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ARTICLE INFO ABSTRACT
Keywords: Dramatic and quick drop in sea surface temperature (SST) of more than 10°C is what distinguishes an extreme
Extreme upwelling upwelling event (EUE) in the seas of Alor Kecil, Alor Island, Indonesia. The minimum SST due to extreme up-

Alor island

Thermal infrared senSor
Unmanned aerial vehicle (UAV)
Indonesian throughflow (ITF)

welling can reach 12°C, making this the sole phenomenon in the world because no tropical seas have such cold
SST. EUE occurs solely along the Mulut Kumbang Strait, which is 300 m wide and 900 m long. This phenomenon
only occurs at spring tides from August to November, lasting about one hour each time. We were able to expose
detailed characteristics of SST distribution throughout the peak and fading stages of EUE from 1 to 4 September
2023 using thermal infrared sensors placed on the Unmanned Aerial Vehicle. During EUE, the SST distribution
also reveals the complex current pattern distribution. The minimum SST during the peak of EUE is 12°C.
Northward flood current brings cold water from the deeper layer in front of the strait mouth into the strait, where
it meets the southward background current, which is probably related to Indonesian Throughflow (ITF), forming
a strong SST front in the strait’s northern portion. The SST differential between two water masses in the front
area exceeds 5°C, making this one of the strongest SST fronts in the world. The flood current also transports
warm surface water from the Pantar Strait, creating warm water plume among the relatively cold water masses
within the strait. During EUE decay, combined ebb and background currents generate a strong, warmed
southerly current that drives cold water back to the deep layer in front of the strait mouth. This study indicates
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the new insight of the interaction between the global scale circulation as represented by ITF and local scale tidal
current that generate EUE in the seas of Alor Kecil.

1. Introduction

Upwelling refers to the process of rising water masses from deeper
water columns to the surface over a relatively long period of time
(several days to several weeks) so that it is able to lift the water masses in
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a vertical distance of 100 m or more (Kampf and Chapman, 2016). The
mechanism of coastal upwelling involves the role of surface wind
blowing along the coastline that generates offshore Ekman transport.
This process brings cold water masses to the sea surface that reduces sea
surface temperature (SST) by 2-4° along the coastal line (e.g.,
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Fig. 1. Mulut Kumbang Strait; the location of the Extreme Upwelling Event. The blue dashed line denotes the UAV’s flying track. Green, white, and blue dots denote
the positions of the temperature loggers, tide logger, and ADCP, respectively. Bathymetry data was taken from single- beam echosounder described in Wirasatriya

et al. (2023).
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Table 1
Specification of cameras mounted on the Mavic 2 Enterprise Advanced.

Specification Description

Thermal Infrared (TIR) Camera
Sensor
Focal Length

Uncooled VOx Microbolometer

Approx. 9 mm; 35 mm format equivalent: Approx.
38 mm

640 x 512 @30 Hz

Measurement: +2°C or +2 %, whichever is
greater.

—20 °C to 150 °C (High Gain)

—20 °C to 450 °C (Low Gain)

Sensor Resolution
Accuracy of Thermal

Temperature
Scene Range

Digital Zoom 16 x
Pixel Pitch 12 pm
Spectral Band 8-14 pm
Photo Format R-JPEG
Video Format MP4
Metering Method Spot Meter, Area Measurement
FFC Auto/Manual
Visual RGB Camera
Sensor 1/2” CMOS, Effective Pixels: 48 M
Lens FOV: 84°
35 mm format equivalent: 24 mm
Aperture: £/2.8
Focus: 1 m to o
ISO Range Video: 100-12800 (auto)
Photos: 100-1600 (auto)
Digital Zoom 32 x
Max Image Size 8000 x 6000

Still Photography Modes Single shotInterval: 2/3/5/7/10/15/20/30/60 s
Panorama: Sphere

3840 x 2160@30fps

1920 x 1080@30fps

JPEG

MP4

Video Resolution

Photo Format
Video Format

Source: https://enterprise.dji.com/mavic-2-enterprise-advanced/specs

Wirasatriya et al., 2019a; 2020; Setiawan et al.; 2019; 2020).

