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Abstract

Over one hundred years of vigorous progress in tropical cyclone (TC) research, the genesis of the cyclone
(hereafter, tropical cyclogenesis) is remarkable as a doubtful subject. Furthermore, predicting tropical
cyclogenesis, particularly in the lesser latitude, remains a significant challenge. Therefore, understanding
the complex interactions in developing tropical cyclogenesis over the region is vital to improving tropical
cyclogenesis forecasting. Hence, the Indonesia Maritime Continent is a tropical cyclone-free region due to
decreasing the Coriolis effect. However, Seroja TC hits Flores (8.6° S, 120° E), east Nusa Tenggara,
Indonesia, on 4 April 2021, and recorded as the first TC occurred over the mainland, which brought a
catastrophic disaster in the region. This study investigated the tropical cyclogenesis of Seroja by using
both observational and numerical studies. The results indicate that a marine heatwave and double
vortices were favorable conditions produced preconditions to developing tropical cyclogenesis over the
Maluku Sea. Thus, tropical cyclogenesis is formed by the breakdown of the intertropical convergence
zone (ITCZ) associated with synoptic-scale wave train driven under the interaction of the Madden Julian
oscillation (MJO) and equatorial Rossby waves. Moreover, our finding suggested that an extensive
background cyclonic vorticity under the cold pool mechanisms is responsible for maintaining tropical
cyclogenesis into a persistent Seroja TC.

1 Introduction

Genesis of the tropical cyclone (hereafter, tropical cyclogenesis) was defined as the possibility of the
tropical storm will endure evolving from this point favor and further turn into self-sustaining. Thus,
tropical cyclogenesis comprises dynamic and thermodynamic processes and its interaction at multiple
spatio-temporal scales [1]. In term of external processes, tropical cyclogenesis may be induced by large
scale circulations [2] (i.e., monsoon [3]), intertropical convergence zone [5]; [6], Madden Julian Oscillation
(MJO) [7]; [8]; [9], equatorial waves [7]; [9], and proven by recently previous work that the activity (i.e,,
MJO) determined by the dynamic of regional ocean [10] and depend on moisture advection over Indo-
western Pacific [11]. As a result, predicting genesis of TC prevails uncertain [12] despite significant
progress in understanding interaction between tropical cyclones (TC) and their environment which affect
to its intensity and structure [1].

Tropical cyclogenesis over the Indonesia Maritime Continent (8° N—10° S; 90-150° E) was less
documented due to the diminishing Coriolis effect in the region. However, Typhoon Vamei existed over
near Singapore (1.5° N) on 27 December 2001, which was caused of the interaction between weak
Borneo Vortex and strong-persistently northerly surge [13]. Moreover, these long-lasting northerly surges,
which frequently occur from October to March, have proven statistically associated with the tropical
cyclones over the eastern Indian Ocean-Maritime Continent sector [14]. Nevertheless, it is important to
notice that contribution of the Asian monsoon activity is less during March-to-April so that no tropical
cyclones associated with northerly surges were reported occurred over the region [14].
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However, the Seroja tropical cyclone occurred on 4 April 2021 over Flores, east Nusa Tenggara, Indonesia,
and was recorded by the Tropical Cyclone Warning Center (TCWC) as the first tropical cyclone over the
mainland in the Maritime Continent region (see: Fig. 1). The 3-level cyclone killed 181 people, injured 47
people, evacuated 9,449 people, missed 72 people, and destroyed 1.962 infrastructures [15]. During that
period, the western Maritime Continent had less tropical disturbance related to vorticity activity over the
Borneo region which is identified as the most triggered the tropical vortices [16] in the Maritime Continent
(see: Fig. 2). On the other hand, double vortices were exhibited over the eastern Maritime Continent,
particularly over the Maluku Sea to the north and the Banda Sea to the south from 27 March to 31 March
2021 (Fig. 2).

Regarding the hypothesis that double vortices over the eastern seas of the Maritime Continent may
contribute to developing tropical cyclogenesis, we conducted observation and numerical studies to
investigate the physical and dynamic processes. Due to limited observation over eastern Indonesia, we
combined observation from both satellite and reanalysis data. Moreover, we use a high-resolution
numerical weather prediction model of the Weather Research and Forecasting (WRF) model at a 3 km
spatial resolution to explore how dynamical processes control the tropical cyclogenesis over the low-level

atmosphere over central and eastern Indonesia (104.25° E-136.57° E, 11S°-10.4° N)

2 Materials And Methods

The methods applied in this study combine observational and numerical approaches to investigate the
tropical cyclogenesis process. First, we perform statistical analysis using spatial, time series, and
Hovmoller diagrams from both satellites and high-resolution reanalysis data to confirm the anomalies
signals of physical processes in the meso-to-large scales. Furtherly, we conduct numerical studies to
explore the dynamic process that may control the tropical cyclogenesis in the local-to-regional regions of
eastern Indonesia.

