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Abstract

A case of severe flash flood event affecting Kota Kinabalu (KK) on 17 Jul 2005 is analyzed by means of synoptic analysis
using ERA-Interim Reanalysis and NCEP-FNL Data sets. In the synoptic scale, significant amount of precipitation was
recorded in Sabah on 16 Jul and 17 Jul 2005. The heavy rainfall was associated to the upper-level ridge and lower-level
cyclone observed over the South China Sea. Several low-pressure centers were also noticed over the Philippines Sea which
were believed to intensify the heavy rainfall in Sabah. The vertical cross section for divergence along 116°E at Kota Kinabalu
also revealed that a significant convergence was observed near the surface and accompanied by a strong updraft of divergence
at upper-level. In the mesoscale, the ability of the convection-permitting WRF model to reproduce the convective cells asso-
ciated with the heavy rainfall event is examined. A triply nested WRF model with the highest resolution of 5-km horizontal
grid spacing was integrated with conventional analysis data. The simulation results were validated against observation from
TRMM, CHIRPS, and PERSTIANN-CDR. The modelled results agree moderately to the observation and fairly well simu-
lated the initiation, intensification, and deceleration of heavy rainfall at nearly the right time except for some mismatch in
terms of spatial distribution. The corresponding precipitation amount was also reasonably reproduced in its distribution but
slightly overestimated. We also found that the cause of this severe flash flood is rooted to the prolonged heavy rainfall in the
KK region induced by Typhoon Haitang.

1 Introduction

Flood is an overflow of water that submerges land that is
usually dry. It can happen during heavy rains, when ocean
waves come on shore, when snow melts too fast or when dam
or levees break. The effect could be quickly over or extend a
long period and may last for days, weeks or longer depend-
ing on the severity of the flood magnitude (Zhou et al. 2017).
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Floods are the most common and widespread of all weather-
related natural disasters. Among many types of flood, flash
flood is the most dangerous kind of flood because it occurs
with an incredible speed and is unpredictable (Hong and
Lee 2009). It usually occurs when excessive water fills the
dry creeks or river beds along with flowing creeks and riv-
ers, causing rapid rises of water within very short period of
time. In the mesoscale, many simulation studies have shown
that when the model runs at high resolution down to 10 km
or less can reproduce the observed mesoscale features such
as intense squall line (Zhang et al. 1988), winter storm over
mountainous terrain (Bruintjes et al. 1994), low-level flow
and precipitation over mountainous area (Colle and Mass
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1996), real-time precipitation forecast over mountains
(Gaudet and Cotton 1998). However, systematic deficiencies
in the model precipitation include varying horizontal reso-
lution for different types of storm (Colle et al. 2000; Mass
et al. 2002), different initial conditions forcing (Gallus et al.
2005), sensitivity of model to different parameterizations
(Raju et al. 2011; Efstathiou et al. 2013) often cause poor
representation of warm season convective system (Gallus
et al. 2005). The accuracy of the model to explicitly resolve
convective systems without parameterized convection lies
close to the high-resolution near-surface measurements
and observation for initial mechanism (Wilson and Roberts
2006), wavelike mechanisms in the free troposphere and/
or the planetary boundary layer (Carbone et al. 2002) and
assimilation of sites within a single database linked through
space and time for mutually supportive holistic analysis
(Davis et al. 2003).

The evolution of numerical weather prediction (NWP)
models from software requiring extensive computational
resources to standalone packages such as Weather Research
Forecast (WRF) model capable of running on inexpen-
sive desktop computers has provided the flood forecaster
to predict heavy precipitation events. The WRF model can
be implemented on inexpensive computers, using default
parameters, and on a relatively large spatial resolution grid
to provide an accessible tool for better understanding flood-
ing events. For example, Flesch and Reuter (2012) success-
fully simulated two Alberta flooding events using Weather
Research Forecasts (WRF) models at 25-km grid resolu-
tion. Cardoso et al. (2013) also simulated the Iberian mean
and extreme precipitation event in the period 1989-2009
using the WRF model performed at two nested grids at
27-km and 9-km horizontal resolution. Based on their find-
ings, higher resolution simulation basically indicates better
representation of the precipitation fields at all timescales
with emphasis on the representation of variability and of
extreme weather statistics. Hong et al. (2010) also found that
high-resolution dynamics and physics in the WRF model
seem to be major advantages in resolving meso- to cloud
resolving features in response to complex orography. For
that, the increase in computer power nowadays has signifi-
cantly improved the regional downscaling to less than 5-km
horizontal grid resolution. It allows the explicit resolution of
dynamical and thermo-dynamical processes associated with
the convective, especially the related terrain features that
can have direct impacts on precipitation. For example, Xue
and Martin (2006) presented a high-resolution numerical
simulation of the 24 May 2002 dry-line convective initia-
tion (CI) case during the International H20 Project IHOP)
using the Advanced Regional Prediction System (ARPS) at
a 3-km grid resolution. Weisman et al. (2008) reported that
significant value was added for the high-resolution forecasts
at 4-km grid spacing in representing the convective system
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mode (e.g., for squall lines, bow echoes, mesoscale convec-
tive vortices) as well as in representing the diurnal convec-
tive cycle. Song and Sohn (2018) presented a systematic
simulation at 5-km resolution over the southern part of the
Korean peninsula to mimic the heavy rainfall around the
complex terrain features of Jirisan mountain using multiple
microphysical parameterization.

In Sabah, monsoonal flood and flash flood are the two
most common floods; the flood height in monsoonal flood
can take up to few months to return to its normal level but
only few hours for flash flood. Nevertheless, flash flood has
the equal severity as it usually occurs within a very short
time for no timely evacuation is allowed. In addition, it
is extremely difficult to be accurately forecasted in major
operational weather forecast center due to its coarse resolu-
tion that is incapable of resolving the details of the complex
precipitation structures that are forced by mesoscale orogra-
phy, land surface heterogeneities, and land—water contrasts
(Givati et al. 2011). Therefore, accurate analysis and predic-
tion of precipitation amounts and their spatial distribution
are vital for regional- and local-scale hydrological applica-
tions to improve the flash flood forecast. This is especially
essential for certain areas in Sabah that are prone to flash
flood in recurrence interval and have insufficient dense net-
work of uniformly distributed rain gauge stations (Chawla
et al. 2018).

In this study, we examined the ability of the WRF model
to reproduce such flash-flood heavy rainfall event occurred
over the west coast part of the Sabah region on 17 Jul 2005.
In the synoptic scale, the flood event is investigated using
ERA-Interim Reanalysis and NCEP-FNL Data sets. In the
mesoscale analysis, a convection-permitting simulation at
5-km grid resolution is conducted using the WRF model,
and the accuracy of the quantitative precipitation forecasts
is validated against observation data. Due to the lack of in-
situ monitoring ground data, the high-resolution simulation
results are assessed over the available synoptic observa-
tion data. Section 2 describes the selected case and Sect. 3
describes the gridded products used in this study. Section 4
describes the mesoscale numerical model experiment setup
and design. The observation analysis in synoptic scale, mod-
elled result and the comparison against the observation are
described in Sect. 5, and the discussion and conclusion are
presented in Sect. 6.

