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ABSTRACT

The purpose of this study is to develop a precipitation physics package for the National Centers for Envi-
ronmental Prediction (NCEP) Regional Spectral Model (RSM) designed to improve the skill of precipitation
forecasts. The package incorporates a prognostic grid-resolvable precipitation scheme and a subgrid-scale pre-
cipitation parameterization scheme with a convective trigger that explicitly couples boundary layer and convective
precipitation processes. In this paper, the implementation of a prognostic cloud scheme for the NCEP RSM is
described. A subgrid-scale precipitation parameterization scheme was described in a companion paper.

Dynamical processes such as advection and diffusion processes for liquid species are included. Eleven ex-
periments are conducted with a grid spacing of approximately 25 km for a heavy rain case over the United
States during 15–17 May 1995. Special attention is given to the setup of the prognostic grid-resolvable precip-
itation scheme on a spectral grid as well as the importance of dynamical processes on a mesoscale grid together
with radiation feedback. Different prognostic cloud schemes, classified according to the number of predicted
liquid species, are also compared.

1. Introduction
Since Zhang et al. (1989) successfully reproduced the

mesoscale structure and evolution of a 10–11 June 1985
squall line case using a three-dimensional model with
a standard rawinsonde dataset, it has been recognized
that inclusion of proper precipitation physics in a me-
soscale model can lead to a significant improvement in
the precipitation forecast. They argued that separate
treatment of the convective portion with a cumulus pa-
rameterization scheme and the grid-resolvable portion
with a prognostic cloud and precipitate scheme is the
best approach for a mesoscale model. As greater com-
puter resources have become available, prognostic cloud
schemes for grid-resolvable precipitation have been in-
corporated into operational mesoscale models. For ex-
ample, Belair et al. (1994) implemented a prognostic
cloud and precipitate scheme into the Canadian regional
finite-element model and successfully reproduced the
mesoscale convective system studied by Zhang et al.
(1989). Rogers et al. (1996) showed that inclusion in
the National Centers for Environmental Prediction
(NCEP) Eta Model (Black 1994) of a prognostic cloud
scheme with diagnostic precipitate developed by Zhao
and Carr (1997) led to a consistent improvement in pre-
cipitation forecasts over the United States.
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One of the difficulties in implementing a prognostic
cloud scheme within a spectral model centers around
the treatment of negative liquid species due to spectral
decomposition. Some previous studies with spectral
models worked around this difficulty by ignoring dy-
namical processes such as advection and diffusion pro-
cesses for liquid species (e.g., Tiedtke 1993; Mannoji
1995). However, it is obvious that the advection of cloud
species is important and cannot be ignored.

This paper describes and evaluates the prognostic
cloud scheme implementation for the NCEP Regional
Spectral Model (RSM) designed to improve the skill of
precipitation forecasts. A detailed description of the
model was given by Juang and Kanamitsu (1994). Its
application and subsequent development were docu-
mented in Juang et al. (1997). Descriptions of the ex-
perimental design and observations from the heavy rain
case, improved convective trigger function in the cu-
mulus parameterization scheme, and its impact on the
predicted precipitation are presented in our companion
paper (Hong and Pan 1998). In this study we focus on
the implementation of a prognostic cloud scheme within
the confines of operationally available computer re-
sources with several cloud schemes. Emphasis is placed
on how each scheme affects the precipitation forecast.
Eleven experiments have been conducted with a grid
spacing of approximately 25 km for a heavy rainfall
event over the United States during 15–17 May 1995.
Section 2 describes implementation of the prognostic
cloud scheme. In section 3, the experimental design for
the heavy rain case is presented. The intercomparison
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TABLE 1. Summary of numerical experiments

No. Code

Number of
prognostic

water species Remarks

Domain averaged
rain total

(grid-resolvable),
mm/48 h

Precipitation
skill score

(ETS)

1
2
3
4
5
6
7
8
9

10
11

OBS
CLD1
CLD2
CLD3
CLD5
NGTQ
DELT
VDCI
NOWL
NORA
NOHD
NOAD

1
2
3
5
3
3
3
3
3
3
3

Diagnostic cloud
Prognostic qci

Prognostic qci and qrs

Mixed phase clouds
Negative qci, qrs at grid space
Doubled time step for microphysics
Vertical diffusion of qci considered
No consideration of water loading
No ql information on cloud fraction
No horizontal diffusion of qci and qrs

No advection of qci and qrs

2.82
6.94 (4.14)
5.55 (2.47)
6.00 (2.52)
6.08 (2.65)
4.87 (1.73)
7.00 (3.17)
7.07 (3.02)
6.26 (2.80)
7.21 (3.33)
6.94 (3.21)
6.63 (3.47)

0.125
0.162
0.183
0.187
0.181
0.161
0.172
0.193
0.154
0.189
0.115

of different cloud schemes and the sensitivity of the
prognostic cloud scheme to several parameters are dis-
cussed in sections 4 and 5, respectively. A summary
and concluding remarks are given in section 6.

2. Prognostic cloud scheme implementation

The cloud schemes evaluated in the RSM are clas-
sified according to the complexity of the microphysical
processes (CLDn, the number of predicted water sub-
stance) included as shown in Table 1. A more complex
scheme such as the one including prognostic graupel,
hail, and cloud number concentration is excluded from
this study. Realistically, limited computer resources cur-
rently preclude the operational implementation of such
sophisticated schemes. More importantly, somewhat
simpler schemes may be physically more consistent with
the spatial characteristics of a mesoscale model. For
example, Kuo et al. (1996) showed that in a simulation
of marine cyclogenesis the graupel phase may be neg-
ligible on a mesoscale grid. In Table 1, the CLD1
scheme includes only the instantaneous removal of the
supersaturation. This scheme uses the water vapor mix-
ing ratio as its only prognostic variable. This is the
current operational scheme for the Medium-Range Fore-
cast Model (Kanamitsu 1989; Kanamitsu et al. 1991).
CLD2 is the prognostic cloud scheme with ice physics
developed by Zhao and Carr (1997), which is based on
Sundqvist et al. (1989). In this scheme precipitate is
diagnosed from the predicted clouds. The scheme was
implemented into the NCEP Eta Model and led to a
consistent improvement in the precipitation forecast (as
compared to using the diagnostic cloud scheme, CLD1)
over the continental United States (Rogers et al. 1996).
CLD5 follows the bulk cloud microphysics equations
for cloud models developed by Lin et al. (1983), Rut-
ledge and Hobbs (1983), and Rutledge and Hobbs
(1984). The scheme introduces five prognostic moisture
variables for the mixing ratios of water vapor, cloud
water, cloud ice, rain, and snow. CLD3 is identical to
CLD5 except that it uses a single prognostic variable

for cloud/ice and another for rain/snow. Dudhia (1989)
developed this formulation for computational efficiency.
In the RSM, the liquid species include horizontal and
vertical advections and horizontal diffusions but not ver-
tical diffusions. On the other hand, the base fields for
liquid species are set to zero when the global or larger
regional domain equations do not employ the corre-
sponding liquid species. As an example the thermody-
namic equation and prognostic moisture equations are
described below for CLD3.