The statistical-based analysis was performed using the Himawari [17] and the Global Satellite Mapping
of Precipitation (GSMaP) [18], the cross-calibrated multiple (CCMP) [19]; [20]), and the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis of ERA5 datasets [21] with have spatial
resolutions of 0.05° 0.1°, 0.05°, and 0.05°, respectively. To identify tropical cyclogenesis, we explored
convective activity, convergence region, low-pressure system, and potential vorticity through data
parameters of Blackbody Temperature (TBB) of cloud, outgoing longwave radiation (OLR), precipitation,
sea surface temperature, surface wind, and water vapor. Furthermore, to explore preconditioning of the
tropical cyclogenesis over the internal sea of eastern Indonesia (i.e., Maluku Sea), we examine a short
marine heatwave (MHW) phenomenon using criteria of 90th percentile during 40-day time window
following [22].

We then performed a numerical simulation using the Weather Research and Forecasting (WRF) model
version 4.2.1 [23] with initial and boundary conditions derived from ERA5 with a spatial and temporal
resolution 0.25° and 6 h. The WRF model configuration (Table 1) following [24], who succeeded in
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simulating precipitation in intensity, and has proven that the configuration could capture heavy rainfall
events in maximum intensity, timing, duration, and location [25 [26] with around two hours phase early. In
this numerical study, we simulated selected episodes of tropical cyclone events from 31 March to 6 April
2021 with a lead time of 12 hours is considered an appropriate spin-up time for the model.

Table 1

Model configuration (following Fonseca et al. 2015) [24] used in this
study for the simulation of tropical cyclogenesis over eastern Maritime
Continent (see Fig. 1 for the spatial domain configuration) with input

and boundary conditions derived from ERA5 data of 0.25° spatial
resolution.

Betts—Miller— Janji’c (BMJ) Scheme
D01 (3km)

Parameterization

Number of horizontal grids 1200 x 800

Number of vertical grids 33

Cumulus BMJ

Microphysics WDMS

PBL WSM-3

SW-Radiation RRTM/Dhudia

LW-Radiation RRTM/Dhudia

Boundary Layer Yonsei University

Surface Layer Revised MM5 Monin-Obukhov
Land Surface NOAH

3 Result And Discussion
3.1 Precondition of Seroja Tropical Cyclogenesis

Precondition of Seroja tropical cyclogenesis started from ten days (day-10) before the cyclone initiated
on 4 April 2021 (hereafter denoted as day-0, see: Fig. 1). Development of tropical depression over the
eastern sea of Indonesia (20° S—-10° N, 120-140° E) was captured by the existence of anti-cyclonic
vortex (convergence) over the northern part (Eq—10° N) and cyclonic vortex (divergence) over southern

part (20° S-10° S) near Australia (Fig. 2a). This feature explained by previous work as Equatorial Rossby
(ER), which associated with positive moisture flux convergence and westward propagation [27]. On the
other hand, a pair of convergence exhibited over the Indian Ocean may be related to the 3-D structure of
MJO dynamic over low-level atmosphere [28]; [29] (see: Fig. 2a).
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Those double vortices over Indian Ocean develop progressively and multiply by two become four vortices
on day—8. In addition, the vortex over the Maluku Sea in the north also became strong and triggered a
new vortex over Banda Sea in the south (Fig. 2b). Thus, this double vortices over eastern Indonesia may
sustain developing into a tropical storm in the south that is expected to be the tropical cyclogenesis of
Seroja. Interestingly, on day-6, four vortices over the Indian Ocean tend to dissipate, but as a result, it

produces strong eastward propagation elongated equator region (60-120° E) (Fig. 2c).

At the same time, westward propagation induced by ER activity occurred over the southeast part of
Indonesia (20-10° S, 120—-140° E). As the interaction between MJO and ER manifested westward and
eastward collocated over central Indonesia (100—120° E), thus, it created a tropical storm in the region
which intensified develop into a tropical cyclone on day-4 (Fig. 2d). On the other hand, the southern vortex
over the Banda Sea also creates a tropical storm that sustains evolution as a tropical cyclone on day—-0
(Fig. 2d-f). To clarity the development process of double vortices over the Maluku-Banda Sea, we then
plotted the growth of the tropical cyclogenesis over eastern Indonesia in Fig. 3.

