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Accurate prediction of monsoon heavy rainfall events in the equatorial
region has always been a challenge to weather forecasters. In this paper, forecast of a severe precipitation event that occurred over the eastern central
coast of Peninsular Malaysia was attempted using the state-of-the-art Florida
State University (FSU) Global and Regional Spectral Models. The sensitivity
of parameterized convection in these models on precipitation forecast skill is
studied using two different parameterization schemes for cumulus convection
(the Relaxed Arakawa-Schubert scheme and the modified Kuo scheme). Low
precipitation threshold of rainfall less than 2 mm day–1 was successfully predicted by both versions of the FSU model. However, the convection schemes
lacked skill in predicting the correct placement of the area and amount for the
high precipitation threshold greater than 40 mm day–1. Further evaluation of
the predictive skills showed that the Relaxed Arakawa-Schubert scheme was
a consistently better predictor of rainfall due to its low bias and lower root
mean square errors (RMSEs) compared to the modified Kuo parameterization
scheme.
Keywords: monsoon rainfall, equatorial Southeast Asia, global and regional
spectral models, rainfall prediction

1. Introduction
The Asian monsoon generally comprises of several different regional components such as the Indian, Southeast Asian, the East Asian and the Australian monsoon systems (Qian and Yang, 2000) that exhibit different circulation
components, which are interactive in a complex manner and still independent
from each other (Wang et al., 2003a). This is complicated further by the
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air-sea coupling near the South China Sea (SCS) and the maritime continent.
The interconnectivity of these monsoon systems is still not well understood
and many theories have been offered by different researchers to explain the
regional variability of different features of the Asian monsoon (Lau et al.,
2000; Ding et al., 1999; Luo, 1999).
Observational and numerical studies have by far focused on the Indian
and East China monsoons, whilst research on the southern SCS monsoon has
been relatively scarce (Qian and Yang, 2000). Observational studies by Jin
(1999), Luo (1999) and Ding et al. (1999) have presented various explanations
for the onset of the SCS monsoon displayed by enhanced precipitation, deep
convection and low level wind convergence. The SCS monsoon is also affected
by several factors including northward expansion of equatorial convection; migration of cloud clusters from western Pacific; influence of development and
transport of moisture from the tropics and mid-latitudes, and early onset of
monsoon over the SCS as a precursor to the Asian summer monsoon.
The maritime continent, of which Malaysia is part of, is recognized as the
main heating source of the Asian winter monsoon. The heat source from convective precipitation drives the planetary scale meridional circulation (Chang
et al, 2005). However, the temporal and spatial scales of the atmospheric phenomena of the winter monsoon and their interactions with the tropical oceans
are not well understood (Zhang et al., 1997).
One of the main features of the winter monsoon of the northern hemisphere is the cold surge related to synoptic and planetary-scale disturbances
from the tropical and mid-latitude regions. It was suggested that deep convective heat source near the maritime continent may interact with the cold
surges to modify the intraseasonal oscillations of the planetary-scale motions
such as the Madden Julian Oscillations (MJO) and synoptic-scale motions in
the tropics and mid-latitudes (Lau, 1981; 1982). The MJO is an equatorial
eastward propagating pattern of enhanced and suppressed convection, mainly
observed in the Pacific Ocean and the Indian Ocean. The Asian/Australian
monsoon has also been linked to the Southern Oscillation in the formation of
the El Niño (ENSO) cycle (Lau and Nath, 2000). The interannual variation of
the monsoon winds near the South China Sea and the maritime continent is
highly related to the Southern Oscillation Index (Zhang et al., 1997). The Australian winter monsoon and likewise, the East Asian winter monsoon, play an
important role in the development of the eastward propagation of the low level
westerly wind anomaly and the anomalous convection of the MJO over the
maritime continent and western Pacific (Wang et al., 2003b).
Numerical prediction of the monsoon rainfall has produced limited success
so far due to complexities in the evolution of state of the atmosphere from problems such as development of regional hydrodynamical instability from non-linear error growth and the modeling of the monsoon itself. In a pioneering study,
Dixit et al. (1999) found that the chaotic transitions of the intraseasonal oscillations are difficult to forecast and the predictability of mean precipitation of the
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Indian monsoon even by simple coupled atmosphere-ocean models have been
elusive. Another study using an ensemble of four general circulation models
(Sperber et al., 1999) concluded that these models were incapable of simulating
correctly some features of the seasonal and interannual variabilities of the monsoon such as precipitation, the cross-equatorial flow, and the cyclonic vortices in
the Bay of Bengal. Tropical systems are controlled more by organized convection unlike the systems in the mid-latitudes which are governed largely by the
upper-tropospheric Rossby waves interacting with the surface weather through
baroclinic instability mechanism. On the other hand, tropical convection is controlled mostly by combined barotropic/baroclinic instability and heat contrast
between the land mass and warm tropical oceans. The location and strength of
organized convection in the tropics is determined by several factors including
pre-existing sources of moisture, active phase of Inter-Tropical Convergence
Zone (ITCZ) and up-scale transfer of energy from cloud-scales to synoptic scales
(Krishnamurti et al., 1998). Moist atmospheric convection in the tropics is also
controlled by mid-tropospheric humidity (Derbyshire et al., 2004); availability of
moist static energy and saturation of tropospheric humidity (Raymond et al.,
