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Abstract

This study examines the performance of the Weather Research and Forecasting (WRF)-Single-Moment- Microphysics
scheme (WSMMPs) with a revised ice-microphysics of the Hong ef al. In addition to the simple (WRF Single-Moment
3-class Microphysics scheme; WSM3) and mixed-phase (WRF Single-Moment 5-class Microphysics scheme; WSMS5)
schemes of the Hong et al., a more complex scheme with the inclusion of graupel as another predictive variable (WRF
Single-Moment 6-class Microphysics scheme; WSM6) was developed. The characteristics of the three categories of
WSMMPs were examined for an idealized storm case and a heavy rainfall event over Korea. In an idealized thunderstorm
simulation, the overall evolutionary features of the storm are not sensitive to the number of hydrometeors in the WSMMPs;
however, the evolution of surface precipitation is significantly influenced by the complexity in microphysics. A simulation
experiment for a heavy rainfall event indicated that the evolution of the simulated precipitation with the inclusion of graupel
(WSMB6) is similar to that from the simple (WSM3) and mixed-phase (WSM5) microphysics in a low-resolution grid;
however, in a high-resolution grid, the amount of rainfall increases and the peak intensity becomes stronger as the number
of hydrometeors increases.
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1. Introduction

Bulk parameterization of cloud particles and pre-
cipitation drops that is primarily based on the works
of Lin et al. (1983) and Rutledge and Hobbs (1983)
has been a central feature in the representation of
cloud and precipitation processes in both general cir-
culation models and mesoscale models. For the last
two decades, they have been successfully applied to
the simulation of convective systems. On the other
hand, some problems have been reported, for exam-
ple, the production of excessive ice crystals in the up-
per troposphere.

Recently, Hong et al. (2004, hereafter HDC) sug-
gested a revised approach to ice-microphysical proc-
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esses in order to overcome the limitations identified
by previous studies. The improved microphysics in
their approach includes processes such as number
concentration, accretion, and ice nucleation result-
ing in a more realistic formation of cloud ice. The
most distinguishing features of this approach are that
(1) it practically represents ice microphysical proc-
esses by assuming the ice nuclei number concen-
tration to be a function of temperature and (2) it in-
volves the new assumption that the ice crystal num-
ber concentrations are a function of the amount of ice.
Relevant changes in ice microphysics have been
introduced.

HDC implemented the revised ice microphysics
into the Weather Research and Forecasting (WRF)
model, and the performance of the model was eval-
uated. Thus, it is called as the WRF-Single-Moment-
Microphysics scheme (WSMMPs). HDC evaluated
two categories of the WSMMPs, namely, (1) class 3
(WSM3) with the prognostic water substance varia-
bles of water vapor, cloud water/ice, and rain/snow
and (2) class 5 (WSM35) with water vapor, cloud, ice,
rain, and snow. They concluded that together with the
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sedimentation of cloud ice, the new microphysics
scheme reveals a significant improvement in the high
cloud amount, surface precipitation, and large-scale
mean temperature through a better representation of
the ice-cloud/radiation feedback.

Lim and Hong (2005) implemented the WSMS5
scheme into the fifth-generation Pennsylvania State
University—National Center for Atmospheric Re-
search Mesoscale Model (MMS). They showed that
for a locally developed heavy rainfall event over
Korea, the impact of the revised ice microphysics
scheme is significant, whereas ice sedimentation is
more important for those cases of heavy rainfall that
are associated with 2 mobile surface cyclone system.
They also found that the sedimentation of cloud ice
is crucial to the successful simulation of monsoonal
precipitation and large-scale features within the East
Asian summer monsoon.

This study further examines the performance of
the WSMMPs. In addition to simple (WSM3) and
mixed-phase (WSMS) schemes of HDC, a more
complex scheme (WSM6) has been developed, this
scheme includes graupel as another predictive va-

riable. The performance of the three categories of the
WSMMPs, that is, the WSM3, WSM35, and WSM6
schemes, will be examined for an idealized storm
case and a mesoscale convective system over Korea.
Section 2 describes the development of the WSM6
scheme. Section 3 outlines the numerical experi-
ments conducted in this study, and section 4 presents
their results. Concluding remarks appear in the final
section.

2. Development of the WSM6 Scheme
a. Parameterizations

The WSMB6 scheme has been developed by adding
additional processes related to graupel to the WSMS5
scheme. In this scheme, new terms related to graupel
are based on the reports of Lin et al. (1983) and
Rutledge and Hobbs (1984). The prognostic water
substance variables in this scheme include the mix-
ing ratios of water vapor (¢, ), cloud water (4. ),
cloud ice (4 ), snow (95 ), rain (9x ), and graupel
(9. ). The microphysical properties in the WSM6
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Fig. 1. Flowchart of the microphysics processes in the WSM6 scheme. The terms with red (blue) colors are activated
when the temperature is above (below) 0 °C, whereas the terms with black color are in the entire regime of temperature.
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scheme are demonstrated in Fig. 1. Each source/sink
term in Fig. 1 is described in Appendix A, and the list
of symbols is provided in Appendix B.

It is assumed that the particles comprising graupel
(g,) follow the following exponential size distribu-
tion:

n,(D)dD,, [m4 1= ny,; exp(=4,D,)dD,, , (1)

where n;(D)dD;(m”) is the number of graupel par-
ticles per cubic meter of air with diameters between
D;and D, +dDy ; ny;(m™) | the intercept values; and
A;(m), the slope of the distribution. This slope is
given by

0.25
&;[m"]{mj )
pq(} )

where p;; is the density of graupel. The slope parame-
ter can be determined by multiplying (1) by the drop
mass (=7p,D;,/6), integrating over all diameters,
and equating the resulting quantities to the appro-
priate water contents (= P4 ). In this study, we as-
sumed that n,, =4x10°m™ based on the study by
Houze et al. (1979).

The terminal velocity for a graupel particle of di-
ameter D; is expressed as

!
VDG[mS-I] = a(;D(h;(' {% T 3)

which was determined by Locatelli and Hobbs
(1974).

Following the reports of Lin ef al. (1983) and
Rutledge and Hobbs (1984), the mass-weighted
mean terminal velocity can be obtained by integrat-
ing (3), and it is expressed as

V(;[ms"]:M[& T I W
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The continuity equation for graupel is
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where the 1% and 2™ terms in the r.h.s. represent the
3D advection and sedimentation of graupel, respec-
tively. The term S;represents the sources and sinks
of graupel.

b. Computational procedures

In the WSMMPs including the WSM6 scheme, the
sedimentation of falling hydrometeors is computed
before the microphysical processes, whereas the
code in other microphysics schemes (e.g., Dudhia
1989) computes the microphysics first. For numeri-
cal stability, a fall-term sub-step for each model col-
umn is applied on computing the fallout terms, so that
precipitate does not cross over more than one vertical
level within a single loop of the calculation. A sec-
ond-type of splitting approach of Hong et al. (1998)
is applied for the microphysical processes, with a
time step of 120 s for the calculation of all source and
sink terms in microphysics when the model time step
is greater than 120 5. The freezing/ melting processes
are computed during the fall-term sub-steps to in-
crease accuracy in the vertical heating profile of these
processes. Among the microphysics terms, con-
densation is computed last to make sure that any su-
persaturated water vapor does not pass to the dynam-
ical process.

