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Abstract A comparative study has been conducted to
investigate the skill of four convection parameterization
schemes, namely the Anthes—Kuo (AK), the Betts—Miller
(BM), the Kain—Fritsch (KF), and the Grell (GR) schemes
in the numerical simulation of an extreme precipitation
episode over eastern Peninsular Malaysia using the Penn-
sylvania State University—National Center for Atmo-
spheric Research Center (PSU-NCAR) Fifth Generation
Mesoscale Model (MMS). The event is a commonly
occurring westward propagating tropical depression
weather system during a boreal winter resulting from an
interaction between a cold surge and the quasi-stationary
Borneo vortex. The model setup and other physical
parameterizations are identical in all experiments and
hence any difference in the simulation performance could
be associated with the cumulus parameterization scheme
used. From the predicted rainfall and structure of the storm,
it is clear that the BM scheme has an edge over the other
schemes. The rainfall intensity and spatial distribution were
reasonably well simulated compared to observations. The
BM scheme was also better in resolving the horizontal and
vertical structures of the storm. Most of the rainfall simu-
lated by the BM simulation was of the convective type. The
failure of other schemes (AK, GR and KF) in simulating
the event may be attributed to the trigger function, closure
assumption, and precipitation scheme. On the other hand,
the appropriateness of the BM scheme for this episode may
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not be generalized for other episodes or convective
environments.

1 Introduction

Widespread floods associated with heavy precipitation
episodes are common occurrences on the eastern coast of
Peninsular Malaysia during the northeast monsoon season
(November—January). The eastern coast of Peninsular
Malaysia is situated on the western part of the Maritime
Continent directly facing the southern part of the South
China Sea and hence receives the direct influence of strong
northeasterly winds during this period. The northeasterly
winds that originate from the far north are usually cool and
dry but become more moist as it travels over warmer parts
of the southern South China Sea (Johnson and Houze
1987). Climatologically, the monthly rainfall in this region
peaks during this period. Occasionally during boreal winter
anomalously stronger northeasterly cold surges prevail
over the South China Sea due the intensification of the
Siberian high (e.g. Chang et al. 2005). During a cold surge
episode, the northeasterly winds penetrate further south
reaching the southern parts of Peninsular Malaysia and
Sumatra. The heavy precipitation episode that resulted in
extreme flooding in southern Peninsular Malaysia and
eastern Sumatra in December 2006 and January 2007 was
associated with episodes of strong cold surges penetrating
further south in conjunction with other circulation features
(Tangang et al. 2008). However, moisture convergence
over the western part of the Maritime Continent during this
period is not only determined by the cold surge but is also
largely influenced by the presence or absence of the
quasi-stationary Borneo vortex (Chang et al. 2005).
Moisture convergence tends to be over the eastern
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Peninsular Malaysia region (western Borneo) when the
Borneo vortex is absent (present). However, the presence
of eastward propagating disturbances associated with the
Madden-Julian Oscillation (MJO) affects the interaction
between the cold surge and the Borneo vortex (Chang et al.
2005). In certain conditions, the interaction between the
cold surge and the Borneo vortex results in a tropical
storm/tropical depression that moves westward to eastern
Peninsular Malaysia and subsequently causes severe
flooding. The occurrence of the rare typhoon Vamei (2001)
that resulted in severe flooding in the southern region of
Peninsular Malaysia was associated with such an interac-
tion (Chang et al. 2003; Juneng et al. 2007a; Tangang et al.
2007). Another example is the heavy precipitation episode
of 9-11 December 2004 that will be investigated further in
this study.

