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A rare event known as Fujiwhara effect occurred in the southeastern tropical Indian Ocean when tropical cy-
clones (TCs) Seroja and Odette were co-existed, interacted each other, and merged into one TC in April 2021.
Here, remotely sensed data (surface winds, sea surface temperature, chlorophyll-a concentration, and surface
currents) were analyzed to determine the impact of Fujiwhara effect on the ocean biophysical variables in the
region. Ekman pumping velocity were computed to determine the upwelling/downwelling process. During the
entire development of the TCs to the merging, the TCs induced sea surface temperature (SST) cooling and raising
sea surface chlorophyll-a. Ekman pumping and inertial pumping may serve as the primary driving force for the
observed negative SST anomaly and positive anomaly in chl-a concentration associated with TCs. This rare event
adds the complexity of ocean and climate dynamics of the region as an exit gate of the Indonesian throughflow to
the Indian Ocean and may have implications to circulation and climate in the Indian Ocean and beyond. The
present research likely represents the first scientific documentation of oceanic responses to a Fujiwhara effect in
the region.

1. Introduction longitudinal location from 80°E to 130°E. There have been some TCs

occurred in this region, for examples TC Bakung (2014) near south

Tropical cyclones (TCs) are recognized by several terms in distinct
regions of the world, such as cyclones, hurricanes, and typhoons.
Depending on where they occur, cyclones (South Pacific and Indian
Ocean) are also referred to as hurricanes (Atlantic and the Northeast
Pacific region) or typhoons (Northwest Pacific). Tropical cyclones (TCs)
are strong rotating vortices of air at synoptic region scale that has been
approved as the indication for the impact of climate change, increasing
of surface ecological, and environmental damage (Busireddy et al.,
2019; Hung and Gong, 2011; Knutson et al., 2020; L. Liu, 2013; Siswanto
et al., 2008; Wang, 2020; Wu et al., 2019; Zhang et al., 2020, 2021).

Our observation area covers the southeastern tropical Indian Ocean
(SETIO) region extending from the western Sumatra Island to the Lesser
Sunda Island (Fig. 1) with latitudinal position from 0° to 20°S and
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Sumatra water, TC Cempaka (2017) near East Java, TC Dahlia (2017)
southwest Java waters and TC Seroja (2021) near Savu Sea (Paterson,
2012; Yang et al., 2020; Samodra et al., 2020; Aditya et al., 2021;
Setiawan et al., 2021). In April 2021, for the first time in the SETIO
region, two TCs (TC Seroja and TC Odette) occurred at the same time,
close and interact each other, and eventually merged together which
known as Fujiwhara effect (Fujiwhara, 1921, 1922, 1923, 1931). The
uncommon phenomenon (Fujiwhara effect) occurs when two TCs move
towards each other and when the distance is <900 km, the two TCs will
begin to circulate around each other and eventually merge. The two TCs
will be eventually merged with stronger TC absorbs the weaker TC. If the
two TCs have equal strength, they may merge into a common center or
moving off into separate paths (Fujiwhara, 1921, 1923).
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Fig. 1. Map of area of interest. Black and yellow dots demonstrate the tracks of TCs Odette dan Seroja. Brown dots indicate the track of Fujiwhara effect. Magenta
line denotes the Lesser Sunda Island. Numbers indicate the date of April 2021. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Several previous studies addressed the dynamics of the interaction
between two cyclones/Fujiwhara effect (i.e., DeMaria and Schubert,
1984; Demaria and Chan, 1984; Liou et al., 2019; Liou and Pandey,
2020; Fu et al., 2018; Dong and Neumann, 1983; Lee et al., 2023; Ito
et al., 2023). However, research on the effects of the Fujiwhara effect on
ocean biophysical variables has not been explored. TC passing over the
oceans is expected to cause subsurface colder water and marine phyto-
plankton lift to the surface, as a result cooling the sea surface temper-
ature (SST) and raising the sea surface chlorophyll-a (chl-a)
concentration. Since global warming may increase the intensity and
frequency of TCs (Pandey et al., 2021; Zhao et al., 2015), further un-
derstanding their impacts on ocean biophysical variables is needed.
Given the significant and ongoing Indian Ocean warming (Sharma et al.,
2023), it is also important to show how the ocean responds to recent
extreme TCs. The ocean biophysical variable of chl-a concentration is a
crucial marine index and productivity. It plays an important role in the
process of material cycle and energy conversion in the marine ecological
system, of relevance to marine atmospheric carbon cycle in the system,
environment monitoring, ocean dynamics (upwelling and coastal cur-
rent), and fishery management (Behrenfeld and Falkowski, 1997; Hout
etal., 2007; Roxy et al., 2016). Thus, many researchers who focus on the
ocean, atmosphere, and the environment believe that chl-a concentra-
tion is an important parameter in the study of ocean colour and marine
ecological environment. In recent years, researchers studied influences
of TCs on the ocean biophysical parameters and roles of TCs' translation
speed and forcing time in phytoplankton blooms (e.g., Lin et al., 2003;
Setiawan et al., 2021). By using ocean colour remote sensing data, many
studies showed that the cause of blooms in the offshore area is a series of
physical processes, like upwelling, strengthened mixing and entrain-
ment, which all increase sea surface nutrients during the TCs (Chen and
Tang, 2012; Lee et al., 2020; F. Liu and Tang, 2018; Zhao et al., 2008,
2013).