From the sensitivity experiments of the simulated
rainfall (Lim 2004), that is the same heavy rainfall
event in this study, to the order of calculation of terms
inside the cloud microphysics schemes for different
time intervals of microphysical processes, it was
found that the results with 120 s time step reasonably
agree with that with 10 s time step, which is consid-
ered close to ideal, when the sedimentation of falling
hydrometeors is computed first, together with the
computation of melting of snow and graupel inside
the sedimentation loop. Considering the stability of
the model run, it seems realistic that the terms causing
large changes should be placed at beginning stage of
computing just after dynamical processes, and sed-
imentation causes larger changes than microphysical
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processes do.

3. Numerical Experimental Setup

The Advanced Research WRF (ARW; Skamarock
et al., 2005) is a community model suitable for both
research and forecasting. This model is well suited
for idealized types of simulations to study baroclinic
waves, idealized storm dynamics, or topographically
induced flows as well as for detailed NWP cases with
real-data initial states and boundary conditions. The
model used in this study is the WRF version 2.1.2,
which was released in January 2006. Two sets of ex-
periments were carried out using an idealized 2D
thunderstorm case and a 3D real-data simulation of
a heavy rainfall event over Korea.

a. Idealized thunderstorm experiment

The idealized thunderstorm experiment was de-
signed to systematically distinguish the intrinsic dif-
ferences between the WSMMPs by the virtue of fixed
initial conditions and the absence of other non-
microphysical processes, which in turn would help
us to understand the impact of the changes in the mi-
crophysics in the 3D framework. In the idealized ex-
periments, other physical processes are turned off.

The idealized thunderstorm simulation is a preset
option for the WRF model. We chose a 2D domain
in the x direction. The grid in this direction comprised
201 points with a 250-m grid spacing. The number
of vertical layers was 80. The model was integrated
for 60 min with a time step of 3 s. The initial condition
included a warm bubble with a 4-km radius and a
maximum perturbation of 3 K at the center of the
domain. A wind with a velocity of 12 m s was applied
in the positive x direction at the surface; its velocity
decreased to zero at 2.5 km above the ground, with
no wind above. Open boundary conditions were ap-
plied, and there was no Coriolis force or friction. The
only physical parameterization was the micro-
physics scheme. This experiment served to demon-
strate the microphysics in a quasi-steady state that
simplifies the interpretation of the results.

b. Heavy rainfall experiment

A significant amount of precipitation was recorded
in Korea on July 15, 2001, with a local maximum of
approximately 371.5 mm near Seoul (Fig. 2a). Most
of the rainfall was observed during the 12-h period
from 1200 UTC July 14 to 0000 UTC July 15, 2001,
and the maximum rainfall intensity was 99.5 mmh™
(Fig. 2b). At 0000 UTC July 14, 2001 (not shown),
there was a low-pressure system centered at the
Yangtze River, with a warm front to the east and a cold
front to the southwest. To the north of'it, high-pres-
sure systems extended from Manchuria to Siberia.
Meanwhile, a subtropical high was present over
Japan. After 12 h (Fig. 2c¢), the low-pressure system
traveled northeastward over the Yellow Sea. This
was 3 h prior to the onset of heavy rainfall over Seoul,
Korea. During the heavy precipitation, the high-
pressure systems located on the northern side of the
peninsula prevented the monsoon front from moving
northward, restricting it to Korea. Associated with
this low-pressure system, convective activity was
visible both to the south of the cold front and to the
north of the warm front (Fig. 2d).

In association with the significant rainfall over
Korea, the upper level large-scale features (not shown)
indicated the strengthening of the southerly low-lev-
el jet (LLJ) bringing moisture northward to the heavy
precipitation region and the intensification of bar-
oclinicity in the mid-troposphere. The heavy precip-
itation region was located south of the exit of the up-
per-level jet. A more detaited synoptic overview re-
lated to this case is available in the report by Lim and
Hong (2005).

In this study, the physics packages other than the
microphysics include the Kain-Fritsch (1993) cumu-
lus parameterization scheme, the Noah land-surface
model (Chen and Dudhia, 2001), the Yonsei Univer-
sity planetary boundary layer (PBL) (Hong et al.,
2006), a simple cloud-interactive radiation scheme
(Dudhia, 1989), and Rapid Radiative Transfer Model
(RRTM) longwave radiation (Mlawer et al., 1997)
schemes.

The model configuration consisted of a nested do-
main configuration defined in the Lambert con-
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Fig. 2. (a) Observed 24-h accumulated precipitation {mm) valid at 0000 UTC 15 July 2001, (b) radar image of rain rate
at 1700 UTC 14 July, (c) surface weather map analysis, and (d) satellite image at 1200 UTC 14 July 2001. Shading in
figure (a) indicates where the value is over 90 (mm). All data are provided by the Korea Meteorological Administration

(KMA).

formal space (Fig. 3). A 5-km model covering the
Korean peninsula (Domain 3, 181 x 181), was sur-
rounded by a 15-km grid model (Domain 2, 100 x
100), which in turn was surrounded by a 45-km grid
model (Domain 1, 80 x 80) by a one-way interaction.
All grid systems had 23 vertical layers and the model
top was located at 50 mb. No cumulus parameter-
ization was used at the 5-km grid model since at 5 km,
updrafts may be resolved sufficiently so as to result
in explicit convective vertical transports. Evaluation

of the results will focused on the 45 and 5 km experi-
ments, which are regarded to be low and high reso-
lution grids, respectively.