The 9-11 December 2004 extreme precipitation event
was considered a significant episode as it caused severe
flooding in Malaysian’s eastern state of Pahang with some
stations recording rainfall with an intensity exceeding a 100-
year return period (Juneng et al. 2007b). Understanding the
mechanism and enhancing the ability to numerically fore-
cast such an episode ahead of its landfall are important
aspects in mitigating the flood disasters that it can cause.
Juneng et al. (2007b) presented the results of a numerical
simulation of the event and an understanding of some
aspects of its mechanism. However, an issue that was not
addressed in the study was the sensitivity of such a numer-
ical simulation to various physical parameterization
schemes. The focus of this study is to investigate the
sensitivity of the simulation of the event to cumulus
parameterization schemes using the Pennsylvania State
University—National Center for Atmospheric Research
Center (PSU-NCAR) Fifth Generation Mesoscale Model
(MMS). The choice of a cumulus parameterization scheme is
known to affect the accuracy of rainfall predictions of var-
ious convective environments and their associated surface
features and evolution (e.g. Wang and Seaman 1997; Rakesh
et al. 2007; Vaidya 2006; Ratnam and Cox 2006; Yang and
Tung 2003; Kerkhoven et al. 2006). However, a comparative
study of the cumulus parameterization schemes has yet to be
conducted for heavy precipitation events over this region.
Although MMS is being replaced, the Weather Research and
Forecasting (WRF) model users may still benefit from the
current analysis as the selected convection schemes are also
available in the WRF model. Hence, the results of this
investigation may serve three purposes: first, to determine an
appropriate choice of cumulus parameterization schemes
that works for such an episode and second, to provide some
insight into why a particular scheme works well or fails to
simulate the event. The third purpose is to learn about model
skill and future improvement of flood forecasting and early
warning system.
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2 Methodology

The simulation uses the PSU-NCAR MMS5 version 3 that
employs a terrain following o-coordinate system of 24 o-
levels covering the surface up to a 50-hPa level and the first
sigma level is at o = 0.995. The simulation domain
employs a double two-way nested grid setup in the hori-
zontal with a coarse domain (45 km resolution) consisting
of 116 x 116 grid points while the inner domain has
142 x 142 grid points of 15 km resolution. The domain
setup is slightly different from those employed in Juneng
et al. (2007b). Both the inner and outer domains are larger
and shifted slightly east to ensure that the simulation cap-
tures the early-stage development of the system. Figure 1
shows the inner domain with topography taken from the
US Geological Survey (USGS) 5-min resolution dataset.
The topography dataset was interpolated onto the model
grids using a Cressman type objective analysis scheme.

2.1 Cumulus parameterization schemes

A number of cumulus parameterization schemes have been
developed and in the MMS5 model, users have the option to
select from seven schemes including the Betts—Miller
(BM) scheme (Betts and Miller 1986), the Kain Fritsch
(KF) scheme (Kain and Fritsch 1993), the Grell (GR)
scheme (Grell 1993; Grell et al. 1994), the Anthes—Kuo
(AK) scheme (Kuo 1974; Anthes 1977), the Arakawa
Schubert scheme (Arakawa and Schubert 1974), the Fritsch
Chapell scheme (Fritsch and Chappell 1980), and the New
Kain Fritsch scheme (Kain 2004). In this study, we con-
sider only four schemes on the basis of their frequent use in
numerical experiments. The four schemes include the AK,
BM, KF, and the GR scheme. Wang and Seaman (1997)
investigated these schemes for various mid-latitude con-
vective environments and concluded that the KF scheme
tended to perform better. Another earlier study by Kuo
et al. (1996) found that the KF scheme performed best for
the simulation of an ERICA IOP 5 storm. On the other
hand, Kerkhoven et al. (2006) suggested that both the GR
and BM schemes performed better at simulating a summer
monsoon rainfall event over the east China regions. These
studies suggest that a particular cumulus scheme may work
for a particular event or convective environment, but may
not work in others. The effectiveness of a particular
scheme to simulate the convection depends on the design
aspects of the scheme that include its triggering function,
closure assumption, and precipitation scheme (e.g. Kuo
et al. 1996; Kerkhoven et al. 2006). However, the
assumption and simplification of a particular cumulus
scheme has basically limited its effectiveness.

Here, we provide a brief overview of the four CP
schemes evaluated in this study. The BM scheme is
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Fig. 1 Horizontal domains

used in the simulations (fop
right corner) and orography in
the inner domain. Isolines are
drawn every 200 m

