel case (N8r4). The warm-rain case from
GSR2004 is also included for reference.

locally larger accumulated qh mass there (Fig. 9). Al-
though hailstone crop damage also varies according to
crop characteristics and near-ground wind conditions,
accumulated hail mass is a primary factor (Changnon
1971, 1999).

Moreover, property damage is a function of the max-
imum hail sizes produced by a storm (e.g., Changnon
1999). One way to assess the property damage potential
is to convert the continuous size distribution of hail-
stones fallen to the ground for each case into a discrete
size distribution. First, counts of accumulated hail/grau-
pel are determined for 0.01-mm size bins. These counts
are then used to integrate the mass over particular size
ranges. The mass for each range can then be redistrib-
uted into a single representative size to obtain a count.
In our analysis, counts were computed for representative
diameters of the following sizes: graupel (2.5 mm), pea
(6 mm), marble (12.5 mm), quarter (25.5 mm), golf ball
(44 mm), baseball (70 mm), and softball (114 mm). The
total count for each representative size at the location
of maximum qh mass accumulation is shown in Table
9. The largest hailstones fall to the ground in the N2r9

case while three of the cases produce only graupel
(N6r4, N7r4, and N8r4; Table 9).

For the large-hail case (N3r9) at Us 5 50 m s21,
over 4900 golf-ball-sized hailstones (and 45 baseball-
sized stones) per 100 m2 footprint fell to the ground
over 2 h (Table 9) at the maximum qh accumulation
location (3 symbol in Fig. 9a). A 100 m 3 100 m
footprint covers roughly the ground-projected area of a
roof for a small-sized home. Only a single golf-ball-
sized hailstone will cause damage to six of nine types
of common roofing materials over 90% of the time, and
a single baseball-sized stone will damage all common
roofing materials (Marshall et al. 2002). Thus, roof dev-
astation can be inferred for the maximum hailfall lo-
cation in the N2r9 and N3r9 cases. (Also, owing to the
presence of baseball- and softball-sized hailstones,
greater potential injury to livestock and persons can be
inferred for those cases.) In contrast, lesser roof damage
would be expected for N4r9, and little to no roof dam-
age would be expected for all other cases. Because only
graupel reaches the ground for N6r4, N7r4, and N8r4,
no hail-induced roof or crop damage would be expected
there. For the Us 5 30 m s21 cases, roof damage would
still be expected for N3r9, with 39 baseball-sized stones
per 100 m2 (not shown). However, the inferred property
damage for each case would be less because of fewer
hailstones in each category (not shown).

It is important to realize that the greatest hailstone
accumulations are not always associated with the right-
moving supercell. Five of the 12 cases shown in Fig. 9
have the maximum qh accumulations associated with
the less organized multicell convection to the north.
Thus, these results are relevant for the entire storm sys-
tem.

In summary, marching toward N8r4, one finds that
qh is produced faster (Figs. 6c and 7c); however, the
qh water contents produced (at individual grid boxes)
are smaller (Table 7; Figs. 10c and 10d) and are spread
over a larger volume (Table 6). This is due to the smaller
parameterized qh fall velocity (Fig. 2c), which results
in lofting of qh to a higher altitude (Figs. 8a and 8e),
slower downward qh fluxes (not shown), and, conse-
quently, longer residence times aloft. This results in less
ground accumulations of precipitation (Table 8; Figs.
9f, 9l, 10a, and 10b). Furthermore, the amount of hail
damage inferred from each case is directly related to
the choice of how qh is parameterized with devastating
hail damage in N2r9 and no hail damage for N6r4,
N7r4, and N8r4.