In the seas of Alor Kecil, Alor Island, Indonesia, there is an extreme
upwelling event (EUE) that is characterized by a drastic SST drop
reaching more than 10°C in a short time (Wirasatriya et al., 2023). Using
continuous observation measurements, Wirasatriya et al. (2023) found
the minimum SST due to EUE can reach 12°C, which makes this the only
phenomenon in the world because none of the tropical areas has such
cold SST. This phenomenon differs from the typical coastal upwelling in
that it is tide-driven.

It only occurs monthly during spring tide for 1-3 days in August to
November, twice a day following the local tidal type, with a duration of
approximately 1 h in each event. EUE occurrence is also localized along

Regional Studies in Marine Science 90 (2025) 104451

the narrow strait, 300 m wide and 900 m long, called Mulut Kumbang
Strait, separating Alor Kecil Village and Kepa Island (Fig. 1). During
spring tide, flood (ebb) current brings the cold water entering (exiting)
the strait (Wirasatriya et al., 2023).

Although the temporal distribution of EUE has been investigated by
Wirasatriya et al. (2023), its spatial distribution remains unresolved.
The medium resolution of satellite images with ~1-4 km spatial reso-
lution, like the Advanced Very High-Resolution Radiometer (AVHRR)
onboard the National Oceanic and Atmospheric Administration (NOAA)
Satellite, Moderate Imaging Sensor (MODIS) onboard the Terra and
Aqua satellites, and Geostationary Satellite Himawari, fails to capture
the signal of EUE due to the small area coverage of EUE (Wirasatriya
et al., 2023). High-resolution images like Landsat images also missed
capturing the EUE due to low temporal resolution (i.e., 14 days). Even if
the Landsat image’s passing date is the same as the occurrence date of
EUE, Wirasatriya et al. (2023) cannot capture the EUE due to the
different acquisition timing between the satellite and EUE occurrence.
Furthermore, the infrared radiometer onboard the satellite also has
limitations in detecting SST in cloudy conditions. In the present status of
satellite development, the detection of EUE using satellite measurement
is impossible due to the absence of high spatial resolution of thermal
infrared sensor onboard geostationary satellite that can observe at least
hour by hour of SST fluctuation in a small-scale area.

In the present study, we provide aerial photos with the thermal
infrared sensors mounted on the Unmanned Aerial Vehicle (UAV) during
the EUE in the Mulut Kumbang Strait. Thus, this becomes the first study
that reveals the spatial distribution of extremely cold SST, which is less
than 15°C, in the tropics. Furthermore, the thermal aerial photos also
managed to indicate the complex current pattern distribution during
EUE.

2. Instruments and method
2.1. Instrument

The main instrument for investigating the spatial distribution of EUE
in the seas of Alor Kecil is the thermal camera mounted on the DJI Mavic
2 Enterprise Advanced. The Mavic 2 Enterprise Advanced features a dual
high-resolution RGB sensor and radiometric thermal camera system. The
RGB camera was used to produce the high-resolution image for the base
map. Table 1 present the detailed specifications of cameras mounted on
the Mavic 2 Enterprise Advanced.

We deployed two temperature loggers, HOBO Pendant MX 2201, at
0.5 m depth attached at the floats for thermal camera validation. The
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Fig. 2. Acquisition time of UAV images in September 2023 overlaid with temperature and tidal data obtained from HOBO U20L-01.
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Fig. 3. Flowchart of thermal image acquisition and processing.
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Fig. 4. Example of adjusting temperature scale of thermal photo using DJI Thermal Analysis Tool 3.

position of these temperature loggers can be seen in Fig. 1. Furthermore,
water level logger HOBO U20L-01 was also deployed at Alor Kecil Pier
(Fig. 1) to see the relationship between temperature and tide during
EUE. We also use an upward-looking Teledyne RDI Workhorse Sentinel
(WHS) 300 KHz Acoustic Doppler Current Profiler (ADCP) to get an idea
of the current pattern during EUE. This is done at a depth of about 16 m
and a measurement interval of 1 m in the Mulut Kumbang Strait (Fig. 1).