2007) and distribution of water vapor and its path (Bretherton et al., 2004).
Several of these studies laid foundation to improve the existing parameterization schemes for cumulus convection.
Organization of convection in the tropics is mostly governed by the mesoconvective precipitating elements on cloud resolving scales, making it further
difficult to simulate and predict tropical rainfall using coarse resolution global
models (Krishnamurti et al., 1998). These convective systems exhibit faster
growth of errors due to the data sparse tropical oceans (Young and Lazzara,
2004). Most of the tropical convection occurs on horizontal scales of individual
cumulus clouds of the order of hundreds of meters to about 10 km. The present generation operational numerical weather prediction models have a resolution of about 100 km for the global models and about 50 km for the regional
mesoscale models. Thus, grid spacing in these models will not allow them to
explicitly resolve the convection, leading to the need of representing sub-grid
scale convective processes in the form of parameterized convection. Several
such schemes have been designed for this purpose, the most popular among
them for tropical precipitation are the moist convective adjustment schemes
like Kuo-type schemes (Kuo, 1965, 1974) and a more complex mass flux type
Arakawa-Schubert (1974) schemes. The basic difference between these two
types of schemes is the closure assumption upon which these schemes were designed. While mass flux type approach is used to parameterize the effects of
cumulus convection by using an ensemble of clouds with varying cloud tops
and heights in the Arakawa-Schubert type schemes, a more simple convective
instability and large-scale moisture convergence forms basis for Kuo type cumulus parameterization schemes.
Various cumulus convection schemes have been utilized by different general circulation models and regional mesoscale models to study different char-
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acteristic features of the monsoon. The use of the different schemes produced
different results of precipitation features such as the intensification of monsoon depressions (Vaidya et al., 2004; Trivedi et al., 2002), tropical cyclones
(Tibbetts and Krishnamurti, 2000; Prater and Evans, 2002; Rao and Ashok,
1999; 2001) or improved precipitation forecasts over the tropical belt (Shin
and Krishnamurti, 1999). Rajendran et al. (2002) established that the moist
convective adjustment scheme of Manabe et al. (1965) produced realistic seasonal and intraseasonal precipitation of the monsoon in contrast to the mass
flux scheme of Hack (1994). However, cumulus parameterization schemes
have not always been successful in simulating precipitation in some regions,
such as in the East Asian monsoon region (Leung et al., 1999; Lee and Suh,
2000; Wang et al., 2003a). While most of the convective schemes have been designed based on processes in the mid-latitudes, and tuned for tropics based on
data from a limited field experiments like GATE (Global Atmospheric Programme Atlantic Tropical Experiment, 1974) and MONEX (International
Monsoon Experiments, 1979), these schemes fail to perform well in the tropics
due to the inherent complexity of processes that govern tropical convection in
the equatorial latitudes.
In this study, an attempt is made to simulate a case of a severe rainfall period that caused extensive floods to the eastern coast of Peninsular Malaysia
during the northeast monsoon in December 2001. The major heavy rainfall
event occurred along the eastern coast of the peninsula, mainly in the states of
Kelantan, Terengganu, Pahang and Johor from the 21st to 22nd December 2001
(Figure 1). More than 9479 people were evacuated to 35 emergency centers in
Pahang (Utusan Malaysia, 2001). Several rivers such as the Sungai Lembing,
Kuala Kenau and Sungai Kuantan overflowed and water levels reached as high
as seven meters due to more than twenty four hours of continuous rain (Malaysian Meteorological Services, 2007). The Kuantan station, located on the central
eastern coast, registered the heaviest rainfall of 355 mm on the 21st December
2001 (Figure 1b). Mersing, located in the southeastern coast of the peninsula
also recorded a daily total of 209 mm. This was substantiated by the infrared
Geostationary Meteorological Satellite (GMS) images on the 21st December
2001 that illustrated presence of a deep convective cloud system over the southeast of Peninsular Malaysia. Prior to this event, bifurcation of strong westerlies
over east Africa due to the presence of a persistent upper level anticyclone contributed to a blocking situation. Easterly waves and trade surges were also
noted to influence the development of heavy rainfall.
The Florida State University (FSU) Superensemble wind analysis showed
the existence of a deep trough along 60°E from 20°N to 10°S during the period
from the 18th to 22nd December 2001 (Krishnamurti et al., 2002). Of interest is
the development of an eastward propagating upper level anticyclonic circulation over the South China Sea-Indochina region from 19th December that traversed to the Philippines by 21st December. The presence of a low level surge
of northeasterlies over the South China Sea region on 21st and 22nd December
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contributed to the heavy rainfall in Peninsular Malaysia. A cyclonic circulation near southern Peninsular Malaysia was intensified by this strong surge,
particularly on 22nd December 2001.
The present study will focus on the performance of the global and regional
FSU numerical weather models in predicting the heavy rainfall event. Precipi-

Figure 1. The daily rainfall distributions obtained from rain gauge data for Peninsular Malaysia
from (a) 20 to (d) 23 December 2001 showed the spatial extent of heavy rainfall total of more than
80 mm affecting the central east coast on 21 and 22 December.
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tation forecasts for the heavy rainfall event by two different cumulus parameterization schemes: the Arakawa-Schubert (Arakawa and Schubert, 1974)
and the modified Kuo (Krishnamurti et al., 1983; 1988) are evaluated. Statistical measures such as the threat scores, bias and root mean square errors
(RMSE) are analyzed to evaluate performance of the models compared to the
observed (TRMM derived) rainfall data.