The double vortices, hereinafter north-vortex (Eq—5° N, Pacific Ocean) and south-vortex (5° S—Eq, Maluku-
Banda Seas), located close to equator initiated from day—10 (Fig. 3a) over eastern Indonesia. The south-
vortex remains stronger as well as larger on day-8 (Fig. 3b) and followed by creating meso-convergence
over entire eastern Indonesia on day-6 (Fig. 3c). The south-vortex over the Banda Sea developed
aggressively to be a tropical storm and shifted to the south close to the eastern Nusa Tenggara region
(5-15° S, 120-128° E) on day-4 (Fig. 3d). Development from a tropical storm to be a tropical cyclone
occurred from day-4 to day-0 (Fig. 3d-f) triggered strong wind and flash flood with the devastating
impact over Flores, east Nusa Tenggara, Indonesia.

The long-lasting south-vortex over the Banda Sea (> 10 days) raised an issue regarding possible factors
contributing to developing and maintaining the vortex. Therefore, we further identified sea surface
temperature (SST) over the Banda Sea. We found that warming SST occurred from 15 March 2021, and a
significant increase was associated with a short marine heatwave (MHW) initiated from 21-27 March
2021 (Fig. 4). It is important to notice that MHW is notable as a progressive issue under global warming
which detected an increase in term intensity, duration, and frequency [30].

The MWH also recorded as factor drives extreme rainfall triggered severe flooding during Australia
summer of 2018-2019 [31]. In this event, MHW during 21-27 March may provide a favorable
environment for preconditioning of tropical cyclogenesis with the development of double vortices over
Maluku Sea in the north and the Banda Sea in the south that turn into the mature stage on 29-30 March
2021 (Fig. 5). Hence, we need to clarity the relationship between north-vortex and south-vortex and how
the north-vortex contribute to maintain the long-lasting south-vortex.

3.2 MJO-ER Interaction Induced Tropical Cyclogenesis

From 29 March 2021 in the morning, the strong southerly wind occurred over low-level troposphere (< 700
mb), and the cyclonic vorticity developed in the upper-level troposphere (> 500 mb). Conversely, on the
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north side, the high positive anomaly of potential vorticity (PV) occurred in the top level of the
troposphere (> 100 mb). Hence, the stratospheric air penetrated the troposphere creating a strong anti-
cyclonic vortex. This large north-vortex has a significant growth with strong updraft from the surface to
the top-troposphere, which developed over the equatorial region, thus, created two small vorticities over

the middle troposphere in the south (10° S-Eq).

Those small vortices produce the large and adequate south-vortex, clearly displayed on 29 March at
18:00 LST (Figure not shown). The strong connection between the north-to-south vortices remains
enduring until 30 March 2021 at 11:00 LST. In this case, with a rough calculation, the maximum of
meridional surface wind for the north-vortex and the south-vortex are 8 ms™' and 6 m s™ 7, respectively.
Thus, these values are above the wind speed threshold, which is needed for the initial vortex to endure the
convection during the genesis period, as mentioned in the previous study [32].

These interactions between two vortices are notable as a second factor influencing Seroja tropical
cyclogenesis's preconditioning. In addition, the south-vortex is also supported by the existence of a
double intertropical convergence zone (ITCZ) which provides a large convergence zone over the southern
region near the equator (10° S—Eq), despite on April the ITCZ suggested existed over northern
Hemisphere. It is consistent with previous studies that have mentioned the relationship between double
ITCZ phenomena [33]; [34] and tropical cyclogenesis [6]. In this case, the tropical cyclogenesis is formed
by the breakdown of the south ITCZ associated with synoptic-scale wave train driven under the
interaction of the Madden Julian oscillation (MJO) and equatorial Rossby waves.

Furtherly, to confirm the time evolution of the double vortices over the surface level, we explored several
parameters and used the Hovmaoller diagrams to analyze the features in longitudinal and latitudinal
orientations (Fig. 6). Figure 6a shows that the north of mesoscale convergence associated with the north-
vortex occurred early on 19 March 2021, followed by the south-vortex on 25 March 2021, which
corresponds to the ER activity signed by collocated of convergent regions [27]. This event is supported by
the high positive anomaly of PV that occurred over the northern regions (Eq—15° N) from 19 March 2021
(Fig. 6b). This ER existence is also described by the westward propagation of convective activity and total
water vapor column from around 22 March 2021 (Fig. 6¢-d). On the other hand, the MJO phase 4
produced a strong eastward propagation of convective regions and may interact with ER over around
110-120° E (see: Fig. 6¢-d, the black dashed-boxes). However, a numerical study is needed to investigate
how the dynamics aspect controls the interaction by intensifying convective activity and accumulation
precipitation over the limited area (110—120° E) that will be presented in the further figures.

