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Abstract
An episode of extreme monsoonal flood event has severely affected the East and West coast of Peninsular Malaysia from 
16th to  18th December 2021. The extreme rainfall was documented to be associated to Tropical Depression 29 and 
Typhoon Rai. In addition, biomass burning aerosols were suspected to be capable of intensifying the precipitation. 
Thus, the main causes of this extreme event are studied with model evaluation being carried out with biomass burning as one 
of the possible reasons and variables. From the sensitivity analysis on the PBL scheme for the model physics, QNSE 
scheme is tested to be the best scheme to simulate the episode compared with MYJ and ACM2 and used in the model 
assessment. The performances of ARW (WRF-ARW), BB (WRF-Chem with biomass burning), and NOBB (WRF-
Chem without biomass burning) have been assessed in the reproduction of the precipitation pattern and tropical 
depression. Simulation results indicate that ARW shows an overall better performance for most meteorological 
variables with better performance in reproducing the surface-level pressure and wind speed. Model scenarios of 
ARW and BB produced similar tropical depression spatial distributions but differ in magnitude, where the tropical 
depression in ARW is stronger during the study period over East coastline. All models overestimate the precipitation 
intensity, but ARW is much better correlated with observation data followed by NOBB and BB. The findings show that 
biomass burning aerosols have only a minor impact on intensifying or delaying the rainfall event. Therefore, tropical 
depression over Peninsular Malaysia is shown to be the main causation to this extreme event in 2021. The model 
could be applied for the future flood risk management in Malaysia to provide information on decision making.
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Introduction

Flooding events occur annually during the Northeast monsoon season (NEM) with massive casualties 
and property losses, especially over the East coast of Peninsular Malaysia(PM), and generally they are 
mainly categorised as monsoonal flood (Caddis et al. 2012; Sani et al. 2014; Xia et al. 2016; Cheah et al. 2019; 
Chong et al. 2021; Fung et al. 2022; Tan et al. 2022). Tsay et al. (2013) shows that the precipitation over PM, 
1951 to 2012, are related to heavy rainfall cyclone that caused by the cold surge vortices covering two third of 
the total precipitation amount, and the precipitation was also affected by phenomena such as El 
Niño Southern Oscillation (ENSO) during the boreal winter (Tsay et al. 2013). Similar result is also found by Lim 
et al. (2017) that interaction between monsoonal cold surge and Madden–Julian oscillation (MJO) can 
have a large impact on the rainfall response over Southeast Asia (SEA) (Lim et al. 2017).

In mid-December 2021, an episode of extreme rainfall resulted in destructive floods over PM with 
48 casualties, more than 70,000 homeless people and economic losses up to USD $1.46 billion. The 
unusual situation to this flooding was that it not only affected the East coast but also the West coast of PM where it 
was normally under the drier conditions from previous NEM, whilst the extra amount of precipitation could be



attributed to tropical cyclonic circulation (Tew et al. 2022). Tropical cyclone (TC)-related precipitations could 
be classified into direct effect and indirect effect where the former mainly produce heavy rainfall directly by 
themselves, and the latter one could lead to heavy rainfall in remote area by interacting with other synoptic 
systems (such as monsoon circulation, topographic effect, cold frontal system) far away from the TC centre (Bosart 
and Carr 1978; Wang et al. 2009; Chen and Wu 2016; Lin and Wu 2021). The remote rainfall induced by the indirect 
effect has been observed by several studies. Study from Bosart and Carr (1978) find Hurricane Agnes intensifies the 
rainfall by transferring moisture from the Western Atlantic to the rainfall region through its outer circulation 
(Bosart and Carr 1978). Similar results had been indicated by Wang et al. (2009) and Chen and Wu (2016) 
where the remote precipitation event is strengthened by the typhoons in Japan and Taiwan (Wang et al. 2009; 
Chen and Wu 2016). The extreme event in PM can be considered as the direct effect from the Tropical Depression 29 
(TD) over PM and the remote interaction between Typhoon Rai over the Philippines which transports more moisture 
to the rainfall region through its outer circulation over this period of time. However, the actual mechanism of the 
origin of this rainfall episode remains in debate as some research also point to climate change or other weather 
event as the main cause to this extreme rainfall (Rahman 2022).

Biomass burning (BB) haze is an important anthropogenic aerosol emission sources over SEA which 
appears almost regularly for the past decades and attracts global and public attentions due to its impact on 
the visibility, regional climate system, long-range transportation, and human health (Ahmed et al. 2016). BB 
aerosols plays an important role in altering global and regional climate pattern by affecting radiation budget 
(Zhao et al. 2020; Jangid et al. 2021) and cloud formation process (Twomey 1997) through aerosol–radiation 
interaction (ARI) and aerosol–cloud interaction (ACI). ARI is known as the interaction between aerosol and 
radiation, where earth energy balance is impacted by aerosol through scattering and absorbing solar 
radiation (Schwartz 1996; Forster et al. 2007; Myhre et al. 2013). Carbonaceous aerosols, such as black carbon 
(BC) absorb radiation effectively, which warm up the atmosphere and reduce surface radiation, hence lead to 
surface cooling (Bollasina et al. 2011). It further reduces land–ocean thermal contrast and weakens monsoon 
circulation (Li et al. 2016). Fan et al. (2009) indicates that ARI tends to reduce surface wind, thereby enhance 
wind shear and result in inhibiting convection (Fan et al. 2009). From the analyses of observation data in 
China, it is found that a decrease of 8% of the surface wind under the influence of aerosol radiative effect 
(Jacobson and Kaufman 2006).

