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Abstract: A severe flash flood hit Luwu, Sulawesi, Indonesia, on 13 July 2020. This flood was pre-
ceded by persistent heavy rainfall from 11 to 13 July 2020. In this study, we explore both the physical
and dynamical processes that caused the heavy rainfall using a convection-permitting model with
1-km resolution. The heavy rainfall was modulated by the development of a pair of Mesoscale Con-
vective Complexes (MCCs) during the night. The pair of MCCs was triggered by an anti-cyclonic
vorticity anomaly over the Makassar Strait and was maintained by the warm front passing between
the sea and land over central Sulawesi. This front was characterized by moist-warm and cold-dry
low-level air, which may have helped to extend the lifetime of the MCCs. The northwestward prop-
agation of the MCCs was due to the interaction between predominantly southeasterly monsoon and
sea surface temperature anomalies.

Keywords: mesoscale convective complex; heavy rainfall; warm front; sea surface temperature; Su-
lawesi

1. Introduction

On 13 July 2020 at around 20:00 LST, a major flash flood hit Luwu, Sulawesi, Indone-
sia, and killed 38 people, lost 40 people, injured 58 people, and evacuated 14.483 others
[1]. The flood was triggered by persistent heavy rainfall from 11 to 13 July 2020. This ex-
treme event occurred during the dry season (July-August) over Indonesia which was
strongly influenced by the Australian winter monsoon. However, several parts of eastern
Indonesia have different annual and seasonal rainfall characteristics [2], which are
strongly determined by the eastern route of the Indonesian Throughflow (ITF) and are
related to warm sea surface temperatures (SSTs) [3]. The SST variability in the eastern
Indonesian seas during June-July—August (JJA) is determined by the southeasterly winds,
which lead to cold SSTs in the Arafura Sea and warm SSTs in the Banda Sea [4]. A recent
study identified that the SST and rainfall are positively correlated over the central and
eastern Indonesia seas (5°5-5°N, 115-135°E) and are associated with an anticyclonic circu-
lation at 850 hPa, which coincides with significant convergence over the regions [5].

The influence of the eastern Indonesian seas (i.e., the Maluku Sea and Arafura Sea)
on rainfall intensities along the ITF pathway is determined by the warmer SSTs in the
western Pacific [6]. Hence, during La Nifia episodes, the warmer seas enhance the devel-
opment of cumulus-congestus clouds [6] and consequently increase the frequency [7,8],
amount, and intensity of extreme rainfall over eastern Indonesia (i.e., Sulawesi, Maluku,
Ambon, Papua) in JJA [9]. Considering the increase in the frequency of extreme La Nifia
episodes under various global warming scenarios [10], the frequency of extreme events
associated with extreme rainfall may be enhanced over eastern Indonesia (i.e., Sulawesi);




however, the dynamic processes causing extreme rainfall on regional and local scales over
eastern Indonesia have not been well addressed owing to the limitations of numerical
studies performed at storm-resolving resolution.

The diurnal cycle of tropical convection over eastern Indonesia during JJA is con-
trolled primarily by local seas (i.e., the Maluku Sea and Arafura Sea), which are directly
connected to the warm pool in the Northwest Pacific. The diurnal rainfall over the North-
west Pacific typically reaches a maximum from the morning to the nighttime and partic-
ularly heavy rainfall is very frequent in July and August [11]. This rainfall is created by
deep convective clouds reaching up to 7-8 km in depth. The convective activity is caused
mainly by a double peak in latent heating, which is associated with both shallow precipi-
tation and Mesoscale Convective Systems (MCSs) [12].

MCSs have been observed by radar as a deep mode (5-6 km) that develops from
stratiform precipitation [12]. Due to the hypothesis that MCSs over the Northwest Pacific
could extend as far as the eastern Indonesian seas, they may have had an influence on the
extreme precipitation over Luwu, Sulawesi on 13 July 2020. This study investigates the
physical and dynamical processes that caused this heavy rainfall and the associated major
flash flood by using the Weather Research and Forecasting (WRF) model at 1-km spatial
resolution.