2 Description of study area and flooding
events history

Sabah is located in eastern Malaysia and covers an area of
about 73,000 km?. Figure 1 shows the topography features
and the rainfall distribution map of Sabah. Also shown
on the figure is the domain for synoptic scale on Fig. 1a
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Fig. 1 Map of Southeast Asia showing the a topography features and b annual rainfall distribution map over the study area. The domain a and b
also reflects the synoptic scale and mesoscale discussed in this study. [Source (b): https://www.sabah.gov.my]

and mesoscale on Fig. 1b used in this study. The prior-
ity of land use allocation has historically been mining,
agriculture, forestry, and recreation/wildlife. Besides, it
is also superimposed on a rather complex terrain espe-
cially over the mountainous areas around Mount Kina-
balu, lies between Ranau and Kota Belud. The climate is
generally categorized as warm and humid, having a nar-
row annual range of temperature (30-32 °C) and frequent
rainfall (~2500 mm/year) throughout the year. There are
two monsoon seasons: Northeast (December—March)
NEM and Southwest (June—September) SWM monsoon;
each separated by 2 months of inter-monsoon period. The
rainy season is mainly between November and February,
which is during the northeast monsoon season. On aver-
age, Sabah receives 2500-3500 mm of rainfall annually
in most part of the state. Some localities obtained much
lower or beyond this range due to influences of coastal
and rain-shadow to large land-mass or ranges. Most of the
rains are of tropical rainstorms due to ITCZ which appears
as a band of clouds near the Equator driven by solar heat-
ing. It is formed by vertical motion largely appearing as
convective activity of thunderstorm which effectively draw
air in to form frequent tropical rainstorms. Average rain-
fall in 1 day can measure as much as 10 mm during NEM
season, as low as 5 mm during SWM season, and 7 mm
during inter-monsoon period. The highest rainfall ranges,
which is above 3500 mm, estimated only to cover 1% of
the state. The amount distributed on small localised wind-
ward area of Mt. Kinabalu (Komborongoh, 4095 m a.s.l.)
and Crocker Range (Ulu Moyog, 2000 m), and low-lying

area in south-eastern of Klias plain, and north-eastern of
Labuk Highlands.

Flooding is a regular occurrence in Sabah and the severity
of flooding varies from year to year. Low lying area, flood-
plains and developed river basin throughout Sabah experi-
enced flood to a various extent of seriousness in terms of
depth, inundated area, duration and damages. Table 1 sum-
marizes the last few occurrences of flash-flooding events
in Sabah region. On 17 Jul 2005, a severe flash-flooding
event hit the Sabah region. The heavy rainfall hit the west
coast of Sabah at 1400 UTC (hereinafter all timestamps are
referred in UTC) causing the town, Telipok about 15 km
from Kota Kinabalu to be hit by flash flood. The local news
reported that the town suffered a 2 m flood height after 12-h
of downpour. The floodwater began to recede at about 0200,
18 Jul. According to the flood archive by Dartmouth Flood
Observatory (DFO) 2005, this event was reported as the
highest water levels in 50 years in Kota Kinabalu area. The
aftermath effects lasted for a total of 3 days until 19 Jul
2005 with a total of 600 residents evacuated. The sever-
ity class was raised to Class 2 indicating very large events
and greater than 20 years but less than 100 years recurrence
interval, and/or a local recurrence interval of at 10-20 years.
The affected region extends to 1470-sq km including Kota
Kinabalu area, Menggatal, Telipok, Kampung Rampaian,
Kampung Tobobon and Kampung Giling. The flood mag-
nitude was estimated to reach 3.8. Flood magnitude is a
composite score of flood severity developed by DFO that
encompasses severity level, recurrence interval, duration of
the flood in days and the area affected. The magnitude of
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Table 1 Specific flood events in Sabah and damages caused by flood. [nd: no data]

Event Area Causes Damages/severity Flood Affected
magnitude area
(km?)
24-27 Dec 1996 Borneo: Sabah state Heavy rainfall by Tropical Storm "Greg” 170 killed 53 73,240
100 missing
3000 people homeless
300 homes damage
5-7 Jan 1999 Moyog Heavy and long duration of rainfall by 5 killed nd nd
Tropical storm “Hilda” 1106 evacuated
5 villages inundated
2.0-4.0 m flood height
4-7 Dec 2001 Membakut Heavy rainfall 6000 evacuated 3.5 745

17-19 Jul 2005
(study event)

Kota Kinabalu, Telipok Torrential rainfall

4 villages inundated

1.0 m flood height

3 killed 3.8 1470
600 evacuated

2793 families affected

6 villages inundated

2.0 m flood height

“0” is the smallest value (no flooding) and “10” is the larg-
est value based on the DFO flood record (1998—present). A
value of 3.8 indicates that the flood runoff volume is 0.38 to
that of the flood of record (the measured current flooding/
flood of record ratio multiplied by 10). The main cause of
the flood was reported as brief torrential rain.

3 Gridded product

In this study, we selected three products including TRMM
(satellite gridded), PERSIANN-CDR (satellite-derived grid-
ded) and CHIRPS (satellite and station-derived gridded)

Table2 Summary of all gridded products used in the current study

to validate the modelled results and two gridded products
including ERA-Interim and FNL for the synoptic analysis.
Table 2 shows the summary of all the gridded products used
in this study. TRMM rain rate data are available at a tem-
poral resolution of 3 h with spatial resolution of 0.25° X
0.25° latitude—longitude grid. In this work, the real-time ver-
sion (3B42RT) was used and is further termed as TRMM.
The TRMM is available between 50°N and 50°S (Huffman
et al. 2010). It combines the product of Infrared (IR) from
geosynchronous satellite and Passive-Micro-Wave (PMW)
from low orbit satellite to detect cloud top temperature and
observe cloud size and cloud phase (Rahmawati and Lubc-
znski 2018). PERSIANN-CDR-gridded rainfall is generated

Datasets Full name

Latitudinal coverage Spatial resolution Temporal coverage Temporal

References
resolution

TRMM-3B42RT TRMM Multi-satellite
Precipitation Algo-
rithm Version 7
PERSIANN-CDR PERSIANN Climate
Data
Record, Version 1
Revision 1
Climate Hazards group 50°N-50°S
Infrared Precipitation
with Stations Version
2.0
ECMWEF Re-Analysis
Interim
FNL NCEP FNL Opera-
tional Model Global

Tropospheric Analy-
ses ds083.2

50°N-50°S

60°N-60°S

CHIRPS

ERA-Interim 90°N-90°S

90°N-90°S

0.25°

0.25°

0.05°

0.75°

1.00°

Dec 1997—present  3-h Huffman (1997) and

Huffman et al (2010)

Jan 1983—present  Daily Sorooshian et al. (2014)
and Ashouri et al.
(2015)

Jan 1981-present  Daily Funk et al. (2005)

Jan 1989—present  6-h Berrisford et al. (2011)

and Dee el al. (2011)

Parrish and Derver
(1992)

Jul 1997—present 6 h
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every 3 h at 0.25x0.25° lat/lon between 60°N and 60°S. It
estimates rainfall using artificial neural network model of
IR brightness temperature every 30 min provided by PMW
(Hsu et al. 1997). The model uses the archive of the Grid-
ded Satellite brightness temperature observations (GridSat-
B1) of the International Satellite Cloud Climatology Pro-
ject (ISCCP) to extract cold-cloud pixels and neighbouring
features to estimate surface rainfall rate (Ashouri et al.
2018). CHIRPS is a quasi-global rainfall data set spanning
50°S-50°N and all longitudes. It incorporates 0.05° x 0.05°
resolution satellite imagery with in-situ station data to create
gridded rainfall time series data. It uses a smart interpolation
approach working with anomalies from a high-resolution
climatology (Funk et al. 2005).