The prognostic perturbation equations for water vapor
(qy ), cloud water/ice (qci), and snow/rain (qrs) species
are, respectively,

]q9 ]q ]q ]qy y y y2 vdif5 2m u* 1 y* 2 ṡ 1 F qy1 2]t ]x ]y ]s

base]qyhdif impl expl1 F 1 F 1 F 2 , (1)q q qy y y ]t

]q9 ]q ]q ]qci ci ci ci25 2m u* 1 y* 2 ṡ1 2]t ]x ]y ]s

base]qcihdif expl1 F 1 F 2 , and (2)q qci ci ]t

]q9 ]q ]q ]qrs rs rs rs25 2m u* 1 y* 2 ṡ1 2]t ]x ]y ]s

base]q g ]rq Vrs rs thdif expl1 F 1 F 2 2 . (3)q qrs rs ]t p ]ss

The corresponding thermodynamic equation is
2k]T9 ]T ]T ]T sr r r r2 k5 2m u* 1 y* 2 s ṡ1 2]t ]x ]y ]s

]Q ]Q ]Q
2 vdif1 kT 1 m u* 1 y* 1 Fr T1 2[ ]]t ]x ]y

base]T rhdif rad impl expl1 F 1 F 1 F 1 F 2 , (4)T T T T ]t
where the density temperature, Tr , is given by
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1 1 qyT 5 T , (5)r y 1 1 q 1 q 1 qy ci rs

and the virtual temperature, Ty 5 (1 1 0.608qy )T.
All symbols in (1)–(5) follow the conventional no-

tation. The prime indicates perturbation, and the super-
script ‘‘base’’ indicates base field values. The super-
script * in variables u* and y* are u/m and y /m, re-
spectively with m being the map factor. Here Q is ln(ps)
and k 5 Rd/Cp. The F’s represent tendency terms as
indicated by the superscript for the variable in the sub-
script: rad (radiation), vdif (vertical diffusion), hdif
(horizontal diffusion), impl (heating due to subgrid-
scale precipitation physics), and expl (heating due to
grid-resolvable precipitation physics). The microphys-
ical processes in the scheme contain condensation of
water vapor into cloud water (ice) at water saturation,
accretion of cloud by rain (ice by snow), autoconversion
of cloud to rain (ice to snow), evaporation (sublimation)
of rain (snow), initiation of ice crystals, and sublimation
or deposition of ice crystals. The last term in (3) rep-
resents the removal of precipitates due to settling, where
Vt in (3) designates the mass-weighted fall speed of the
precipitates. This term is computed in gridpoint space
following the calculation of the microphysical process-
es. For numerical stability, a split time step for each
model column is applied on computing the fallout terms,
so that precipitate does not cross over any vertical grid
within a single loop of the calculation.

Implementation of the prognostic cloud scheme ne-
cessitated several additional considerations. First, neg-
ative values of cloud water/ice crystals and snow/rain
are set to zero in gridpoint space (physics space) before
microphysical processes are computed. In other words,
negative values in gridpoint space due to the vertical
and horizontal advection, and horizontal diffusion cal-
culations are eliminated. Note, however, that negative
values that arise from the spectral representation are
carried over during the model integration. With this
treatment the negative values remain very small com-
pared to the positive values.

Second, a split time integration approach is applied
for the microphysical processes. Since the RSM em-
ploys a fairly large time step at a given grid size due
to the implicit time integration scheme (e.g., physics
time step, 2Dt 5 240 s at Dx 5 25 km), the micro-
physical processes could produce an unreasonable evo-
lution of clouds even though maintaining mass conser-
vation for all the prognostic liquid species. As indicated
by Rutledge and Hobbs (1983), this probably arises due
to the fact that, with a relatively large time step for
microphysics calculation, relatively fast processes (such
as condensation and ice nucleation) are represented as
slow processes while at the same time slow processes
(such as sublimation/deposition, evaporation of rain-
drops) become relatively fast processes. To overcome
the above limitation stemming from a large time step,
Fowler et al. (1996) implemented a prognostic cloud

scheme into a global model, with the prescribed relax-
ation time that is used to express condensation/evapo-
ration and deposition/sublimation as finite but rapid mi-
crophysical processes. In their study, a 100-s time step
was used, which is independent of the model dynamics
time step. In this study, a time step of 120 s is used for
the calculation of all source and sink terms in micro-
physics.

Finally, the cloud fraction formula for radiative trans-
fer of both long- and shortwaves in the atmosphere is
improved. In the operational version, the cloud fraction
is estimated from the relative humidity RH using the
method

0.5
1 2 RH

Cf 5 1 2 , (6)[ ]1 2 RHo

where RHo is the critical value of relative humidity,
which is optimized based on observations. RHo depends
upon the height of clouds. It is found that cloud fraction
estimated using this method is sometimes inconsistent
with the model-predicted liquid water content. For ex-
ample, the cloud fraction from (6) can be high even
when cloud/ice water does not exist. Furthermore, RHo

is tuned with relative humidity based on the saturation
vapor pressure with respect to water. As a result, the
formula in (6) is likely to overestimate cloud fraction
in the upper troposphere. To improve cloud fraction es-
timation, an algorithm proposed by Randall (1995) is
adopted in this study. This formulation utilizes both
relative humidity and liquid water substance, and is giv-
en by

21000qlCf 5 RH 1 2 exp , (7)1 2[ ]1 2 RH

where ql means the mixing ratio for total liquid species.
Since the formula in (7) effectively reduces the cloud
fraction in cold clouds where cloud ice is small, it is
expected to give a more reasonable radiation feedback.

All the considerations made above and the importance
of various dynamical processes will be examined in the
sensitivity experiments presented in section 5.