2. Materials and Methods

We use WREF version 4.1.2 [13] with one-way nested domains, comprising a coarse
domain (DO01), inner domain (D02), and the innermost domain (D03), which have a spatial
resolution of 9 km, 3 km, and 1 km, respectively (Figure 1). The center of the coarse do-
main is 2.702°S, 120.859°E. The Mercator map projection is used for the model domains.
The simulation configurations and physical parameterizations are summarized in Table
S1. We use Betts Miller Janji¢ as a cumulus scheme on the first and second domain, while
ano-cumulus scheme for the third domain. The parameterization schemes following Fon-
seca et al. [14] that best predicts the diurnal rainfall over Maritime Continent and was
proven by Yulihastin et al. [15] able to capture the thunderstorm event in the term of tim-
ing, intensity, and location of precipitation. The initial and lateral boundary conditions
are obtained from the global National Centers for Environmental Predictions (NCEP) Fi-
nal Analysis (FNL) Operational Global Analysis data [16] and forecast grids, which have
a horizontal resolution of 1.0° x 1.0° and a temporal resolution of 6 h. The 3-day forecasts
are evaluated for each PBL scheme and the model is initialized at 00:00 UTC (07:00 LST),
11 July 2020.



LN A= CPOe
AR L
South 24 West
China ,.% Pacific
Sea P ) Ocean
5°N |- ) o
‘ ¢
Fa N )
~{ ‘ol A
d < N 4
T }\ % u:o 4 ‘ﬁ.M"w‘%‘.{Q\_
“y Borneo ®geal; |
= =
d TSRy Y 4
5051 Banda !
s : Sea. 1
»,w‘\L& % »-‘* L ;ﬂ‘
10°S i
uwu
&YYo,
Indian Ocean
D01 AN
] il . \ 2 Y
110°E 115°E 120°E 125°E 130°E

p—

100 300 500 700 1000 1200 1500 2000

Figure 1. Simulation domain of the WRF model. Red boxes represent domains D01, D02, and D03,
with resolutions of 9 km, 3 km, and 1 km, respectively. Color shading shows the height terrain.

We investigate the hypothesis that the SST may control the diurnal rainfall over Su-
lawesi Island by conducting experiments with two scenarios: (1) the default model is run
without updating the SST. This is referred to as the control simulation (CTL); and (2) the
model is run with the SST updated every 6 h. This is referred to as the updated SST sce-
nario. The CTL and SST-scenario simulations were run on all domains, with a focused
study in domain 3 (D03). Both experiments were conducted with consideration of the
outermost domain to capture regional circulations (e.g., the wind circulation, SST, etc.), as
these influence the circulation in the innermost domain.

To confirm the heavy rainfall event, we validate the simulation results using ground-
based observational data from the Agency for Meteorology Climatology and Geophysics
(BMKG) station [17] and the Global Satellite Mapping of Precipitation (GSMaP) with 0.1°
spatial resolution [18]. Furthermore, to identify the background wind, moisture transport,
specific humidity, and SST conditions, we used high-resolution near-surface ERA5 data
from the European Center for Medium-Range Weather Forecasts with a spatial resolution
of 0.25° x 0.25° [19].

3. Results and Discussion
3.1. Rainfall Observed and Background Conditions

Heavy rainfall occurred from 13 to 16 July 2020 (90-120 mm d') over the Luwu re-
gion, which has a relatively high terrain and is close to Bone Bay at its southern boundary
with the Banda Sea (Figure 2a, b). On 13 July, stations recorded heavy rainfall over Luwu
and the southern part of Sulawesi Island (Figure 2c). This heavy rainfall was triggered by
the development of an anti-cyclonic vortex over the Makassar Strait near the equator (Fig-
ure 3a). This is consistent with Xu et al. [5], who found that a regional-scale anti-cyclonic
circulation existed over central and eastern Indonesia at 850 hPa, corresponding to a sig-
nificant convergence zone.