basically a penetrative adjustment scheme without a cloud
model. Convectively unstable cloud layers are relaxed to a
predetermined reference temperature and moisture profile
(Betts and Miller 1986). The BM scheme triggers the
convection whenever the atmosphere is unstable (cloud
depth of 290 mb) and continues until the atmosphere sta-
bilizes as it has no artificial constraint on the convection
(Kuo et al. 1996; Kerkhoven et al. 2006). The limitation of
the BM scheme includes the use of a single stable humidity
profile and its lack of cloud dynamics. The AK Scheme is a
modification of the Kuo (1965) scheme by Anthes (1977).
The convection is determined by vertically integrated
moisture convergence. This scheme partitions the grid-
scale moisture convergence into two components, i.e., the
production of precipitation and the moistening of the air
column. Anthes (1977) set the relative contribution to the
precipitation as a function of the mean relative humidity of
the troposphere. The scheme does not consider cloud up-
drafts and downdrafts but requires available energy and
sufficient moisture supply in order to trigger the convec-
tion. Kerkhoven et al. (2006) highlighted two major
problems with the scheme, namely that the instability
produced by energy fluxes can grow unrealistically high
and that the moisture convergence is not Galilean invariant.

105 E

The GR scheme is a single-cloud version of the Arakawa-
Schubert scheme (Grell 1993). Its cloud model consists of
1D updraft-downdraft couplet but has no lateral entrain-
ment. The mixing of environmental and cloud air occurs
only at the top and bottom of the circulation. The closure
for this scheme assumes that the rate of production of
instability at the large scale equals the rate of removal of
instability at the small scale (Kerkhoven et al. 2006). The
KF scheme employs a 1D entraining-detraining plume
without downdraft (Kain and Fritsch 1990). The convec-
tion is proportional to the available buoyant energy but the
cloud depth has to be greater than 4 km in order to trigger
the scheme. A more detailed overview of these cumulus
schemes can be found in Kerkhoven et al. (2006) and Kuo
et al. (1996). Table 1 summarizes the comparison among
the convection schemes in terms of trigger function, clo-
sure assumption, and precipitation scheme.

2.2 Numerical experiments
In addition to the cumulus schemes, several other param-
eterization schemes were used and kept unchanged for all

simulations. These include the Schultz microphysics
scheme (Schultz 1995), the Blackadar scheme for the
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Table 1 Comparison of different cumulus parameterization schemes in terms of convection trigger function, closure assumption, and precip-
itation algorithm [adopted from Kuo et al. (1996) and Kerkhoven et al. (2006)]

Cumulus scheme Convective trigger function

Closure assumption

Precipitation scheme

Betts—Miller (BM) Cloud depth >290 mb
Stability check

Grell (GR) Lifting depth <50 mb

Cloud depth >150 mb

Adjustment toward quasi-
equilibrium reference profiles

Quasi-equilibrium assumption (the
grid column is stabilized by the
convection at the same rate that
it is destabilized by the large-

Penetrative adjustment (no cloud
model)

1D cloud model with updraft and
downdraft fluxes

No lateral entrainment and
detrainment

scale flow)

Kain Fritsch (KF) CAPE-based

Cloud depth >4 km

Stability check

Vertically integrated moisture
convergence > threshold value
B x 10 kgm2s™")

Cloud depth >300 mb

Stability check

Anthes—KUO (AK)

CAPE is removed from the grid
column within an convective
timescale

Precipitation is proportional to
large scale moisture convergence

1D mass conservative cloud model

Entraining-detraining plume, with
downdraft

Simple 1D cloud model

No downdraft

planetary boundary layer processes (Zhang and Anthes
1982), and the CCM2 radiation scheme (Kiehl et al. 1998).
The choice of schemes was based on a prior experiment for
which the results will be reported elsewhere. The model
initial and boundary conditions were prepared by the hor-
izontal interpolation of a 1° x 1° NCEP global analysis
onto the model grids and a vertical integration to the model
o-levels. The sea surface temperature is based on the
1° x 1° weekly NOAA Optimum Interpolation version 2
SST data (Reynolds et al. 2002). The boundary conditions
were imposed every 6 h. In all experiments, the model was
initialized at 0OUTC 9 December 2004 and integrated to
18UTC 11 December 2004 for 66 h forecasts. The pre-
dicted rainfalls were compared with the gridded observed
rainfall from the Tropical Rainfall Measuring Mission
(TRMM) (Huffman et al. 2007). The TRMM data compare
well in terms of rainfall spatial distribution and intensity to
the radar images provided by the Malaysian Meteorologi-
cal Department (not shown).