2. Methods and materials: The FSU models
For the purpose of simulating the heavy rainfall event occurred in the
equatorial Southeast Asian region, we have chosen two different versions of
the state-of-the-art FSU global and regional spectral models. The FSU Global
Spectral Model (FSUGSM) is based on primitive meteorological equations and
utilizes the spectral method for its dynamical calculations. Triangular truncation is applied at wave 126 (T126), where the horizontal resolution is equivalent of about 100 km grid spacing near the equator. The FSU nested regional
spectral model (FSUNRSM) is a one-way nested perturbation model where the
initial and boundary conditions are provided by the output from the FSUGSM
(Cocke, 1998). FSUNRSM is designed such that it shares the same dynamics,
physics and vertical structure of the global model. The regional fields are composed of a base field (through the FSUGSM) plus a high-resolution perturbation field. Perturbations are relaxed to zero at the lateral boundaries and orography is derived from the perturbation geopotential height at the surface. The
horizontal resolution of FSUNRSM is 50 km. Detailed description of FSUGSM
and FSUNRSM are well documented by Krishnamurti et al., (1991, 1998) and
Kumar (2000).
Initial conditions for FSUGSM are obtained from the high resolution European Center for Medium Range Weather Forecasts (ECMWF) analysis fields. Observed rain rates from the TRMM satellite are incorporated in the model initial
state following the physical initialization procedure described in Krishnamurti
et al., (1991, 2002) and Kumar (2000). Physical initialization consists of various
components such as reverse cumulus parameterization scheme, reverse similarity algorithm, outward longwave radiation matching, Newtonian relaxation of
the model variables and a bisection method, and generates variables such as
winds, mass fields, rainfall patterns and surface moisture fluxes that closely
match the observed fields.
Parameterized convection in FSU spectral model is represented either
through the modified Kuo scheme (Kuo, 1965; Krishnamurti et al., 1983) or
the Relaxed Arakawa-Schubert Scheme (Arakawa and Schubert, 1974; Moorthi
and Suarez, 1992). These two schemes differ in the treatment of heating and
moistening profiles. The apparent heat source (Q1) and moisture sink (Q2) are
slightly different for both schemes, and are represented below.
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where r is density, q is potential temperature, s is the dry static stability, V is
the horizontal wind vector, w is the vertical velocity, q is specific humidity, q*
is the saturation specific humidity, p is pressure, R is the dry gas constant, and
Cp is the specific heat of air at constant pressure. QR is the radiative heating/cooling rate per unit mass of air. HR is the total radiative potential temperature rate of change and HS is the vertical sensible heat
) flux by subgrid-scale
motions. The overbars represent horizontal averages. l denotes the liquid-water
mixing ratio and D is the entrainment/detrainment parameter. During assimilation mode, values of Q1, Q2 and QR evolved around the insertion of the observed rain rates (Krishnamurti et al., 1988). Treatment of tropical convection
and reasonably good prediction of rain rates in the equatorial latitudes by
these two schemes in various operational numerical models provided motivation to choose these two schemes in the FSUGSM and FSUNRSM (Krishnamurti et al., 1998). The aim of this study is to evaluate the performance of
these two schemes in conjunction with sensitivity to model resolution in predicting the precipitation over the equatorial latitudes.
3. Results and discussion
Numerical simulations of a heavy rainfall event (described in Section 1)
were performed using the physically initialized FSUGSM and FSUNRSM with
varying convective parameterization schemes for the period from 20th to 23rd
December 2001. A detailed evaluation of skills scores for precipitation forecasts over the region of interest (Peninsular Malaysia) is presented in this section. Four ranges of precipitation thresholds, 2 mm day–1 (light precipitation),
10 and 20 mm day–1 (moderate rainfall) and 40 mm day–1 (heavy rainfall) were
chosen in computing the skill scores. These thresholds are chosen based on
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our previous work in the Southeast Asian region on a tropical cyclone event
(Mahmud and Vijaya Kumar, 2009), which found that light and moderate precipitation (2 mm/day and 20 mm/day, respectively) were abundantly simulated
by the FSUGSM and FSURNSM. However, higher precipitation thresholds of
more than 40 mm/day were not well simulated by either of these schemes. For
brevity, we are not showing results from the control experiments (without
physical initialization) as they have a definite lack of skill in providing meaningful rain fall forecasts in the tropics (Krishnamurti et al., 1991, Kumar and
Krishnamurti, 2006).
Figure 1 shows the extent and amount of heavy rainfall received in Peninsular Malaysia from the 20th to 23rd December 2001, as observed through the
rain gauge network. Values more than 300 mm day–1 can be seen affecting the