A low-level, humid, front-like synoptic pattern occurred over Bone Bay and a low-
level, dry, front-like pattern passed over Luwu (Figure 3a). The humid southeasterly air-
flow was perpetuated by the predominantly easterly monsoon winds transporting moist
air. Warm SSTs were observed over the Maluku Sea from 10 to 15 July 2020 (Figure 3c).



An increase in SSTs (>1°C) over the Maluku Sea was also recorded from 11 to 16 July 2020
(Figure 3d). Figure S1 shows that the warm SSTs were localized in the Maluku Sea from
11 July and reached a peak around 12-13 July 2020. Zonal differences in SST anomalies
between the Banda Sea and the Arafura Sea have been identified as a response to the Aus-
tralian winter monsoon [4]. However, during our study period, notable SST anomalies
occurred meridionally between the Maluku Sea to the north and the Banda Sea to the
south.
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Figure 2. (a) Map of the BMKG station locations over Sulawesi Island. (b) Rainfall amount recorded by BMKG stations
between Luwu and central Sulawesi (D03) from 10 to 17 July 2020. (c) Spatial map of the rainfall data from several BMKG

stations.

In Figure 4, we further analyze the heavy rainfall system that led to the flash flood
over Luwu on 13 July 2020 around 20:00 LST. A Mesoscale Convective Complex (MCC) is
clearly seen over central Sulawesi, which split into two cells (Figure 4a) and became two
large rainfall systems over central and northern Sulawesi (Figure 4b). We now consider
the development of these two rainfall systems and their underlying causes. In particular,
we assess whether the warm SSTs over the Maluku Sea provided the necessary water va-
por to generate extensive convective activity.
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Figure 3. (a) Spatial map of specific humidity (shading) and wind at 850 mb (streamlines) averaged from 10 to 15 July 2020
using ERAS data. (b) Same as (a), but for SST (contours) and the SST anomaly (shading). (c) Same as (a), but for the mois-
ture transport integrated from 1000 to 300 mb. (d) Time series of daily SST (black) and the SST anomaly (red) averaged
over the area shown by the black box in panel (b) (3°5-2°N, 125°E-128°E) from 10 to 15 July 2020.
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Figure 4. (a) A spatial map of daily-averaged of Black Body Temperature (TBB) cloud-top height from the Himawari
satellite over 13-14 July 2020. (b) Same as (a), but for the daily accumulation of precipitation from the GSMaP satellite. The
A-B and C-D transects were used in further analyses in Figures 6 and S8. The ‘X’ indicates the location of Luwu. (c) Time-
longitude Hovmoller diagram of TBB cloud-top height averaged over 2°5-3°S (i.e., the Luwu region) from 13 to 14 July
2020 using Himawari satellite data. (d) Same as (c), but for diurnal precipitation using GSMaP satellite data. The black
dashed box indicates the Luwu region (120°E-121°E). The vertical solid line represents the east coast.

3.2. Development of MCCs

To investigate the role of the SST, we consider two scenarios in our numerical model:

one where the SSTs are prescribed (CTL), and one where the SSTs are updated every 6 h.
We find that only one rainfall system occurs in the CTL simulation, (Figure 5a), whereas
two rainfall systems occur if the SST input in the model is updated regularly (Figure 5b).
Updating the SST four times a day is also useful for reducing overestimates of
precipitation intensity and spatial coverage over the ocean (123°E-126°E). The updated
SST scenario also refines the timing of landward convective propagation, which can be
seen as a peak in the precipitation intensity over the coastal region on 12 July from 17:00
LST (Figure 5c¢) to 13 July 13:00 LST (Figure 5d). It should also be noted that the updated



SST scenario increases the precipitation intensity over the Luwu region in the early
morning 14 July from 01:00 LST to 07:00 LST (Figure 5d), which is comparable to the
satellite data observations (Figure 4d). This result is consistent with Ricchi et al. [20], who
demonstrated that accurate SST model inputs improve the simulation of rainfall amount
and location.