ERA-Interim is the latest global atmospheric reanaly-
sis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF). The ERA-Interim atmos-
pheric model and reanalysis system uses cycle 3112 of
ECMWF’s Integrated Forecast System (IFS), which was
configured for (1) 60 levels in the vertical, with the top level
at 0.1 hPa; (2) T255 spherical-harmonic representation for
the basic dynamical fields; (3) a reduced Gaussian grid with
approximately uniform 79 km spacing for surface and other
grid-point fields (Berrisford et al. 2011). NCEP FNL (Final)
Operational Global Analysis data are on 1-degree-by-1-de-
gree grids prepared operationally every 6 h. It is a near-real-
time reanalysis product from real-time operational Global
Forecast System (GFS) that is assimilated with Global Data
Assimilation System (GDAS), which continuously collects
observational data from the Global Telecommunications
System (GTS). The analyses are available on the surface,
at 26 mandatory pressure levels from 1000 to 10 mb, in the
surface boundary layer and at some sigma layers, the tropo-
pause and a few others.

4 Synoptic-observational analysis

Figure 2 shows the evolution of the rainfall intensity at an
interval of 3-h accumulated precipitation from 16-17 Jul
2005 obtained from ERA-Interim Reanalysis Data sets. The
spatial resolution of the data set is approximately 80 km
(T255 spectral) on 60 vertical levels from the surface up to
0.1 hPa. A significant amount of precipitation was recorded
in Sabah on both days particularly over the west coast divi-
sion near the South China Sea. To further visualize the evo-
lution of the rainfall, we extracted the value of rainfall at
the grid points nearest to KK and plot it as a time series (see
Fig. 2b). The initiation of the rainfall started at 1200 UTC
16 Jul, and continued to intensify and reached to its peak
at 2100 UTC 16 Jul for about 15.0 mm. Another peak was
then observed at 0900 UTC 17 Jul with a total precipitation
amount of 11.0 m. The deceleration of the rainfall began at

1200 UTC 17 Jul and rainfall amount remained low until
1800 UTC. In general, the gridded precipitation pattern
agrees well with the actual occurrence of the flash flood;
the local news reported that the rainfall started at around
1400 UTC 17 Jul 2005, which was represented by a dotted
red line on Fig. 2b, and long hours of rainfall hit the city and
caused the flash flood at around afternoon—evening hours on
17 Jul 2005.

Figure 3 shows the surface weather charts analyzed by the
surface and MWSL (maximum wind speed level)-analysis,
obtained from the NCEP FNL. The data set has a resolu-
tion of 1°x 1°. The MWSL geopotential height field shows
a remarkable high pressure over the central of South China
Sea and its eastward extension to the Philippines Sea near
130°E during the heavy rainfall events from 17 to 19 Jul
2005 (Fig. 3). At 0000 UTC 16 Jul, substantial low geo-
potential fields were observable over the north of Philip-
pines Sea and it extensively becomes lower on 17 Jul, and
persisted until 19 Jul. At 0000 UTC 20 Jul, the geopotential
fields resumed to normal as 15 Jul 2005. The extension of
such pressure variation can be explained by the propagation
of Rossby wave (Efstathiou et al. 2013). It is well known that
there are free Rossby waves in South China Sea. The propa-
gation of Rossby wave transmits the signal of the Philippines
Sea convection to the South China Sea. In this way, the con-
vection and pressure changes during the heavy rainfall event
show the consistent structures of the surface wind variation.
At 0000 UTC 17 Jul, a southwesterly flow toward the Philip-
pines Sea is apparent between the western Borneo high and
northwest Pacific low, which is an indicative of wind forcing
flows from high-pressure regions to low-pressure regions.

Besides, the MWSL geopotential fields on 17 Jul featured
an upper-level ridge over South China Sea and an upper-level
trough over Philippines Sea. We find that the heavy rainfall
event on Jul 17 over Kota Kinabalu is intensified simultane-
ously. It is considered that the upper-level low pressure in
the South China Sea is related to the rainfall. The center of
a mobile cyclone was located on the northwest of Philippine
Sea, which was believed to be the aftermath effects from
Typhoon Haitang. The storm formed as a poorly organized
depression at about 280 km west of Marcus Island, Japan at
1200 UTC 11 Jul. By 1800 UTC 13 Jul, it reached a high,
destructive tropical storm strength and continued to gain
in strength as it moved westward to Philippines Sea on 15
Jul. At 0000 UTC 17 Jul (Fig. 3), the southwesterly flow
towards the eastern coast of Borneo was intensified. The
cyclone with a center geopotential height of less 5000 gpm
was maintained at the Philippines Sea until 19 Jul 2005.
At 0000 UTC 19 Jul (Fig. 3), another cyclone with center
geopotential height of less than 14,000 gpm was observed
at the Philippines Sea near 130°E. It maintained at the same
location with an intensified central gpm of less than 8000
gpm at 0000 UTC 20 Jul 2005.
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Fig.2 Observed total precipitation (mm) in a contour map and b time
series obtained from ERA-Interim Reanalysis at interval 3-h accumu-
lated total precipitation from 0900 UTC 16 Jul until 1800 UTC 17
Jul. The dashed line box on a represents the KK area. The total pre-
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cipitation shown on b is extracted at the grid point nearest to KK. The
red dotted line on b represents the time reported for heavy rain and
followed by flash flood occurrence in KK from local news
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Fig.3 Streamline plot of FNL (a) 15 Jul (b) 16 Jul
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Figure 4 shows the geopotential height and wind vectors
at different pressure levels of 300, 500, and 850 hPa analyses
from the NCEP FNL data at 0000 UTC 17 Jul 2006 with

the precipitation intensity at its maximum at Kota Kinabalu.
No significant trough or ridge was observable at high level
of 300 and 500 hPa. The patterns of iso-geopotential lines
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at 300 hPa are similar to those at 500 hPa, except that geo-
potential fields at upper-level are more stably consistent. At
850 hPa, a low-pressure center was formed and observed
near 120°E of Philippines Sea. It is also considered as trough
which is indicated by lower geopotential height fields. A
short-wave of trough is observed over the Sabah region and
a short-wave of ridge was observed to the east-northeast of
Philippines Sea (Fig. 4 see bottom-850 hPa). This low-pres-
sure system formed in the lower troposphere, leads to wind
blowing in southwest direction from Borneo to Philippines.
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The increase in height causes the low-pressure tongue to
expand onto eastern regions of Philippines Sea and formed
several centers of cyclone at 300 hPa. Thus, at the level close
to surface, an anticyclone was evident in the northeast of
Philippine Sea with higher pressures over Sabah and Phil-
ippines regions. This is consistent to the contrary of upper-
level trough at MWSL observed over Philippines Sea and
upper-level ridge observed over South China Sea. Over the
South China Sea, it is also known as the upper-level ridge
lower level cyclone. Upper-level lows are closed cyclonically
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circulating eddies in the middle and upper troposphere. They
are sometimes also called cold drops, because the air within
an upper-level low is colder than in its surroundings. There-
fore, colder air drops and warmer air rises to form a convec-
tive system resulting in clear skies and rising pressure at the
surface. When the pressure continues to rise for clearing
skies until a point at its highest pressure, cloud thickening
is the most intense and eventually leads to outbreak of heavy
precipitation with falling pressure.