3) MIDLEVEL COOLING, DOWNDRAFTS, AND COLD

POOLS

The time-averaged minimum temperature profiles
(Figs. 5c and 5d) reveal that, near the environmental
melting level (between z 5 2.25 and 3.25 km), the tem-
perature is lower and more pronounced for those cases
with larger intercepts (smaller graupel). Also, the cool-
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FIG. 6. Total production and loss rates summed over the domain for each of the Us 5 50 m s21 cases at t 5 30 min for (a) qr, (b) qr
resulting in no mass change, (c) qh, (d) qw, (e) qs, and (f ) qi. The rates are stacked using the order of importance from t 5 90 min (see
Fig. 7) with a rainbow color pallet ranging from the largest bars (red) to smallest bars (violet). Gains (losses) are represented by filled
(unfilled) bars. The net rate is represented by a solid black line. Three-body interactions are indicated in script, and saturation adjustment
processes are indicated in bold. The species experiencing the gain (loss) is represented by the second (last) letter. Additionally, three-body
interactions include an extra letter (third position) in the name for the accreting species when it differs from the gain species. A vertical
line separates the rh 5 900 kg m23 cases from the rh 5 400 kg m23 cases.

ing begins at a higher altitude (Figs. 5c and 5d) for the
smaller-graupel cases that have slower qh terminal fall
velocity (Fig. 2c). However, the minimum temperature
differences between cases are largest near ground. Case
N4r9, which also has the most low-level rainfall, has
the coldest time-averaged minimum temperatures within
the outflow (Figs. 5c and 5d). The minimum time-av-
eraged temperatures at the ground warm both toward
the large-hail and small-graupel regimes. Consistent
with these minimum temperature profiles, the coldest
low-level outflow is associated with the strongest down-
drafts near ground (z 5 500 m; Fig. 11).

However, the time-averaged minimum temperature
profiles cannot show important temporal variations. The
coldest area-averaged (not minimum) low-level outflow
temperature occurs at later times marching toward the
small-graupel regime (bottom of Fig. 3 panels). For ex-
ample, at t 5 30, 60, 90, and 120 min, the coolest
(horizontally averaged) low-level outflow is found in
N3r9, N4r9, N4r9, and N6r4, respectively (Fig. 3; Us
5 50). Similar behavior occurs for Us 5 30 m s21.
Thus, the coldest area-averaged outflow for all simu-
lations occurs later, marching toward smaller graupel.
One wonders whether the N8r4 case might eventually
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FIG. 7. Same as Fig. 6, except for t 5 90 min. The processes in (a)–(f ) have the same colors as in Fig. 6 to ease comparison.

provide the coldest outflow if the simulations continued
past t 5 2 h.

The temperature of the downdraft and cold pool is a
function of both the available qh as well as the qh dis-
tribution characteristics. Assuming the same qh amount,
loss rates must increase as one marches toward the
small-graupel regime (not shown). However, the cases
weighted toward smaller graupel have smaller qh at each
grid point (Table 7) but for larger volumes (Table 6)
and occurring at a higher altitude (Figs. 8a and 8e).
Therefore, domain-total melting, sublimation, and sub-
sequent evaporation rates (Figs. 6 and 7) and associated
cooling are spread over a larger area and begin at a
higher altitude in the small-graupel regime. The qh al-
most completely melts by about z 5 2 km in the graupel-
weighted regime. (Figs. 8a and 8e), and it melts to create

smaller qr amounts per grid box (not shown). Those
smaller qr amounts then evaporate more easily before
reaching the ground. In contrast, cooling is apparently
limited in N2r9 because not enough qh melts (Fig. 7c).
This is due to both the large parameterized fall speeds
(Fig. 2c) and the slower parameterized melting rates
dictated by the large-hail regime.

The accumulated rainfall beneath the simulated
storms was much less sensitive to order-of-magnitude
increases/decreases in the snow intercept and rain in-
tercept (experiments not shown). We agree with an
anonymous reviewer who suggested this is primarily
because order-of-magnitude changes in rain or snow in-
tercept parameters correspond to smaller terminal ve-
locity changes than those for qh. Observed rain and
snow intercept parameters vary by at least two orders
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FIG. 8. Temporally and spatially averaged water content (g m23) as a function of height over the entire domain for the 19 cases in the
study. The following species are shown for Us 5 50 m s21 cases: (a) rain and hail/graupel, (b) snow, (c) cloud water and cloud ice, and
(d) total water. (e)–(h) Same as (a)–(d), except for Us 5 30 m s21 cases. (N2r9 is included only for Us 5 50 m s21.) Dashed lines in (a)–
(c) and (e)–(g) represent the ice phase, while solid lines represent the liquid phase. Temporal averaging was performed upon data output
with 3-min frequency from t 5 3 to 120 min. Spatial averaging was performed horizontally with every point in the 90 km 3 90 km grid.
Arrows in (a)–(d) show the general direction of change from the large-hail case (N3r9) to the small-graupel case (N8r4). The warm-rain
case is also included for reference.