The two MCCs coincided with two rainfall systems that developed in the early
morning over the eastern and northern parts of central Sulawesi, and which were oriented
in a southeast-northwest direction. The evolution of the convective systems over Bone
Bay and the Maluku Sea was captured in both model scenarios. However, the updated
SST scenario better captured the early morning convection (Figure S2). A convective
system over the ocean propagated landward at 13 July from 10:00 LST to 22:00 LST (Figure
4c) and produced precipitation of low to moderate intensity at 13 July from 16:00 LST to
20:00 LST (Figure 4d
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Figure 5. (a-b) Same as Figure 4b, but for simulated precipitation in the CTL and updated SST runs, respectively. (c—d)
Same as Figure 4d, but for simulated precipitation in the CTL and updated SST runs, respectively.
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Figure 6. Height-latitude cross sections of wind (vectors; vertical component multiplied by a factor of 40), cloud mixing

ratio (shading), and equivalent potential temperature anomaly (contours) on 13 July 2020 for (a) 19:00-24:00 LST and (b)
01:00-04:00 LST. The ‘X’ indicates the location of Luwu. For clarity, the equivalent potential temperature has had 343 K

subtracted from it, with blue (red) lines indicating negative (positive) values. The contour interval is 1.5 K.

The early morning convection that developed over the Luwu region originated from
the coastal convection (Figure 4c) and coincided with the precipitation peak (Figure 4d).

The intensification of convection in the early morning seems to be related to the
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development of the pair of MCCs inland, which started at 13 July around 23:00 LST (Fig-
ures S5-56). The pair of MCCs became stronger between 22:00 LST and 07:00 LST over
2°5-3°S and 0°S-1°S (Figure 5a), leading to a pair of rainfall systems (Figure 5b). These
features are reproduced qualitatively in the updated SST scenario (Figure 5d). Persistent
precipitation occurred over the Luwu region between 07:00 LST and 19:00 LST on 13 July
(Figure 5d) as a result of a long-lived MCC (Figure 5c). This possibly triggered the flash
flood at 20:00 LST.
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Figure 7. Horizontal distribution of temperature (contours) and water vapor mixing ratio (shading) simulated by the WRF
model at 1-km resolution and averaged over 13 July 2020 (19:00-00:00 LST) at an altitude of a) 0.5 km, b) 1 km, c) 2 km,

and d) 3 km.

Because the flash flood that occurred over Luwu was associated with late afternoon
rainfall, we need to verify whether the initial convection came from the Maluku Sea or
Bone Bay, given the predominantly southeasterly monsoon winds. Figure 5 shows that
the convective system intensified over Bone Bay and the southern coastal region of Luwu
on 12 July 2020. Nonetheless, the convection still weak. A small convective system started
to develop in the early morning (01:00 LST) on 13 July 2020 over the Maluku Sea near the
eastern coastal region of central Sulawesi. This then extended to a wider region over Luwu
and the surrounding areas in the late afternoon (19:00 LST; Figure 5).



The intensification of convective activity over the Luwu region from the late after-
noon until midnight was more strongly influenced by convection over the Maluku Sea
(Figure 6) than over Bone Bay (Figure S8). The convection intensified and was maintained
by a cold pool, which was initiated at 20:00 LST by near-surface (1-km altitude) cold air-
flow over eastern Luwu (Figure 6a). The cold pool further developed, deepened, and ex-
tended over Luwu, helping to maintain the precipitation systems over both the eastern
and western parts of Luwu. The cold pool associated with the MCCs and the convection
system propagating landward [21] as well as offshore [15] may also have triggered the
heavy rainfall over the coastal region of Sumatra, Indonesia.