Figure 2. The daily TRIMM rainfall for Peninsular Malaysia from 20 December to 23 December
2001.
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central east coast of the peninsula on 21st December 2001. A similar distribution of rainfall was observed on the following day (22nd December), but with reduced maximum of 160 mm over the central east coast. The rainfall system was
weakened by 23rd December 2001. The corresponding observed accumulated
rainfall from TRMM 3B42 data is shown in Figure 2. Rain rates in excess of 270
mm day–1 over the Peninsular Malaysia are well resolved by the TRMM satellite
observations (Figure 2b, 21st December 2001), and the rainfall patterns are
somewhat in close agreement with the ground truth shown in Figure 1.
The precipitation forecast results obtained from FSUGSM and FSUNRSM
with Arakawa-Schubert parameterization scheme (denoted by (A)) are shown
in Figure 3. Day-0 forecasts (Figs. 3a and 3b) represent the physically initialized rain rates during the pre-integration period (from Day -1 to Day 0) which
have a close match to the TRMM derived rain rates, particularly the low rainfall intensities of less than 20 mm/day (with correlation coefficients of 0.91
and 0.94 respectively for FSUGSM and FSUNRSM). Generally, the Day-1
forecasts from FSU models show underestimation of heavier rainfall compared to the observed rain gauge data of more than 300 mm day–1 (Figure 1b)
and TRMM (Figure 2b). The Day-0 forecast FSUGSM produced a simulation
maximum rainfall of 10 mm over the South China Sea-Peninsular Malaysia region, in contrast to the maximum of 30 mm predicted by the FSUNRSM. The
forecasted rainfall patterns and locations of maximum precipitation for Days
1, 2 and 3 have close resemblance to the TRMM rainfall distribution patterns,
though not always in rainfall intensities. The higher intensity of precipitation
from the regional model which was approximately double the amount predicted by the global model indicates the impact of resolution on rainfall forecasts for the Malaysian region. For example, on the 22nd December (Figure
3c), maximum rainfall forecasted by the FSUGSM was 40 mm compared to
more than 80 mm predicted by the FSUNRSM (Figure 3d).
The FSUGSM with modified Kuo cumulus parameterization scheme (denoted by (K), Figure 4) produced a large area of heavy rainfall of greater than
30 mm day–1 over equatorial southern South China Sea, particularly on Day 1,
corresponding to 21 December. The intense rainfall of more than 240 mm displayed by the TRMM or rain gauge data was not well predicted by the Kuo
scheme in the global and regional models. Moderate rainfall of more than 20
mm day–1 extended to central east coast of Peninsular Malaysia, in contrast to
lighter rainfall of 15 mm day–1 predicted over Peninsular Malaysia by the
FSUNRSM (right panels of Figure 4). Excessive rainfall of more than 80 mm
was found over southern South China Sea region on Day 2 (22nd December
2001), with only moderate rainfall of over 20 mm day–1 forecasted over central
east coast of the peninsula. This is in contrast to either the TRMM or rain
gauge observed rainfall of more than 120 mm. Instead, the areal extent of precipitation was reduced in the regional output with the total 24-hour rainfall
amounting to only 8 mm. The locations of the simulated maximum rainfall by
both the global and regional models were slightly displaced than the locations
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Figure 3. The FSUGSM and FSURSM physical initialized rainfall forecast for four days beginning from 20 December 2001 utilizing the Arakawa Schubert cumulus parameterization scheme.
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Figure 4. The FSUGSM and FSURSM physical initialized rainfall forecast for four days beginning from 20th December 2001 for the modified Kuo cumulus parameterization scheme.
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of the observed maximum rainfall. The Kuo parameterization scheme produced excessive rainfall over the southern South China Sea region, but the
heavy rainfall intensity was underestimated over the location of maximum
rainfall over the central eastern coast of Peninsular Malaysia. Both the global
and regional runs predicted no precipitation over Peninsular Malaysia on 23rd
December, the Day 3 in contrast to the observed rain gauge precipitation of
40 mm and an excessive of 140 mm estimated by the TRMM derived rain rates.
It can be inferred from Figures 3 and 4 that the FSUNRSM with Arakawa-Schubert convective parameterization scheme has produced a slightly more realistic amount of heavy precipitation both in terms of spatial extent as well as the
timing compared to the experiments with Kuo scheme or with FSUGSM. This
result is not surprising, given that the FSUNRSM has high resolution and the
Arakawa-Schubert scheme has certain merits over the Kuo scheme in representing the convective type of precipitation in the Malaysian region. While the
overall predictive performance of FSUNRM with Arakawa-Schubert scheme is
impressive, it is important to evaluate these model results for a wide range of
rainfall thresholds.
To evaluate performance of the model forecasts from these experiments,
we have measured the threat and bias scores for all the three days of forecast
and presented the results in Figure 5 (a and b). The threat score, which is a
measure of the correct placement of the precipitation for a given threshold,
was found to be low, with values of less than 0.3 for the first two forecast days
on 20th and 21st December 2001 for the Arakawa-Schubert parameterization
scheme (Figure 5a). The score for the heavier rainfall threshold of 40 mm
day–1 was even lower at less than 0.1. This implied that the low intensity rainfall of 2 mm day–1 or the heavy precipitation of more than 40 mm day–1 was
not well predicted by the Arakawa-Schubert scheme. This is in contrast to the
results of the Kuo scheme, which was able to predict the placements of the
lower threshold of precipitation with moderate success, better than the Arakawa-Schubert scheme. The threat score for the low rainfall intensity of more
than 2 mm day–1 predicted by the Kuo scheme was comparatively higher than
the Arakawa-Schubert scheme. Higher threat score values greater than 0.4
was persistent for the entire forecast period, implying a moderate skill of forecast in terms of the placement of the precipitation. The higher rainfall threshold of more than 40 mm day–1 produced high value on Day 0 but deteriorated
to less than 0.1 on the subsequent three days, indicating the poor prediction,
with increase in time.
Bias is a measure that indicates the accuracy of predicting the precipitation threshold. The Arakawa-Schubert parameterization scheme for both the
global and regional models with physical initialization presented a slight under prediction for lighter precipitation (Figure 5b). However, the heavier rainfall of more than 40 mm day–1 was poorly predicted by the Arakawa-Schubert
scheme from Day 1 to Day 3. The modified Kuo scheme predicted a near perfect forecast for the low intensity precipitation of more than 2 mm day–1 on
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Figure 5. The threat score (a) and bias (b) analyses for the light precipitation threshold (> 2 mm
day–1), medium (> 20 mm day–1) and heavier precipitation (> 40 mm day–1). G represents the
global and R represents the regional schemes.