TABLE 6. Domain-total volume (km3) of total precipitation content
at t 5 90. ‘‘Total’’ precipitation content at each grid cell is defined
as the sum of the rain, snow, and hail/graupel contents. The simulation
possessing the largest volume for a particular content is highlighted
in boldface type. The warm-rain case is included for reference.

Us 5 50
m s21 case

Volume (km3) of precipitation
content (g m23) greater than

0.1 2.1 4.1 6.1 8.1 10.1

Warm rain
N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

11 358.0
22 720.0
21 502.0
22 027.5
21 690.0
24 012.5
24 319.0
24 146.5
24 038.5
25 404.0

2865.0
1083.0
1463.5
2209.5
3048.0
3650.5
5017.0
5653.5
5873.5
6424.0

1326.5
551.0
654.0
917.5

1143.0
1033.0
987.0

1094.0
909.0
694.0

249.0
266.0
279.5
300.0
234.0
102.0
22.5
10.0
16.5
6.0

—
115.0
113.0

64.5
3.0

—
—
—
—
—

—
37.0
39.5

9.0
—
—
—
—
—
—

TABLE 7. Maximum value of perturbation water contents anywhere
in the domain over the 2-h simulation. Bold (underlined) text rep-
resents the largest (smallest) values.

Us 5 50
m s21 case

Maximum water content (g m23) of

qv qw qr qi qs qh

Warm rain
N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

3.11
3.09
3.12
3.09
3.08
3.10
3.13
3.14
3.16
3.14

3.36
3.35
3.35
3.39
3.45
3.40
3.44
3.45
3.40
3.37

8.77
9.51

11.47
11.81
10.83

8.80
8.67
7.53
7.02
7.09

N/a
1.44
1.14
0.95
0.69
0.91
0.75
0.57
0.44
0.37

N/a
1.66
1.53
1.04
0.58
0.71
0.42
0.21
0.12
0.06

N/a
12.53
13.44
10.81

9.42
7.70
6.99
6.96
6.19
6.16

of magnitude (e.g., Marécal et al. 1993; Ulbrich 1983;
Houze et al. 1979; Heymsfield et al. 2002a). Future
studies should investigate the interactions that may re-
sult when several intercept parameters for different spe-
cies are varied simultaneously.
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TABLE 8. Accumulated precipitation total (rain plus hail/graupel)
mass and percentage of total mass that is hail/graupel at the surface
for each of the main experiments.

Accumulated mass on ground

Cases

Us 5 30 m s21

Total
(Tg)*

Hail/graupel
(% of total)

Us 5 50 m s21

Total
(Tg)

Hail/graupel
(% of total)

Warm rain
N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

26.01
N/a
34.42
35.17
35.41
29.70
28.43
22.65
16.80
11.13

N/a
N/a

15.77
2.05
0.31
0.38
0.01
0.0002

,0.0001
,0.0001

36.40
52.05
51.46
53.67
52.06
43.81
40.10
31.97
20.60
14.12

N/a
44.51
17.78
2.64
0.17
0.22
0.007
0.0002

,0.0001
,0.0001

* Tg 5 teragrams (trillions of grams).

FIG. 10. Time series of (a), (b) cumulative precipitation mass fallen
and (c), (d) cumulative precipitation mass aloft (Tg) for Us 5 30 and
Us 5 50 m s21 cases, respectively. (N2r9 is included only for Us 5
50 m s21.) See key for the line styles representing each microphysical
parameterization. Arrows show the general direction of change from
the large-hail case (N3r9) to the small-graupel case (N8r4). The
warm-rain case is also included for reference.