The cold pool over Luwu indirectly strengthened the convective system, which grew
extensively via the back-building mechanism over the Maluku Sea on 14 July at 06:00 LST
(Figure 6). The back-building was identified as a quasi-stationary southeast-northwest of
double convective cells which was initiated on 13 July from 22:00 LST and became mature
in the following day at 07:00 LST further dissipated until 10:00 LST (see Figures S4-56).
The back-building mechanism was previously found as a common characteristic of MCS
[22-24] that can be regulated by large-scale ascent and maintained by the cold pools from
the outflow [15,24]. However, Bone Bay also played a role in providing a warm, moist
airflow near the surface, ultimately producing a warm front where the easterly airflow
met with cold, dry air (Figure7). The dynamical processes leading to the heavy rainfall
outlined in this study are in accordance with previous studies [20,25]. In particular, the
warm front, cold pool, and back-building mechanism helped to generate the long-lasting
rainfall system.

5. Conclusions

We investigated factors that might have influenced the heavy rainfall associated with
a major flash flood in Luwu, Sulawesi, using experiments with the WRF model at 1-km
resolution. The flash flood that occurred at around 20:00 LST was triggered by persistent
moderate rainfall from morning to night over Luwu. Our results confirmed that the warm
SSTs over the Maluku Sea provided abundant water vapor and intensified the convective
systems over the ocean that propagated southwestward around Luwu. The interaction
between northeasterly, low-level, humid airflow and elevated terrain over Luwu led to
the development of a stationary cold pool at around 1-km latitude and helped to maintain
the rainfall systems over both the mainland and ocean. These findings are in accordance
with previous studies demonstrating that a humid airflow near the surface may rise over
a cold pool near a mountain range and reinforce heavy rainfall over coastal regions [25].

This study also found interesting features related to the development of a pair of
long-lasting MCCs and a double rainfall system on 13 July from 22:00 LST to 14 July 07:00
LST over northern parts of central Sulawesi (2°S-3°S and 0°5-1°S). The double rainfall
system was reproduced in the model simulation with updated SSTs. The simulated rain-
fall confirmed that the double rainfall system developed via a back-building mechanism,
which was maintained by a stationary cold pool and a warm front. This back-building
mechanism help forming a long-lasting quasi-stationary convective system (>10 h), which
found consistent with previous studies [22-24] stated that it developed along mesoscale
boundaries and to be maintained by storm outflows.

On the other hand, the warm front was generated by warm and moist airflow near
the surface (0.5-3 km) over Bone Bay in the southern part of Luwu. This was initiated due
to the warm SSTs near the coastal region. The long lasting MCCs then developed as a
response to both the warm front and back-building mechanism. The improved prediction
of rainfall in the updated SST scenario is consistent with previous studies stating that the
SST distribution plays a fundamental role in having an accurate oceanic boundary layer
energy budget, which is essential for predicting rainfall [20].

In terms of the hydro-meteorological disaster over eastern Indonesia, this study sug-
gested that numerical weather prediction of heavy rainfall events could be improved by
using a high spatial resolution and by updating the SSTs as the model is running through



data assimilation. However, it is important to note that the location of the double rainfall
system in this study differed between the simulation and observations. The process for
determining the precise position of the double rainfall system should be a subject of future
investigation.
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Spatial maps of daily sea surface temperature, Figure 52: Spatial map of the 6-hourly evolution of
surface winds and precipitation, Figure S3: Spatial maps of the 6-hourly evolution of simulated pre-
cipitation, Figure S4: Latitude-time Hovmoller diagram averaged over 120°E-121°E (i.e., the Luwu
region) from 13 to 14 July 2020, Figure S5: Same as Figure S3, but for the 3-hourly evolution of pre-
cipitation from the GSMaP satellite, Figure S6: Same as Figure S5, but for Black Body Temperature
(TBB), Figure S7: Same as Figure S5, but for the hourly evolution of TBB, Figure S8: Height-latitude
cross sections of wind (vectors; vertical component multiplied by a factor of 40), cloud mixing ratio
(shading), and equivalent potential temperature anomaly (contours) on 13 July 2020, Table S1: WRF
model configuration for simulating precipitation over eastern Indonesia.
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