The interaction between aerosol and cloud is known as ACI, where aerosol acts as cloud condensation 
nuclei (CCN), thereby affecting the albedo and lifetime of cloud and precipitation (IPCC 2014; Wu et al. 2015; 
Ajoku et al. 2019). ACI primarily refers to the increasing number of cloud droplet due to the increasing 
concentration of suspended aerosol particles, therefore reducing the radiation from reaching surface (Twomey 
1997). Cloud releases more latent heat at higher atmosphere, enhances the convection, cloud development and 
precipitation, and results a delayed rainfall with stronger intensity (Andreae et al. 2004; Koren et al. 2008; 
Rosenfeld et al. 2008). Therefore, the effect of BB aerosols on the extreme monsoonal rainfall event is considered 
important in precipitation generation and is taken into consideration in this study. 

Numerical models are widely used to study and understand the mechanism of metrological systems. The 
Advanced Research online–coupled regional Weather Research and Forecasting model (WRF-ARW) had been 
examined by several studies on its ability in simulating and forecasting regional climate, which also 
includes extreme rainfall activity (Chen et al. 2017; Moya-Álvarez et al. 2018; Chang et al. 2019). It has the 
capability of adjusting physical conditions such as microphysics, cumulus parameterisations, planetary 
boundary layer physics, and atmospheric radiation physics. The aerosol and trace gas concentration are 
defined as important components which affect the radiation response within the atmosphere and is fixed in 
WRF-ARW. While WRF with chemistry (WRF-Chem) model provides adjusting option on producing the 
forecast by applying real chemistry boundary condition with predicted aerosol and trace gas concentration, 
compared to WRF-ARW that simulates meteorological processes only, WRF-Chem simulates additional processes 
such as gas and aqueous phase chemsitry, aerosol microphysics, and feedback mechanisms of gases and 
aerosols to clouds, radiation, and other meteorological variables and processes (Yahya et al. 2017). Therefore, 
WRF-CHEM is more used in simulating regional air quality model, as well as in figuring out the effect of BB 
event by including and excluding the BB emission inventory into the model input (Aouizerats et al. 2015; 
Oozeer et al. 2016; Zhou et al. 2018; Lee et al. 2018; Liu et al. 2021). 



Many studies have conducted sensitivity studies to different meteorological physical 
parameterisation schemes for both WRF-ARW and WRF-Chem (Crippa et al. 2017; Pegahfar et al. 2022). 
However, rarely have studies discussed the performance between WRF-ARW and WRF-Chem, as WRF-Chem is 
always considered to be more accurate than WRF-ARW with better chemical substances concentration. Yahya 
et al. (2016) compares the simulation result from WRF-ARW and WRF-Chem over America, where WRF-Chem 
shown better performance in reproducing meteorological elements (temperature, relative humidity, wind 
speed) as it has more accurate radiation variables. However, precipitations from two models are both 
overestimated and seem to have no close relationship with aerosol and gas concentration but more 
relate to model microphysics or convective parameterisations (Yahya et al. 2017). The comparison 
between the two algorithms is an area we want to insert an effort into. We would also like to understand 
better the physical mechanism of the cause of the intense precipitation during the period, especially the 
effect from BB.

Our study aims to evaluate the model performance between WRF-ARW and WRF-Chem in simulating 
the extreme rainfall event over PM from  15th to  18th December 2021. A sensitivity analysis on the 
planetary-boundary-layer scheme (QNSE, MYJ, ACM2) is conducted to figure out the best scheme and use 
for all physical model configuration. Moreover, the effect of BB aerosol on the monsoon-induced low-
pressure system over Malaysia is examined through local precipitation, wind pattern, and sea level 
pressure (SLP). The simulation design and observational dataset are presented. Model performance 
evaluation and the impact of BB aerosols on the monsoon-driven circulation system over PM are discussed in 
detail.

Methodology

Observation

The tracks of Typhoon Rai over Indonesia and Tropical Depression 29 (TD) over Malaysia are obtained 
from International Best Track Archive for Climate Stewardship (IBTrACS) project under National Center for 
Environmental Information (NCEI). IBTrACS collates TC storm track dataset from global agencies such as World 
Metrological Organization (WMO), National Hurricane Center (NHC), and Joint Typhoon Warning Center (JTWC).

The observational daily accumulated precipitation data used to identify the spatial and temporary heavy 
rainfall distribution are obtained from global precipitation measure (GPM) with resolution of 0.1° × 0.1° 
covering the region over tropical and subtropical ocean. The data are developed from the tropical rainfall 
measuring mission (TRMM) system which is sensitive to the heavy and moderate precipitation, while GPM is 
more focused on the light precipitation which can be considered as one of the finest and most accurate 
satellite precipitation products over tropical areas (Tew et al. 2022). Tan and Santo (2018) shows the smallest 
uncertainty for the flood 2014–2015 simulations in Malaysia compared to other products (Tan and Santo 
2018).