2.2. Method

For revealing the spatial distribution of EUE, we investigated the
EUEs occurring on 1-5 September 2023, as shown in Fig. 2. Fig. 2 shows
the acquisition time for UAV images overlaid with temperature and tidal
data from the HOBO U20L-01 logger. Unfortunately, HOBO U20L-01
was deployed on 2 September 2023 at 19:00, thus there is no data
before that. Overall, the temperature of nighttime EUE is lower than
daytime EUE. The minimum temperatures during nighttime (daytime)
EUE are around ~12°C (~13°C). The minimum temperature is 12.69 °C,
occurred during nighttime on 4 September 2023 at 02:40 AM. We

managed to capture 8 EUE cases; seven cases were taken during flood
tide, and one case was taken during the beginning of the ebb tide that
represent the peaks and the decay stages of EUE. Noting that, the time
base presented in this paper is local time (WITA local time = UTC +8).

The procedures for thermal image acquisition and processing are
schematically described in Fig. 3. First, we prepared the DJI Mavic 2
Enterprise Advanced flying route as shown in Fig. 1. Aerial photo
acquisition was taken at 120 m height with manual flight operation and
the oblique shooting method. The oblique shooting method was applied
to save time with a wider scanning area to deal with the rapid changes of
SSTs during EUEs. The acquisition process for all EUE cases used an
intervalometer technique with an interval of 3 s. This method allows the
UAV to take photos automatically every 3 s. It needed 10-15 min to
capture the area along the Mulut Kumbang Strait during EUE.

The captured thermal aerial photos were automatically adjusted in
the scale of temperature by the DJI Mavic 2 Enterprise Advanced,
depending on the captured temperature objects, which made the tem-
perature ranges different among photos. DJI Thermal Analysis Tool 3
software was used for all to synchronize the temperature ranges among
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Fig. 5. Example of the mosaicking and geometric correction process of thermal photos on 4 September 2023.
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Fig. 6. Validation result of brightness temperature vs. in-situ SST. Dashed and
solid lines denote the regression and y = x lines, respectively.

photos to make sure that all photos have the exact same temperature
range. Fig. 4 shows an example of the adjusting process of the temper-
ature scale. In the original photos, the temperature range of the left and
right figures are 13°C - 25.9°C and 12.3°C - 26.6°C. Using DJI Thermal
Analysis Tool 3, the temperature ranges for both images are adjusted
into 13°C-25°C. All adjusted photos were then saved in JPEG format.
This step is important before mosaicking thermal photos for each EUE
event.

The mosaicking process of thermal photos data into a complete aerial
photo image covering Mulut Kumbang Strait in one file was conducted
by firstly selecting the photos. As seen in Fig. 5, we used only 6 thermal
photos to construct a merged thermal photo of daytime EUE on 4
September 2023. The mosaicking process used Adobe Photoshop soft-
ware with blending mode. This manual process was chosen because the
automatic thermal orthomosaic process, as shown by Sedano-Cibrian
et al. (2022), was not possible due to the complex SST pattern in the
thermal photos. The mosaicked images were then exported in TIFF
format for conducting geometric correction using ArcGIS 10.6 software.
This process briefly provides coordinates for the photo that we have
processed so that it has a geographical reference and it can be put pre-
cisely within the study area. The example of the mosaicking process
until geometric correction is shown in Fig. 5. The final step was map
layout by adding necessary map attributes to produce the thermal map
for each EUE case in JPEG format. The final spatial resolution of the
thermal map is 38 cm.

In addition, we also managed to take a video to record the decay
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Fig. 7. Spatial distribution of BT during daytime EUE on 1 September 2023. White and red circles denote the position of the lowest temperature, i.e., 18°C, and the

warm area inside the small bay, respectively.

process of EUE on 5 September 2023 at around 04:00. The video was
taken at the mouth of Mulut Kumbang Strait at a fixed position.
Considering the timing and distance of the southward propagation of the
warm water, this video is helpful to estimate the propagation speed of
warm water during the decay of EUE.