2.3 Synoptic description of the event

The 9-11 December 2004 heavy precipitation episode was
initiated several days earlier from a synoptic scale distur-
bance known as the Borneo vortex (Juneng et al. 2007b). On
5 December 2004, the vortex lingered over western Borneo,
and by 6 December 2004, the system had drifted offshore
and interacted with strong northeasterly winds to form an
intensified closed cyclonic circulation. By 8 December
2004, the system began to drift westwards towards the
eastern coast of Peninsular Malaysia. By 06UTC 9
December 2004, the center of the system was located just
offshore, off the east coast of Peninsular Malaysia with a
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notable strengthening of surface winds of between 10 and
14 ms™" over its eastern and north-northwestern quadrants
(Fig. 2a). By OOUTC 10 December 2004, the center was
already located over the eastern coast of Peninsular
Malaysia (Fig. 2b). After landfall the system weakened
considerably but continued its westward propagation,
crossing Peninsular Malaysia, and by 18UTC 10 December
2004, the remnant of the system was located over the Straits
of Malacca (Fig. 2c). A more detailed synoptic description
of the system is presented in Juneng et al. (2007b).

The storm caused severe flooding in the east coast of
Peninsular Malaysia resulting in the evacuation of more
than 15,000 people and 12 causalities. However, as indi-
cated by the spatial distribution of the 66-h accumulated
rainfall from TRMM, the heaviest rainfall was basically
located north of the center of the storm system with the rain
band stretching in a north—south configuration from 3 to
5°N, centered at 103°E (Fig. 3). The maximum rainfall in
the area exceeded 600 mm. Juneng et al. (2007b) showed
that the high mountain terrain that runs from north to south
in the middle of the peninsula played an important role in
the distribution of the rainfall. By flattening the terrain in
the inner domain, Juneng et al. (2007b) showed that the
location of maximum rainfall had shifted west.

3 Results and discussion

3.1 Spatial distribution and intensity of simulated
rainfall

The spatial distribution and intensity of the simulated 66-h
accumulated rainfall for all cumulus experiments are
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shown in Fig. 4. All experiments show a different intensity
and the distribution of simulated rainfall with that of the
BM scheme shows a greater resemblance to the observed
TRMM. The BM scheme is able to simulate the rain band
with maximum rainfall of 500 mm, i.e., more than 80% of
that observed (Fig. 4a). The simulated rainfall is also
consistent with those in Juneng et al. (2007b) with minor
differences that may be the result of differences in domain
setup and different model integration periods. However,
the other three cumulus schemes failed to produce a sat-
isfactory pattern of rainfall distribution and intensity. The
GR scheme simulated rainfall is distributed mostly north of
the observed TRMM rainfall location near the Malaysia—
Thailand border with a maximum rainfall of 600 mm
(Fig. 4b). The KF scheme also failed to simulate rainfall
over land but mostly over the South China Sea, east of
eastern Peninsular Malaysia (Fig. 4c). The AK scheme
simulated rainfall appeared to be widely distributed over
the waters with a lowest intensity of only 220 mm
(Fig. 4d). These results suggest the sensitivity of the sim-
ulated rainfall to cumulus parameterization schemes.
Figure 5a shows the temporal variation of the 3-hourly
rain rates (mm/h) for the observed TRMM rainfall and the
simulated values for each of the cumulus schemes averaged

2S
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100 150 200 250 300 350 400 450 500 550 600 650 (MM)

Fig. 3 Distribution of the total 66 h (00 UTC 9 December 2004-18
UTC 11 December 2004) accumulated rainfall computed from
TRMM 3-hourly product. The box indicates the area (3.5-5°N,
102.5-104°E) where accumulated rainfall is to be computed for
subsequent figures
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Fig. 4 Distribution of the total 66 h (00 UTC 9 December 2004—-18 UTC 11 December 2004) simulated accumulated rainfall for (a) BM, (b)
GR, (¢) KF and (d) AK. The AA’ line indicates the transect used for vertical cross-section in Fig. 7