3. Case description and experimental design

a. Case description

In Figs. 1 and 2, we show the surface and 500-hPa
analyses at 1200 UTC 15, 16, and 17 May 1995, re-
spectively. The surface maps are extracted from the dai-
ly weather maps issued by the NCEP. The 500-hPa maps
are constructed from the operational Global Data As-
similation System (Kanamitsu 1989) product. At 1200
UTC 15 May 1995 (Figs. 1a and 2a) (model initiali-
zation time) a stationary front extended from Texas to
the Virginia–North Carolina border. To the north of this
front, a high pressure system was centered at the border
between Kansas and Missouri. At 500 hPa, a cutoff low
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FIG. 1. (Continued)

←

FIG. 1. Surface analyses for (a) 1200 UTC 15, (b) 1200 UTC 16, and (c) 1200 UTC 17 May 1995. Areas of precipitation are indicated
by shading. Tracks of well-defined low pressure areas are indicated by a chain of arrows; locations of these centers at 6, 12, and 18 h
preceding map time are indicated by small white crosses in black squares.

appeared to be nearly equivalent barotropic over the
West Coast; little temperature advection was evident in
any quadrant. There was no precipitation in Great Plains
at this time. By 1200 UTC 16 May 1995 (Figs. 1b and
2b), a low pressure system in midwestern Canada had
crossed the United States–Canada border with its center
in Minnesota. As a result, a long frontal line extending
from Minnesota southwestward to New Mexico had de-
veloped. Meanwhile, a surface front that was located
over the south-central United States at 1200 UTC 15
had moved northeastward through Missouri and a fron-
tal circulation had formed in the Great Plains. At 500
hPa, the cutoff low remained stationary and a weakening
of its intensity was indicated by an increase of geopo-
tential height at the low center. Ahead of this cutoff low
a thermal ridge extended from Texas to Wisconsin. To
the east of this thermal ridge, weak southwesterly flow
advecting warm air to Kansas and Missouri is visible.
More apparent was the warm advection at 700 hPa (not
shown) in northern Texas, Oklahoma, Arkansas, Kansas,

and Missouri. At this level, northwesterly flow behind
the pressure trough from North Dakota to Iowa advected
cold air southward. These simultaneous increases in the
cold and warm advection are indicative of baroclinic
energy conversion for surface cyclogenesis. In the sat-
ellite image (Fig. 3a), a cloud shield with a sharp gra-
dient ahead of the cutoff low, oriented northeastward
from western Mexico to Kansas, was developed. An-
other well-developed cloud cover is centered in Mis-
souri. During the 24-h period between 1200 UTC 15
and 1200 UTC 16 May 1995, rainfall was observed in
northern Texas, along with an east–west-oriented area
over Kansas, Missouri, and Illinois (Fig. 4a). At 1200
UTC 17 May (Fig. 1c), as the surface low pressure
system centered in Minnesota moved northeastward, a
cold front surged southeastward extending from Texas
to the Great Lakes region. A continental high pressure
system with dry and cold air can be found to the north
of this front. At 500 hPa (Fig. 2c), as the cutoff low
moved eastward to the Colorado–New Mexico border,
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FIG. 2. Analyzed 500-hPa geopotential height (m) (solid lines),
temperature (K) (dotted lines), and wind vector for (a) 1200 UTC
15, (b) 1200 UTC 16, and (c) 1200 UTC 17 May 1995.

the system became more baroclinic as the southwesterly
wind intensified to the east of this low, and cold advection
behind the pressure trough became better organized. In
the satellite image (Fig. 3b), an organized cloud cover
was produced in Kansas and northern Oklahoma, and
another extended from Illinois to the east. Significant
precipitation was found ahead of the cold front (Fig. 4b).
A large area of 24-h accumulated rain greater than 32
mm covered Kansas, Missouri, and Illinois. To the west
of this heavy rainfall was an area of lighter precipitation
over southeastern Wyoming, western Nebraska, and east-
ern Colorado. This rainfall seemed to be associated with
upslope flow along the eastern Rockies embedded in the
north–south-oriented surface front.

The rainfall in Kansas, Missouri, and Illinois was
located in the same area for two consecutive days. This
persistent rainfall led to flooding in this region. Reflect-
ing the absence of baroclinicity at 500 hPa by 1200
UTC 16 May 1995, rainfall in that region seems to be
associated with the surface warm front propagating
northeastward from 1200 UTC 15 to 1200 UTC 16 May
1995 (Figs. 1a and b). It is most likely that the precip-
itation in the Great Plains during this period is not di-
rectly associated with baroclinic processes in the upper
troposphere but is formed by frontal cyclogenesis con-
fined in the lower-tropospheric level. The upper-air anal-
yses (not shown) revealed the barotropic structure as-
sociated with the cutoff low in southern California con-
tinued until 1200 UTC 16 May 1995. After 1200 UTC
16 May 1995, precipitation in Kansas, Missouri, and
Illinois formed ahead of the cold front advancing south-
eastward. This cold front intensified as the cutoff low
finally moved eastward. Thus, rainfall during this sec-
ond 24-h period seemed to be highly associated with
baroclinic processes in the upper troposphere. The fron-
tal system slowly traveled eastward after 1200 UTC 17
May 1995 with heavy rainfall accompanying it in the
eastern United Sates, centered in Illinois and Indiana
regions.

b. Experimental design

The model setup is identical with that discussed in
Hong and Pan (1998). A more detailed description of
the model and experimental design is available in their
paper. The horizontal resolution is approximately 25 km
over the United States, whereas in the vertical there are
28 layers in the sigma coordinate system. The model is
integrated for 48 h starting from 1200 UTC 15 May
1995.

Table 1 defines and provides an overview of the 11
experiments conducted. Since previous studies have ex-
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FIG. 3. Visible satellite images for (a) 1045 UTC 16 and (b) 1045
UTC 17 May 1995.

amined the role of each microphysical process in the
cloud physics (e.g., Zhang et al. 1988; Dudhia 1989),
we do not focus on the sensitivity of individual micro-
physical process to the development of precipitating
cloud. Rather, we emphasize the dynamical processes
and the implementation issues considered in section 2.
An updated subgrid-scale parameterized precipitation
physics from Hong and Pan (1998) is employed for all
experiments. The scheme incorporates a trigger in the
convective parameterization scheme that explicitly cou-
ples boundary layer and convective precipitation pro-
cesses. The CLD1, CLD2, CLD3, and CLD5 experi-
ments are designed to intercompare different schemes
for grid-resolvable precipitation physics and to clarify
the characteristics of each scheme: CLD1, a diagnostic
cloud scheme; CLD2, a prognostic cloud/ice water
scheme; CLD3, a prognostic cloud/ice and snow/rain-
water scheme without supercooled water phase; and
CLD5, one with supercooled water phase. To isolate the
impact of the neglect of mixed phase in CLD3, the
parameters to control cloud and precipitation processes
in both CLD3 and CLD5 are set as the same as in Dudhia
(1989). Since the CLD3 experiment yields the best per-
formance, this experiment is regarded as the control run.
This experiment is named the TR3M in Hong and Pan
(1998). Comparisons of the CLD1, CLD2, CLD3, and
CLD5 schemes will be presented in section 4. The re-
maining experiments in Table 1 are sensitivity tests used
to examine the impact of dynamical processes and eval-

uate the previously mentioned implementation issues in
the prognostic cloud scheme, which will be presented
in section 5. Note that each run is conducted by changing
an option in the CLD3 experiment.