To detect the location of TD, meteorological data such as wind field and sea level pressure (SLP) are 
obtained in the hourly time-averaged form from the second Modern-Era Retrospective analysis for 
Research and Applications (MERRA-2) under NASA atmospheric reanalysis for spatial plot (GMAO 
2015). 2-metre temperatures (2-m T) are taken from MERRA-2 as well for model evaluation. Observation data 
used to carry out the statistical analysis are obtained from National Center for Atmospheric Research 
(NCAR) APD Surface Observational Weather Data (NOAA 2004). The verifications of MERRA-2’s 
meteorological data with observation data are also conducted as shown in Table 5, with correlation 
coefficient r of 0.68, 0.79, 0.39, and RMSE of 1.86, 1.88, 4.47 for 2-m T, SLP, and wind speed respectively. 
Although it has slightly overpredicted the surface wind speed, the values for 2-m T and SLP could be 
considered reliable.



Model settings

The experiments are based on the extreme precipitation event that occurred over PM from  15th to  18th 
December 2021 and are simulated using WRF-ARW and WRF-Chem (version 3.9.1) with the same model 
set up for domain and physical parameters (Grell et al. 2005). The study period is from UCT00 on  14th Dec 2021 to 
at UCT00 on  19th Dec 2021 with 2 days of spin-up for WRF-ARW and 10 days of spin-up for WRF-Chem as the 
period for model to reach its steady state is different for models include/exclude chemistry reaction. The 
model domain is shown as Fig. 1 with horizontal resolution of 30 km for the outer parent domain (d01) and 
horizontal reso-lution of 10 km for the nest domain (d02). It consists of a grid point size with 110×100 and 100×103 for 
the parent and nest domain respectively, and vertical layer of 35 for both domains. The parent domain includes 
Sumatra, Kalimantan, Malaysia, and part of Indian Ocean and South China Sea, while the nest domain covers 
Northwestern Sumatra and PM. The lateral boundary condition updated in 6-h simulation interval and 
running with four-dimensional data assimilation (FDDA) grid nudging with a 3-h interval. The WRF model output is 
written every hour.

The meteorological initial and boundary conditions are taken from National Centers for 
Environmental Prediction FiNaL reanalysis (NCEP-FNL) data with spatial resolution of 1° × 1° and time 
interval of 6 h. The chemical initial and boundary conditions are MOZART-4 (Model for Ozone and 
Related Chemical Tracers, version 4) results from the National Center for Atmospheric Research (NCAR). 
Biogenic emissions are taken from the Emission of Gases and Aerosol from Nature version 2.1 (MEGAN 
2.1) (Guenther 2006). Anthropogenic emission of aerosol and trace gas are taken from EDGAR v5.0 Global Air 
Pollutant Emis-sions (Crippa et al. 2021). The daily open BB emissions are obtained from the Fire iNventory from 
NCAR (FINNv2), which is derived from the MODIS satellite date of active fire spots, land surface, fuel loading, and 
emission factors (Wiedinmyer et al. 2011; Zhou et al. 2018). It may therefore lead to over or under-estimation of 
BB emission due to uncertainties in identifying the classification of fire and land surface, fuel consumption, and 
emission factors. It is most likely to underestimate the aerosol concentration near surface as satellites are not 
capable to capture all the smoldering burnings (Lee and Wang 2020). It classifies the burning of extra tropical 
forest, tropical forest (including peatland), savanna, and grassland, with various of emitted species from biomass 
burning including organ carbon, black carbon, carbon monoxide, nitrogen oxides, ammonia, and sulphate 
dioxide. Model initial and boundary condition and emission inventory are listed as Table 1.

Fig. 1  Model domain

Table 1  Model boundary 
condition and emission 
inventory

ARW BB NOBB

Boundary condition
   Meteorological initial and boundary condition NCEP-FNL NCEP-FNL NCEP-FNL

MOZART-4  Chemical initial and boundary conditions
Emission inventory

MEGAN 2.1
EDGAR v5

 Biogenic emission
 Anthropogenic emission
 Biomass burning emission

- MOZART-4

- MEGAN 2.1
- EDGAR v5
- FINN v2 -



Table  2 shows the physics and chemistry parameter schemes used in this study. The Morrison 2-moment 
micro-physics scheme (Morrison) is chosen as the microphysics scheme which is able to estimate the number 
concentration and mixing ratio of graupel, rain droplet, snow, cloud droplet, and ice particles for physical mechanism of 
cloud (Oozeer et al. 2016). The rapid radiative transfer model for GCMs (RRTMG) is used in both longwave and 
shortwave radiation schemes for conducting aerosol–radiation interaction. The NOAH-multi parameterisation land 
surface model which contains multiple interactions between land and atmosphere, with an aim of proper transfer 
processes in surface water and energy, is used for land surface model (Tomasi et al. 2017). Cumulus scheme of Grell-3 
developed from Grell–Devenyi (GD) cumulus scheme, which allows cloud radiation and aerosol–cloud interaction to 
receive more feedback from convection process. As for chemistry scheme, MOZART and Model for Simulating Aerosol 
Interactions and Chemistry (MOSAIC) are selected for gas phase and aerosol mechanism respectively. The aerosol direct 
effect is turned on by activating aerosol radiative feed-back in the model. The scheme of Madronich F-TUV was used for 
the photolysis scheme. MOSAIC with volatility basis set (VBS) has been widely used due to its easy coupling between 
various chemical and microphysical processes. Important types of aerosols are included in the MOSAIC scheme after 
specifying all the major aerosols from the scale of urban, regional, and global, such as sulfate, nitrate, chloride, 
carbonate, black carbon, organic carbon, liquid water, and other inorganic aerosols (Zaveri et al. 2008). Table 3 explains 
the three planetary-boundary-layer (PBL) schemes selected for the sensitivity analysis in this study: Quasi-Normal Scale 
Elimina-tion (QNSE), Mellor-Yamada-Janjić (MYJ), and Asymmetric Convective Model v2 (ACM2), while other physics 
parameterisation schemes keep unchanged.