over an area of 3.5-5°N, 102.5-104°E; the box shown in
Fig. 3. The extreme rainfall episode started in the early
hours of 9 December 2004 and peaked 12-15 h later.
Several hours thereafter, the intensity of the rainfall epi-
sode began to decline, but by 12 UTC 10 December 2004
the rainfall intensity started to increase again due to a
secondary maximum. The evolution of the rainfall episode
is captured well by the simulation with the BM cumulus
scheme except that it has a somewhat lower intensity. The
other cumulus schemes failed to capture the evolution of
the rainfall episode. Table 2 shows the Root Means Square
Error (RMSE) together with its systematic and unsystem-
atic portions (RMSEs and RMSEu) between observed and
predicted values of the 3-hourly rainfall rates. The RMSEs
and RMSEu portions were computed based on Willmott
(1982). Consistent with Fig. 5a, at 06 UTC 09 December
2004, there was no difference in the RMSE values among
all the cumulus schemes. However, at later stages of 00
UTC 10 and 18 UTC 10 December 2004, the BM simulated
rainfall has a significantly lower RMSE when compared
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with other schemes. The BM scheme has the lowest sys-
tematic RMSE. Willmott (1982) suggested that for a
“good” model, the systematic error should approach zero
while the unsystematic difference converges to the RMSE.
Hence the relatively lower RMSEs values for the BM
scheme seem to suggest its better performance compared
with other schemes. Indeed, based on Fig. 5b, the BM
scheme is the only scheme that simulates the accumulated
rainfall for the same region reasonably well, i.e., about
70% of the observed compared to only about 20% for the
other three schemes.

3.2 Mean sea level pressure

Figure 6 shows the predicted mean sea level pressure
(MSLP) for all the cumulus schemes as well as the NCEP
MSLP interpolated to the model grids plotted for the inner
domain at 00 UTC 10 December 2004 and 18 UTC 10
December 2004. Due to the coarse resolution of the NCEP
MSLP and the relatively small size of the storm, the
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December 2004 observed by TRMM, and obtained by using BM, KF,
GR and AK cumulus schemes

horizontal structure of the storm’s MSLP including the
storm’s center is not well resolved by the NCEP data
(Fig. 6a, b). However, the horizontal structure of storm’s
central pressure is well simulated using the BM cumulus
scheme with smoother features (Fig. 6¢, d). The simulated
structure clearly shows a center with minimum central
pressure of 1,002 hPa. In contrast, the other cumulus
schemes failed to produce a well-defined pattern of the
storm’s horizontal MSLP structure. For the GR scheme, a
less well-developed and shallow system with central
pressure of 1,008 hPa was simulated over the waters off the
eastern coast of the peninsula. Several more small struc-
tures are also visible to the north of the main system
(Fig. 6e, f). The horizontal MSLP structure for the KF
scheme appears to be similar to that of the GR scheme.
However, the spurious structures located north, simulated

Table 2 The root mean square error of differences between observed
TRMM rainfall for the 3.5-5°N, 102.5-104°E region and the simu-
lated values using various cumulus schemes (a) total RMSE, (b)
systematic RMSEs and (c) unsystematic RMSEu (Unit is in cm/h)

06209 00210 18210
(2) RMSE
BM 0.54 112 0.65
KF 0.46 1.66 0.73
GR 0.67 1.76 0.82
AK 0.53 1.57 0.76
(b) RMSEs
BM 0.44 1.04 0.58
KF 0.44 1.65 0.71
GR 0.23 1.76 0.81
AK 0.47 1.54 0.73
(¢) RMSEu
BM 0.31 0.42 0.30
KF 0.14 0.16 0.17
GR 0.63 0.05 0.10
AK 0.25 0.31 0.19

in the GR scheme, were not replicated in this scheme
(Fig. 6g, h). The AK scheme fails to simulate any recog-
nizable pattern of the storm’s MSLP horizontal structure
(Fig. 61, j). The BM scheme also captures the low-level
circulation structures of the storm reasonably well (not
shown). The simulated structures are also consistent with
those of Juneng et al. (2007b) despite differences in domain
setup and model integration period. However, there are
notable discrepancies compared to the observed structure.
Despite the well-simulated structure, the westward propa-
gation of the simulated vortex appeared to be slower than
observed. At 0OOUTC 10 December 2004, the center of the
observed vortex is already over land (Fig. 2b) whereas the
center of the simulated vortex is still over the waters.
The simulated wind speeds also appear to be higher than
the observed magnitudes. Over the northwest quadrant of
the simulated vortex the wind speeds were between 22 and
24 ms™' compared to that between 12 and 14 ms™' for the
observed (not shown). The performances of these schemes
in simulating the storm’s MSLP horizontal structure are
consistent with their performances in simulating the dis-
tribution and intensity of observed rainfall as shown in
Figs. 4 and 5.