TABLE 9. Hail accumulation counts per 100 m2 at the location of maximum hail/graupel mass accumulation for each of the experiments
integrated over the 2 h of simulation for Us 5 50 m s21. Counts of ‘‘,1’’ indicate less than 1 particle per 100 m2 but at least 1 per km2.
Counts of ‘‘—’’ indicate less than 1 particle per 1 km2.

Us 5 50 m s21

cases
Integration range
and representative

diameter (mm)

Count of graupel and hail over a 100 m2 area

0–5
Graupel

(2.5)

5–7
Pea
(6)

7–18
Marble
(12.5)

18–33
Quarter
(25.5)

33–55
Golfball

(44)

55–85
Baseball

(70)

85–143
Softball

(114)

N2r9
N3r9
N4r9
N5r9
N4r4
N5r4
N6r4
N7r4
N8r4

3 989 175
14 175 962
22 497 157

5 293 028
6 350 524

361 283
15 555

254
141

546 548
1 565 448
1 192 610

10 742
261 505

29
—
—
—

1 063 116
1 615 386

261 858
119

36 368
,1

—
—
—

259 931
134 805

1112
,1
38

—
—
—
—

43 381
4904

,1
—
,1

—
—
—
—

3465
45

—
—
—
—
—
—
—

97
,1

—
—
—
—
—
—
—

5. Discussion

The implications that these results have upon cloud-
scale precipitation forecasting and the applicability of
these results for other environments is now discussed.
In addition, we comment on whether these results are
relevant for understanding the differences between low-
and high-precipitation-producing supercells. Differenc-
es between results found herein and found by other re-
searchers are also discussed.

a. Forecast applications

Since the size distribution and density for each species
vary widely among storms and even within a single
storm, one main question arises for the forecaster. Which
size distribution for each species (most importantly, for
the qh species) should be used in a model? Could an

ensemble of solutions prove useful to the precipitation
forecaster?3

We suggest that the value of an ensemble of precip-
itation forecasts, similar to those shown herein, would
be limited. This would hold true even if the ensemble
members demonstrated a high level of skill in fore-
casting the storm type and evolutions. While one ex-
treme (N3r9) might indicate the potential for localized

3 Note that the researcher can ‘‘tune’’ the input parameters to obtain
a model solution that best fits a particular case study. The forecaster
does not have this luxury.
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FIG. 11. Minimum ‘‘surface’’ (z 5 500 m) downdraft in the domain
as a function of time for (a) Us 5 30 m s21 and (b) Us 5 50 m s21.
See the key in Fig. 10 for line-style coding. Arrows show the general
direction of change from the large-hail case (N3r9) to the small-
graupel case (N8r4).

flash flooding and damaging hail, the other extreme
(N8r9) would be innocuous by comparison.

Ferrier et al. (1995) have suggested that one can avoid
the problem of picking an intercept a priori by predicting
number concentration for an ice species in addition to
its mixing ratio. Within the next several years, increas-
ing computer power will allow the double-moment mi-
crophysics schemes of Ferrier (1994), RAMS (Meyers
et al. 1997), and others to be efficient enough to run
operationally on a regional basis. It is hoped that such
schemes with less inherent uncertainty will give im-
proved precipitation forecasts compared to the LFO83-
like schemes. Perhaps single-moment schemes with
more ice species would also give less inherent uncer-
tainty (McCumber et al. 1991; SM04).

b. Implications for high- and low-precipitation
supercells

The reader may wonder whether the large precipi-
tation differences shown herein bear any resemblance
to those observed in supercells that produce either vi-
sually low or high amounts of precipitation. These have
been called low-precipitation (‘‘LP’’) or high-precipi-
tation (‘‘HP’’) supercells (Moller et al. 1994). To a first-
order approximation, LP supercells produce less
ground-accumulated precipitation than HP supercells. In
this sense, we are simulating the general behavior of LP
and HP supercells. Additionally, the present simulation

results suggest that some LP storms could in fact have
very strong updrafts and simply suspend more water
mass in slowly falling ice particles (such graupel or
snow). This would contrast with earlier simulations sug-
gesting that LP supercells may simply have weaker up-
drafts that produce less water mass (Brooks and Wil-
helmson 1992).