Initial and boundary conditions were preprocessed
through a separate package called the Standard
Initialization. This was done using the global analy-
sis and prediction system that is routinely produced
at the National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS).
The experiments were carried out for 24 h, from 0000
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Fig. 3. Model terrain contoured every 100m for 45-km
(DO1). The resolutions of inner domains (D02 and D03)
are 15-km and 5-km. Terrain heights greater than 1000 m
are shaded.
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UTC July 14 to 0000 UTC July 15, 2001.
4. Results
a. Idealized experiments

Figure 4 compares the condensate fields from the
experiments with the three categories of the WSMMPs,
The general structure of the thunderstorm, such as the
cloud/ice water in the updraft region near the storm
center and anvil clouds, was well simulated irre-
spective of the complexity in the microphysics.
Cloud condensate reaches a maximum in the mid-
troposphere in the area of the updraft in all three
experiments. The overall similarity between the re-
sults from the WSM3, WSMS, and WSM6 schemes
confirms that the revised ice microphysical proc-
esses of HDC are applicable even for a high reso-
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Fig. 4. Isolines of the condensation fields for cloud particles (first row) and precipitable particles (second row) from the
experiments with the (a) WSM3 (b) WSMS, and (c) WSM6 schemes. Contour lines are at 0.01, 0.02, 0.04, 0.08, 0.16,
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lution of 250 m in the horizontal grid spacing. The
basic features of the simulated storm are unchanged
with respect to the number of prognostic water sub-
stance variables; however, the detailed evolutionary
features of the hydrometeors and the precipitation ac-
tivity are affected by the complexity in the micro-
physics, as described below.

The time series of domain-averaged precipitation
rate and hydrometeor path is plotted in Fig. 5, and the
vertical profiles of time-domain-averaged conden-
sates in Fig. 6. The hydrometeor path is defined by
the vertical integral of the sum of all condensates with

respect to the height (=J. P4,...%2). It can be seen that

the amount of precipitaotion increases as the number
of prognostic water substance variables increases
(Fig. 5a), whereas the amount of volume-averaged
water substance decreases (Fig. 5b). The WSM3 ex-
periment shows a steady precipitation activity after
30 min. Compared to the WSM3 experiment, a stron-
ger surface rain intensity can be observed in the
WSMS experiment, in which the maximum intensity
is approximately doubled just after the 30-min in-
tegration.

These different behaviors can be attributed to the
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fundamental differences between the WSM3 and
WSMS5 schemes. A primary difference between the
two schemes is that melting and freezing processes
occur within a deeper layer in the WSMS scheme,
whereas they occur as instantaneous processes at the
freezing level in the WSM3 scheme. The maximum
updraft velocity was determined to be approximately
20 m/s at a height of 8 km at 20 min, which is enough
to rapidly transport the cloud particles to the freezing
level above. Thus, in the WSMS5 experiment, cloud
particles can penetrate deeper up to 10 km; however,
the clouds were immediately converted to cloud ice
above the freezing level by the WSM3 experiment
(c.f. Figs. 6a and 6b). The production of rain in the
WSM3 scheme is inefficient since falling snow
should reach the freezing level to be converted to rain.
The accretion of clouds and ice by snow is also in-
efficient in this scheme since water and ice phases do
not coexist. Therefore, the early peak in the WSM35
scheme in Fig. 5a is found to be due to the fact that
the autoconversion from clouds to rain is more effi-
cient at producing precipitation than the ice phase
alone in the WSM3 case. The accretion of clouds by
snow in the WSM3 scheme, which is an additional
mixed-phase process in the WSMS5 scheme, would
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Fig. 5. Time series of the (a) surface precipitation rate (mm/Smin), and (b) hydrometeor path amount, resulted from the
WSM3 (solid), the WSMS (dotted), and WSM6 (dashed) experiments over the whole domain.
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Fig. 6. Vertical distribution of the domain-averaged water species during the 60 min integration period, obtained from
the (a) WSM3 (b) WSMS5, and (c) WSM6 experiments. Units are gkg" for rain, snow, and graupel, and 10 gkg'I for cloud

ice and cloud waters.

add rainwater below the freezing level.

The precipitation intensity in the WSMS5 experi-
ment weakened with time since further cooling be-
low 4 km would possibly occur due to more melting
in the WSMS scheme. This difference in melting
might be expected to increase downward because
when all the melting occurs just at the freezing level,
as in the WSM3 experiment, subsidence may cause
the cooling to extend downward a little. However, the
effect of subsidence is limited by the stability. It was
observed that in the WSMS5 scheme, snow could melt
even below the layer where the subsidence reaches
in the WSM3 scheme; therefore, the cooling is deeper.
This effect results in the reduction of the precipitation
intensity after 30 min in the WSMS5 scheme, as com-
pared to that in the WSM3 scheme. To be consistent
with the weakened precipitation activity, the WSM3
scheme produces more hydrometeors in the atmos-
phere (Fig. 5b).

A later development of surface precipitation and
intense storm intensity in the WSM6 scheme as com-
pared to in the WSMS scheme are not simple to ex-
plain since there are several additional processes in
the WSM6 scheme. A major reason for the later de-
velopment of the storm in the WSM6 scheme can be
attributed to the fact that the conversion of cloud par-
ticles to graupel and following melting processes are

needed to produce precipitation, whereas the direct
conversion from clouds to rain can produce precip-
itation quickly in the WSMS5 scheme. A more intense
surface precipitation after 30 min in the WSM6 ex-
periment can be due to a greater accretion by graupel
in the WSM6 scheme through faster sedimentation
than that by snow in the WSMS5 scheme. Fewer hy-
drometeors in the WSM6 experiment than in the
WSMS5 experiment indicates the faster removal of
clouds and ice by graupel in the WSM6 scheme than
by snow in the WSMS5 scheme (Fig. Sb).

b. Heavy rainfall event

Figure 7 shows that in general, all simple ice,
mixed-phase, and graupel experiments capture the
observed heavy rainfall extending from southwest to
northeast across the central part of the Korean pen-
insula; however, the maximum amount of rainfall is
underestimated (c.f. Fig.2 a). At low resolutions
(upper panels of Fig. 7), there are no distinct differ-
ences in precipitation due to the complexity in
microphysics. At 5 km (lower panels of Fig. 7), the
overall distribution of the simulated precipitation is
not changed; however, the maximum amount of rain-
fall is greater in the WSM6, WSMS5, and WSM3
schemes, in that order. These features are better ex-
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plained by the instantaneous radar echoes (Fig. 8).  astronger rainfall intensity as the complexity in mi-
The precipitation band becomes more localized with  crophysics is increased. The leading edge of the con-

(a) (b) (c)
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Fig. 7. 24-h accumulated rainfall (mm) ending at 0000UTC 15 July 2001, obtained from the (a) WSM3, (b) WSMS5, and
(c) WSM6 experiments. Upper (lower) panels are from the 45-km (5-km) resolution results.

(b)

Fig. 8. Radar echo reflectivity (dBZ) at 17 UTC 14 July 2001, derived from the (a) WSM3, (b) WSMS, and (c) WSM6
experiments at the 5-km resolution.
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Table 1. The pattern correlation coefficients (PC) and bias score of the 24-h accumulated precipitation over South Korea
with respect to surface observation ending at 00 UTC 15 July 2001, obtained from the 45-km (5-km) resolution
experiments.