Day 0 of forecast, as indicated by the bias analysis. This is a result of the utilization of physical initialization (see Section 2 for details). However, excessively high values of bias on subsequent days imply poor skill of predicting accurate precipitation with increase in forecast times.
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Table 1. The RMSE of the selected precipitation thresholds for the forecast simulation.
Cumulus
parameterization
schemes

Precipitation
threshold
(mm day–1)

20-Dec-01

21-Dec-01

22-Dec-01

23-Dec-01

Arakawa Global

2 mm

0.97

0.88

0.93

0.92

Dates

Arakawa Regional

2 mm

0.97

0.88

0.93

0.92

Kuo Global

2 mm

1.03

1.16

1.26

1.26

Kuo Regional

2 mm

1.03

1.16

1.26

1.26

Arakawa Global

10 mm

1.14

1.03

0.92

0.89

Arakawa Regional

10 mm

1.03

1.01

0.90

0.87

Kuo Global

10 mm

1.01

1.20

1.38

1.64

Kuo Regional

10 mm

1.03

1.17

1.22

1.36

Arakawa Global

20 mm

0.89

1.03

0.87

1.17

Arakawa Regional

20 mm

0.96

1.01

0.93

1.17

Kuo Global

20 mm

0.91

1.26

1.35

1.63

Kuo Regional

20 mm

1.01

1.27

1.36

1.59

Arakawa Global

40 mm

0.00

0.41

0.58

1.10

Arakawa Regional

40 mm

0.61

0.59

0.59

1.33

Kuo Global

40 mm

0.43

0.83

1.10

1.24

Kuo Regional

40 mm

0.69

1.10

1.44

1.72

The RMSE of the Kuo parameterization scheme was consistently higher
than the Arakawa-Schubert scheme for all of the days predicted, implying errors of prediction being higher than those produced by the Arakawa-Schubert
scheme. Ideally an error value of zero indicates perfect positional forecast. The
magnitudes of the errors were larger with increase in forecast times (Table 1).
To simplify the assessment, an overall skill that assesses the capability of
the models in predicting the precipitation features is calculated as a total skill
index. This index is a simple measure that combines the threat score, bias and
root mean square error or the standard error of estimate. The total skill index
has an optimum value of 2, accumulated from the individual quantity from the
bias, threat score and RMSE at 1, 1 and 0, respectively. Table 2 shows the total index for the precipitation thresholds of 2, 10, 20 and 40 mm, respectively.
It is evident that the Arakawa-Schubert scheme consistently displayed a
higher skill index than the Kuo scheme for the low rainfall thresholds for all
the four days. The Kuo scheme excessively overpredicted the high precipitation thresholds. Both the Kuo and Arakawa-Schubert schemes presented poor
skills in predicting the high precipitation thresholds. The Arakawa-Schubert
scheme tends to underpredict while the Kuo scheme over predicts heavy pre-
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cipitation. On average, the regional model with Arakawa-Schubert scheme displayed a small deviation of 5 % from a perfect index compared to the high deviations of 40 % and 49 % displayed by the global and regional outputs with Kuo
scheme, respectively. The difference between the global forecasts from
Arakawa-Schubert and Kuo schemes ranged from 51 % on the Day 1 forecast
to 80 % on succeeding days. The difference between the Arakawa-Schubert
and Kuo schemes at the regional levels was even more pronounced, with a discrepancy of 56 % on Day 1 to 90 % on Day 2. It can be concluded that the
Arakawa-Schubert scheme was approximately 56 % better than the Kuo
scheme in predicting all the ranges of precipitation. Improved results of up to
30 % for all the thresholds of precipitation were realized by the regional outputs compared to the global outputs. This is in contrast to the Kuo scheme
that presented only a 10 % improvement of the regional forecasts over the
global forecasts. The difference ranged from an overprediction of 10 % on Day
1 to an underprediction of 10 % by Day 3. The light rainfall threshold presented the least variation. There was also only a slight improvement of between 2 % to 13 % of the regional over the global forecasts that utilized the
Arakawa-Schubert scheme.

Table 2. The total skill index comparison for the global and regional precipitation redictions.
Cumulus
parameterization
scheme

Precipitation
threshold
(mm day–1)