3.3 Vertical structure
Figure 7 shows the east-west cross section (transect AA’ in

Fig. 4) at about 4.3°N showing the vertical structures of the
simulated storms at 00 UTC 10 December 2004 for the four

@ Springer



40

E. Salimun et al.

Fig. 6 Sea level pressure for
(a, b) NCEP, (c, d) BM, (e, f)
GR, (g, h) KF and (i, j) AK at
00 UTC 10 December 2004 and
18 UTC 10 December 2004.
Unit used is hPa
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Fig. 7 Simulated vertical cross section at transect AA’ as in Fig. 4
(00 UTC 10 Dec 2004) for (a) wind vector (ms ') and relative
humidity (%)(contour), (b) equivalent potential temperature (K) and

cumulus parameterizations. The position of the transect
line is determined by the location of the observed maxi-
mum rainfall. As expected from previous results, only the
BM scheme was able to simulate the vertical structure of
the storm. Consistent with Juneng et al. (2007b), the strong
upward motions near the center of the storm indicates
strong convection (Fig. 7a of BM scheme). Strong low-
level convergence is apparent from below to about the
700 hPa level. Above the 500-hPa level, the flow tends to
be divergent to allow for the evacuation of the ascending
air (Fig. 7c of BM scheme). As argued in Juneng et al.
(2007b), the steep vertical gradient in the equivalent
potential temperature (6,) to the east of the storm center
indicates that the low-level moist air from the South China
Sea with 6, > than 350 K is the main energy source
driving the system (Fig. 7b of BM scheme). The backward
trajectory analysis of air parcels conducted in Juneng et al.
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(c) wind convergence (s_l) for BM, GR, KF and AK. The shaded
area in (a) is the vertical velocity value. The grayed region in (b)
indicates the area with rain water of more than 1.5 g kg™’

(2007b, their Fig. 12) indicates that air parcels at 900 hPa
level and above, travelling in arc-shaped trajectories, had
their origins in the south-southeast region of high relative
humidity and steep 6, gradient over the South China Sea.
The existence of a thermal ridge extending upwards into
the level of about 400 hPa indicates the typical structure of
a storm. The formation of the warm core is due to the latent
heat release as the air ascends.

3.4 Convective and non-convective precipitation

In this section, we compare the convective or sub-grid
scale (left column) and non-convective (right column)
precipitation at 00 UTC 10 December of each cumulus
parameterization scheme (Fig. 8). Consistent with previous
results, significant variations can be seen among different
schemes. The BM scheme produced widespread convective
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Fig. 8 Distribution of the 66-h simulated convective and non-convective rainfall at 00 UTC 10 December 2004 for BM (a, b), GR (c, d), KF(e,
f) and AK (g, h). Unit used is cm
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precipitation while the non-convective precipitation was
confined over the area of observed maximum rainfall
(Fig. 8a, b). On the other hand, the GR scheme simulated
much less convective rainfall and shifted to the north
(Fig. 8c),whereas non-convective precipitation spreads
over a wider region (Fig. 8d). The KF Scheme produced
convective precipitation at the northern part (Fig. 8e),
whereas the non-convective precipitation was mainly
located over land at the northern part of the peninsula
(Fig. 8f). In contrast, the AK scheme exhibited convective
precipitation both over the eastern coast of Peninsular
Malaysia and the sea, but no non-convective precipitation
(Fig. 8g, h).

Figure 9 provides the percentage of convective precip-
itation to the total precipitation averaged over a boxed area
indicated in Fig. 3 throughout the simulation period.
Interestingly, the lack of non-convective precipitation for
the AK scheme was not just at 00 UTC 10 December, but
throughout the simulation period. For the GR scheme, the
ratios fluctuate but most of the time the values remain
small indicating a higher contribution of non-convective
rainfall. The BM scheme shows an interesting pattern with
domination by the convective rainfall from the beginning
to at about 15 h of simulation time (including 12 h spin up
time) when the non-convective rainfall increases in which
the ratio reaches a minimum at about 20 h of simulation
time, coinciding with the time when the rainfall episode
reaches the maximum. The non-convective contribution
subsequently reduces and by about 35 h of simulation time,
all rainfalls are of the convective type. The pattern for the
KF scheme is similar to that of the BM scheme except that
the period where the ratios reduce occurred slightly later.
The results presented in Figs. 8 and 9 clearly show that
there is a significant variation in the partitioning, intensity,
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Fig. 9 Ratio of convective rainfall to the total rainfall (%) averaged
over the area 3.5-5°N, 102.5-104°E for BM, KF, GR, and AK