Precipitation

Over the Korean Peninsula Over the whole domain

Correlation Bias score Maximum (mm) Average (mm)
WSM3 0.63(0.69) 1.67(1.45) 220(240) 21.36(20.61)
WSMS5 0.70(0.71) 1.66(1.68) 195(295) 20.95(22.39)
WSM6 0.75(0.65) 1.61(1.61) 215(305) 21.22(23.14)

vection is better shaped in the WSM6, WSMS5, and
WSM3 schemes, in that order. These characteristics
in the WSM6 scheme agrees well with the observed
feature (see Fig. 2c).

Table 1 shows a comparison of the statistics of si-
mulated precipitation over South Korea, as com-
puted from the three microphysics schemes. The
number of surface observations stations at automatic
weather stations (AWS) across South Korea is 450;
the horizontal resolution at these stations is approx-
imately 15 km. Thus, the statistical skill scores are
computed on the WRF grid with the 15-km grid. The
observed precipitation data accumulated over 24 h
are interpolated on the WRF grid by using a simple
objective analysis (Cressman, 1959) to compute the
statistics. The spatial pattern correlation is computed
for the simulated and observed precipitation on the
WREF grids for each experiment. The bias of precip-

(a) (b)

itation for each experiment is the ratio of the area-
averaged simulated precipitation to the observed
value. Table 1 also shows that there are no systematic
differences with respect to the number of hydro-
meteors in the low-resolution grid even though the
pattern correlation improved as the complexity in the
microphysics increased. However, the maximum
amount of precipitation and the total amount of sur-
face rain systematically increased with an increase
in the number of hydrometeors in the high-resolution
grid.

Figure 9 compares the vertical profiles of averaged
condensates over the heavy rainfall region centered
in Korea. As in the idealized experiment, the results
of the WSM3 and WSM35 schemes produce similar
profiles of rain/snow and cloud ice/water. The max-
imum values of the snow mixing ratio for the WSM3
and WSMS schemes appear at 500 hPa; however,
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Fig. 9. Vertical distribution of water species, obtained from the (a) WSM3, (b) WSMS5, and (c) WSM6 experiments,
averaged over the heavy rainfall region (32.3-41.2 N, 121.5-131.3 E) during the 24-h forecast period.
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Fig. 10. Time serics of the (a) surface precipitation rate and (b) hydrometeor path, resulted from the 45-km experiments
with the WSM3 (solid), WSM35 (dotted), and WSM6 (dashed) schemes, averaged over the heavy rainfall region (32.3-41.2
N, 121.5-131.3 E), and the corresponding 5-km experiments, (c), and (d).

most of the snow in the WSM35 scheme is accounted
for by graupel in the WSM6 scheme, as seen in the
idealized experiments.

Figure 10 shows the time-series of precipitation
rate and the hydrometeor path computed from the ex-
periments using the three schemes. At45 km (in low-
er resolutions), the differences in surface precip-
itation are not visible with respect to the categories
of the prognostic water substance variable, whereas
the evolution of hydrometeors shows distinct differ-
ences (Figs. 10a and b). At 5 km (in high resolutions),
the amount of hydrometeors in the atmosphere is de-
creased in the WSM35, WSM3, and WSM6 schemes,
in that order; however, the amount of precipitation

is distinctly affected by the complexity in the micro-
physics (Figs. 10c and d).

From the comparison of Fig. 10¢ and Sa, it can be
seen that the evolution of precipitation from the 5-km
experiment (high resolution) qualitatively follows
the results from the idealized runs. As analyzed in the
idealized experiments, the WSM3 experiment pro-
duces a smaller amount of precipitation than the
WSM5 and WSM6 schemes during the forecast
period. A greater precipitation than that predicted by
the WSMS scheme till the 15-h forecast period and
a stronger precipitation activity after that period than
that predicted by the WSM6 scheme also comply
with the results obtained in the idealized tests.
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The fewer remaining hydrometeors in the atmos-
phere in the case of the WSM6 scheme in the high
resolution partially reflects greater precipitation than
that simulated by the other schemes. The amount of
hydrometeors in the WSM6 experiment remains
small even in the low resolution in spite of a similar
amount of surface precipitation. A possible reason is
that density of graupel is greater than that of snow in
the WSMS5 scheme, leading to a higher fall-out rate.
The increase in the amount of hydrometeors is also
more apparent in the WSMS5 scheme than in the
WSM3 scheme with time, but not significantly.

The evolution of precipitation and hydrometeors
in the 5-km grid qualitatively follows the sensitivity
analyses made in the idealized thunderstorm case;
however, the effects are much smaller. One reason
is that only the microphysical processes are activated
in the 2D idealized experiment in which the inter-
action between the microphysics and other physical
processes such as radiation is neglected. In the 3D re-
al case experiment, the effects of microphysics are
reduced since precipitation processes are influenced
by all the dynamical and physical processes in the
model, which are highly nonlinear. Also, another im-
portant difference between the idealized and real cas-
es is the length of the runs. In the real case, the long
simulation time probably means that the precip-
itation total depends mostly on the large scale mois-
ture converging or available in the area. This is whey
the totals all the similar. In the short idealized run,
there is no forcing except the convection itself, and
the precipitation depends mostly on the cloud dy-
namics, processes and local latent heating effects.

On the whole, the number of predictive hydro-
meteors in the WSMMPs has a negligible impact on
the simulated precipitation in low resolutions,
whereas in high resolutions, there are distinct differ-
ences in the amount of precipitation and its temporal
evolution, with respect to the complexity in mi-
crophysics. Such a resolution dependency of the
WSMMPs appears to be due to the grid-resolvable
forcing that increases as the effective grid size
decreases. A lower (higher) sensitivity of the com-
plexity in the microphysics in the lower (higher) reso-
lution grid is a beneficial aspect of the WSMMPs.

5. Concluding Remarks

This study examined the performance of the
WSMMPs with a revised version of the ice micro-
physics proposed by HDC. In addition to simple
(WSM3) and mixed-phase (WSM5) schemes of
HDC, a more complex scheme that includes graupel
as another predictive variable (WSM6) was de-
veloped. The characteristics of the three categories
of WSMMPs were examined for an idealized storm
case and a heavy rainfall event over Korea.

Based on a 2D idealized thunderstorm simulation
and 3D real-case simulation of a heavy rainfall event
over Korea, it was found that the number of predictive
hydrometeors in the WSMMPs has a negligible im-
pact on the simulated precipitation in low reso-
lutions, whereas in high resolutions, there are distinct
differences in the amount of precipitation and its tem-
poral evolution, with respect to the complexity in
microphysics. Such a resolution dependency of the
WSMMPs confirms that the microphysics proposed
by HDC behaves realistically in response to the ap-
propriate grid-resolvable forcing.