20-Dec-01

21-Dec-01

22-Dec-01

23-Dec-01

Arakawa Global

2 mm

2.20

1.90

2.15

2.06

Kuo Global

2 mm

2.52

2.96

3.37

3.31

Arakawa Regional

2 mm

2.20

1.89

2.14

2.05

Kuo Regional

2 mm

2.49

2.95

3.33

3.29

Dates

Arakawa Global

10 mm

1.19

1.29

1.39

2.17

Kuo Global

10 mm

1.51

2.06

2.73

3.25

Arakawa Regional

10 mm

1.45

1.45

1.40

2.70

Kuo Regional

10 mm

1.80

2.54

3.42

4.37

Arakawa Global

20 mm

1.72

2.10

1.67

2.57

Kuo Global

20 mm

1.96

2.96

3.24

4.30

Arakawa Regional

20 mm

1.91

2.04

1.86

2.54

Kuo Regional

20 mm

2.22

2.97

3.29

4.12

Arakawa Global

40 mm

1.30

1.46

1.42

1.90

Kuo Global

40 mm

1.58

2.28

2.99

3.92

Arakawa Regional

40 mm

1.70

1.62

1.44

2.09

Kuo Regional

40 mm

1.90

2.49

2.96

3.57
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4. Conclusion
The capability of the FSUGSM and FSUNRSM models in producing forecasts of rainfall over Peninsular Malaysia during the northeast monsoon has
been demonstrated. The models, in general, were able to realistically reproduce
the general pattern of the low level threshold of precipitation, but underestimated the prediction of heavier precipitation. Although the overall performance
of the model is encouraging, the bias that gauges the accuracy of the average
precipitation showed the Kuo scheme consistently over forecasting both the
moderate and high precipitation thresholds compared to the Arakawa-Schubert
scheme, which exhibited the tendency of underpredicting rainfall from the Day
1 to Day 3 forecasts. Precipitation still remains one of the difficult features to
forecast in the equatorial tropics. Although the inclusion of the TRMM satellite
data has improved forecasting, especially in the sparse data over the maritime
region, there is room for improvement in obtaining accurate rainfall forecasts.
Clearly, a better forecast could be achieved if both the satellite data and the rain
gauge data were combined and incorporated into the model. Incorporation of a
realistic vertical distribution of heating and moistening through a statistically
based empirical cumulus parameterization scheme may offer an improved forecast (Rajendran et al., 2004).
Results from this study illustrate the differences arising from the use of
modified Kuo and the Arakawa Schubert cumulus parameterizations, and
from varying resolution of the models. In general, versions of high-resolution
FSUNRSM have shown relatively higher skill in precipitation forecasts for
tropical precipitation compared to the global model. However, the competence
of these regional models is still low over the tropics. The complex interaction
between the sub-grid and grid-scale moist processes of cloud microphysics is
still under-represented, resulting in less accurate precipitation forecasts.
Further work is needed in order to assess the sensitivity of model simulations to representation of cumulus convection and model resolution. Reduction in systematic errors and improvement in model cloud physics could make
this model a useful tool for tropical research, particularly for skillful precipitation forecasts, which is the benchmark of forecast quality in the tropics.
The results obtained in this study reflect the differences in highest precipitation rates predicted by global and regional models as well as by the different
convection schemes. The inferences drawn in this study are substantiated
through a careful comparison of results from different experiments in relation
to resolution as well as sensitivity to convection parameterization. Rainfall
prediction is a tricky issue – while it is expected that the regional models with
high resolution are natural choice for better predictive skills, it is also important to have a better representation of sub-grid scale processes like convection
that occurs on cloud-resolving scales. A combination of high resolution with a
parameterization scheme that can benefit from the increased resolution in a
model is desired to improve the rainfall prediction at different thresholds.
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Another technique pioneered at Florida State University is the use of multimodel ensemble/superensemble methodology (Krishnamurti et. al, 1999; 2000;
2003) that increased the forecast skill of precipitation. The superensemble
precipitation forecast in the equatorial Southeast Asian region produced better
results than any single operational forecast models (Mahmud, 2004; Mahmud
and Ross, 2005; 2006). However, prediction of very heavy rainfall threshold is
still under-forecasted and would improve if member models of higher resolutions with improved physics could be incorporated.
Major issues associated with the current cumulus parameterization problems were reviewed by Arakawa (2004), who suggested the concept of a 'unified cloud parameterization' rather than the narrow concept of the present cumulus parameterization. The cloud-resolving convective parameterization or
'superparameterization' may have the potential for improving rainfall forecasts, as well as the multiple approaches such as the 3-D multiscale modeling
framework that can simulate different scales of the GCM.
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Florida State University. The lead author appreciates the support from the Fullbright Fellowship.

References
Arakawa, A. (2004): The cumulus parameterization problem: past, present, and future. J. Climate, 17, 2493–2525.
Arakawa, A. and Schubert, W. H. (1974): Interaction of cumulus ensemble with large-scale environment, Part-1., J. Atmos. Sci., 31, 674–701.
Bretherton, C. S., Peters, M. E. and Back, L. E. (2004): Relationships between water vapor path
and precipitation over the tropical oceans, J. Climate, 17, 1517–1528.
Chang, C.-P., Harr, P. A. and Chen, H.-J. (2005): Synoptic disturbances over equatorial South China
Sea and western maritime continent during boreal winter, Mon. Weather Rev., 133, 489–503.
Cocke, S. (1998): Case study of Erin using the FSU nested regional model. Mon. Weather Rev.,
126, 1337–1346.
Derbyshire, S. H., Beau, I., Bechtold, P., Grandpeix, J.-Y., Piriou, J.-M., Redelsperger, J.-L. and
Soares, P. M. M. (2004): Sensitivity of moist convection to environmental humidity, Q. J. Roy.
Meteor. Soc., 130, 3055–3079.
Ding, Y. H., Xue, J. S., Wang, S. R., Chao, Q. C., Sun, Y. and Liu, Y. J. (1999): The onset and activations of Asian monsoon and heavy flooding in China in 1998. In Ding, Y. and Li, C. (Eds.):
Onset and evolution of the South China Sea monsoon and its interaction with the ocean. China
Meteorological Press, 193–199.
Dixit, S., Webster, P. and Palmer, T. (1999): Why can’t GCM’s predict Indian monsoons? (http:
paos.Colorado.edu/cur_res/users/dixit/). Last accessed November 2004.
Hack, J. J. (1994): Parameterization of moist convection in the National Center for Atmospheric
Research Community Climate Model (CCM2), J. Geophys. Res., 99, 5551–5568.
Jin, Z. (1999): The climatic characteristics of summer monsoon onset over South China Sea based
on TBB data. In Ding, Y. and Li, C. (Eds.): Onset and evolution of the South China Sea monsoon and its interaction with the ocean. China Meteorological Press, 264–271.