However, the microphysical limitations of prescribing
a constant intercept and density limit how well our LP
simulations compare to the observations. For instance,
hail distributions vary in density and intercept (e.g.,
Pruppacher and Klett 1978; Knight et al. 1982) de-
pending upon their location in a hailstorm, and even
nonsupercell thunderstorms vary in snow density and
intercept throughout the anvil region (Heymsfield et al.
2002a,b). Also, observers of LP supercells frequently
report baseball- or larger-sized hailstones and large rain-
drops despite a lack of heavy rain near the updraft (e.g.,
Moller et al. 1994). In contrast, our simulated LP su-
percell with small graupel (N8r4) had no hailfall (Tables
8 and 9) and rain particle size distributions similar to
the HP (N3r9) case owing to the constant rain intercept.
The lack of diversity in the qh and qr distributions is
certainly limiting the extent to which the 3-ICE scheme
or other LFO83-like schemes could hope to reproduce
the observations.

c. Other qh-distribution-varying parameter studies
for isolated storms

McCumber et al. (1991) were first to report on the
influence that changes in the qh distribution could have
on 3D numerical storm simulations. Using an LFO83
scheme they showed that even in a tropical atmosphere,
greater average (and maximum) rainfall rates and less
expansive precipitation areas result with N4r9 qh pa-
rameters than the same LFO83 scheme with N6r4 pa-
rameters for isolated tropical cloud clusters. They at-
tributed this lesser accumulated rainfall primarily to the
slower qh fall speed for N6r4, consistent with the work
herein.

More recently, in agreement with the work herein,
van den Heever and Cotton (2004, hereafter VC04) sin-
gle-moment RAMS supercell simulations show that dis-
tributions weighted toward small graupel are associated
with smaller qh aloft, initially stronger updrafts, and a
smaller amount of qh ground accumulation. (RAMS us-
ers typically prescribe the qh distribution with Dnh in-
stead of noh.) In contrast, however, the VC04 simulations
show that those cases weighted toward the smallest
graupel have cold outflow occurring earlier and are co-
incident with stronger low-level downdrafts than sim-
ulations herein. In their small-graupel case, more qh is
able to reach ground, however. Therefore qh contributes
more to the low-level downdraft and cold pool via melt-
ing and evaporation. This difference in cold pool be-
havior between the RAMS single-moment scheme and
SAM 3-ICE may simply be due to the large differences
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in the respective thermodynamic and wind shear profiles
used. However, other potentially large differences have
been identified between the RAMS single-moment
scheme and the SAM 3-ICE scheme and are under in-
vestigation: the evaporation rate equation, the species
distribution prescription (prescribing Dnh instead of noh),
and the resulting distribution fall speeds.

6. Conclusions

Using a simple liquid-ice microphysics scheme, we
have shown that the amount of ground-accumulated pre-
cipitation produced by a system of simulated midlatitude
multicell and supercell storms varies by a factor of about
3 or 4 (with half-circle hodograph arc lengths of 30 or
50 m s21, respectively) because of variations in the par-
ticle parametric variables describing the hail/graupel
(qh) category. When only multicells are simulated (20
m s21 arc length hodograph), the difference is about a
factor of 2. Some treatments resulted in large and dam-
aging hail (reaching ground) while other treatments re-
sulted in no hail. Model treatments were based upon
varying the qh particle density and intercept parameter
over the ranges reported in the literature for observed
midlatitude hailstorms. Smaller variations in accumu-
lated precipitation and hail size were found for equiv-
alent magnitude changes in the rain and snow intercept
parameters. The large possible variations in the preset
particle parametric variables represent an inherent un-
certainty in the microphysics scheme. This uncertainty
is present in similar single-moment microphysics
schemes that are used within the Weather Research and
Forecasting (WRF) model, Advanced Regional Predic-
tion System (ARPS), and Regional Atmospheric Mod-
eling System (RAMS).