and distribution of convective and non-convective precip-
itation among the schemes. Interestingly, although all
experiments used the same Schultz microphysics scheme,
the non-convective precipitation differed widely both in
terms of intensity and spatial distribution among the
schemes. Kuo et al. (1996) attributed this to the effect of
convective heat and moisture transports that exert signifi-
cant influences on the moisture and temperature distribu-
tions in each simulation and these affect the density and
distribution of non-convective precipitation. Thorough
examination of the interaction of each scheme with non-
convective microphysical parameterization was not con-
ducted in this study. However, it is worth mentioning that
the behavior of both the GR and AK schemes was similar
to that reported by Kuo et al. (1996). Kuo et al. (1996)
argued that the limited convective precipitation simulated
by the GR scheme was probably due to the fact that the
precipitation efficiency parameterization determines the
intensity of convective downdrafts and automatic shut-off
switch. The deficiencies in the parameterizations of con-
vective downdrafts and precipitation efficiency would
result in this switch to cause the scheme to shut off too
often and allows the non-convective scheme to dominate
(Kuo et al. 1996). The minimal non-convective precipita-
tion by the AK scheme could be due to the same reason
provided by Kuo et al. (1996) for the Kuo Scheme since the
AK scheme was basically the modified version of the Kuo
Scheme. These could be related to the dependence of
convective precipitation on moisture convergence and the
specified convective heating profile.

3.5 Using different cumulus parameterization schemes
in each domain

In this section we examine the robustness of the BM
scheme by using different cumulus schemes in each
domain. Figure 10 shows the intensity and spatial distri-
bution of cumulative rainfall for the 66-h simulation. The
left column indicates the results when the outer domain
uses the BM scheme while the inner employs the other
schemes. The right column presents the results for the
reverse order. One has to be cautious when interpreting
these results as this approach may introduce problems
related to using different cumulus parameterization con-
cepts simultaneously (Kerkhoven et al. 2006). Hence the
comments here will be limited to identification of a general
pattern of precipitation. Interestingly, when the BM
scheme was used in the outer domain in conjunction with
other schemes in the inner domain, the combination of
these schemes failed to simulate the intensity and spatial
pattern of the precipitation distribution. However, the
intensity and distribution of the rainfall were reasonably
simulated when the BM scheme was used for the inner
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domain regardless of the scheme used for the outer domain.
These results seem to suggest the robustness of the BM
cumulus scheme for this episode.

3.6 Trigger functions, closure assumptions,
and precipitation schemes

The overall results show the appropriateness of the BM
scheme compared to other schemes for simulating the
convection for this episode. The performance of these
schemes may be explained by their designs, i.e., trigger
functions, closure assumptions, and precipitation schemes
(Table 1). Figure 11 shows the computed Convection
Available Potential Energy (CAPE) from the four simula-
tions at 00 UTC 10 Dec 2004. Generally, the CAPE values
are in between low and moderate for all the simulations
with an average value of about 1,000 J/kg around the east
coast of Peninsular Malaysia. This suggests that the pre-
cipitation event occurred within a weak to moderate CAPE
environment (at least in the model simulations). Given the
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weak CAPE surroundings, the triggering of deep convec-
tions in the model may be extremely sensitive to how
restrictive the rules of convection triggering functions are
to the instability. Figure 12 shows the height-time cross-
section of the cloud water mixing ratios over the area of
maximum rainfall (the boxed area indicated in Fig. 3). It is
shown that both KF and AK schemes produced weak
convective clouds over the rainfall area, especially after 00
UTC 10 December 2004. On the other hand, both the BM
and GR schemes provide higher values of cloud water
mixing ratios, suggesting more convective cloud produced
by these schemes. The AK scheme uses a trigger function
based on the amount of the column integrated moisture
convergence which has been criticized for being physi-
cally flawed (Emanuel 1994). Furthermore, it also has a
requirement of cloud depth of at least 300 mb to trigger the
scheme. This implies that the instability condition is much
higher for AK than other schemes for convection to be
triggered (Table 1). According to Krishnamurti et al.
(1983) and Das et al. (1988), it is not uncommon for the
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Fig. 11 Convective available potential energy at 00 UTC 10 Dec 2004 for (a) BM, (b) GR, (c¢) KF, and (d) AK. Unit used is (J/kg)