The physical mechanism for the increase in chl-a concentration is
that TC winds induce mixing and upwelling, which bring subsurface

nutrient into the euphotic zone. In addition, TCs-induced increase in chl-
a concentration depends on the amount of subsurface nutrients brought
to the surface by upwelling (Busireddy et al., 2019; Islamiyah et al.,
2023; Lin et al., 2003; Setiawan et al., 2021; Windupranata et al., 2019;
Zhang et al., 2020). The effect of TC Seroja on ocean biophysical vari-
ables has been reported previously by Setiawan et al. (2021), however
the Fujiwhara effect of two TCs Seroja and Odette that merged into
stronger TC and its impacts on the ocean biophysical parameters have
not been studied before. In the case where two typhoons locate close to
each other, it is expected that there are two peaks of negative wind stress
curl that produce strong Ekman upwelling, and an opposite peak of
Ekman downwelling between them. Hence, motivated by previous in-
vestigators cited above, our primary goal is to evaluate the response of
ocean biophysical variables during the interactions between TCs Seroja
and Odette and subsequent merged into a single stronger TC using
remote sensing data.

2. Data and methods
2.1. Study area

The study area is the southeastern of the Indian Ocean (SETIO) re-
gion from 0° to 30°S and from 80°E to 130°E, located between Indonesia
and Australia (Fig. 1). The SETIO region is dynamically complex due to
several oceanic-atmospheric processes occurred in the region such as the
Indonesian throughflow (ITF), oceanic Kelvin and Rossby waves,
oceanic eddies, Madden Julian Oscillation (MJO), monsoon induced
upwelling, Indian Ocean Dipole (IOD), and El Nino-Southern Oscilla-
tions (ENSO). The SETIO region is a junction of Kelvin waves originated
from the equatorial Indian Ocean that propagate along the southern
coasts of the Lesser Sunda Island Chains from Sumatra to Timor, Rossby
waves from the Pacific Ocean that propagate along the western coast of
Papua, and the ITF. In addition, thermocline eddies are known to
develop in this region to add to the complexity of ocean dynamics of the
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Fig. 2. Map of daily wind speed anomaly relative to the 2015-2021 mean (colour) overlaid with wind direction (arrow) from March 30 to April 13, 2021, in the

SETIO region. Black contour lines depict sea level pressure (SLP).

SETIO region.

The region is strongly influenced by the Australia-Indonesia
monsoon system and modulated by IOD and ENSO. In term of the chl-
a concentrations, the monsoonal winds-induced upwelling occurs
along the southern coasts of the Lesser Sunda Island chain, and mostly
concentrate in the south Java-Sumatra during the Austral winter and
modulated by IOD and ENSO (i.e., Susanto et al., 2001; Iskandar et al.,
2022; Mandal et al., 2022). In contrast, the chl-a concentrations in the
deep-sea/open sea region are relatively low. The region is also known as
the center for Indian Ocean tuna hatching (e.g., Nugroho et al., 2023).

2.2. Data

This study used satellite remote sensing data to analyze the changes
in SST, wind speed, and surface chl-a concentration during the inter-
action of TCs Seroja and Odette through the Fujiwhara effect. The wind
stress (z) on the ocean surface and the Ekman Mass Transport (EMT)
were calculated by employing the equation of Hsieh and Boer (1992). To
understand the physical forcing of both TCs, the surface wind data ob-
tained from the Cross-Calibrated Multi-Platform (CCMP) gridded sur-
face vector winds version 2.0 for the period of 30 March-15 April 2021
were analyzed. The CCMP used is a level-3 ocean wind vector products
generated from various satellites, moored buoy, and model wind data.
The dataset can be downloaded from https://www.remss.com/me
asurements/ccmp/ (accessed on September 9, 2021). The surface wind
spatial and temporal resolutions are 0.25° x 0.25° and every six hour,
respectively. The accuracy of the CCMP is higher than the other wind
reanalysis data (Atlas et al., 2011).