Over the Philippine Sea, the upper-level trough can be
explained by the classical process of the life cycle of an
upper-level low. It can be separated into four stages: upper-
level trough, tear-off, cutoff, and final stage. In the first
stage, the field of the absolute topography is characterized
by an increase of the amplitude of the potential wave and
sometimes also by a decrease of the wavelength. The same
development takes place for the temperature wave. In the
northern hemisphere a southward deviation of the isohypses
and isotherms of the upper-level trough can be observed
leading to a deepening of the trough. In the second stage,
the trough starts to detach from the meridional stream. As a
consequence of the further increase in the amplitude of the
waves (further deepening of the trough) the cold air from the
north streaming to southern regions will be cut from the gen-
eral polar flow and the warm air from the south streaming
to northern regions will be cut from the general subtropical
flow. The consequence of this process is the development of
a cold upper-level low within the southern part of the trough.
The circulation of the low is characterized by closed iso-
hypses and an eddy in the wind field at 500 hPa (Fig. 4, see
panel 500 hPa). In contrast to the previous stage, the tie-off
is finished and the upper-level low is now much more pro-
nounced. The wind field at 500 hPa shows a well-developed
closed circulation in the area of the former trough which in
the ideal case is cutoff from the general meridional flow. In
the final stage, the air near the surface is warm and the circu-
lation is slowed down by the friction. The convection brings
warm air and the effect of the friction upwards. Within the
upper-level low there is convection, unless the surface is
very cold. This could happen for Northern or Southern Ant-
arctica regions but the convection system is highly likely to
happen over the tropical region near equator. Considering
the large area of upper-level low, the baroclinicity is strong
and the surface is warm. Further, a low deepens on the sur-
face and the cyclone moves counterclockwise around the
large upper-level low. This development lasted for at least
3 days from 17 Jul until 19 Jul 2005.

When the amplitude of a wave pattern aloft is large,
troughs and ridges are deep (Fig. 4 see panel 300 hPa). Dur-
ing these conditions, cold polar air moves southward filling
into the trough and warmer tropical air moves north into
the ridge. This condition is referred to as meridional flow.
Eventually, the amplitude increases until the wave breaks up,

leaving pools of cooler air at the lower level and warmer air
at the upper level. Meridional flow tends to result in stormy
weather at the surface for the pronounced wind fields near
15°N at 300 hPa. Besides, a jet stream was also observed at
the eastern coast of Sabah region. The advection of moist
and warm air due to the low-level southwesterly flow into
the Sabah region which is a favorable environment for heavy
rainfall events over the Sabah coastal areas.

Figure 5 shows the vertical cross section along the 116°E
for 6-h accumulated valid until 0600 UTC 17 Jul 2005. A
significant convergence was observed near Kota Kinabalu
(5.98°N) at the surface around 1000 hPa. At the upper level
around 50 hPa, a significant divergence area is formed
where an updraft is speculated to start detrain. At this level,
the divergence is formed near 6°N with a forcing nearly
3% 10%/s. The convergence is the strongest near the surface
where it covers from 5°N to 7°N centered at 6°N. The con-
vergence shifts towards north with heights and forms another
center at 500-hPa. Further up, another strong convergence
center is formed at 70 h-Pa but at this level the convergence
area is substantially greater in size which spans from 3°N
to 5°N and 7°N to 9°N. No significant cold-pool of induced
meso-high was found near the surface at Kota Kinabalu area.
Instead, cold air mass was concentrated at the upper level
from 70 to 150-hPa with potential temperature less than
200 K. This area of cold air mass is accompanied by strong
wind fields both in zonal and meridional wind for which
reaches to a maximum of 32 m/s and 8 m/s, respectively.
The southerly wind flows into the Borneo area and turns into
an updraft near the Kota Kinabalu area, where the surface
convergence forms. The convective instability is identified
below 400 hPa, south of Kota Kinabalu.

5 Mesoscale numerical model description
and experiment design

The numerical experiment was executed using the WRF
version 3.9, which was developed at the National Center
for Atmospheric Research (NCAR) operated by the Univer-
sity Corporation for Atmospheric Research (UCAR). Itis a
fully compressible non-hydrostatic model with an Arakawa
C-grid staggering system. The model domain covers most
of the Sabah region. According to the geographical region-
alization of Sabah, four representative climate regions in
the model area are selected for the analysis of the simulated
results, i.e., (a) Kota Kinabalu (KK) (b) Sandakan (SDK) (c)
Keningau (KEN), and (d) Tawau (TWU). Figure 6 shows the
model domain with topography and four climatic subregions.
The centre of the model domain is at 5°N, 118°E with 82
north—south points and 106 east—west points and a horizon-
tal grid spacing of 45 km is used. The model configuration
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Fig.5 Vertical cross sections along 116°E at 0000 UTC 17 Jul 2005
obtained from FNL, for a zonal wind speed (m/s, line contour) and
divergence (10%/s, shaded) and b meridional wind speed (m/s, line
contour) and air temperature (K, shaded)—right panel. The vector
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Fig.6 Mercator conformal map projection of the Sabah region
with the terrain heights at a 45-km resolution for Domain 1, 15-km
(Domain 2), and 5-km (Domain 3). On Domain 3, the black dot (solid

consists of one-way interactive triple-nested domains with
a Mercator conformal map projection (Table 3).

All domains have 27 vertical layers with a terrain fol-
lowing sigma coordinate, and the model top is 50 hPa. In
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line color) represents the administrative capital location (area cover-
age) for each subregion in Kota Kinabalu (black), Sandakan (sienna),
Keningau (blue), and Tawau (red)

Domain 3, the detailed features of the complex orography
over Sabah are resolved. For example, terrain heights greater
than 1.4-km appeared along the Kinabalu mountain and
the central part of the eastern Kota Kinabalu (see Fig. 6).



Synoptic analysis and mesoscale numerical modelling of heavy precipitation: a case study of...