The WSM6 scheme has been one of the options of
microphysical processes in the WRF model since
August 2004. This scheme has been extensively
evaluated at NCAR and has demonstrated a good per-
formance against the Purdue-Lin scheme (Chen and
Sun, 2002) (Personal communications with J. Dudhia
and B. Kuo). A comparison study of the WSM6 and
PLIN schemes focusing on the differences in the mi-
crophysics production terms and the sedimentation
velocity for graupel in the two schemes is currently
being designed.
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Appendix A. Microphysics in WSM6

The WSM6 microphysics scheme is an extension
of the WSMS scheme, which is based on the revised
ice-microphysics suggested by HDC. A theoretical
background and its characteristics of the ice-micro-
physics in the WSMMPs are described in HDC. The
addition of graupel substance in the WSM6 closely
follows that of Lin et al. (1983) and Rutledge and
Hobbs (1984). For completeness, each production
term for graupel, snow, rain, cloud water, and cloud
ice will be discussed below. Readers are to refer
HDC, Lin et al. (1983) and Rutledge and Hobbs
(1984) for a more detailed description of each pro-
duction term, and the references therein. All sym-
bols are explained in Appendix B. All units are in
MK.S.

a. Production term for graupel

The production term for graupel may be written
for two temperature regimes.

(1) If the temperature is below 0 °C (T ¢ Ty):

S,=Pgaut+Piacr(1-5,)+Praci(1-3;)
+Pracs(1-6,)+Psacr(1-8, }+Pgaci
+Pgacw+Pgacr+Pgacs+Psacw+Pgdep

+Pgfrz (Al)

where

1, dg. <10 kgkg
5, = (qx an 4, gkg™) (A2)
0, otherwise
and
L(g, < 104kgkg")
63 = .
0, otherwise .

(i ) If the temperature is above 0 °C (T= Tp):

S,=Pgacs+Pgmlt+Pgeml+Pgevp (A4)

1) AGGREGATION (Pgaut)
The aggregation rate can be expressed as

Pgautlkgkg's" |=0t, (¢, — g5,)/ At | (A4)

2) ACCRETION (Praci, Psacw, Pgacw, Pgaci,

Psacr, Pracs, Pgacr, Pgacs, Piacr)

Graupel grows by accretion of other species, such
as cloud water, cloud ice, rain and snow. The collec-
tion of cloud water by graupel is assumed to follow
the continuous collection equation, which can be ex-
pressed as

j wdo ,[kgm™s™']

- 12
T
= J.Z pDcz,'au (D(}Z( )(% ] q.E; ny; exp(=A,D;)dD,

4 P A

’

/
_ mayEqey,4q.pP [& ]I : I'G+5;) (AS5)

whose assumption is that cloud water does not sedi-
ment and its size small enough to ignore comparing
with the size of graupel. Performing integration us-
ing the formula ') =["1""e"dt and dividing it by p
to transform the unit from kgm™s™ to kgkg's™, the
accretion of cloud water by graupel can be expressed
in a bulk formula as follows :

Pgacw[kgkg's™"]

1
— ﬂ-a(;EG('n()(;qc & BACKS b(;) (A6)
4 p lﬁ;“’“ .

The accretion of cloud water by snow to form
graupel is similar to (A6), and is expressed as

Psacw[kgkg's"]

1
_FasEgnyqo [ py P TG+by) (A7)
4 p) KT

where Pgacw and Psacw will contribute to form rain-



30 April 2006

drop, if T> Ty,

The accretion of rain by snow is also assumed to
follow the continuous collection equation, which
can be expressed as

J’ M(D) D[k m;s‘]

2 (Dy+D, Y
ZJ”( . 2 R] ’V.\'(DS)_VR(DR)|ESqurn,VdDS
)

00

=TT”[£5%§9&jWKAL%>—V;U%ﬂ

XEgpy — DB"R(D YdDgng ( )st. (A8)

With the assumption that the difference in the sed-
imentation velocity for snow and rain with respect
to the diameter of snow can be neglected, the Eq.
{A8) can be expressed as

)
_r EgptypMos Py

AT
” V(D)= V(D)

XJ.J(D\ + DR)2 D;e exp(—A’RDR ) exp(—lg Ds )dDR st
00

= % Esaloah Py ‘Vs-(Ds)"VR (DR)|
24 T
JD F(4) F(S) r(6) exp(—A.Dy)dD,
/1, A,( Sl s

2
- Ul E.VRn()Rnl)SpN

A(D)—
4 Vs (D) =V (Dy)|

o Ir'4) T(3) N I'(5) 2I°(2) N r'(6) (1)
4 53 s 2 6 !
Ae A e Ag e A
_ ﬂzESRn()Rn()S‘pW

24 |V§(D.S‘)_VR(DR)|

» 12 +48+120
PRV EF RPN PR G

dividing itby ¢ to transform the unit from kgm'Ss’]
to kgkg'ls'l, the accretion of rain by snow is given
by
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Psacr[kgkg's" ] =77 E 1,z [p—” j
p

X‘V | 5 + 2 0.5
2h A Al @

where Pgacw and Psacr will contribute to the rain
content if 7> Ty . Similarly, the accretion of snow
by rain is given as

Pracs[kgkg's™" ] =77 E 1, 41 [&]
p

2 + 0.5
AR Twm o A

where Psacr and Pracs occur only when 7 { Ty.
Also, the accretion terms of rain (Pgacr) and snow
(Pgacs) by graupel are of the form:

Pgacr[kgkg s ] n E(Rnoon()k(p”

W, m[
/1). /1/1“

|
and j -
)

Pgacs[kgkg's"' | =7 E ,nys1y,, [

x|V, - V[[/l 7 +/152/12 +
S

(&)

where Pgacr will contribute to Pgeml, if 7> Ty,

The accretion terms, which consider the cloud ice
falling velocity, are the processes of accretion of
cloud ice by rain, snow, and graupel. The accretion
of ice by rain is also assumed to follow the con-
tinuous collection equation:

J-w dM(D,)

dD, [kgms”
dr . kg ]

= (Dy+D, Y
:-[u Hp( R2 ’] [ Ve =V, 1Xq, Eq ng (D, )dD,
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- g, PEyny |V =V, |
4

x| (D +2D,D, + D} )exp(~Ay Dy )dD,

_ g PEyhor | Ve =V, |
4

'3
Ay

r@), 1o, IO
A

X +2D, x

_ g, PEyn | Vi =V, |
4
x[247 +2D, x7 + D} xA; ], (A14)

dividing (A14) by p to transform the unit from
kgm?s™ to kgkg's", the accretion of cloud ice by
rain can be expressed as

g Eqngg Ve =V, |
4
x[24,° +2D, x4, + D} x4, ] (A15)

Praci[kgkg's"'] =

and similarly other accretion terms are

ng Egny Vs =V, |
4
x[247 +2D,x A7 + D) xA ] (Al6)

Psaci[kgkg's" ] =

and
Tq Eyn | Ve =V, |
4
x[24,7 +2D,xA, 2 +D} x4, ] . (A1)

Pgaci[kgkg's"']=

These accretion terms, Pgaci and Praci, contrib-
ute to the growth of graupel, and Pgaci to the growth
of snow, if T { Tq.