3.3 Dynamic Controls of Seroja Tropical Cyclogenesis

To study the dynamic controls of tropical cyclogenesis over surface-level using the WRF model, we need
to compare the precipitation simulated by the model with the precipitation observed by the GSMaP
satellite data (Fig. 7) during 3—4 April 2021. Because our primary focus is to understand the dynamic
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process over the area interest due to location attributed to the interaction between MJO and ER, we
analyze rainfall evolution over the limited area of 10-3.5° S, 110-120° E (red box, Fig. 7).

On the other hand, the relationship between the north and south vortices over the surface (< 1 km) may
also control the tropical cyclogenesis by enhancing the upward motion over the equatorial region

(Fig. 12). The intensification of upward motion has a strong connection with the north (D, 10° N) induced
by a cold pool (CP), which is identified by a low potential temperature (blue contour line) over surface-
level (< 1 km). The CP as part of a mesoscale vortex tends to be a quasi-stationary system that also
supports maintaining the tropical cyclogenesis over the south (C, 10° S). On 4 April 2021, the CP
(hereafter, north-CP) extend to the south and propagates, also produce a new CP over equator (hereafter
equator-CP).

The evolution of the dynamic process of the CPs during the tropical cyclone event is depicted in Fig. 13,
which is easily described as follows. The north-CP starts developing from early morning at 01:00 LST on
4 April 2021 (Fig. 13a). The extension of the north-CP induced a new convection cell in the south (5° N),
and the equator-CP developed at 02:00 LST on 4 April 2021. Furtherly, the north-CP created several
convections which intensify elongated from the Equator to the north (D, 10° N) at 04:00 LST on 4 April
2021. Finally, the convections dissipated and, thus, created the new CP over the region (2—5° N), which
connected to north-CP. This process allows the north-CP to extend and slowly propagate southward from
05:00 to 08:00 LST on 4 April 2021 (Fig. 13b). The CP development over the north (Eq—10° N) is one of
the mechanisms responsible for the dissipation of the north vortex and how the moisture energy transfer
over the surface-level from the north across the equator to the south. It was also a reasonable factor that
helped maintain the TC becomes a large Seroja TC (Fig. 14).

4 Conclusions

This work examined to investigate the physical and dynamical processes related to the tropical
cyclogenesis of Seroja on 4 April 2021, which was recorded as the first Tropical Cyclone (TC) that
occurred over the mainland and close to the equatorial region at the Indonesia Maritime Continent. The
precondition of the tropical cyclogenesis was initiated from the local seas of eastern Indonesia (i.e.,
Maluku-Banda Seas). The tropical cyclogenesis could be developed by four main factors as follow:

1. The double of ITCZs may allow the convergence zone was formed over the southern part of
Indonesia, despite in April the ITCZ should locate over the north equator. These double ITCZs,
consistent with previous work, stated that the position of the ITCZ may be related to the TC location
[5];[6]. Moreover, a previous study also demonstrated that during the double ITCZs phenomena, the
deep convection and precipitation tend to be closer to the equator comparing the south and the north
of ITCZs [3];[33].

2. The short-time marine heatwave (MHW) concentrated over the Maluku Sea. The warming SST has
been proven in previous studies to contribute to the typhoon by changing the rainfall distribution
more concentrated over the mainland than ocean regions [35].

Page 8/17



3. The double vortices (i.e., the north-vortex and the south-vortex) with a perfect twin formation
occurred over east Indonesia. Those vortices over eastern Indonesia may be attributed to the ER
wave features, which correspond to the previous work [27]. In addition, during the genesis period, the
maximum of meridional surface wind for the north-vortex and the south-vortexare8 ms' and6 m s’
1, respectively, which favor criteria of wind speed threshold (5 m s™) for the initial vortex to rotate the
convection and amplified the cyclonic of relative vorticity [33].

4. Interaction of the eastward propagation of MJO and the westward propagation of the ER over the
target domain of east Indonesia (120° S, east Nusa Tenggara) may help maintain the tropical
cyclogenesis. This result consistent with previous several studies have mentioned that the wave-train
was the most influencing factor for developing the TC [3];[7];[6]. In addition, over the western-north
Pacific, the recently study also demonstrated that while ER wave breaking it might produce inflow to
the upper-level potential vorticity and intensified the convective activity moving southwestward and,

thus, triggered the tropical cyclogenesis [36].