Table 3 Domain configuration
of the three nested domain

Domain

Domain 1 (D1)

Domain 2 (D2)

Domain 3 (D3)

centered over Kota Kinabalu,

Time step (s)
Malaysia

End index in West—East

End index in South—North
Number of vertical eta levels
Top pressure (Pa)

Number of metgrid levels
Number of vertical soil levels
Grid length in x (km)

Grid length in y (km)

Geographical data resolution (min)

Region cover

180 180 180
100 88 133
94 82 103
27 27 27
5000 5000 5000
27 27 27

4 4 4

45 15 5

45 15 5

10 5 2
Southeast Asia Borneo Sabah

Note that Domain 1 is too small for describing the synoptic
features associated with the heavy rainfall. The purpose of
this study is to examine the capability of the WRF model
to reproduce the flash flood heavy rainfall, we employed a
smaller domain than that covering the synoptic-scale flows.
The synoptic scale conditions were therefore provided by
the FNL data. Besides, the time step run is also reduced
to 180 s unlike the rule of thumb of 6/1000 of dx or dy.
This is because to avoid the segmentation errors of CFL,
which are generally caused by vertical winds that are too fast
for WREF to solve. Particularly, they generally happen over
high mountain peaks (Molg et al. 2009), which is unlikely
to avoid in the case of the study area. Even though vertical
winds are slow compared to horizontal winds, grids cells
have coarse resolution for vertical layer compared to their
horizontal dimensions. Therefore, reduced time steps within
the enhanced resolution of ARW is adopted in the current
study to reduce the impact of vertical velocity damping
which could unnecessarily suppress strong updrafts or down-
drafts associated with significant gravity wave propagation
and breaking (Hahn 2007).

Note that cumulus parameterization was not used in the
5-km grid model where convective rainfall generation is
assumed to be explicitly resolved. Details of the physics

scheme used are depicted in Table 4. We selected this com-
bination of physical schemes based on previous studies to
optimize the WRF performance on the simulation of flash-
flooding heavy rainfall event (Hong and Lee 2009). Besides,
this model configuration was also adopted in other studies
such as in tropical region of Singapore (Singh et al. 2015) for
monsoon and inter-monsoonal seasonality, in South China
Sea (Haghroosta et al. 2014) for typhoon simulation, and in
Peninsular Malaysia (Ardie et al. 2012) for heavy rainfall
episodes. Initial and boundary conditions were derived from
the NCEP FNL, without specific assimilation of observa-
tional data. The lateral boundary condition was updated at
6-h interval.

In this paper, the flash-flooding heavy rainfall event dur-
ing 16—18 Jul 2005 is mainly simulated and analyzed. A
total of three experiments were conducted to fully cover the
period of the flash-flooding event with at least 1 day (24-h)
for initial spin-up. The simulations are designed so that the
common simulation period is covered in all experiments for
the day before the event (16 Jul) and the day after the event
(18 Jul). Each experiment was initiated at different starting
time but ended at the same ending time, i.e., E1 starts at
0000 UTC 15 Jul 2005 and ends at 0000 UTC 19 Jul 2005
for a total of 4-days accumulated run period. The time for

Table 4 Physics configuration of the three nested domain for WRF-ARW model v3.9

Domain D1 D2 D3 Note

References

Microphysics 6 6 6

Cumulus parameterization 1 1 0

WSM 6-class graupel scheme A new scheme with ice, snow and graupel
processes suitable for high-resolution simulations

Kain-Fritsch (new Eta) scheme Deep and shallow sub-grid scheme using a

Hong et al. (2004)
Hong and Lim (2006)

Kain (2004)

mass flux approach with downdrafts and CAPE removal time scale

Planet boundary level 1 1 1 YSUscheme

—
—_
—

Shortwave radiation

Hong et al. (2006)

Dudhia scheme Simple downward integration allowing for efficient cloud and Dudhia (1989)

clear-sky absorption and scattering

Longwave radiation 1 1 1

RRTM scheme Rapid Radiative Transfer Model. An accurate scheme using

Mlawer et al. (1997)

look-up tables for efficiency. Accounts for multiple bands, trace gases, and

microphysics species
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starting and ending for each experiment is shown in Table 5.
The evolution of the weather system from 16 to 18 Jul rep-
resenting the day before (B), during (D), and after (A) the
flash flood, is mainly analyzed in this paper.

6 Modelled results

For the validation of modelled results from WRF, we
selected three gridded precipitation products namely
TRMM, PERSIANN-CDR, and CHIRPS. Figure 7 shows
the comparison of WRF-modelled daily precipitation with
the three selected gridded products for the five study areas.
All precipitation values shown in Fig. 7 are area-averaged, as
different study areas have different area coverage. In general,
all gridded products revealed the peak of the extreme pre-
cipitation amount occurred on 17 Jul particularly in KK. The
gridded products also confirmed the occurrence of the heavy

rainfall event during this period where almost all products
observed higher than normal precipitation level (see dotted
line on Fig. 7) especially in KK and Keningau region.
Among all regions, our modelled results in KK region
simulated the highest precipitation amount particularly on
16 and 17 Jul, which is corresponding well to the observa-
tion from TRMM and PERSIANN-CDR. Particularly, E1
has best captured the initiation, intensification, and decelera-
tion of the rainfall activity. The second highest precipitation
amount was simulated in Keningau region but the simulation
of all experiments failed to capture the evolution of the rain-
fall activity. When all gridded products show that the peak
was observed on 17 Jul, our modelled results in Keningau
have captured the peak on 16 Jul which is on a 1-day lag
behind the observation. We believe the discrepancy is pos-
sibly due to the timing shifts withdrawn when looking at
the 1-day precipitation amounts. The timing shifts become
significant often when the modelled result reproduced the

Table 5 Experiment name, starting and ending time to test the sensitivity of modelled results to different run period

Starting Time Ending Time Run 13 14 15 16 17 18
Period Jul Jul Jul Jul Jul Jul
El 0000 UTC 15 Jul 2005 0000 UTC 19 Jul 2005 4 days B D A
E2 0000 UTC 14 Jul 2005 0000 UTC 19 Jul 2005 5 days B D A
E3 0000 UTC 13 Jul 2005 0000 UTC 19 Jul 2005 6 days B D A
[Symbol B: before, D: during, A: after the flash flood]
KEN I | KK
301
201
SN SRR O NINRRRN | USSR R product
% i B rum
£ 01 ‘ ‘ : B eersiann-cor
I§u SDK [ ™WU I B crires
o B =
o
: £
’8 301 | E3
201
0 ..
| Y )
16I.Jul 17‘Jul 18I.Jul 16:Ju| 17lJul 18:Ju|

Site

Fig. 7 Bar chart of total precipitation in mm obtained from TRMM, PERSIANN-CDR, CHIRPS, and WRF (E1, E2, E3) for the four study areas
from 16 to 18 Jul 2005. The dotted line represents the normal daily precipitation level (~8 mm) in Sabah
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heavy rainfall event with a time lag of several hours. For
example, the 3-h peak in Keningau was simulated at 1500
UTC 16 Jul (E1), 0900 UTC (E2), 1200 UTC (E3) which
lags by 18 ~24 h to that of TRMM at 0900 UTC 17 Jul.
This time delay issue is also reported by other model results
of heavy precipitation event (Jee and Kim 2017; Maussion
et al. 2011). However, this issue is not significant in KK
region because all experiments have simulated the peak at
0900 UTC 17 Jul (E1, E2) and 1500 UTC (E3), which leads
by only 6 h to that of TRMM at 1500 UTC 17 Jul. Another
possible discrepancy is due to the considered spatial subset
that is different with respect to observed precipitation pat-
terns. Although the lat/lon from the modelled result has been
fixed to match the corresponding lat/lon from the gridded
products when extracting the precipitation amount, the spa-
tial mismatch between the simulated precipitation area to

that of gridded products remains uncertain especially when
downscaling is done in regional climate model. As a whole,
the WREF results generally simulated the heavy precipitation
event in KK but we somehow believe that the simulation
lags by some delays especially in other regions. It is worth
to mention that the WRF El result reached the highest pre-
cipitation amount of 37.0 mm in KK on 17 Jul; 25.0 mm in
KEN on 16 Jul, while other areas (SDK and TWU) do not
receive remarkably high rainfall amount both from the grid-
ded products and WRF modelled results.