Graupel initiation by accretion of rain by cloud
ice is obtained through multiplying the rate at which
a cloud ice particle collides with raindrop (assumed
to be uniformly distributed throughout the volume)
by the number concentration of cloud ice. The col-
lection of rain by cloud ice is also assumed to follow
the continuous collection equation:

=dM(Dy)
.[0 dt

o JT
= J.o ZPDIZQVR(DR)qlERInR(DR)dDR

dD, [kgm’s]

T M
= |, 3 P DR (D) -
p

£ N Epng(Dy)dD,
I3

|
,rz 2

= ——dpPy Egngp N, By D15? " exp(—A, D, )dD,
24 P 0

|
=”2‘1RPWER1”0RN1 Py P T(6+by)
24 p At (A18)

dividing it by p to transform the unit from kgm™s’
to kgkg's"  Piacr is given by
. U TN
Piact{kgkg™'s 1=[ [} Bu g DIV eDPy

T 1
ngan(DR)dDR}x%x[~]

!

L
_ ﬂzaRpWERanRNI Py T T(6+b,)
24p P A5 (A19)
3) FREEZING (Pgfrz)
The equation for freezing of graupel, if 7' < Tp, can
be expressed as

Pgfrz =207 B'n,, (&]
p

X{exp [4(T,-1) —1]} A7 (A20)

4) DEPOSITION/SUBLIMATION (Pgdep)

Sublimation will occur in a subsaturated region
(i.e. Sy -1<0, where S;is saturation ratio over ice) and
saturated region (i.e Sy -1>0 ). Pgdep is a production
term for graupel as deposition (7 { Tp), which can
be expressed as

Pgdeplkgkg's"']

ML) o, J{MF

dD,
dt A, +B,

0
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_ 2nye(8,~D[0.78  031TY(b, +5)/2]
(4,+B) | A Aderr

iy

where 4, =(L; / K, TY(L;M,, / R'T ~1) and
B, =RT/DM.e,

(A21)

5) MELTING (Pgmlt, Pgeml)
The graupel melted per unit volume is given by

dM(D,) -2

i I3 (A22)

D, (T ~T,)F
/ .

Integrating (A22) over the graupel size dis-
tribution, the melting rate, Pgmilt, if T ) Ty, is ob-
tained by

Pgmit{kgkg's"]

2n, K (T—-T,)[0.78 0.31I((b, +5)/2]
= L 12 + A(b(,+5)/2
f G G

5T ()]

The melting of graupel is enhanced by the accre-
tion of cloud water and rain, if 7> To, and can be ex-
pressed as

(A23)

Pgeml[kgkg's™]
= ‘LCW (T - T,)(Pgacr + Pgacw)
f .

(A24)

6) EVAPORATION (Pgevp)

When graupel melts in air that is below water satu-
ration and 7= T, water can evaporate from the sur-
face of graupel, which is given by

Pgevplkgkg's']=

(4,+B,) | A Afferorz

27tn,,(S,, 1) [ 078 031I(b, +5)/2]
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Hy " a; . P a
— — — A25
X[DJ[M] (P” (422

b. Production term for snow

The production term for snow may be written for
two temperature regimes.

( 1) If the temperature is below 0 °C (T { Ty):

S¢=Psaut-Pgaut+Piacr(3, }+Praci(3, ) +Psaci
-Pgacs-Pracs(1-6, )+Psacr(8, )+Psdep , (A26)

where

5, = {1,(qk andA g5 <107'kgkg™) (A27)
0, otherwise
and
5 - {L(qk <10*kgkg™)
0, otherwise .

(ii ) If the temperature is above 0 °C (T Ty):

S¢=-Pgacs+Psevp+Psmlt+Pseml , (A28)
1) AGGREGATION (Psaut)
The auto conversion (aggregation) rate of ice
crystals to snow is given by

Psautlkgkg™'s"|=max [(g, -q,,,)/ A,0]  (A29)

which occurs only for T  T. Pgaut is obtained by
Eq. (A4). This term has negative contribution to
snow, if T<{ Ty.

2) ACCRETION (Psaci, Piacr, Praci, Pgacs,

Pracs, Psacr)

The impact of accretion process of cloud ice by
snow is stronger than other processes. As in (A14),
the accretion term considering the sedimentation of
cloud ice can be expressed as
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rg,Egng |V =V, |><2

Psaci[kgkg's"']= :

x[A7 +2D,xA7 + D} xA 1] (A30)

Other accretion terms to form snow, Piacr and
Praci, are given earlier by (A19) and (Al5), re-
spectively. A threshold for the rainwater content to
determine whether the interaction of rain and cloud

ice results in snow or graupel is based on Lin et al.
(1983).

3) DEPOSITION/SUBLIMATION (Psdep)
The continuous growth equation for snow, if T
{ Ty, is given by

Psdep[kgkg's™]

an, (S, -1)_[0.65 0.44T((bs +5)/2]
= - X 2 + 5

(4, +B,) A7 A

NN (0 V' TIb, +5)/2]
o) L) o) —am

Compared to the process with rps =2 10'm™* in
Rutledge and Hobbs (1983) and Dudhia (1989), the
formula for ngs in HDC produces larger (smalier)
Psdep at colder (warmer) temperatures, consistent
with the assumed broadening of the snow size
spectrum.

(A31)

4) MELTING (Psmlt, Pseml)
The snow melted per unit time is given by

dM (D)) -2m
=K D(T-T,))F

ar L, e W o) (A32)
and then multiplying size distribution, and integrat-
ing over all snow sizes we obtain the melting of snow,
if T Ty, and is expressed as

Psmit[kgkg's"]
_ 2rny, KH(T_E))[
L

0.65 0.44T(b, +5)/2]

+
2 {5+h) 2
S A’S '

#_Al3 &12 &14
EEEL -

The melting of snow is enhanced by the accretion
of cloud water and rain, if 7> Ty, and is expressed
as

Pseml[kgkg's™
= %(T —T,)(Psacr + Psacw) (A34)

S

5) EVAPORATION (Psevp)
By Rutledge and Hobbs (1983), evaporation is
from a liquid surface, if 7> Ty, and is expressed as

Psevplkgkg's™]

4n, (S, —1) ] 0.65  0.44T7T(by +5)/2]
= y x T+ (by+5)/2
(4, +By,) A Ag”

173 172 1/2
) a, (b, +5)/2
{5) () (3] ] e
K S .

c. Production term for rain

The production term for rain may be written for
two temperature regimes.