AK scheme to underestimate rainfall. Raymond and
Emanuel (1993) also noted that numerous problems
occurred when using the AK scheme. The KF scheme
triggers convections when the temperature of the air par-
cels plus the temperature perturbation associated with the
grid scale vertical velocity exceeds that of the environment
temperature (Table 1). Also, the scheme requires cloud
depth to be at least 4 km in order for the scheme to be
triggered. Under a weak flow and low CAPE environment,
these conditions may prohibit active deep convection in the

model. Experiments of Kain and Fritsch (1992) suggested
that the simulation of a convective weather system with the
KF scheme is very sensitive to the triggering function used.

Both the BM and GR schemes produced more convec-
tive clouds as shown in Fig. 12. The GR scheme is acti-
vated when the low-level parcel is lifted no greater than
50 mb to the level of free convection and that the cloud
depth is at least 150 mb (Table 1). These rules are less
restrictive compared to that of BM’s where the cloud depth
has to be at least 290 mb. This provides more convective
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cloud in the GR scheme (Fig. 12b). However, the height-
time cross section of the BM simulation shows a higher
value of rain water mixing ratio compared to that of the GR
simulation (Fig. 13). This may suggest that the BM is more
effective in re-stabilizing the atmosphere instability over
the region of maximum rainfall compared to the GR
schemes. The deficiency may be related to the closure
assumption and precipitation scheme in the GR scheme. In
the GR scheme, the assumption implies that the rate at
which the scheme removes instability at the sub-grid scale
is equal to the rate at which the instability is produced at
the resolved grid scale (Table 1). The fact that less
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precipitation was produced with apparent patchiness of the
rainfall distribution suggests that the GR assumption and
the precipitation scheme may not be appropriate or suffi-
cient for this particular episode. In contrast, for the BM
scheme, which assumes an adjustment towards a reference
or predefined empirical moist adiabat profiles, the perfor-
mance was more satisfactory than the more physically
based schemes (KF, GR and AK). This suggests that the
physics in these schemes fails to represent the convective
process for this episode. However, the performance of the
BM scheme may not be generalized for simulation of
various atmospheric processes over the region. Our earlier
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simulation work on typhoon Vamei (2001) showed that the
KF scheme provided better simulation compared to the
other schemes.

4 Summary and conclusion

This study compares the performance of four cumulus
parameterization schemes in the simulation of the 9-11
December 2004 extreme precipitation episode over eastern
Peninsular Malaysia using the MMS5 model. This is the first
study conducted to investigate the simulation sensitivity of
a near-equatorial convective system over the western

Maritime Continent to four different cumulus parameteri-
zation schemes in MMS. In all experiments, the setups
were identical except for the use of different cumulus
schemes. Hence differences in the simulation results may
be attributed to the sensitivity of the camulus schemes. The
simulation results indicate that the BM scheme has the
edge over the other schemes. The BM scheme was able to
better simulate the intensity and distribution of the rainfall.
The BM’s systematic RMSE is also smaller than other
schemes, indicating its better performance. The horizontal
and vertical structures of the storm are also well simulated
by the BM simulation. The robustness of the BM scheme
was also demonstrated in an experiment in which using the
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scheme in the inner domain produces reasonable simula-
tion regardless of what scheme is used at the outer domain.
The BM'’s superior performance is attributed to its less
restrictive trigger function and closure assumption. On the
other hand, the failure of the other schemes (AK, GR and
KF) in simulating the event can be related to their trigger
function, closure assumption, and precipitation scheme.
Although the understanding from the current analysis is
useful, further research is required as the BM’s perfor-
mance for this episode may not be generalized for other
events. For reliable and skillful weather and flood fore-
casting, and early warning system, the robustness of
cumulus parameterization scheme for such extreme
weather episodes over this region is crucial.
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