The NGTQ experiment, which allows negative values
for cloud species in gridpoint space, is used to explore
the impact of the negative values on the modeled cloud
evolution. In the calculation of microphysical processes,
the changes are calculated by setting the negative value
for liquid species as a very small positive value to avoid
a floating point exception. Thus, this experiment carries
the negative value generated from the dynamical pro-
cesses including diffusion and advection processes. The
DELT experiment uses the same time interval for mi-
crophysical processes as is used for other physical pro-
cesses (240 s for this study). In the CLD3 experiment
two minor loops are iterated with a 120-s time step.
Thus, the DELT experiment provides assessment for the
split time step for microphysical processes. The VDCI
experiment includes vertical diffusion of cloud species
to evaluate the importance of this process. The NOWL
experiment replaces Tr by Ty in (5) to examine the im-
portance of the water loading effect of liquid species.
The NORA experiment employs the operational cloud
fraction formula that was discussed in (6), and serves
to investigate the importance of the radiation feedback
by the predicted precipitation. The NOHD and NOAD
experiments are designed to investigate the importance
of horizontal diffusion, and vertical and horizontal ad-
vections of cloud species, respectively.

Also shown in Table 1 is the 48-h accumulated do-
main-averaged rain. The value in the parenthesis rep-
resents the grid-resolvable rain contribution to the total
rain. The equivalent threat scores (ETS) of the precip-
itation forecast are presented to compare the skill of
precipitation forecasts. Whereas the simple threat score
is the quotient of the intersection of the observed and
forecast areas of precipitation divided by the union of
these areas, the ETS refines the definition by accounting
for apparent skill derived only from random chance
(Rogers et al. 1996). The scores are computed over the
United States using forecast precipitation and observed
precipitation computed by averaging rain gauge data
within each model grid cell. Scores are averaged in pre-
cipitation categories for the two-day forecast period.
Together with domain-averaged total precipitation
amount, the ETS gives a measure of the skill of pre-
cipitation forecasts. Values in the table are the average
over all precipitation categories. Although the ETS in
each precipitation category is robust in representing the
precipitation skill, the average seems to be sufficient to
compare the skill of precipitation predictions from each
experiment for a single case study. It is important to
note that at NCEP, the ETS and bias scores are routinely
computed on an 80-km grid. Both model forecasts and
observation are interpolated to that grid. Hence, higher
precipitation bias from the model results than the ob-
servation is not only due to the model’s error but also
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FIG. 4. Analyzed 24-h accumulated rainfall (mm) ending at (a) 1200 UTC 16 and (b) 1200
UTC 17 May 1995.Values are box averages on the 25-km RSM grid from station data.

due to no observation station every 25 km over the
United States. This results in the reduction of the ETS
compared to when it is computed on an 80-km grid.
Therefore, comparison of the scores in Table 1 is worth-
while, but not for magnitude. Nevertheless, the CLD3
experiment showed a bias of 1.2 when it was computed
on an 80-km grid, indicating high precipitation biases
for all experiments except for the NGTQ experiment.

4. Intercomparison of grid-resolvable precipitation
physics schemes

In this section, we compare the CLD1, CLD2, CLD3,
and CLD5 experiments. Since the CLD3 and CLD5 re-

sults are very similar in many respects, discussion of
CLD5 results will be omitted, except when needed.

Figure 5 shows the predicted 24-h accumulated pre-
cipitation valid at 1200 UTC 16 May and at 1200 UTC
17 May 1995 as forecasted in the CLD1, CLD2, and
CLD3 experiments. It is apparent that the grid-resolv-
able rain distribution noticeably differs between the sim-
ulations. The distribution of subgrid-scale rain also var-
ies from one to another, but not as much as the grid-
resolvable rain. In the 24-h forecast (Figs. 5a, 5c, and
5e), the CLD1 and CLD2 experiments produce isolated
areas of resolvable rain. Maximum values in the Kansas
region from the CLD1 and CLD2 experiments are as
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FIG. 5. Predicted 24-h accumulated rainfall (mm) valid at (a) 1200 UTC 16 (24-h forecast time) and (b) 1200 UTC 17 May 1995 (48-h
forecast time) from the CLD1 experiment: (c) and (d) from the CLD2, and (e) and (f ) from the CLD3 experiments. Shaded areas and dotted
lines denote the subgrid-scale (implicit) and grid-resolvable (explicit) rain, respectively.

high as 170 mm and 70 mm, respectively. On the other
hand, the CLD3 experiment does not produce such iso-
lated grid-resolvable rain. Of course, we realize that the
observed precipitation cannot be partitioned into sub-
grid-scale and grid-resolvable portions and so the par-
titioning of precipitation into subgrid and grid resolv-
able cannot be confirmed. However, based on the pre-
cipitation forecast skill and precipitation pattern the
amount of grid-resolvable rain produced by the CLD1
and CLD2 experiments can be regarded as excessive.

The excessive rainfall from the CLD1 experiment is due
to the positive feedback between latent heating and me-
soscale motion that occurs when liquid species are di-
agnosed without a memory as a prognostic variable.
This feedback mechanism was suggested by Zhang et
al. (1988). The excessive grid-resolvable rain in the
CLD2 experiment seems to be due to the absence of
the precipitate loading effect in the scheme. In the 48-
h forecast the CLD1 experiment reveals isolated con-
tours of grid-resolvable rain over Colorado, whereas the
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FIG. 6. Domain-averaged, 6-h accumulated (a) total precipitation, (b) grid-resolvable scale (explicit) rain, (c) subgrid-scale
(implicit) rain, and (d) percentage of subgrid-scale (implicit) rain from CLD1 (thick solid lines), CLD2 (dotteded lines), CLD3
(thin solid lines), and CLD5 (dashed lines). The average is obtained over the heavy precipitation region in Fig. 5.

CLD2 and CLD3 experiments produced a more realistic
distribution of grid-resolvable rain over this area. Over
the heavy precipitation area in Missouri and Illinois, the
CLD2 experiment with the diagnosed precipitate pro-
duces more widespread subgrid-scale and grid-resolv-
able rain than do the CLD1 and CLD3 experiments. The
reduction of subgrid-scale precipitation over Oklahoma
in the CLD2 experiment also noticeably differs from
the other two experiments. Although the reason to cause
such a different precipitation distribution in the CLD2
experiment from the results from other experiments is
unclear, it may be due to the characteristic of micro-
physical processes and associated large-scale feedback
mechanism, which will be described below.