( i) If the temperature is below 0 °C (T { Ty):

S,=Praut+Pracw-Piacr-Pgacr-Psacr

-Pfrz+Prevp (A36)
(ii) If the temperature is above 0 °C (7> To):

S ,=Praut+Psacw+Pracw+Pgacw+Prevp

-Psmlt-Pseml-Pgmlit-Pgem] (A37)

1) AUTOCONVERSION (Praut)
HDC adapted the auto conversion parameter-
ization with a stronger physical basis (Tripoli and
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Cotton 1980) and can be expressed as

0.104gE_p,"
u(N(pW)M

xq/. 3H(’1< —qy) ,

Praut[kgkg's"']=

(A38)

where H(x) is the Heaviside unit step function,
which suppresses the auto conversion processes un-
til cloud water reaches a critical mixing ratio (gcy),

4mp,r,’ N,

A39
o, (A39)

qgookgkg™) =

where r..1s the critical mean droplet radius at which
the auto conversion begins.

2) ACCRETION (Pracw, Psacw, Pgacw, Psacr,
Pgacr, Piacr)

By applying the geometric sweep-out concept
and integrating over all raindrop sizes, as in (A5) the
grow rate of raindrop by accretion of cloud water is
given by

Pracw[kgkg's"']= naR—E[ZM

X[&j: T'(3+b,) (A40)

p Ay

In the temperature region, T ¢ Ty, there are three ad-
ditional accretion terms of Psacr, Pgacr and Piacr,
which provide negative contributions to the rain
field. Two other accretion processes, Psacw and
Pgacw, provide positive contribution to rain, if 7>
To. Psacw and Pgacw are given earlier by (A7) and
(A6), respectively.

Psacr, Pgacr, and Piacr are also given by (A 10),
(A12), and (A19), respectively.

3) FREEZING (Pgfrz)
Pgfrz is obtained by (A20).

4) EVAPORATION / CONDENSATION
(Prevp)
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As in Rutledge and Hobbs (1983) and Dudhia
(1989), the continuous growth equation of raindrop
is given by

Prevplkgkg™'s"']

(4, +B,) Ay A
i:2 144
X(#_A] ap ) (P
Do\ uy p )

5) MELTING (Psmit, Pseml, Pgmit, Pgeml)

Psmlt and Pseml are given by (A32) and (A33),
and Pgmlt and Pgeml are same as (A22) and (A23),
respectively.

_ 27y, (S, 1) X[OJS , 031T1(b, +5)/2]

(A41)

d. Production term for cloud water

The production term for cloud water may be writ-
ten for two temperature regimes.

( 1) If the temperature is below 0 °C (T < Tp):

S, =-Praut-Pracw-Psacw-Pgacw+Pcond

-Pihtf-Pihmf . (A42)

(ii ) If the temperature is above 0 °C (> Ty):

S, =-Praut-Pracw-Psacw-Pgacw+Pimlt ~ (A43)

1) AGGREGATION (Praut)
Praut is obtained by (A37).

2) ACCRETION (Pracw, Psacw, Pgacw)
Pracw, Psacw, and Pgacw are given, respectively,
by (A40),(A7) and (A6).

3) FREEZING (Pihtf, Pihmf)

Following Biggs (1953), Pihtf (heterogencous
freezing of cloud water) will occur when -40 °C { T
{ Ty, which can be expressed as

PihtfTkgkg™'s™"]
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= Blexp{A (T, ~T")} - 1]% (A44)

wate

This term represents another source term of cloud
water to ice. Also, Pihmf (homogeneous freezing of
cloud water) serves as source term for cloud ice when
the temperature is below -40 °C.

Pihmflkgkg's']1= pq, / At (A45)

4) CONDENSATION /EVAPORATION
(Pcond)
Following Yau and Austin (1979), we express the
condensation of water vapor to cloud water as

Pcond[kgkg's"]= (¢ — g )

L} )
x| A 14— (A46)
c,.RT | |

where cloud water evaporates, if ¢ < gsw.

5) MELTING (Pimit)

Melting of cloud ice to form cloud water is as-
sumed to occur instantaneously, if 7> Ty, and is giv-
en by

Pimlt[kgkg's" = pq, / At (A47)

e. Production term for cloud ice

The production term for cloud ice may be written
for two temperature regimes.

(i) If the temperature is below 0 °C (T { Tp):

S,=-Psaut-Praci-Psaci-Pgaci+Pigen
+Pidep+Pihtf+Pihmf

(A48)
(ii ) If the temperature is below 0 °C (7> To):

S, =-Pimlt (A49)

1) Initiation of cloud ice crystal (Pigen)

For Rutledge and Hobbs (1983) and Dudhia
(1989), the initiation rate of cloud ice from water va-
por when T { T, and the air is supersaturated with
respect to ice under the no ice condition, is given by

Pigen[kgkg's']

=min[(g,,~4,)/ At,(q~q5)/At] (AS0)

where Pigen > 0. HDC treats the ice crystal number
concentration (N;) separately from the ice nuclei
number concentration (Np).

2) AGGREGATION (Psaut)
Psaut is presented by (A29).

3) ACCRETION (Praci, Psaci, Pgaci)
Praci, Psaci and Pgaci are given by (A15), (A16),
and (A17).

4) FREEZING (Pihtf, Pihmf)
Pihtf and Pihmf are source terms for cloud ice, as
given by (A44) and (A45).

5) DEPOSITION/SUBLIMATION (Pidep)

For HDC, the growth (dissipation) rate of ice crys-
tals by deposition of water vapor (sublimation of
ice), when the air is supersaturated (subsaturated)
with respect to ice, which is given by

45/(51 _1)N1

Pidep[kgkg's']=
plkgkg s ] 4, + B,

(A51)

Due to the HDC’s formulation of N; that generally
implies larger crystals, Pidep is slower at colder
temperatures, as it should be, whereas Pidep was
unrealistically active at colder temperatures in
Rutledge and Hobbs (1983). HDC’s formula for
Pigen is more active at colder temperatures than
Pidep, which is more active at warmer temperatures.