Table 2  Model physics and chemistry

Model physics (ARW, BB and NOBB)

Morrison 2-moment 
RRTMG
RRTMG
Noah-MP land-surface 

model (NOAH)
Grell-3
Shown as 
Table 3

Microphysics scheme
Longwave radiation scheme 
Shortwave radiation scheme Land 
surface model scheme

Cumulus scheme
Planetary boundary layer scheme 
Model Chemistry (BB and NOBB)
   Gas phase mechanism    
Aerosol mechanism

MOZART 
MOSAIC with VBS

Sensitivity analysis between three PBL schemes conducted first to examine the best physics scheme model setup for 
this rainfall event in Malaysia, and used in the following section. Evaluation between ARW (model without chemistry) 
and BB (chemistry including BB emission) are used to figure out the most suitable WRF simulation mode (WRF-ARW or 
WRF-Chem) in reproducing the rainfall event. The impact of BB aerosols can be investigated by comparison between 
BB and NOBB (model with chemistry excluding BB emission).

Table 3  Model physics 
for WRF-ARW sensitivity 
experiments

Simulations Microphysics LW/SW radiation Cumulus scheme PBL Surface layer

SIM1 Morrison 2-moment RRTMG Grell-3 QNSE QNSE
SIM2 ACM2 Monin-Obukhov
SIM3 MYJ Eta model



WRF‑ARW sensitivity analysis with PBL scheme

PBL as the lowest atmospheric layer which is highly affected by the exchange of momentum, heat and water from 
earth surface (Avolio et al. 2017). Its thermodynamic structure plays an important role in reducing 
the uncertainty for mesoscale model forecasting (Valappil et al. 2023). PBL schemes in WRF model can be classified 
based on the closure types (local and non-local) depending on the extent to which the known variables can impact a 
specific model point (Stensrud 2007) and turbulent orders (1.0, 1.5, 2.0). The variables at a specific point in the 
local closure scheme are only influenced by the immediately adjacent vertical levels, and the PBL height (PBLH) 
is calculated by using Richardson bulk number method. As for non-local closure scheme, variables can be affected 
from other vertical levels, and the PBLH is determined at the level where turbulent kinetic energy (TKE) decrease to certain 
threshold value.

Two local (MYJ, QNSE) and one non-local (ACM2) PBL schemes are selected for this research. MYJ is a 1.5-order prognostic 
turbulent kinetic energy (TKE) scheme with local vertical mixing (Janjic 2002), and modified from the eta operational 
scheme (Janjić 1990). The PBLH is determined by TKE decreased to the value of 0.2  m2  s−2. QNSE is a local 1.5-order 
prognostic TKE scheme with consideration of wave phenomena within stable boundary layers (Sukoriansky et al. 2005). 
The PBLH is determined by TKE decreased to the value of 0.01  m2  s−2 (Valappil et al. 2023). The PBLH is determined with 
threshold Richardson bulk number between 0 to 0.25. ACM2 is a 1-order scheme which modified form the ACM1 scheme 
(Pleim 2007) with combination of local downward mixing and non-local upward mixing approaches. The PBLH is 
determined at the level where surface Richardson bulk number exceeds 0.25.

Model evaluation

The focus of the model evaluation was to evaluate the climatological model performance under the 
three model setups to analyse the ability of model on reproducing the monsoonal 
precipitation and meteorological environment which includes surface level pressure (SLP), 2-m T, and 
wind speed. The main statistics used for model evaluation are correlation coefficient (r), root mean 
square error (RMSE), index of agreement (IOA), and normalized mean bias (NMB).

Meteorological variables are evaluated with 6-h NCAR APD Surface Observational Weather Data with 
11 stations that spread evenly over PM as shown as Fig. 2. While daily precipitation from model is 
evaluated with GPM, for this comparison, the grid index corresponding to the geographic location of each station 
is first determined. The model value of the required variables at the estimated grid index is then calculated by 
bilinear interpolation from the surrounding four model grid points. The observations and simulations are 
paired up according to the time and site location, and then averaged to obtain daily observation and 
simulation data pairs at each site. The statistics are calculated based on the observation and simulation 
paired averaged data at different sites to provide evaluation,
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Fig. 2  Spatial distribution of the surface station

Result and discussion

Extreme rainfall event

The Northwest winter monsoon season in SEA usually occurs from November to March, and the prevailing 
surface wind blows from the Northwest over the MC towards the Intertropical Convergence Zone (ITCZ) that is 
located between 5°S and 15°S. Tropical cyclone (TC) is known to have a tight association with the monsoon 
due to its favourable environment for TC formation (Chang et al. 2004). More than 75% of identified tropical storms 
forming in the monsoon environment (Loo et al. 2015). Chang and Tsay et al. (2013) indicate the contribution of heavy 
rainfall/flood cyclone event to total rainfall in Malaysia was up to 66% (Tsay et al. 2013). Heavy rainfall event in PM 
during study period is mainly a result of monsoon-driven TC activity.