Changes in the intercept parameter for the qh distri-
bution causes changes in the qh fall velocity as well as
many of the microphysical mass growth and loss rate
equations for qh. As one moves toward a graupel regime
(larger intercept and/or smaller particle density for qh,
the qh mass growth rates increase and maximum updraft
speeds increase from greater latent heating. However,
despite greater net qh production rates, the smaller qh
fall velocity results in larger upward qh fluxes and small-
er downward qh fluxes. The smaller downward fluxes

allow qh to be spread over a larger area after leaving
the updraft, and less precipitation reaches ground over
the 2-h integration. Storms in a graupel-weighted regime
also have initially weaker near-surface downdrafts and
initially warmer low-level outflow than in a hail-weight-
ed regime. The coldest time-averaged low-level outflow
are found for the original Lin et al. (1983) qh parameters
with slightly (much) warmer time-averaged outflow
when weighted toward larger hail (smaller graupel). Fu-
ture work is needed to test if these conclusions regarding
precipitation accumulations and latent heating/cooling
still hold for different environments, different types of
storm systems, and longer model integrations.

Because of the large inherent uncertainty in speci-
fying the particle parametric variables and resulting pre-
cipitation uncertainty, we do not advocate the use of
such three-class ice microphysics schemes or any
LFO83-like scheme in cloud-scale precipitation fore-
casting. Understanding these large sensitivities, how-
ever, is an important first step in motivating the study
and use of more sophisticated ice microphysics schemes
that may have less inherent uncertainty [such as those
described in Ferrier (1994), Meyers et al. (1997), and
Straka and Mansell (2004, manuscript submitted to J.
Appl. Meteor.)].
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APPENDIX

List of Microphysical Process Rates

TABLE A1. Alphabetical listing of the microphysical process rates used in the model and corresponding to the legends in Figs. 6 and 7.
The second (last) letter in the name represents the species experiencing the gain (loss). To reduce ambiguity, an extra letter is included in
the name (in the third letter position) to represent the accreting species when it differs from the gain species for three-body interactions.
Most three-body interactions have two separate gain species. Processes associated with no phase change are checked in the last column.

Rate of change
process notation

(kg kg21s21)

Name used
in GSR2004
if different Type of process No phase change

qhaci
qhacr
qhacs
qhacw
qhcns
qhdpv
qhfzr
qhiacr
qhraci
qhracs
qhsacr
qhwtr
qidpv

qiacr
qraci
qracs
qsacr
qhwet

Accretion
Freezing via accretion
Accretion
Freezing via accretion
Aggregation
Deposition
Freezing (Biggs)
Freezing via accretion (qr $ 0.1 g kg21)
Freezing via accretion (qr $ 0.1 g kg21)
Freezing via accretion (qr or qs $ 0.1 g kg21)
Freezing via accretion (qr or qs $ 0.1 g kg21)
Freezing via accretion (during wet growth)
Deposition

u

u

u

qidpv-qvsbi
qifzw
qiint

qracw
qrcnw
qrhaci
qrhacr
qrhacs
qrhacw
qrmlh
qrmls

qrsacw
qsaci
qsacr
qsacw
qscni

qhaci
qhacr
qhacs
qhacw

qsacw

Net deposition
Freezing (homogeneous)
Deposition via initiation
Accretion
Autoconversion
Melting via accretion (T $ 08C)
Shedding via accretion (no net transfer)
Melting via accretion (T $ 08C)
Shedding via accretion
Melting
Melting
Melting via accretion by qs (T $ 08C)
Accretion
Freezing via accretion (qr and qs , 0.1 g kg21)
Freezing via accretion (T , 08C)
Aggregation

u
u

u

u

u

u
qsdpv
qsfi

qsfw
qsiacr
qsraci
qvevr
qvevw
qvsbh
qvsbi
qvsbs
qwcdv

qwcdv-qvevw
qwmli

qiacr
qraci

Deposition
Conversion via Bergeron
Freezing via Bergeron
Freezing via accretion by qi (qr , 0.1 g kg21)
Freezing via accretion by qr (qr , 0.1 g kg21)
Evaporation
Evaporation
Sublimation
Sublimation
Sublimation
Condensation
Net condensation
Melting

u
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