To observe the ocean response to TCs, we used the Ocean Surface
Current Analysis-Real Time (OSCAR) data (Bonjean and Lagerloef,
2002). The daily dataset on 1/4° x 1/4° grid were downloaded from
Physical Oceanography Distributed Active Archive Center at the Jet
Propulsion Laboratory of NASA (https://podaac.jpl.nasa.gov/dataset/
OSCAR_L4_OC_third-deg). We also used in situ vertical profiles of tem-
perature and salinity measured by an Argo float to investigate changes in

the ocean vertical structure associated with the passage of the TCs. The
Argo data were obtained from the advanced automatic quality control
Argo Data prepared by the Japan Agency for Marine-Earth Science and
Technology  (http://www.jamstec.go.jp/ARGO/argo_web/argo/?pag
e id=100&lang=en). After checking the quality-control flag of each
profile, we used the data for 0-300 m. We interpolated the profiles
vertically to every 1 m using the Akima spline method (Akima, 1970).
Because a lot of data above 5 m were missing values, we used the values
at 6 m as the top layer.

2.3. Method
To obtained better indication of the upwelling strength, we also

calculated the Ekman Pumping Velocity (EPV) by using the following
formula (Wang and Tang, 2014; Wirasatriya et al., 2020):

T
EPV = —curl, <ﬂ7> (@9)]
where
dr, 01y
curl,(t) = a—;’ % and t = p,CqU%, 2

where 7 is wind stress, p, is the density of air (1.25 kg m~3), py is the
density of seawater (1025 kg m’s), Cg4 is the drag coefficient, Ujy is the
wind speed 10 m above sea level, and f is the Coriolis parameter
(Stewart, 2008). To determine the drag coefficient, we used the
following equations (The, 1988):

1000C; = 1.29for 0 < Ujp < 7.5ms! (3a)

1000C; = 0.8 +0.0065 Uy for 7.5 < Upp < 50 ms™* (3b)

Moreover, the hourly sea level pressure (SLP) data was obtained
from the European Re-analysis (ERA-5) produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) with a grid
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Fig. 3. Map of daily sea surface temperature (SST) anomaly (relative to the 2015-2021 mean) from March 30 to April 13, 2021, in the SETIO region. Red (black)
arrows denote the dominant forcing, which is Ekman pumping (inertial pumping). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

interval of 0.25° (Hersbach et al., 2020). The data are available at https In order to determine the presence and intensity of upwelling, the
://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-sing Optimally Interpolated (OI) SST Remote Sensing System data were
le-levels?tab=overview (accessed on June 3, 2021). The hourly data analyzed (http://www.remss.com/measurements/sea-surface-tem
were averaged into daily data. perature/) (accessed on September 9, 2021). Specifically, the 9 km
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Fig. 4. Map of the daily Ekman Pumping Velocity (EPV) anomaly (relative to the 2015-2021 mean) from March 30 to April 13, 2021, in the SETIO region. A negative
(positive) EPV anomaly indicates upwelling (downwelling).
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Fig. 5. Map of daily surface chlorophyll-a anomaly (relative to the 2015-2021 mean) from March 30 to April 13, 2021, in the SETIO region. Red (black) arrows
denote the dominant forcing, which is Ekman pumping (inertial pumping). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

microwave-infrared OI SST product was utilized to distinguish the SST
responses during the TCs Seroja and Odette events.

The surface chl-a data employed to evaluate the response of the
biomarine indicator in this research is a daily satellite image of the
Himawari-8 Level 3 (https://www.eorc.jaxa.jp/ptree/) (accessed on
June 3, 2021). The image has a spatial resolution of 5 x 5 km and a daily
temporal resolution (Murakami, 2016). The daily surface chl-a data
from 30 March to 13 April 2021 were analyzed to examine the impact of
TCs Seroja and Odette on phytoplankton chl-a concentrations.