Figure 3 shows the tracks of Typhoon Rai over Indonesia and TD over Malaysia. The tropical storm formed over the 
Western Pacific Ocean on  12th December 2021 and moved Northwestward. It developed into a typhoon with 
maximum sustained wind speed between 59 to 69 m  s−1 when it approached the Philippines on 1800 UCT  15th 
December. After landfall was made on Siargao Island in Southeastern Philippines on 0900 UCT  16th December, it 
continued travelling Northwestward to South China Sea with heavy rainfall and sustained wind speed between 49 to 
70 m  s−1, and finally downgraded to a TD after 1200 UCT  20th December near Hainan. While TD was formed on 1800 
UCT 16 December at East coast of PM, it spreaded across PM and weakened at West coast of PM with maximum wind 
speed of 20 m  s−1. Figure 4 shows the 10-m wind field, SLP, and precipitation over PM and SCS from  15th to  18th 
December 2021, where the first two variables are obtained from MARRA-2 and the latter one obtained from GPM. The 
TD was initiated over SCS on  15th December, gradually moved West wards towards PM and strengthened by the 
adequate moisture that supplied by the stronger low-level Northeasterly wind from SCS to the PM. The TD-induced 
rainfall was firstly concentrated over the East coast (states of Pahang and Terengganu) up to 200 mm/day on  16th 
December, growing even stronger on  17th and  18th December 2021 with extreme rainfall of 350 mm/day over the 
West coast (states of Selangor and Perak). It also matched the average precipitation pattern from surface stations as 
shown in Fig. 5 where East coast experienced maximum rainfall on  16th December, while West coast experienced 
maximum rainfall on  17th December.



Fig. 3  Track of Typhoon RAI (right) over Indonesia and Tropical Depression 29 (left) over Malaysia. The dot in the red box covers path between 
 16th and  18th Dec 2021

Fig. 4  Daily precipitation (shading, mm), SLP (contours, hPa), and wind field (vector) at 10 m from 0000 UCT  15th December 2021 to 0000 
UCT  18th December 2021



Fig. 5  Average daily station 
precipitation of east coast and 
west coast over PM

Fig. 6  Moisture flux divergence  (10−6g  kg−1s) at 850 hPa at 1200 UCT  16th December (a), 0000 UCT  17th December (b), 1200 UCT  17th 
December (c), 0000 UCT  18th December (d), and 1200 UCT  18th December (e) 2021 from MERRA-2



 Figure 6 displays the moisture flux divergence at 850 hPa from 1200 UCT (universal coordinated time) 16thDecember 

to 1200 UCT 18th December in a 12-h interval during the heavy rainfall period form MERRA-2 dataset. The area 
withlarge moisture convergence is collocated with the regions with heavy rainfall, where East (West) 

coast experienced heavy rainfall on 1200 UCT 16th December (17th December). The large moisture flux convergence 
existed in the inner core region of TD with maximum occurring at 1200 UCT 17th December which gathered the 
moisture from Indian Ocean and SCS. However, the moisture flux convergence between Typhoon Rai and TD is not 
obvious with most value below 0.1. Therefore, the extreme rainfall event over PM would consider to be mainly caused by 
direct effect of TD rather than the remote effect from Typhoon Rai as it only had limited contribution in transport 
moisture to PM during the study period. Moreover, a time lag between the occurrence of biomass burning activity 
and its impact on rainfall patterns has been observed in the several research, as aerosols take time in transferring to 
cloud condensation nuclei and affects convective system (Khain et al. 2004; Tao et al. 2007; Chen et al. 2023). Therefore, 
the impact of the biomass burning aerosol on the rainfall event was also con-sidered in the following sections as burning 
activities were observed over Southern PM that observed in Fig. 7 on  25th November 2021.

Fig. 7  Thermal anomalies from NASA Worldview server on  25th November 2021

WRF-ARW sensitivity on surface meteorological variables

Figure 8 presents the spatial distribution of accumulated total precipitation produced by WRF-ARW with three PBL 

schemes against GPM over PM from 0000 UCT 16th December 2021 to 0000 UCT 18th December 2021. In 
general, the rainfall distributions from three simulations show huge difference points out the important role of 

PBL plays in affecting the rainfall pattern and characteristics.

The heavy rainfall centre is observed to be located over Southeast (> 150 mm) and Southwest (> 200 
mm) coastline over PM as shown in GPM observation. The Southeast heavy rainfall centre simulated by 
SIM1 scheme tends to have moved to the Northeast PM with similar intensity. Similar shifting is also 
observed in SIM2, but it moves further North to the Northern PM. SIM3 tends to underestimate the rainfall 
intensity over Southeast coastline with mostly below 100 mm. As for the rainfall centre over Southwest 
coast-line, SIM3 has successfully reproduced the pattern along the Strait of Malacca with much lower 
intensity, and SIM1 performs better in simulating higher magnitude over South-west PM compared to another PBL 
schemes. As the extreme rainfall is investigated to be resulted from TD, the distribution of SLP is also compared 
for the analysis as Fig. 9.