Figure 8 shows the boxplot of total precipitation between
the gridded products and simulation results separated by (a)
region (b) region and date. On the whole, the distribution
of the total precipitation between the gridded and simulated
is similar where both data sets have the highest dispersion
in KK and relatively lower dispersion in SDK and TWU.

Fig.8 Boxplot of total (a)
precipitation (mm) aver-
aged from gridded products
(TRMM, PERSIANN-CDR,
and CHIRPS) and simulated 30 —
products (E1, E2, and E3). a P
The total precipitation for the € ‘\T Gridded
four study areas and b separates £ £+ simulated
with respective to the date S
® 20 1
2
8
a
s
(=] —
i_
10 A I N
——— ‘ f—— [ ]
0 ——— . | I
KEN KK SDK ™wU
Site
(b) 16 Jul 1 17 Jul I 18 Jul
1 [ ‘ type
= - . £ ‘ Gridded
£ F3 simulated
S ‘ T
S 20 w
=3 , H
3 \
a
s
s L
104 L) T L ‘
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Considering the large difference between the gridded prod-
ucts, we further compared our modelled results with the total
precipitation averaged from the three gridded products. Sim-
ilarly, the total precipitation from WRF simulation E1, E2
and E3 is also averaged for easy comparison. On average, the
mean value from the simulation basically agrees well with
the gridded products with slight underestimation/overesti-
mation in all regions. The overestimation/underestimation
is about 2.8 mm at most, which we believe the totality of the
WREF simulation have successfully reproduced the resem-
blance with the observation. The standard deviation is the
highest> 14 mm in KK region, followed by KEN (> 8 mm)
and relatively low <5 mm in SDK and TWU region. We
believe this was attributed to the complex topography fea-
tures associated with the region itself. KK and KEN region
are both located near the high, complex terrain areas (e.g.,
Mount Kinabalu and Crocker Range) while the two topog-
raphy features of the other two regions are rather flat. This is
also supported by the gridded products where the standard
deviation in KK and KEN is also relatively higher than SDK
and TWU. To look into detail on the evolution of the total
precipitation, we refer to Fig. 8b. On the first day (16 Jul),
nearly all simulated results in different regions overestimated
the total precipitation with the highest maxima > 30 mm
was simulated in KK region. On the second day (17 Jul), all
simulated results underestimated the gridded products. On
the third day (18 Jul) where the heavy rainfall activity has
receded, good agreement between the gridded products and
simulated results is observed for all regions. Details of the
statistical measures on each day are given in Table 6.

For the spatial distribution, we selected TRMM-grid-
ded product to compare our WRF modelled results due
to its high temporal resolution. Figure 9 shows the 5-km
grid experiment from E1, E2, and E3 and TRMM rainfall

Table 6 Average and standard deviation of total precipitation cal-
culated from the gridded products (TRMM, PERSIANN-CDR, and
CHIRPS) and simulated results (E1, E2, and E3) in each region

Total Precipi- KK SDK KEN TWU
tation (mm)
16-18 Jul
Gridded 17.9 £ 14.5 39+3.1 9.4 +£7.7 3.8+4.4
Simulated ~ 20.2 + 14.3 22+29 6.6 + 8.4 22+45
16-Jul
Gridded 192+153 23+25 8.0+4.3 09+0.3
Simulated ~ 28.7 +£5.8 28+22 139+83 00+0.0
17-Jul
Gridded 309 £4.9 275 £2.7 6 4 184+63
Simulated ~ 27.0 + 9.4 03+0.2 4 2 1.7+29
18-Jul
Gridded 3.6 £4.7 32+3.6 20+1.8 28+ 1.6

Simulated 48+52 35+4.6 1.7+15 48+28
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product, capturing the evolution of the daily rainfall from 16
to 18 Jul. In Fig. 9j-1, an observed rainstorm from the grid-
ded data on 16 Jul is evident over the KK region of Sabah
(see the shapefile highlighted). In addition, the rainstorm
persisted until 17 Jul with the rainfall pattern slightly shifted
from west to east. The simulated case on Fig. 9a—c shows the
similar features, with large area of rainfall activity observed
over the KK and Keningau region on 16 Jul and 17 Jul. The
simulated case E1 also shows the heavy rainfall shifted to
the northeastern coast of Sabah on 17 Jul (see Fig. 9a, b).
On 18 Jul, the accumulated rainfall in Sabah obtained from
both WRF and TRMM was low with very little precipitation
amount. From the simulation result, it is clear that this major
event has caused significant amount of rainfall over the KK
region in Sabah. Considering the complexity of atmospheric
modeling and the challenges in obtaining reliable and accu-
rate in situ data with which to evaluate such models, these
simulations seem quite reasonable. The modelled results
captured the similar rainfall distribution as observed by the
gridded product where large area of rainfall activity was
in agreement to each other at nearly the same place and
time. Besides, our findings show that the WRF simulation
overestimated the total precipitation obtained from gridded
products (see Figs. 7, 9). For example, the simulated rain-
fall E1 in KK on 16 and 17 Jul reached almost 25.0 mm
and 40.0 mm respectively, while other gridded products
(e.g., TRMM, PERSIANN-CDR) observed relatively low
precipitation amount. It is also obvious to notice that many
locations receive remarkably high rainfall amount of more
than 100 mm in the simulated case on 16 Jul and 17 Jul
but none as high as 100 mm was observed in the TRMM
observation (see Fig. 9). This is likely due to the complex
topography features of the location. The domain that covers
the Sabah region has complex orographic and geographic
features, such as a mountain range close to the city and a
land—ocean boundary (see Fig. 10). Similarly, findings are
also reported in other studies that modelling of flash-flood
events in tropical areas often suffers from high meteorologi-
cal and topographic complexity (Rogelis and Wener 2018;
Deng et al. 2015).