126

M. MAHMUD AND T.S.V. VIJAYA KUMAR: FORECASTING SEVERE RAINFALL ...

Krishnamurti, T. N., Low-Nam, S. and Pasch, R. (1983): Cumulus parameterization and rainfall
rates II, Mon. Weather Rev., 111, 815–828.
Krishnamurti, T. N. and Bedi, H. S. (1988): Cumulus parameterization and rainfall rates, Mon.
Weather Rev., 116, 583–599.
Krishnamurti, T. N., Xue, J., Bedi, H. S. and Oosterhof, D. (1991): Physical initialization for numerical weather prediction over the tropics, Tellus, 437AB, 51–81.
Krishnamurti, T. N., Bedi, H. S. and Han, W. (1998): Organization of convection and monsoon
forecasts, Meteorol. Atmos. Phys., 67, 117–134.
Krishnamurti, T. N., Kishtawal, C. M., Larow, T. E., Bachiochi, D. R., Zhang, Z., Williford, C. E.,
Gadgil, S. and Surendran, S. (1999): Improved weather and seasonal climate forecasts from
multimodel Superensemble, Science, 285, 1548–1550.
Krishnamurti, T. N., Kishtawal, C. M., Shin, D. W. and Williford, C. E. (2000): Improving tropical
precipitation forecasts from a multianalysis Superensemble, J. Climate, 13, 4217–4227.
Krishnamurti, T. N., Tewari, M., Rajendran, K. and Gadgil, S. (2002): A heavy winter monsoon
rainfall episode influenced by easterly waves, a westerly trough, blocking and the ITCZ,
Weather, 367–378.
Krishnamurti, T. N., Surendran, S., Rajendran, K., Kumar, T. S. V., Lord, S., Toth, Z., Zou, X.,
Cocke, S., Ahlquist, J. E. and Navon, I. M. (2003): Improved skill for the anomaly correlation of
geopotential heights at 500 hPa, Mon. Weather Rev., 131, 1082–1102.
Kumar, T. S. V. V. (2000): High resolution short range numerical weather prediction over the Indian subcontinent. PhD. Dissertation, Andhra University, Visakhapatnam, India, pp 295.
Kumar, T. S. V. V. and Krishnamurti, T. N. (2006): High resolution numerical weather prediction
over the Indian Subcontinent, J. Earth Sys. Sci., 115, 529–555.
Kuo, H. L. (1965): On formation and intensification of tropical cyclone through latent heat release
by cumulus convection, J. Atmos. Sci., 22, 40–63.
Kuo, H. L. (1974): Further studies of the parameterization of the influence of cumulus convection
on large-scale flow, J. Atmos. Sci., 31, 1232–1240.
Lau, K. M. (1981): Oscillation in simple equatorial climate system, J. Atmos. Sci., 38, 248–261.
Lau, K. M. (1982): Equatorial response to northeasterly cold surges during winter monsoon as inferred from satellite cloud imageries, Mon. Weather Rev., 110, 1306–1313.
Lau, K.-M., Kim, K.-M. and Yang, S. (2000): Dynamical and boundary forcing characteristics of regional components of the Asian summer monsoon, J. Climate, 13, 2461–2482.
Lau N.-C. and Nath, M. (2000): Impact of ENSO on the variability of the Asian–Australian monsoons as simulated in GCM experiments, J. Climate, 13, 4287–4309.
Lee D.-K. and Suh, M.-S. (2000): Ten-year Asian summer monsoon simulation using a regional climate model (RegCM2), J. Geophys. Res., 105, 29565–29577.
Leung, L. R., Ghan, S. J., Zhao, Z.-C., Luo, Y., Wang, W.-C. and Wei, H.-L. (1999): Intercomparison of regional climate simulations of the 1991 summer monsoon in East Asia, J. Geophys.
Res., 104, 6425–6454.
Luo, I. I. (1999): CSSM rainfall outbreak and the evolution of associated rain-bands. In Ding, Y.
and C. Li (Eds.): Onset and evolution of the South China Sea monsoon and its interaction with
the ocean. China Meteorological Press, 224–229.
Manabe, S., Smagorinsky, J. and Strickler, R. F. (1965): Simulated climatology of a general circulation model with a hydrologic cycle, Mon. Weather Rev., 93, 769–798.
Mahmud, M. (2004): Skill of a Superensemble Forecast over Equatorial Southeast Asia, Int. J.
Climatol., 24, 1963–1972.
Mahmud, M. and Ross, R. S. (2005): Precipitation Assessment of a Superensemble Forecast over
South-East Asia, Meteorol. Appl., 12, 177-186, doi:10.1017/S1350482705001660.
Mahmud, M. and Ross, R.S. (2006): Verification of the motion fields over Southeast Asia by the
Florida State University (FSU) superensemble forecast, Singapore J. Trop. Geo., 27, 176–190.