Fig. 8  Accumulated total precipitation (mm) spatial distribution of GPM (a) and different PBL schemes (b, c, d) for the period from 0000 UCT 
 16th December 2021 to 2300 UCT  18th December 2021

Fig. 9  Average SLP (hPa) of MERRA-2 (a) and different PBL schemes (b, c, d) for the period from 0000 UCT  16th December 2021 to 2300 
UCT  18th December 2021

Fig. 10  Averaged WRF-simulated total accumulated precipitation corresponding to different PBL schemes and observations (OBS) for the 
period from 0000 UCT  16th December 2021 to 2300 UCT  18th December 2021 over western (left) and eastern (right) stations



Comparing with the MERRA-2 dataset (Fig. 9a), SIM3 underestimates the strength of the TD, which also includes 
the weak rainfall intensity observed in Fig. 8. The centre of TD simulated by SIM2 moves to the Strait of Malacca. SIM1 is 
able to reproduce the TD pattern (location and strength) over East coast; however, the TD is unable to travel across 
the PM to the West coast. Overall, SIM1 (QNSE) gives the better performance in reproducing the rainfall distribution 
and intensity, and the strength and location of TD compared to another three simulations.

The total accumulated precipitation of station observation and three simulations averaged over western and Eastern 
stations is shown as Fig. 10. Over west coastline, SIM1 is the closest to the observation compared to other two 
simulations where largely underestimate rainfall. As for stations over the East coast, SIM1 and SIM2 have similar 
performance in overestimating the rainfall intensity with difference of 70 mm com-pared to station data. Table 4 presents 
the statistical analysis (RMSE, r, IOA, and NMB) of meteorological variables (precipitation, 2-m temperature, 2-m wind 
speed, and SLP) for different PBL schemes against station observation data, which provides a more direct view on the 
performance of each simulation experiment. All three simulations show poor correlation in forecasting precipitation and 
2-m wind speed, which could be attributed from the high spatiotemporal deflection in simulating tropical depression over 
PM. The statical parameters of precipitation does not show which PBL scheme performs better in reproducing the extreme 
rainfall event over PM. However, SIM1 can be considered as best PBL scheme due to its better performance in statistical 
analysis for other variables.

Fig. 11  Time series of station averaged CIN (left) and PBLH (middle) corresponding to different PBL schemes. Station averaged wind speed 
(right) at different level averaged for the period from 0000 UCT  16th December 2021 to 2300 UCT  18th December 2021

Table 4  Summary of statistical analysis on meteorological variables for different PBL schemes

Simulation RMSE r IOA NMB

Precipitation SIM1 51.06 0.49 0.41 81%
SIM2 49.05 0.53 0.41 7%
SIM3 45.48 0.43 0.34 -34%

2-m temperature SIM1 1.84 0.72 0.76 -4%
SIM2 1.93 0.63 0.71 -1%
SIM3 2.12 0.64 0.72 -2%

2-m wind speed SIM1 2.59 0.50 0.47 112%
SIM2 2.01 0.27 0.44 59%
SIM3 1.95 0.35 0.46 49%

SLP SIM1 1.43 0.54 0.64 0%
SIM2 1.61 0.36 0.49 0%
SIM3 1.96 0.41 0.53 0%



Table 5  Summary of mean value and statistics of meteorological variables for observation and models

Precipitation 
(mm)

2-m T (°C) SLP (hPa) WS (m  s−1)

Meanvalue OBS 19.09 26.06 1009.29 2.00
MERRA-2 - 27.73 1011.01 6.23
ARW 32.29 25.03 1008.74 3.82
BB 25.02 1008.52 4.10
NOBB

35.72
36.74 24.84 1008.64 4.27

r MERRA-2 - 0.68 0.79 0.39
ARW 0.49 0.72 0.54 0.50
BB 0.72 0.52 0.44
NOBB

0.46
0.50 0.77 0.61 0.44

RMSE MERRA-2 - 1.86 1.88 4.47
ARW 51.06 1.84 1.43 2.59
BB 1.91 1.58 2.93
NOBB

53.98
56.86 1.94 1.42 3.09

IOA MERRA-2 - 0.46 0.23 0.56
ARW 0.41 0.76 0.64 0.47
BB 0.75 0.60 0.44
NOBB

0.32
0.33 0.75 0.67 0.44

NMB MERRA-2 - 6% 0.17% 273%
ARW 81% -4% 0% 112%
BB -4% 0% 128%
NOBB

122%
132% -5% 0% 137%

Evaluation for meteorological predictions

Table 5 summarises the statistics for 2-m T, SLP, wind speed (WS), and precipitation respectively from MERRA-2 
and three simulation scenarios throughout the study period. Model overall performance is good for 2-m T 
with a under-prediction by 1°C compared with MERRA-2 of 1.6°C, and the NMB also falls within the range between 

Figure 11 (left) depicts the temporal variation of convective inhibition (CIN), which is used to examine the amount of 
energy required for an upwardly rising air parcel to reach its free convection state. The lower the value of CIN, the 
easier for convection to occur. SIM1 (QNSE) keeps the lowest CIN value throughout the precipitation period, creating a 
favourable environment for precipitation formation (2023 Valappil). Figure 11 (middle) shows the temporal variation in 
PBL height (PBLH) from  16th to  18th December 2021, with higher values during daytime and lower values during 
night. SIM1 has deeper PBLH compared to the other two schemes, resulting in a better convective condition with 
higher moisture instability and moisture transfer during precipitation period (Verma et al. 2021). The vertical 
variabilities in station-averaged wind speed are shown as Fig. 11 (right). For 3 simulation scenarios, the maximum 
wind speed occurred at lower atmosphere (below 2 km) under the influence of depression, with highest in SIM1 and 
followed by SIM2 and SIM3. SIM1 has larger difference in wind speed between neighboring layers indicates strong 
wind shear at lower atmosphere, which moderates the moisture distribution and increases the PBLH (Rai and Pattnaik 
2019). Overall, the results that the reproduction of rainfall intensity and distribution is very sensitive to the PBL 
scheme during model simulation. QNSE scheme (SIM1) performs the better than ACM2 (SIM2) and MYJ scheme 
(SIM3). Nevertheless, more improvement can be made in the future on the rainfall event prediction by using other 
model physical schemes, simulating with higher spatial resolution, and different spin-up time.