In Fig. 6, the domain-averaged precipitation amounts
of total, subgrid-scale, grid-resolvable rain, and the ratio
of subgrid-scale rain over total rain derived from the

CLD1, CLD2, CLD3, and CLD5 experiments are com-
pared. It is evident that the diagnostic cloud scheme
(CLD1) produces more grid-resolvable rain and less
subgrid-scale rain than when cloud species are treated
as prognostic variables. The subgrid-scale rain has a
similar time trend for all the experiments while the grid-
resolvable rain differs. It is interesting to note that grid-
resolvable rain with the prognostic cloud scheme
(CLD2) increases steadily with time while others do not.
The reduction of grid-resolvable rain amounts with the
prognostic cloud schemes during the 12-h forecast time
is likely due to the finite residence time of liquid species
before reaching the ground by falling velocity through
various microphysical processes. To clarify the differ-
ence in the microphysics between the two schemes, the
volume-averaged qci in entire model grid is computed
and shown in Fig. 7. It is clear that the prognostic cloud
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FIG. 7. Time variation of volume-averaged qci (g kg21). The aver-
age is over all the grid points within the model domain.

FIG. 8. Vertical profiles of the area-time-averaged difference of (a) T (K) and (b) qy (g kg21) from the CLD3 experiment for the CLD1
(thick solid lines), CLD2 (dotted lines), and CLD5 (dashed lines) experiments. Profiles are obtained from the datasets during the 48-h forecast
over the continental United States with 12-min interval (every six time steps).

water/ice scheme with diagnosed precipitate (CLD2) re-
veals higher amounts of qci than the scheme with prog-
nostic precipitate (CLD3, CLD5). The ratio is as high
as 3:1 at the 30-h forecast, indicating that the net
amount, source minus sink, of cloud species is greater
in the CLD2 scheme than in the CLD3 scheme. It is

difficult to clarify the reason why this difference ap-
pears, because microphysical processes in the CLD2
scheme are represented in a different way from the
CLD3 and CLD5 schemes. A lower saturation threshold
than 100% in the CLD2 scheme (85% in this study)
may be one of the reasons.

In Fig. 8, it can be seen that the CLD1 experiment
produces a more destabilized troposphere than the
CLD3 experiment. A moisture deficit is distinct within
the entire troposphere with the increase downward. Re-
alizing that the amount of total precipitation is higher
than that from the CLD3 experiment, the warmer tem-
perature in the lower troposphere and colder temperature
in the upper troposphere indicate the existence of an
unphysical feedback between low-level convergence,
diabatic heating, and upward motion, which is due to
the lack of stabilized processes such as evaporation,
melting, and water loading effects. Although the mois-
ture deficit is most distinct in the lowest 200 hPa, the
CLD2 experiment does not reveal a systematic temper-
ature bias as compared to the CLD3 experiment. This
less distinct systematic departure is not only due to di-
agnosed precipitate treatment in the CLD2 scheme, but
also, is due to the different control parameters in mi-
crophysical processes between the two schemes. Over-
all, the temperature and moisture from the CLD5 ex-
periment shows a little deviation from those in the CLD3
experiment. Temperature is slightly higher above 600
hPa and lower below, indicating a stronger stabilization
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in the CLD5 experiment. Many processes may be re-
sponsible for these differences since the interaction be-
tween the thermodynamic and dynamical processes is
nonlinear. We come to the above conclusions based pri-
marily on the differences in the microphysical processes
between the CLD3 and CLD5 schemes. A primary dif-
ference between the two schemes is that in the CLD5
experiment melting and freezing processes occur within
a deeper layer while they occur as instantaneous pro-
cesses at the freezing level in the CLD3 experiment.
Therefore, more heating above (more cooling below)
600 hPa would more likely occur due to more freezing
(more melting) by the CLD5 scheme. The melting dif-
ference might be expected to increase downward be-
cause when all the melting occurs just at the freezing
level, as in the CLD3 experiment, there may be sub-
sidence causing the cooling to spread down a little but
its effect is limited by the stability. With the CLD5
scheme the snow can melt even below where the sub-
sidence reaches in the CLD3 scheme so the cooling is
deeper. Nevertheless, the overall impact of this mixed
phase to the large-scale feedback is not significant.

From the results we examined, the bull’s-eye problem
that appears in the diagnostic cloud physics experiment
(CLD1) was clearly removed by employing the sophis-
ticated grid-resolvable precipitation physics. However,
it is important to note, as discussed in Hong and Pan
(1998), that the convection scheme with the operational
trigger did not remove the localized grid-scale rain in
Kansas during the 24-h forecast period. Furthermore it
distributed the grid-scale rain from Indiana eastward too
far northeast. This was true even in the case of prog-
nostic cloud and precipitate employed for the grid-re-
solvable precipitation physics, as in the CLD3 experi-
ment. They demonstrated that the same convection
scheme with different grid-resolvable physics shows
very similar axes for the grid-resolvable rain in Indiana
eastward, and that the new trigger in the convection
scheme has the axis notably to the south. In other words,
the experiments differ only in the convection trigger,
sharing the same grid-resolvable schemes, yet they dif-
fer in the mentioned area in the locus of the grid-re-
solvable maxima. The results in this study reinforce the
fact that the same convection scheme with different grid-
resolvable precipitation physics shows a very similar
axis for the grid-resolvable rain in that area (Figs. 5b,
5d, and 5f). The significant impact on the grid-scale
precipitation due to parameterized convection was ad-
dressed by Kuo et al. (1996).

As mentioned earlier, the differences between the
CLD3 and CLD5 experiments are not significant except
for a slight increase in the grid-resolvable rain in CLD5
(Fig. 6, Table 1). This suggests that the mixed phase in
the microphysics is of negligible significance for the
predicted precipitation in this case. This is in line with
the theoretical basis of the scheme in the CLD3 exper-
iment as Dudhia (1989) formulated it. As a result, it is
concluded that the prognostic cloud and precipitate

scheme with ice physics (CLD3) maybe adequate for
the grid-resolvable precipitation physics in an opera-
tional mesoscale model.

5. Sensitivity experiments

In Table 1, the ETSs from the sensitivity experiments
are comparable or worse compared to that from the
CLD3 experiment. Recall that each experiment changes
one option from the CLD3 experiment listed in Table
1. Since all experiments, except the NGTQ experiment,
increase precipitation amounts, bias scores are worse
than the CLD3 experiment. The CLD3 experiment pro-
duced more precipitation than observed by a factor of
2.1 in a domain-averaged sense (Table 1). Considering
the two skill scores mentioned above, it is judged that
all sensitivity experiments showed comparable or worse
skill scores in the precipitation forecasts. In particular,
the impact of advection for clouds and precipitates
(NOAD) is very significant.