Considering the totality of the simulation from E1 to E3,
the modelled results have confirmed the occurrence of the
heavy rainfall event during this period except for some mis-
match in terms of spatial and temporal. Given that all three
experiments were initialized at different times, they proved
that the high precipitation amount in KK region during this
major event is not a random occurrence. For example, all
experiments have simulated great amount of precipitation
in KK on 16-17 Jul, which is associated to the actual flash
flood period. When the flood began to recede on 18 Jul, all
experiments simulated the deceleration of the major event
at nearly the same time. Nevertheless, the small differences
in the modelled results between experiments do exist and we
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believe they are related to the different initial and boundary
condition within the domain. Within the data simulated in
this paper, the modelled results initiated from near-present of
a major event seems to outperform those initiated from far-
present. However, more work in regional climate modelling
in future is expected to answer and support this hypothesis.

To scrutinize the WRF simulation analysis and given that
El has best captured the evolution of the rainfall activity,
we further identified several locations in Sabah that receive
heavy precipitation amount using the modelled result obtain
from E1-D3. Hence, the following results and discussion
hereinafter refer to and focus on E1-D3 only. To identify
these locations, first we extracted the total precipitation
amount from E1 at each pair of lat/lon coordinates. Then, we
define heavy rainfall location as coordinates within Sabah
region that receives high total accumulated precipitation
amount of at least 150-mm from 16—18 Jul. These locations
are summarized in Table 7 and visualized on Fig. 10. Over-
all, a total of 6 locations are identified where 3 are from KK
region and 3 from Keningau region.

Over the KK region, the three locations are identified at
Mount Kinabalu (A1), Tuaran (A2), and Tambunan (A3).
They are all near the complex topography of Mount Kina-
balu (>2200 m a.s.l.) (see Fig. 10). The maximum total
rainfall was simulated in A1 with a remarkably high total
precipitation of 201.31 mm. It is also associated with a total
of 8 peaks of hourly rainfall with the maximum at 0600
UTC 18 Jul (32.75 mm/h). Besides, A2 and A3 also simu-
lated considerable total precipitation amount of 149.15 mm
and 128.66 mm, each with 3 and 5 peaks, respectively. All
these three locations are located near the vicinity of KK city
where the landslides and severe flash flood had occurred on
17 Jul 2005. Though the respective max hourly rainfall of
each location does not occur at the same time, the overall
consequences can be severe to the city considering the time
shift effect in the modelled result. Thus, from Table 7, the
WREF results suggested that the severe flash flood event in
KK city was partly rooted to several major heavy rainfall
events occurring at different times within the KK region.
The affected areas include of Mount Kinabalu (A1), Tuaran
(A2), and Tambunan (A3). Meanwhile, over the Keningau
region, another three heavy rainfall locations are identified
at Tenom (A4), Sipitang (AS5), and Sapulut (A6). These
locations might not be located exactly near Mount Kina-
balu like those in KK region, but their topography feature
is yet complicated as they all lie along the Crocker Range
(2076 m a.s.1.) The maximum total precipitation 173.92 mm
was simulated in A6 with the max hourly rainfall occurring
at 1200 UTC 16 Jul for 84.69 mm/h.

Figure 11 shows the time series of total precipitation and
hourly precipitation for the six locations summarized in
Table 7. Over the KK region, Al is the location that receives
the highest rainfall amount according to the WRF simulation

results. The highest accumulated total rainfall at A1 reached
to 201-mm at 0800 UTC 18 Jul. As indicated in the hourly
precipitation plot, the location might not have the highest
rainfall tendency but the duration of rainfall is long and more
frequent as compared to other locations. For example, the
first rainfall in A1 started at 0200 UTC 16 Jul and persisted
for a period of 4-h until 0500 UTC. An hour later, the second
rainfall started at 0600 until 0900 UTC for 3-h. Similar long
period of rainfall duration was simulated on 17 Jul in A1l
where the first rainfall started at 0100 UTC and persisted
until 0500 UTC and the second peak started at 0600 UTC
and persisted until 1200 UTC for a total period of 8-h rain-
fall. Till here, we argue that the long hours of rainfall during
these hours is believed to be the possible factor responsi-
ble for the flash event hit Kota Kinabalu on 17 Jul 2005.
If we compare the incident time reported by most of the
local news, the heavy rainfall started since afternoon 17 Jul
at around 1400 UTC which nearly coincides with the peak
rainfall simulated in A1 except for a slight delay of few hours
(see Fig. 11). Similar trend with less numbers of hourly rain-
fall peak is also simulated in A2 and A3. It is obvious that
both locations have three major rainfall occurred separately
at different times (see Fig. 11). The previous rain event on
16 Jul was expected to affect the soil saturation and water
runoff in the vicinity of KK city. The actual rain event on 17
Jul further deteriorated the situation and eventually caused
the flash flood hit the city.

Over the Keningau region, location A4 and A5 have sim-
ulated the similar rainfall evolution pattern where the first
major rainfall occurred at the morning hours of 16 Jul and
the second at the noon hours of 17 Jul. Meanwhile, rainfall
in A6 occurred only at the noon hours of 16 Jul. It is worth
to highlight that both A4 and A5 are locations in the Ken-
ingau region (lower land) that received considerably high
precipitation amount for two consecutive days from 16 to
17 Jul, which is the same as Al (higher land). However,
the flooding event in Keningau region was relatively less
impactful when compared to Kota Kinabalu region. This
is likely due to the catchment area factor as indicated in
Table 7. Large catchment area in low land basically collects
a lot of water and increasing surface run-off during heavy
rainfall. The simulated case A4 and AS is both located near
Padas basin which has the largest catchment area, 9726 km?
among all other locations. In contrast, Al is located near
Kalimatan basin which has the smallest catchment area, 881
km?. In addition, the severe flash flood in the vicinity of KK
city is further deteriorated due to the prolonged heavy rain-
fall. The simulated case in A1 clearly depicted the longest
rainfall duration of 13-h on 16 Jul and continued with 6-9 h
rainfall the next day. In this way, the soil was saturated and
the depression storage was fully filled; the continued rainfall
immediately produced surface runoff and eventually result-
ing to flash flood in KK city.
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«Fig.9 Total precipitation in mm on 16 Jul, 17 Jul, and 18 Jul
obtained from the WRF simulation and TRMM-gridded product. a—c
Represent E1, d—f represents E2, g-i represents E3, j-1 represents
TRMM

7 Discussion and conclusion

Three important issues are highlighted in this work: (1)
spatial mismatch in triggering location (2) overestimation
in precipitation amount between the WRF simulation and
gridded products, and (3) possible regional-to-local interac-
tion between tropical cyclone and heavy precipitation event
in Sabah.

Although the WRF simulation has captured fairly well
the evolution of the heavy rainfall during this major event on
regional scale, the spatial mismatch in precipitation pattern
at specific lat/lon coordinates remains a big challenge in our
work. We acknowledge that the results presented here are to
some extent strongly affected by localization error in spatial
displacement of the precipitation event on the order of few
kilometers. This error is directly related to differences in the
fine-scale spatio-temporal features between the simulated
and observed convective cell responsible for the event (Fiori
et al. 2014). In actual mechanism, the triggering location is
contained in a very small region where the total cell width
could be less than 5-km. Such fine-scale structure is very
challenging for most NWP models operating on the order
of 5 km grid spacing. Besides, it is also partly associated to
the general deficiency of the mesoscale dynamic processes
of the parent model, in reproducing the precise location of
prominent local responsible for the persistence of the cell
over the city of Kota Kinabalu and surrounding terrain.
However, our findings demonstrated a definitive potential
in the use of WRF-gridded rainfall for flood simulations in
Sabah region, and identified some key issues that require
attention to further enhance this potential.