This study suggested the interaction between the MJO and the ER help to maintain a steady blocking
circulation associated with the double vortices’ depiction. However, since the north-vortex starts to
dissipate, it also has a role in creating the new low-level circulation over the equator and transferring the
moisture energy from north to the south over the surface level under the cold pool mechanism. Thus, the
mechanism provides favorable conditions to endure the tropical storm to be a Seroja tropical cyclone.

Due to the short time of extreme MHW phenomena under the global warming condition, which tend to
significantly increase in terms of its intensity and frequency [31], the tropical cyclogenesis over the local
seas of Indonesia is also probable expected to increase. Moreover, the circulation over the Western Pacific
associated with the eastward propagation of MJO that intensified and extended during the last two
decades [37] also provides the prominent circulation to maintain the tropical cyclogenesis.

If the favorable conditions needed to support the tropical cyclogenesis collocated, it is possible for the
tropical cyclogenesis to reoccur in the future over the exact location in this study. It is also important to
note that the WRF model with a 3 km resolution could capture the tropical cyclogenesis processes;
however, the precipitation is consistently under-estimated. It was suggested that, for better predicting, the
SST input [27] and the initial data from the global model needed to be regularly updated at least every six
hours
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Figure 1

Configuration of model domain (red box) for simulating tropical cyclogenesis over the eastern Maritime
Continent with horizontal resolutions of 3 km.
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Figure 2

Time evolution of wind vector overlaid with wind divergence (shaded) at 850 mb with positive (negative)
values indicated divergence (convergence) over the Maritime Continent derived from ERAS5 reanalysis
data for: (a-f) day-10 to day-0 with day-0 denoted as 4 April 2021 which associated with the catastrophic
disaster event over Flores, eastern Nusa Tenggara, Indonesia.

Figure 3

As Figure 2, but for domain area refer to Figure 1 (red box).
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Figure 4

(@) A map showing distribution of sea surface temperature (SST) average from 23 March-4 April 2021.
Black dot indicated marine heatwave event based on SST > threshold. Yellow box represents area used in
the Figure 4b. (b) Time series of SST data for: climatology of daily SST during April (blue line), moving
threshold of marine heatwave following Konopka et al. (2016) (green line), daily SST (black line), SST>
threshold indicated as marine heatwave event (pink shaded).

Page 15/17



e T
1256 130E 1356 105€ 11

R
pressure_level
&

<l

EEZ EEEEEE 5 s

& e b e
pressure_level
B

§83 58808 ¢

pressure_level

> [

]
FRE

pressure_level
B2z 8¢ §§§ ]

[- B REN

<

. B
-+ o
13
e s
LT WA
R Ay e

105 55 Ea 5N 10N

108 58 Eg 5N 10N

Figure 5

(@) Time evolution of a spatial map of 6-hourly average wind surface data from CCMP on 29-30 March
2021. (b) Vertical-latitude cross section of potential vorticity (shaded) and meridional wind (vector) from

ERAS data along longitude of 125°E refer to red vertical line in Figure 5 (a).

Figure 6

(@) A Hovmoller diagram of Time-Latitude cross section averaged over 120°-130° E during 15 March—30
April 2021 for a low-level divergence at 925 mb, (b) as (a), but for potential vorticity, (c) as (a), but for A
Time-Longitude cross section averaged over 15° S—15° N for OLR anomalies based on monthly average
data of March—April 2021, (d) as (c), but for total column water vapor anomalies. The dashed black-
boxes represent the meeting location between MJO and ER waves.

Figure 7

(a) Time evolution of a spatial map of 6-hourly vector and magnitude of surface wind (at 10 m) derived
from CCMP data (left-side) and WREF (right-side) from 3 April 2021 on 19:00 LST to 4 April 2021 on 18:00
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LST derived from (a) GSMaP satellite, (b) WRF model.

Figure 8

Vertical-longitude cross section of wind (vector; zonal component multiplied by a factor of 0.01),
equivalent potential temperature (contour), and cloud mixing ratio (shaded) along the thick black
horizontal line from point A to point B in Figure 10(b) with time evolution for: (a) 4 April 2021 from 01:00
— 08:00 LST. The X-axis is longitude representing the distance of A-B transect. For clarity, the equivalent
potential temperatures (6e) are differenced as contour lines with red for 8e = 350 K, blue for 350 > 6e =
345 K, and purple for 345 > 6e = 340 K. The simulated data derived from the WRF model.

Figure 9

As Figure 7, but for meridional wind vector and potential vorticity (shaded). The vector wind is meridional
component multiplied by a factor of 0.01 derived from ERA5 data.
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