Figure 9 shows the height–time cross sections of qci

and qrs, vertical motion, and relative humidity from the
CLD3 and NTGQ experiments. From the comparison
of Figs. 9a and 9b, it can be seen that the CLD3 ex-
periment shows a realistic distribution of qci and qrs in
association with the stratiform cloud in the upper tro-
posphere and the precipitate below. Compared to the
CLD3 experiment, the NGTQ experiment reveals a shal-
low stratiform cloud layer with negative values of qci

beneath. These negative values are of the same order as
the nearby positive values. The reduction of cloud spe-
cies to negative values may be related to the vertical
advection processes, as shown in Figs. 9c and 9d. The
negative values of qci from the NGTQ experiment ap-
pear where vertical motions are strong. The distribution
of qrs is highly localized in horizontal grid space (not
shown). Thus, its negative value seems mostly to be due
to the horizontal advection. In turn, negative values of
qci and qrs act as a sink of water vapor. In such situations
clouds could not be generated even when the air column
is supersaturated until the values become positive. This
misleading feature in the microphysical processes pro-
duces an unrealistic feedback to the larger-scale dynam-
ic circulation. The interaction between the dynamic and
thermodynamic processes is not straightforward. De-
spite this, it can be seen that the resulting modeled at-
mosphere from the NGTQ experiment has weaker ver-
tical motions with smaller horizontal and vertical scales
than does the CLD3 experiment. Relative humidity in
the upper troposphere is also smaller. Comparison of
domain-averaged thermodynamic profiles (not shown),
indicates that the NGTQ experiment produced a more
stabilized atmosphere than the CLD3 experiment, in
conjunction with the less intense dynamic circulation.
This results in the misleading improvement in the skill
of precipitation bias (see the last paragraph of section
3).

In Fig. 10, the 24-h accumulated precipitation at the
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FIG. 9. Pressure–latitude cross sections of (a) qci (g kg21) (thin lines) and qrs (g kg21) (thick lines) and (c) vertical p-velocity (Pa s21)
from the CLD3 experiment at 1200 UTC 16 May 1995 (24-h forecast time) along the line AB in Fig. 5e, and the corresponding results, (b)
and (d), from the NGTQ experiments. Dotted lines in (b) denote the negative values. Shading in (c) and (d) represent the area that RH is
greater than 97%. Thick dashed–dotted lines in the bottom of each figure means the terrain height.

FIG. 10. As in Fig. 5f but for the DELT experiment.

48-h forecast time valid at 1200 UTC 17 from the DELT
experiment is shown. It is obvious that the grid-resolv-
able rainfall is widespread compared to that from the
CLD3 experiment (Fig. 5f). The distribution of grid-
scale precipitation over the Ohio Valley is much farther

northward than seen in the CLD3 run. A difference is
also discernible in the distribution of subgrid-scale rain.
For example, the DELT experiment produced much less
subgrid-scale and grid-scale rainfall in Kentucky. To
clarify the difference between the two experiments, the
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FIG. 11. The temporal evolution of vertical distribution of qci (g
kg21) (shaded) and qrs (g kg21) (solid lines) at the point A, marked
in Fig. 10, from the (a) CLD3 and (b) DELT experiments, and (c)
the difference of relative humidity (%) (DELT 2 CLD3). Scales of
qci in (a) and (b) are shown in the bottom of (a). Contour intervals
in (c) are 10% with zero (thick solid), positive (thin solid), and neg-
ative (dotted lines) values.

comparison of qci and qrs, and the difference of relative
humidity at the point A, marked in Fig. 10, are shown
in Fig. 11. At this point, both experiments produced
comparable amounts of grid-scale and subgrid-scale rain

(not shown). A peak intensity of grid-scale rain appeared
at 1900 UTC 16 May in both expriments. Compared to
the CLD3 experiment, the DELT experiment shows an
early onset of grid-scale rain that accompanies the low-
level cloud below 700 hPa (Figs. 11a and 11b). With
time, qci and qrs tend to be higher in the DELT exper-
iment that those from the CLD3 experiment. Unreason-
ably large values of qci and qrs appear in the DELT
experiment in the middle to upper atmosphere when
grid-scale rain activity is mature. In the DELT experi-
ment, maximum values of qci and qrs are as high as 3.8
g kg21 and 12 g kg21, respectively, at 400 hPa at 1900
UTC 16, whereas in the CLD3 experiment qrs has a
maximum of 5 g kg21 at that level, and qci ranges below
0.7 g kg21 in the stratiform cloud region. We have no-
ticed that this unrealistically localized qci and qrs dis-
tribution in the middle to upper troposphere is a common
feature in the DELT experiment. This may stem from
the fact that, in the DELT experiment with a 240-s time
step, relatively slower microphysical processes such as
evaporation and sublimation become faster, whereas rel-
atively faster processes such as condensation and ice
nucleation become slower compared to those in the
CLD3. This behavior compromises the microphysics
underlying these processes. For example, the early onset
of low-level cloud below 700 hPa and associated pre-
cipitation formation in the DELT experiment are found
to be due to supersaturation in that layer (Fig. 11c).
Higher relative humidifies are distinct where low-level
cloud is produced in the DELT experiment. Because
condensation with a 240-s time step cannot remove su-
persaturation as efficiently as in the case of a 120-s time
step, rainwater forms by autoconvection in the DELT
experiment, while cloud water evaporates in unsaturated
condition in the CLD3 experiment. Note that evapora-
tion of cloud water is an instantaneous process during
a time step in the presence of subsaturation.

Cold cloud in the upper troposphere experiences the
more complicated processes of ice phase physics than
in warm cloud. The CLD3 experiment showed a nearly
saturated profile during the mature stage of the grid-
scale rain activity during 1800–2000 UTC 16 May (not
shown). However, a numerical instability–like evolution
of relative humidity is apparent in the DELT experiment.
As mentioned earlier, with a large time step the ice
nucleation process would not be as efficient in removing
the supersaturation as in nature. Furthermore, the
amount of adjustment due to some microphysical pro-
cesses would be bounded to a limit of water substance
that remains in the atmosphere. From a single column
test, with a large time step, the depositional growth of
ice crystal could be as high as the amount of supersat-
urated water vapor irrespective of the property of ex-
isting ice, leading to a quick drop of relative humidity.
At the next time step, a totally different microphysical
process, sublimation, resulted in a saturated layer. In
other words, one process is dominant at one time and
another is dominant at the following time step, while
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FIG. 12. Vertical profiles of the area-time-averaged ue (dotted lines)
and ues (solid lines), derived from the CLD3 (thick lines) and VDCI
(thin lines) experiments. Profiles are obtained as in Fig. 8.