The overestimation in the WRF simulated precipita-
tion amount as compared to the gridded rainfall products
observed in this study is likely caused by the complexity of
the study area. The complexity is attributed to (1) diverse
topography (2) proximity of sea and mountains and (3)
local condition of wind circulation. The diverse topogra-
phy of Mount Kinabalu and Croker Range lies within the
Sabah region complicates the spatio-temporal variability of
rainfall. Orographic lifting and blocking can tremendously
modify rainfall especially in mountainous area over short
distances (Lee et al. 2014). Large topographical gradient
between sea coast and mountains is typical for Sabah region
and the complexity of convective system over coastal and
inland areas is very difficult to be sufficiently captured well
to describe the local circulation in Sabah region. The local
condition of wind circulation especially over the complex
topography further hinders the model to accurately quantify

windward heavy rainfall. In complex topography, differences
in surface radiation generate important thermal contrasts that
in turn create local wind regimes. When the model handles
these local wind regimes, the simulated precipitation amount
tends to be exaggerated (Santos-Alamillos et al. 2013).

In the synoptic scale, the ERA-Interim observation sug-
gested that heavy precipitation over the study area was the
most intense on Jul 17, 2005 which coincides with the actual
day of the major event. The FNL geopotential analysis indi-
cated a remarkable high pressure at upper level was observed
over the central of South China Sea and its westward exten-
sion to the Philippines Sea during the heavy rainfall event
from 17 to 19 Jul 2005. On Jul 17, the geopotential heights
featured an upper-level ridge over the South China Sea and
an upper-level trough over the Philippines Sea, for which we
believe has intensified the heavy rainfall event. The center
of the cyclone was also observed in the northwest of Philip-
pines Sea and associated with wind flowing counterclock-
wise in the Northern Hemisphere due to the Coriolis Effect.
We also studied the variation of geopotential heights at dif-
ferent pressure level and a short-wave trough was observed
over the Sabah region at 850 hPa which leads to wind blow-
ing in southwest direction from Borneo to Philippines. It was
also noticed that several low-pressure centers were formed at
300 hPa over the Philippine Sea. Over the South China Sea,
an upper-level ridge and lower-level cyclone was evident
for the pressure rises to its highest pressure, causing cloud
thickening and subsequently leads to outbreak of heavy pre-
cipitation with falling pressure. The vertical cross section
for divergence along 116°E also revealed that a significant
convergence was observed near the surface and accompanied
by a strong updraft of divergence at upper-level.

In the mesoscale, considering the complexity of atmos-
pheric modeling and the challenges in obtaining reliable and
accurate in situ data with which to evaluate such models, the
WRF simulations in this work seem quite reasonable. The
ability of a triply nested WRF model with a highest resolu-
tion of 5-km horizontal grid spacing to predict heavy rainfall
in Sabah region from 17 to 19 Jul 2005 was evaluated against
three gridded products, e.g., TRMM, PERSIANN-CDR,
and CHIRPS. Our modelled result has fairly well demon-
strated the initiation, intensification, and deceleration of the
major event which agrees well with the observation from the
gridded products. The highest total daily precipitation was
simulated for about 160 mm near Mount Kinabalu at 1200
UTC 16 Jul 1 day before the major event. This is expected
to affect the soil saturation and surface water run-off when
heavy rainfall continued to hit the same location the next day
and eventually caused flash flood to hit the vicinity of KK
city. The simulated result also agrees well with the actual
time reported by most local news that the rainfall started in
the afternoon 17 Jul at around 1400 and our modelled result
shows that several hourly precipitation peaks were simulated
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Fig. 10 Visualization of heavy Terrain Height m
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Table 7 Summary of heavy rainfall obtained from WRF model E1 Domain 3 from 16 to 18 Jul 2005
Area Lat Lon Location Total rainfall (mm) No. of peaks Hourly rainfall Basin Catchment  Annual
(max) area (km?) precipitation
(mm)
mm/h  UTC /date
Al 6.11 116.54 Mount Kinabalu 201.31 8 32,75 0600 18 Jul Kalimantan 881 3190
A2 585 11635 Tuaran 149.15 3 36.10 0900 17 Jul Kalimantan
A3 5.80 116.60 Tambunan 128.66 5 26.44 1000 17 Jul Padas 9726 2110
A4 440 11590 Tenom 147.77 4 3593 1200 17 Jul Padas
A5 490 115.70 Sipitang 153.67 5 31.26 1100 16 Jul Padas
A6 480 116.50 Sapulut 173.92 1 84.69 1200 16 Jul Sapulut 5146 2491

at nearly the same time on 17 Jul. The simulated rainfall over
the Kota Kinabalu region has the longest rainfall duration
for 2 consecutive days. Therefore, the cause of the flash-
flooding event from 17 to 19 Jul 2005 in the city was likely
rooted to the prolonged heavy precipitation started since
0200 UTC 16 Jul and ended at 0600 UTC 18 Jul.

Finally, a total of 6 heavy rainfall locations were also
identified using the simulated results from E1-D3 domain.
They can be further categorized into two regions: KK and
Keningau region. In the KK region, the locations are identi-
fied near to the Mount Kinabalu and in the Keningau region,
the area is near to the Croker Range. The outcome of this
study is important to provide early precaution and empha-
sis to the local authority and meteorological department in
response to heavy rainfall event. We also found the cause
of this severe flash flood is rooted to the prolonged heavy
rainfall as explained above.

Sabah is well known as the “land below the wind”,
because of its location at south of the typhoon-prone

@ Springer

region, often making it insusceptible to the devastating
effects of typhoons that frequently batter neighboring
Philippines. Owing to this, the local authority often over-
looked the possible impacts from tropical cyclone occur-
ring in the mid-latitude. In addition, little attention has
been paid to the threat of typhoons as the state priority
from local research experts. In fact, our findings in this
paper have revealed a close relationship between the tropi-
cal typhoon (Typhoon Haitang) and its possible associa-
tion to heavy precipitation event occurred in Sabah. Such
regional-to-local interaction between tropical cyclone
occurred in South China Sea and air quality over Peninsula
Malaysia is also reported in other study by Oozeer et al
(2016). Though the typhoon did not direct hit on Sabah,
the induced effect can be devastating to the city such that
heavy precipitation prolonged over a long period of time.
Particularly, the city Kota Kinabalu is one of the most
populated areas in Sabah and is also the house to several
tourism spots of the state. This is essential and important
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Fig. 11 The time evolution of total precipitation in mm and hourly precipitation in mm/h for the 6 heavy rainfall locations in Sabah region from
16 to 18 Jul. A1-A3 is located in Kota Kinabalu region, and A4—A6 is located in Keningau region

considering the most affected region has the highest
population but the smallest water catchment. More work
should be done in future to further investigate the occur-
rence of tropical cyclone under certain condition in terms
of strength and distance from origin, which can possibly
induce intensive precipitation over the region in Sabah.
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