To better evaluate the Fujiwhara effect from TCs Seroja and Odette
on the ocean biophysical parameters, the daily anomaly of surface wind
speed, chl-a concentration, SST, and EPV from 30 March to 13 April
2021 were evaluated to represent prior, during, and after the passages of
TCs Seroja and Odette. As a baseline, climatological calculations from
2015 to 2021 were performed. Meanwhile, the daily temperature
anomaly of the ARGO float was defined as the temperature difference
from the mean temperature averaged for 14 March-23 April 2021.

3. Results and discussion

A robust effect of TC Seroja on ocean biophysical variables has been
reported by Setiawan et al. (2021), meanwhile the effect of combination
of the TCs Seroja and Odette on those parameters is examined in this
paper. Fig. 2 reveals the surface wind magnitude superimposed with the
SLP. The low SLP system accompanied the high vortex of surface wind.
The evolution of dual vortex intensified from 30 March 2021 near
western Sumatra and the Savu Sea. On 3 April 2021, TC Odette and TC
Seroja formed over the SETIO region and Savu Sea. The low SLP in the
Savu Sea exhibited an initial westward movement, followed by a rapid
change in direction towards the southwest on the 6th and 7th of April.
During 8-9 April, the low SLP in the Savu Sea began to interact with
another tropical low SLP from western Sumatra. These two TCs inter-
acted through the Fujiwara effect from 7 to 11 April 2021. TC combi-
nation of vortex took a sharp turn towards the southeast and began to

accelerate towards the western Australian coast on 9 April. The system
further intensified into a severe TC. It weakened on 12 April as it moved
further inland and disappeared on 13 April.

Figure 2 illustrates a notable wind anomaly (> 8 m s~ 1) observed in
the SETIO region. Under normal condition, the transitional phase of the
Australia-Indonesia monsoon (March-April) in the SETIO region does
not support the occurrence of strong wind, SST depression, and phyto-
plankton bloom. Nevertheless, it is evident that there is a significant SST
anomaly observed in the Savu Sea. This anomaly is characterized by a
notable decrease in SST, reaching up to 3 °C, which commenced on 3
April, coinciding with the occurrence of intense vortex surface winds
and low SLP (Fig. 3). Ocean surface of the Savu Sea experienced this
situation until 5 April. The vortex surface winds and low SLP moved
southwestward towards the Indian Ocean on 6 April.

The position of TC Seroja center (Fig. 2) and cold SST center (Fig. 3)
was similar during TC development, i.e. from 3 to 5 April 2021. Because
of the proximity of the TC center to the oceanic response, this suggests
that the dominant forcing for the SST depression and perhaps the chl-a
maxima (no chl-a data due to cloud cover) in the Savu Sea during the
period was Ekman pumping (Suzuki et al., 2011). Positive and negative
EPVs indicate a strong downwelling and upwelling process, respectively
(Fig. 4). Significant upwelling processes were identified during 2-4 April
2021 in the western Sumatra waters and the Savu Sea. The influence of
EPV on the Savu Sea vanished from 7 April, but SST depression still
appeared in the sea until 12 April (as denoted by red arrows in Fig. 3).
Significant chl-a anomalies (> 0.1 mg m~>) persisted in the Savu Sea
from 7 April to 13 April 2021 (denoted by black arrows in Fig. 5). This
may simply because the ocean response was delayed by several days.
The chl-a anomalies would partly be explained by the effect of oceanic
inertial pumping. As shown in Suzuki et al. (2011), the inertial pumping
becomes dominant in the case of a fast-moving TC and in such case
upwelling maximum appears behind the TC center.

TC Odette and TC Seroja interacted and then merged during 7-9
April 2021, forming the Fujiwhara effect (Fig. 2). There were two
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Fig. 6. Snapshots of the estimated ocean surface current (10 m depth) of OSCAR data for 5-10 April 2021. Red and blue circles depict the centres of TC Seroja and TC
Odette. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

prominent cold SST cores that occurred during 9-13 April resulting from
the two TCs, as shown by black and red arrows in Fig. 3. It is likely that
the responsible forcing for these cold SST cores was distinct, i.e. the
inertial pumping (Ekman pumping) may have played a major role in the
black (red) arrow cold SST core during 9-10 April. Meanwhile, the in-
ertial pumping probably was the dominant forcing for the cores of cold
SST and of chl-a maxima (Fig. 5) from 11 to 13 April 2021 (denoted by
black arrows) due to the position of the cores behind the TC centers.