FIG. 13. Differences of total (solid line), shortwave (dotted), and
longwave (dashed) radiative heatings (NORA 2 CLD3). Profiles are
obtained as in Fig. 8.

with a small time step all microphysical processes occur
simultaneously. These less physically based adjustments
cause the unrealistic evolution of liquid species. In con-
trast, a further decrease in the time step below 120 s
does not significantly affect the results.

In Fig. 12, the vertical profiles of ue and ues from the
CLD3 and VDCI experiments are compared. The VDCI
experimental results are colder and more moist below
the 780-hPa level, and warmer and drier than the CLD3
results above it. Note that boundary layer vertical mix-
ing of qci does not change the ue distribution. We explain
this behavior as follows: As supersaturation produces a
low-level cloud within the PBL, a nonlocal large eddy
transports the qci efficiently within the mixed layer. The
transported qci immediately evaporates when the level
is subsaturated, which results in the cooling and mois-
tening at the level. Through this process the environment
becomes more favorable to initiate convection due to
the increased relative humidity in the subcloud layer.
The enhanced grid-scale rain from the VDCI experiment
seems to be due to the increased detrainment of water
vapor at the convective cloud top. An increase of qci

was obtained in the upper troposphere from the VDCI
experiment (not shown). As a result of these mecha-
nisms the vertical diffusion seems to increase not only
the subgrid scale and but also grid-resolvable rain (Table
1). Meanwhile, vertical diffusion of cloud species was
omitted in this study to achieve a better precipitation
forecast skill. However, we speculate that this process
may need to be incorporated to simulate the cloud evo-

lution in a more realistic fashion unless a high precip-
itation bias appears in the model.

In Fig. 13, the difference of domain-averaged short-
and longwave radiative heating in the NORA and CLD3
experiments is presented. In terms of the ETS and do-
main-accumulated precipitation (Table 1), the impact of
different cloud fraction formulation between the two
experiments is significant. The ETS from the NORA
run is as low as in the case of the DELT experiment.
The differences for both shortwave and longwave ra-
diative heatings are most significant between 300 hPa
and 850 hPa. The impact of the longwave portion is
larger. The operational cloud fraction formula in (6)
tends to overestimate the cloud fraction in cold clouds,
as described in section 2. This overestimation of cloud
fraction is mostly due to the operational radiation pack-
age using a relative humidity threshold, RHo in (6), with
respect to water. Given the increase of the relative hu-
midity for the same value of water vapor when using
ice physics, the cloud fraction is always overestimated
in cold clouds. This high amount of cloud fraction caus-
es a significant degradation of the skill in the precipi-
tation forecast, through the radiation–precipitation feed-
back mechanism. The new formula in (7) improves the
radiation feedback by effectively reducing the cloud
fraction when qci is small. Nevertheless, it was found
that the new cloud fraction formula still tends to over-
estimate cloud fraction compared to the optimized value
from the operational formula without ice physics in the
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FIG. 14. Differences of T (K) (NOWL 2 CLD3). Profiles are ob-
tained as in Fig. 8.

FIG. 15. The 250-hPa qci (g kg21) at 1200 UTC 16 May 1995 (24-
h forecast time) from the (a) CLD3 and (b) NOHD experiments.

model. Tuning a relative humidity threshold, RHo in (6),
with respect to ice may be another way to alleviate the
problem using the operational formula. Evaluation of
the threshold values is being undertaken based on the
observation datasets for radiation climatology. As a re-
sult, despite this improvement we feel that a new ra-
diation package that directly computes the emissivity
from cloud water/ice water will be needed in the future.

Figure 14 shows the difference of time-area-averaged
temperatures between the NOWL and CLD3 experi-
ments for the 48-h forecast period. Below 600 hPa the
NOWL experiment has lower temperatures compared to
the CLD3 experiment, indicating a stronger stabilization
in the NOWL experiment. The lower troposphere might
be cooler when water loading is neglected because up-
ward motion would be more likely to occur. This be-
havior is consistent with the previous studies (e.g.,
Zhang et al. 1988) in the sense that water loading plays
a role in stabilizing the atmosphere when liquid species
exist. Zhang et al. (1988) highlighted that the hydrostatic
water loading effect is an important effect among the
microphysical processes, together with evaporation of
raindrops and melting of snow, in suppressing the de-
velopment of excessive grid-scale rain. In contrast, the
overall impact of water loading on the precipitation is
not significant in this study. For example, the difference
in temperature is below 0.1 K below 600 hPa. The mois-
ture deviation was also negligible (not shown). The ETS
and bias scores are very comparable for both experi-
ments (Table 1). The precipitation distribution is very
similar for both experiments without a discernible un-

realistically localized grid-scale rain from the NOWL
experiment (not shown). From the preliminary sensitiv-
ity experiments, evaporation and melting processes were
found to be the major processes responsible for the re-
duction of localized grid-scale rain processes in this
study, as pointed out Zhang et al. (1988). A possible
explanation for this discrepancy is that water loading is
considered in all the governing equations in the current
study, whereas Zhang et al. (1988) considered this effect
only in the hydrostatic equation.

In Fig. 15, the distribution of 250 hPa qci derived
from the CLD3 and NOHD experiments at 1200 UTC
16 May is compared. The distribution of qci from the
CLD3 experiment is generally comparable with the sat-
ellite image (Fig. 3a). Note that the comparison cannot
be directly confirmed. The satellite imagery is 1 h and
15 min prior to the valid time of the forecast. In addition,
there is an uncertainty in comparing the visible satellite
image and the 250-hPa qci distribution. Despite these
uncertainties, it can be seen that the model was capable
of capturing the major features associated with the cloud
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FIG. 16. As in Figs. 5e and 5f but for the NOAD experiment.

evolution. For example, a cloud shield with a sharp
gradient ahead of the upper-level cutoff low, oriented
northeastward from western Mexico to Kansas, was
very well organized. The model also predicted a cloud
free area between this long cloud shield and the cloudy
area located over Indiana, Illinois, northeastern Mis-
souri, and western Kentucky. In addition, a long cloud
band to the north of the heavy precipitation area was
well simulated.

From Figs. 15a and 15b, it can be seen that the hor-
izontal diffusion of qci plays a positive role in qci evo-
lution by removing widespread light values and redis-
tributing excessive values, the overall effect being a
more realistic distribution. Without horizontal diffusion
of qci and qrs, the model produced similar precipitation
patterns but greater amounts (Table 1). The ETS score

is comparable for both experiments, but the increase of
grid-scale rain is noticeable in the NOHD experiment.
Thus, we may say that horizontal diffusion of the liquid
species has a positive impact because it removes un-
realistic features.