GEOFIZIKA, VOL. 25, NO. 2, 2008, 109–128

127

Mahmud, M. and Vijaya Kumar, T. S. V. (2009): Precipitation simulation of tropical cyclone
Vamei over equatorial Southeast Asia, Int. J. Ecol. Dev., 13, 42–60.
Malaysian Meteorological Services Website (http://www.jkc.gov.my/). Last accessed December 2007.
Moorthi, S. and Suarez, M. J. (1992): Relaxed Arakawa-Schubert: A parameterization of moist
convection for general circulation models, Mon. Weather Rev., 120, 978–1002.
Prater, B. E. and Evans, J. L. (2002): Sensitivity modeled tropical cyclone track and structure of
hurricane Irene (1999): to the convective parameterization scheme, Meteorol. Atmos. Phys., 80,
103–115.
Qian, W. and Yang, S. (2000): Onset of the regional monsoon over Southeast Asia, Meteorol.
Atmos. Phys., 75, 29–38.
Rajendran, K., Nanjundiah, R. S. and Srinivasan, J. (2002): Comparison of seasonal and intraseasonal variation of tropical climate in NCAR CCM2 GCM with two different cumulus schemes,
Meteorol. Atmos. Phys., 79, 57–86.
Rajendran, K., Krishnamurti, T. N., Misra, V. and Tao, W.-K. (2004): An empirical cumulus
parameterization scheme for a global spectral model, J. Meteorol. Soc. Jpn., 82, 989–1006.
Rao, D. V. B. and Ashok, K. (1999): Simulation of tropical cyclonic circulation over Bay of Bengal
using the Arakawa-Schubert cumulus parameterization. Part I: Description of the model, initial data and results of the control experiment, Pure Appl. Geophys., 156, 525–542.
Rao, D. V. B. and Ashok, K. (2001): Simulation tropical cyclone circulation over the Bay of Bengal
using the Arakawa-Schubert cumulus parameterization. Part II: Some sensitivity experiments,
Pure Appl. Geophys., 158, 1017–1046.
Raymond, D. J., Sessions, S. L. and Fuchs, Z. (2007): A theory for the spinup of tropical depressions. Q. J. Roy. Meteor. Soc., 133, 1743–1754
Shin, D. W. and Krishnamurti, T. N. (1999): Improving precipitation forecasts over the global
tropical belt, Meteorol. Atmos. Phys., 70, 1–14.
Sperber, K. R. and SMIP participants (1999): Dynamical seasonal predictability of the Asian summer monsoon. 24th annual climate diagnostics and prediction workshop, Tucson, Arizona, U.S.,
14 December 1999. (http://www.osti/dublincore/gpo/serviepurl/756948ciixhi/native/). Last accessed December 2004.
Tibbetts, R. T. and Krishnamurti, T. N. (2000): An intercomparison of hurricane forecasts using
SSM/I and TRMM rain rate algorithm(s), Meteorol. Atmos. Phys., 74, 37–49.
Trivedi, D. K., Sanjay, J. and Singh, S. S. (2002): Numerical simulation of a super cyclonic storm,
Orissa 1999: Impact of initial conditions, Meteorol. Appl., 9, 367–376.
Utusan Malaysia (2001): Banjir di Johor, Terengganu kian pulih, 30 Disember 2001.
Vaidya, S. S., Mukhopadhyay, P., Trivedi, D. K., Sanjay, J. and Singh, S. S. (2004): Prediction of
tropical systems over Indian region using mesoscale model, Meteorol. Atmos. Phys., 86, 63–72.
Wang, B., Wu, R. and Li, T. (2003a): Atmospheric warm ocean interaction and its impacts on
Asian-Australian monsoon variation, J. Climate, 16, 1195–1211.
Wang, Y., Sen, O. L. and Wang, B. (2003b): A highly resolved regional climate model (IPRC-RegCM)
and its simulation of the 1998 severe precipitation event over China. Part I: Model description
and verification of simulations, J. Climate, 16, 1721–1738.
Young, J. and Lazzaro, M. (2004): Error diagnostics for global predictions. Predictability Workshop, Department of Atmospheric and Oceanic Sciences, University of Wisconsin-Madison,
15–17 March 2004. (http://helios.meteor.wisc.edu/meeting/workshop-agenda.html). Last accessed December, 2004.
Zhang, Y., Sperber, K. R., Boyle, J. S., Dix, M., Feranti, L., Kitoh, A., Lau, K. M., Miyakoda, K.,
Randall, D., Takacs, L. and Wetherald, R. (1997): East Asian winter monsoon: results from
eight AMIP models, Clim. Dynam., 13, 797–820.

128

M. MAHMUD AND T.S.V. VIJAYA KUMAR: FORECASTING SEVERE RAINFALL ...

SA@ETAK

Prognoza izrazito obilnih ki{a u ekvatorijalnoj jugoisto~noj Aziji
Mastura Mahmud i T. S. V. Vijaya Kumar
To~nost prognoza monsunskih obilnih ki{a u ekvatorijalnom podru~ju predstavlja
oduvijek izazov za prognosti~are. U ovoj studiji su se poku{ale prognozirati izrazito
obilne oborine nad isto~nom centralnom obalom Malezijskog poluotoka pomo}u globalnog i regionalnog spektralnog modela sa Sveu~ili{ta na Floridi (FSU). U ovim modelima se ispitivala osjetljivost parametrizirane konvekcije na uspje{nost prognoze oborine
pomo}u dvije razli~ite parametrizacijske sheme za kumulusnu konvekciju (Relaxed Arakawa-Schubert shema i modificirana Kuo shema). Nizak oborinski prag < 2 mm dan–1 je
pomo}u oba modela uspje{no prognoziran. Pa ipak, konvektivne sheme nisu u potpunosti
to~no predvidjele to~nu poziciju i koli~inu oborina kod oborinskog praga > 40 mm dan–1.
Daljnja procjena uspje{ne prognoze je pokazala da je Relaxed Arakawa-Schubert shema
mnogo bolji prediktor ki{e zbog svojeg malog odstupanja i ni`eg korijena srednje kvadratne pogre{ke (RMSE) u usporedbi s modificiranom Kuo parametrizacijskom shemom.
Klju~ne rije~i: monsunske ki{e, ekvatorijalna jugoisto~na Azija, globalni i regionalni
spektralni modeli, prognoza oborine
Corresponding author’s address: Mastura Mahmud, Earth Observation Centre, Faculty of Social Sciences and
Humanities, Universiti Kebangsaan Malaysia Bangi, 43600, Selangor, Malaysia, e-mail: mastura@pkrisc.
cc.ukm.my