estimate the TD landfall time and location over central east coast on  16th December. However, TD from 
simulations fails to cross over the PM to West coast but stays over Northern East coast on  17th and  18th 
December which might relate to the model planetary-boundary-layer scheme. MERRA-2 shows a similar TD 
pathway as Fig. 3 where it lands at Pahang and move westwards and dissipates over Strait of Malacca. Figure 14 
shows the spatial distribution of precipitation during the study period from GPM and three model scenarios. 
These simulations tend to predict the heavy rainfall area more Northly on  16th and  17th December where the 
rainfall centre simulations are observed at the East and West coast from GPM on the respective days.

Fig. 12  Average meteorological variables of 2-m T (a), precipitation (b), SLP (c), and wind speed (d) from  15th December to  19th December 
for 11 stations on observation data, MERRA-2, ARW, BB, and NOBB. Station 1 and 2 (10 snd 11) represent Northern PM (Southern 
PM), and station 3, 4 and 8 (5, 6, 7, and 9) represent East Coast (West Coast) 

−4 to −5%. The model tends to slightly underestimate SLP, but overestimate wind speed and precipitation compared 
to observation data with average of 2.1 m  s−1 and 4.8 mm respectively. Overall, WRF simulation tends to perform 
better than MERRA-2 with its finer resolution. Amongst the three models, ARW shows good performance in 
reproducing wind pattern with value of 2.59, 0.5, and 112% for RMSE, IOA, and NMB respectively. BB and NOBB 
have similar performances in producing 2-m T, while SLP in NOBB performance better than BB by looking at the 
value of r, RMSE, and IOA. All three scenarios tend to overpredict precipitation. In the overall comparison, no 
single model shown the best reproduction in four meteorological variables from the information in Table 5. 
Figure 12 gives a more comprehensive view on the spatial distribution by displacing the day average 
meteorological variables into Northern (Southern) PM and East (West) Coast. From Fig. 12, models underestimate 
average 2-m T and SLP for most of the stations, especially over East coast, while MERRA-2 tends to overestimate. 
As for average precipitation, ARW is observed to be closer to the observation data for most stations than BB and 
NOBB where they largely overpredict the precipitation over Northern PM (station 1 and station 2). All models 
including MERRA-2 have overestimated the surface wind speed over PM during the study period.

Figure 13 shows the movement of TD from MERRA-2 and three model scenarios. All simulations successfully



Fig. 13  Spatial distribution of SLP (hPa) from MERRA-2 (a, b, c) against ARW (d, e, f), BB (g, h, i), and NOBB (j, k, l)



Fig. 14  Spatial distribution of precipitation (mm) from GPM (a, b, c) against ARW (d, e, f), BB (g, h, i), and NOBB (j, k, l)



ARW shows better capability in producing the rainfall distribution over West and East coast on  17th and  18th 
December, although it overestimates (underestimates) the intensity over East (West) coast. BB and NOBB 
produce similar performance in the intensity and spatial pattern, while BB performs better on  18th December 
as the heavy rainfall is produced over Northern West coast but in lower intensity compared to GPM. Figure 15 
compares the wind pattern from MERRA-2 and models from  16th to  18th December. BB and NOBB produce 
similar wind speed pattern on  17th and  18th December with maximum wind speed of 12 m  s−1 over West and 
East coast which is consistent with MERRA-2, while ARW has lower wind speed between 5 and 10 m  s−1 with over 
the most regions. However, based on the statistics from Table 5, wind speed from MERRA-2 and WRF simulations 
are all overestimated compared to the station observation, which may attribute to the complexity in 
topography that cannot be accurately reproduced by coarse resolution (Islam et al. 2018). The spatial 
distribution of 2-m T is plotted as Fig. 16, where all three models show similar performance and good agreements 
with MERRA data.

Impact of biomass burning aerosol on the precipitation event

By comparing the concentration of  PM2.5 between BB and the NOBB-BB (difference between NOBB and BB) in 
Fig. 17, it is obvious that all the  PM2.5 comes from the BB inventory; therefore, it is used as an indicator of biomass 
burning aerosols (BBA). The low concentration of  PM2.5 (0–0.4 μg  m−3) simulated with BBA (Fig. 17 a, b, and c) on 
the TD’s pathway (SCS and PM) indicates that not much BBA is present; therefore, it may have limited 
influence on the meteorological field during study period. The surface cooling effect from aerosol effect is not 
observed from this case as BBA is not concentrated enough to initiate the radiation effect.
Figure 18 is used to further verify the impact of BBA by showing the difference of meteorological variables between 
NOBB and BB during  16th and  18th December 2021. Not much difference in precipitation and wind pattern is 
observed between NOBB and BB simulation during the study period as the difference is mainly due to the deviation 
in simulating the TD path. On  18th December, the precipitation intensity over West coast is slightly higher under 
BB scenario. It also consists with SLP pattern on  18th December as depression over West coast is stronger under 
the impact of BBA. Figure 19 shows the temporal variation of simulated hourly precipitation over East and West 
coast. BBA tends have no impact on intensifying or delay the rainfall as the trends form two simulations are similar.