As indicated in Table 1, advective processes for
clouds and precipitates are the most significant factor
in the modeled cloud or synoptic-scale evolution. Figure
16 shows the 24-h accumulated precipitation amounts
from the NOAD experiment. Compared to the CLD3
experiment (Figs. 5e and 5f), it can be seen that without
advection, excessive grid-resolvable rain is generated in
some areas. It is interesting to note that in the 24-h
forecast the axis of subgrid-scale rain is located in north-
ern Oklahoma, which is much farther to the south than
in the CLD3 experiment. It is not possible to isolate the
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FIG. 17. Time variation of volume-averaged qci (g kg21) from the
CLD3 (solid) and NOAD (dotted) experiments. The average is over
all the grid points within the model domain.

direct impact of nonadvecting liquid species on the pre-
dicted precipitation and associated synoptic features.
However, we speculate that the big difference in the
convection forecast over heavy precipitation regions
seems to have influenced the downstream location of
the predicted precipitation and embedded synoptic pat-
terns in the 48-h forecast. This behavior was found when
the operational convection trigger was employed (Hong
and Pan 1998). The ETS from the NOAD experiment
is as bad as in the experiment with the operational con-
vective trigger in Hong and Pan (1998). Figure 17 com-
pares the volume-averaged qci from the CLD3 and
NOAD experiments. It can be seen that the NOAD ex-
periment reveals higher amounts of qci than the CLD3
experiment. This implies that the removal processes of
cloud species are slower than the generation processes
when advection is ignored, as was the case of the CLD2
experiment in Fig. 7. It is therefore concluded that ad-
vection plays an important role in generating realistic
cloud evolution by transporting liquid species to the
right place. The advection of liquid species cannot be
neglected at mesoscale grid resolutions.

6. Summary and concluding remarks

A new precipitation physics package for the NCEP
RSM designed to improve the precipitation prediction
skill during the convection season over the United States
is proposed. The new physics package includes a prog-
nostic cloud scheme that explicitly treats the cloud mi-
crophysical processes, and a revised convective param-
eterization scheme based on the concept of convective
trigger functions, which explicitly couple boundary lay-

er and convection processes. The new package has been
extensively tested with a grid spacing of approximately
25 km over the United States for a heavy rainfall case
during 15–17 May 1995. This paper describes and eval-
uates the prognostic cloud scheme implementation for
the NCEP RSM. A description of the convective trigger
function, the heavy rain case, and the model and ex-
perimental design are presented in detail in a companion
paper (Hong and Pan 1998).

In this study we focus on the implementation of a
prognostic cloud scheme within the confines of opera-
tionally available computer resources with several cloud
schemes. Special emphasis is placed on how each
scheme influences the precipitation forecast. The treat-
ment of the prognostic liquid species includes the same
dynamical processes as for the water vapor variable,
excluding vertical diffusion. The problem of negative
values in a spectral model for liquid species is addressed
by setting negative values to zero in gridpoint space.
However, the negative values due to spectral transfor-
mation are retained in spectral space. A split time in-
tegration approach is applied for the microphysical pro-
cesses. In addition, a cloud fraction formula including
liquid species information is employed for realistic ra-
diation feedback. Eleven experiments were designed to
investigate the sensitivity of the precipitation forecast
to the setup of the prognostic cloud scheme and to com-
pare several grid-resolvable precipitation schemes.

From the intercomparison among different grid-re-
solvable precipitation physics schemes, we found that
the prognostic treatment of cloud/ice and rain/snow al-
lows for a much more realistic simulation of the heavy
precipitation case. The diagnostic precipitate scheme
with prognostic cloud partially removes some excessive
rainfall due to the grid-resolvable precipitation process,
which exists in the diagnostic cloud scheme, but surface
precipitation is not as organized as with the prognostic
precipitation scheme. On the other hand, the detailed
treatment of microphysical processes with supercooled
water does not significantly affect the model results. It
is important to note that the sophisticated grid-resolv-
able precipitation physics alone is found to be respon-
sible for the reduction of excessive grid-scale rain due
to the unrealistic feedback between low-level heating,
surface pressure fall, low-level moisture convergence,
and upward motion, as pointed out by Molinari and
Dudek (1986) and Zhang et al. (1988). However, Hong
and Pan (1998) demonstrated such a feedback can occur
due to the characteristics of the parameterized convec-
tion, even though sophisticated microphysical processes
are included. The results using the convection scheme
with the operational trigger not only generated the ex-
cessive grid-scale rain, but also changed significantly
the larger-scale patterns downstream.

From the sensitivity experiments regarding the im-
plementation setup of the prognostic cloud scheme, the
negative value treatment, which enforces a lower bound
of zero for clouds and precipitates in gridpoint space,
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effectively removes unrealistically large negative values
of prognostic liquid species that result from the dynam-
ical processes. As an alternative, a semi-Lagrangian
method for treating water substance is under develop-
ment. A finer time step of 120 s for microphysical pro-
cesses solves the unphysical evolution of liquid species
when the model employs a large time step. The vertical
diffusion of qci increases the subgrid-scale rain as well
as grid-resolvable rain due to enhanced vertical mixing
of cloud water. Including cloud information in the ra-
diation scheme improves the cloud fraction calculation
by removing cold cloud when predicted values of cloud
water/ice water are small. However, it is desirable to
develop a radiation scheme that directly incorporates
the cloud properties. Horizontal diffusion plays a role
in reproducing cloud evolution in a realistic fashion by
effectively removing light spurious cloud and redistrib-
uting unrealistically localized liquid species when it is
not considered. Horizontal and vertical advection of liq-
uid processes are essential to the realistic simulation of
cloud evolution and cannot be ignored.

From the results we have examined it is concluded
that the prognostic cloud scheme has been successfully
implemented in a regional spectral model. It is also not-
ed that the proper setup of prognostic grid-resolvable
rain scheme is very important and the impact of the
implementation setup (e.g., advection for liquid species)
is more significant to modeled precipitation than the
choice of different schemes. As stressed in Hong and
Pan (1998), a proper treatment of the parameterized
convection in subgrid-scale precipitation physics is cru-
cial to achieve a realistic cloud simulation in a grid-
resolvable precipitation scheme. Within the limitations
of available computer resources, the physics package
with the improved convection and prognostic cloud wa-
ter/ice and snow/rainwater without supercooled water
appears to be adequate for the RSM having an effective
horizontal grid size of 50 km or smaller.
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