6) MELTING (Pgeml, Pseml, Pimlt)
Pgeml, Pseml, and Pimlt are given by (A24),
(A34), and (A47), respectively.
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Symbol Description Value SI units
A’ Constant in Biggs freezing 0.66 K'
A Thermodynamic term (L KT)LM, /RT-1) mskg”
Aw Thermodynamic term (L,/KI)LM, RT-1) mskg”
ac Empirical formula of V¢ 330 m'"s”
ar Empirical formula of V' 841.9 m' s
as Empirical formula of Vs 11.72 m's’
B’ Constant in rain drop freezing equation 100 m’s’
B, Thermodynamic term R'T/DMe, mskg’
By Thermodynamic term RTID,M,e, mskg”
ba Empirical formula of V' 0.8
br Empirical formula of V; 0.8
b Empirical formula of Vs 0.41
C Capacitance of ice crystal 2me Dy C'N'm”
Coa Specific heat of dry air at constant pressure 1005.7 Jkg 'K
Com Specific heat of most air at constant pressure C.(1-9)+4(C,) Jkg'K"
Cor Specific heat of water vapor at constant pressure 1870 Jkg'K'
Cy Specific heat of liquid water 4190 Jkg'K'
D Diffusion coefficient of the water vapor 8.794x10° xT'* /P m’s’
D, Diffusivity of water vapor in air 2.26x10” m’s’
Dq Graupel diameter m
Dr Rain diameter m
Dy Cloud ice diameter m
D, Cloud ice diameter defined in HDC HDC(5b) m
Dyg Snow diameter m
Ec Mean collection efficiency 0.55
Ege Graupel/cloud water collection efficiency 1
Eq Graupel/cloud ice collection efficiency exp[0.07(T - T7;)]
Ecr Graupel/rain collection efficiency 1
Egs Graupel/snow collection efficiency 1,720
exp[0.09(T-T, )], <0
Ere Rain/cloud water collection efficiency 1
Ex Rain/cloud ice collection efficiency 1
Eqe Snow/cloud water collection efficiency 1
Eg Snow/cloud ice collection efficiency exp[0.07(T - T;)]
Er Snow/rain collection efficiency 1
ey Saturation vapor pressure for ice kem's
o Saturation vapor pressure for water kgm's’
F Ventilation factor 0.78+0.31S"R,” ' T>0
0.65+044S°R"” <0
g Gravitational acceleration 9.8 ms”
K. Thermal conductivity of air 2.43x1072 Jm's'k?
L Latent heat of fusion 3.34%10° kg’
Ls Latent heat of sublimation 2.5x10° Jkg
Ly Latent heat of condensation 2.25%10° Jkg’
M(Dg) Mass of graupel of diameter Dy; kg
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M(Dy)
M(Dr)
M(Ds)
M,
My
My

na(De)
N

Np
nr(Dr)
ny(Ds)

Roc;

Hor

nos
nodDe

n RdD 'R
n s‘st

Pgaci
Pgacw
Pgacr
Pgacs
Psaci
Psacw
Pracs
Psacr
Praci
Piacr
Pracw
Pgmlt
Pgeml
Psmlt
Pseml
Prevp
Psdep
Pgdep
Praut
Psaut
Pgaut
Pgevp
Psevp
Pcond
Pgfrz
Pimit
Pihmf

Pihtf
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Mass of ice crystal of diameter D,
Mass of rain of diameter Dg
Mass of snowflake of diameter Dg

Average mass of a cloud ice crystal 6x10™"
Average mass of a cloud ice nuclei 10"
Molecular weight of water 18.0160
Number concentration of cloud water droplet 3x10°8
Number concentration of graupel of diameter D¢

Number concentration of ice crystal HDC(5¢)
Number concentration of ice nuclei HDC(8)

Number concentration of rain of diameter Dy

Number concentration of snow of diameter Dg
Intercept parameter of graupel 4x10
Intercept parameter of rain 810

Intercept parameter of snow

Number concentration of snowflakes with
diameters between D¢ and D+dDe

Number concentration of raindrops with
diameters between Drand Drt+dDy

Number concentration of snowflakes with
diameters between Dsand Ds+dDy

Production rate for accretion of cloud ice by graupel

Production rate for accretion of cloud water by graupel

Production rate for accretion of rain by graupel

Production rate for accretion of snow by graupel

Production rate for accretion of cloud ice by snow

Production rate for accretion of cloud water by snow

Production rate for accretion of snow by rain

Production rate for accretion of rain by snow

Production rate for accretion of cloud ice by rain

Production rate for accretion of rain by cloud ice

Production rate for accretion of cloud water by rain

Production rate for melting of cloud ice to form cloud water

Production rate induced by enhanced melting rate of graupel

Production rate for melting of melting of snow to form cloud water

Production rate induced by enhanced melting of snow

Production rate for evaporation/condensation rate of rain

Production rate for deposition/sublimation rate of snow

Production rate for deposition/sublimation rate of graupel

Production rate for auto conversion of cloud water to form rain

Production rate for auto conversion of cloud ice to form snow

Production rate for auto conversion of snow to form graupel

Production rate for evaporation of melting graupel

Production rate for evaporation of melting snow

Production rate for condensation/ evaporation ot cloud water

Production rate for freezing of rain water to graupel

Production rate for instantaneous melting of cloud ice

Production rate for Homogeneous freezing of cloud water

to form cloud ice

Production rate for heterogeneous freezing of cloud water

to form cloud ice

2x10 exp|:0.12(T - TO)}

g B
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Pidep
Pigen
q

qc
qco
qc

qr
qlerit
qin

qr

qs

qsi
gsw
gso

R *

R v

R.

S

S(;'
Si

&y
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Production rate for deposition/sublimation rate of ice
Production rate for generation(nucleation) of ice from vapor
Mixing ratio of water vapor

Mixing ratio of cloud water

Critical mixing ratio of cloud water

Mixing ratio of graupel

Mixing ratio of ice crystal

Critical mixing ratio of ice crystal HDC (13)
Mixing ratio of ice nuclei

Mixing ratio of rain

Mixing ratio of snow

Saturated value with respect to ice

Saturated value with respect to cloud water

Threshold amount for aggregation to occur

Universal gas constant 8.314x10°
Gas constant for water vapor 4.61x10°
Reynolds number

Critical mean droplet radius at which

auto conversion begins §x107
Schmidt number 0.6

Sum of production rate for cloud water

Sum of production rate for graupel

Saturation ratio over ice

Sum of production rate for snow

Sum of production rate for rain

Sum of production rate for snow

Saturation ratio with respect to water

Temperature

Reference Temperature 273.16
Mass weighted fall speed of graupel

Mass weighted fall speed of cloud ice

Mass weighted fall speed of rain

Mass weighted fall speed of snow

Fall speed of snowflakes of diameter D;

Fall speed of snowflakes of diameter Dy,

Fall speed of snowflakes of diameter Ds

Fall speed of snowflakes of diameter D, HDC(5a)

Parameter of the aggregation efficiency 107 exp[0.0%T - T7;)]
Air density

Density of graupel 500

Density of snow 100

Density of water 10°

Density of air at reference state 1.28

Time step for cloud microphysics

Slope of graupel size distribution

Slope of rain size distribution

Slope of snow size distribution

Dynamic viscosity of air 1.718x107
Kinematic viscosity

Permittivity of free space 8.854x10™"”

kgkg"s’I
kgkg’]s'I
kegkg'
kgkg'
kgkg'
kekg'
kgkg'
kekg'
kgkg'
kgkg'
kgkg'
kekg'
kekg'
kgkg'
Jkmol 'K
Jkg'K!
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