Impact of prognostic and prescribed gas and aerosol concentrations

As the spin-up time applied in the simulation is different between ARW and BB, the distribution of SLP and 

precipitation on  14th December 2021 of two scenarios are plotted as Fig. 20 to evaluate if it makes a significant
contribution to the analysis. The result shows that depression in BB is slightly wider range with SLP between 1007 
and 1008 hPa over SCS, but the central location and intensity are not significantly different. The precipitation 
pattern and intensity almost the same between ARW and BB model simulation. Overall, the discrepancy due to 
the model spin-up time has little impact on the meteorological field over the study period. Figure 21 shows the 
difference of meteorological variables between WRF without chemistry (ARW) and WRF with chemistry (BB) during  

16th and  18th December 2021. By comparing the SLP difference between two models, ARW simulates stronger
depression over East coastline on  16th December which also consistent with the wind circula-tion where the wind
speed in ARW is up to 4 m  s−1 on the same day. The depression simulated by BB on  17th and  18th December tends
to be stronger than ARW which accompanied by the strong wind over West coast. As for precipita-tion, ARW (BB) 
tends to produce heavier over Southern (Northern) PM during study period. From Table 5, both ARW and BB 
tend to overpredict the precipitation which indicates the precipitation pattern may not largely affected by the 
aerosol and gas concentration distribution in model but more attributed to the model microphysics or convective 
parameterisations which is similar to earlier finding (Yahya et al. 2016).



Fig. 15  Spatial distribution of wind speed (m  s−1) and field from MERRA-2 (a, b, c) against ARW (d, e, f), BB (g, h, i), and NOBB (j, k, l)



Fig. 16  Spatial distribution of 2-m temperature (°C) from MERRA-2 (a, b, c) against ARW (d, e, f), BB (g, h, i), and NOBB (j, k, l)



Fig. 17  Spatial distribution of  PM2.5 concentration in BB (a, b, c) and difference between NOBB and BB (d, e, f) (μg  m−3) over PM from  16th to 
 18th December 2021



Fig. 18  Spatial distribution of meteorological variables between NOBB and BB. Red (blue) indicate value in NOBB is higher (lower) 
than BB



Fig. 19  Averaged precipitation of stations over west coast and east coast simulated by BB and NOBB



Fig. 20  Spatial distribution of SLP (hPa) and precipitation (mm) on  14th December 2021 in ARW (a, c) and BB (b, d)



Fig. 21  Spatial distribution of meteorological variables between ARW and BB. Red (blue) indicates value in ARW is higher (lower) 
than BB



The result indicates that AWR shows an overall better performance for most meteorological variables. ARW 
has better performance in reproducing SLP and wind speed with r of 0.54 and 0.5 respectively. Model scenario of AWR 
and BB produce similar TD spatial distributions but differ in the magnitude where TD in ARW is stronger during 
the study period over East coastline. All models overestimate the precipitation intensity, but ARW was more 
correlated with observation data followed by NOBB and BB. ARW successfully simulates the heavy rainfall over West 

coast region on  17th and  16th December while in weaker intensity. Biomass burning aerosols have only a minor
effect on intensifying or delaying the rainfall. More attention needs to focus on the low-pressure system for 
preventing the flooding due to heavy rainfall event during Northeast monsoon season than BB haze event as TD over 
PM was considered to be the main contributor to the extreme rainfall event.

Conclusions

A case of extreme monsoonal flood event affected the East and West coast of Peninsular Malaysia (PM) in 
December 2021 and brought huge socio-economic damage to the society. In order to study the event, the 

meteorological characteristics over PM during the study period of  16th to  18th December are investigated.
IBTrACS shows the Tropical Depression 29 (TD) was formed and moving from East coast to West coast during the 
study period. The heavy rainfall area is consistent with the movement of TD center with maximum intensity of 

250 mm/day and 300 mm/day over Pahang on  16th December and Selangor during  17th to  18th December
respectively. Typhoon Rai does not intensify the rainfall event in the way of transporting moisture to PM as moisture 
flux divergence between Typhoon Rai and TD is not strong enough.

In order to study the monsoon-driven extreme rainfall event, WRF model is used to reproduce the 
meteorological variables during the study period with two nests (horizontal resolution of 30 km and 10 km). Most 
studies from literature use WRF-ARW model with specified gas and aerosol concentration for pure meteorological 
studies, and WRF-Chem model for air quality simulations as they believe it would provide better performance with 
predicted gas and aerosol concentration and involvement of chemistry process. While rarely, the study compares 
the performance between these two models. As biomass burning (BB) aerosols which appears as an annual 
phenomenon over Southeast Asian also capable on intensifying the rainfall intensity, the effect of BB aerosol on 
the precipitation also be examined by conduct the model simulation including and excluding the BB emission. 
Therefore, the model evaluation is carried out for this extreme rainfall event to assess the performance of ARW 
(WRF-ARW), BB (WRF-Chem with biomass burning), and NOBB (WRF-Chem without biomass burning) in this study. 
A sensitivity analysis of PBL scheme on WRF-ARW was also conducted, which shows QNSE as the best scheme and 
used for further assessment.
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