A critical feature in understanding ocean primary productivity is
surface chl-a variability. The lack of chl-a data in the site was primarily
attributed to the presence of cloud cover over the area. We hypothesized
that the observed increase in chl-a concentration was caused by pro-
nounced Ekman pumping and inertial pumping, which significantly
elevated the nutricline and thermocline in the open ocean. Although the
missing data hinder the chl-a variations during the two passages of the
TCs (Fig. 5), the persistent two peaks of cold SST and the positive chl-a
anomalies are consistent with that the Ekman pumping and the inertial
pumping served as the primary driving force for the observed ocean
responses.

Ocean response to the two TCs under the Fujiwhara effect would
show a complex pattern due to different processes of Ekman pumping
and inertial pumping. In case two TCs move clockwise around an area,
two Ekman upwelling and a downwelling between them is expected, as a
response to wind stress curl between the two TCS. On April 6, patches of
positive EPV anomalies (downwelling) around 14°S, 111°E were formed
between the two TCs (Fig. 4). From 7 to 9 April, the two TCs interacted
and merged with each other moving clockwise around the region (15°-

16°S, 108°-111°E) as an indication of the typical Fujiwhara effect
(Figs. 1 and 6). For the three days, Positive EPV anomalies between the
two TCs were not significant. Rather, positive EPV anomalies were
noticeable behind the moving TC Seroja. Ocean surface currents during
the period when the TCs were under the Fujiwhara effect (7-9 April)
were characterized by two clockwise circulations, or cyclonic eddies,
around the center of the TCs (Fig. 6). The circulations were well
observed just prior to the TCs's merge on 9 April as the west of the TC
Odette center around 15°S, 109°E and around the TC Seroja center. The
region between the two TCs was almost stationary (around 15°-16°S,
109°-111°E) over the three days. The region is expected to be a deep-
ening of the thermocline due to Ekman downwelling and convergence of
surface currents. In the region, weak positive SST anomalies persisted
before the approach and after the passage of the TCs from April 6 to 13
(Fig. 3). The chl-a response is less significant than the SST, but at least no
positive chl-a peak occurred, and weak but negative chl-a anomalies
were observed on 11 April (Fig. 5). These complex patterns of SST and
chl-a anomalies are likely the indication of the ocean response to two
TCs under Fujiwhara effect.

Finally, we examined the ocean vertical structure before and after
the passage of the TCs by an Argo float (No. 2902789) that nearly stayed
around the two TCs. The Argo floats provided profiles about every 10
days during the March-April 2019, enabled us to observe ocean condi-
tions before, during, and after the TC passages (Fig. 7). Here, tempera-
ture anomalies were defined as the temperature difference from the
mean temperature averaged over the period shown in the Fig. 7. The
temperature profiles from the Argo float demonstrate significant rise
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Fig. 7. (a) Observation points of an Argo float (No. 2902789) during 14 March-
23 April 2021. (b) Temperature profiles observed by the Argo float. (c) As in
Fig. 7b, but for the temperature anomalies. The anomalies were defined as the
temperature difference from the mean temperature averaged for 14 March-23
April 2021.

(>20 m) of the top thermocline from April 3 to 13 (Fig. 7b). This would
be an upwelling consistent with the basic ocean response under a TC
passage. The Argo float probably missed the subsurface downwelling
expected from the Fujiwhara effect because the location (around 14.6°S,
106°E) is west of the region that is the center of the Fujiwhara effect and
probably observed primarily Ekman pumping.

Present report is probably the first example showing ocean responses
to two TCs under the Fujiwhara effect in the Indian Ocean. Although we
were unable to show the ocean structure beneath the positive SST and
weak chl-a anomalies between the two TCs, we believe that these
observational data in the surface and sub-surface ocean presented here
will provide useful information for future numerical modeling studies.

4. Conclusions

The present work revealed that the Ekman pumping and inertial
pumping may have played a dominant role for the ocean biophysical
variables in response to the interaction between dual TC Seroja and TC
Odette that merged into a single stronger TC, which is known as the
Fujiwhara effect. When the core positions of TC and of cold SST and chl-
a maxima are distinct, the dominant process for the cooling and the
bloom is likely the inertial pumping. In contrast, our results suggest that
when the TC core, cold SST, and chl-a maxima are close to each other the
dominant process is Ekman pumping. Further research is needed to
determine how ocean vertical structure develops between the TCs and
their two upwelling peaks under the Fujiwhara effect. Understanding
the dominant mechanism induced by this rare event in this area is
essential for improving the knowledge of ocean and climate dynamics in
the southeastern tropical Indian Ocean region, particularly in the
southeastern of Indian Ocean to the west of Australia.
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