3. Result
3.1. Validation

Before conducting the analysis of the spatial distribution of EUE, the
thermal photos obtained from DJI Mavic 2 Enterprise Advanced have
been validated by in-situ measurements. The validation result is shown
in Fig. 6. Since we did not perform any emissivity corrections, the
thermal images collected by the UAV’s infrared sensor are referred to as
the brightness temperature (BT) instead of the actual SST. BT has a bias
and root mean square error (RMSE) of 2.3°C and 2.6°C, respectively.
Fig. 6 shows that BT has a systematic error to overestimate the in-situ
SST by about 2.6°C. The error is smaller toward the higher tempera-
ture. Thus, since we use the original BT value sensed by the UAV sensor,
the actual SST during the cold EUE may be lower than the BT as pre-
sented in this study. However, this accuracy is still acceptable since it
matches with the accuracy provided by DJI factory, i.e., around 2°C, as
shown in Table 1.

3.2. Spatial distribution of brightness temperature during the peak of EUE
in the Seas of Alor Kecil

The spatial distribution of BT during the peak of EUEs is analyzed on
daily basis from 1 to 4 September 2023 (Figs. 7-10). The first day of EUE

in September 2023 occurred on 1 September 2023. However, our
observation missed the nighttime EUE on September 1, 2023, at 01:00.
The spatial distribution of daytime EUE on 1 September 2023 is pre-
sented in Fig. 7. The emergence of cold BT from the southern strait
mouth to the north serves as a marker for the EUE occurrence.

However, since this is the first day of EUE, the minimum BT is only
18°C, which is denoted by a white circle. The warm water still dominates
and occupies more than half of the strait. Nevertheless, cold water mass
can penetrate further northward at the east side of the strait since the
existence of a pier blocks the southward warm water movement
(Fig. 7b). Red dots along the strait indicate the appearance of boats. The
spatial distribution of BT on the first day of EUE indicates the existence
of a northward flood current that pumps up and brings cold water mass
entering the strait and the existence of a southward current that brings
warm water mass to the strait. The confluence of both water masses
creates a temperature front that clearly separates the warm and cold BT,
Furthermore, Fig. 7 also shows that there is a sheltered area inside the
small bay (red circle) that keeps the water warm.

The spatial distribution of BT in the second day of EUEs is presented
in Fig. 8. EUEs have reached their peaks as denoted by the minimum
temperatures that are less than 15°C. Minimum BT for nighttime and
daytime EUEs are 12°C and 14°C, respectively. The northward advec-
tion of cold-water mass is clearly seen in both EUEs, which occupy
almost all study areas. The penetration of cold-water mass mostly comes
from the eastern side of the strait mouth. The small bay (red arrow in
Fig. 7) still keeps the warm water mass, as also shown in the first day of
EUE. Warm water plumes appear in the mouth strait for both cases,
indicating that the northward flood currents entering the strait do not
only bring the cold-water mass from the subsurface but also warm sur-
face water from the southern Pantar Strait. The strong flood current
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Hovmoller diagram of the meridional component of current obtained from
ADCP on 2-3 October 2023. Negative and positive values denote southward
and northward currents, respectively. The position of HOBO U20L-01 and
ADCP can be seen in Fig. 1.

pushes cold water mass around 1.5-2 km away from the strait mouth,
replacing the warm water mass along the strait. This makes temperature
fronts clearly seen at the northern part of the study area. Furthermore,
the strong flood current forces the warm southward current to flow only
along the northeastern fringe of the strait. Again, Alor Kecil Pier still
plays a role in blocking and deflecting the warm southward current,
creating a southward warm water tongue in both cases. With the tem-
perature of 27°C, warm water tongue for daytime EUE is more obvious
than nighttime EUE, which only reaches 16°C.

The spatial pattern of BT distribution of EUEs on 3 and 4 September
2023 (Figs. 9 and 10) is similar to EUE on 2 September 2023 (Fig. 8).
Northward warm water plumes at the strait mouth exist for all cases. The
nighttime EUEs have slightly lower minimum temperatures than day-
time EUEs. This is probably due to the absence of solar heating during
nighttime that makes the background temperature during nighttime
lower than during daytime. Heat input from solar radiation increases
SST during daytime (e.g., Ali, 1989; Alfarizi et al., 2023; Wirasatriya
et al., 2019b). On the daytime of 4 September 2023, the northward
warm water plume starts to fade, which indicates that the EUE has
passed its peak. The mixing of warmer water plume and colder EUE
water causes the background temperature during daytime on 4
September 2024 to be lower than the background temperature during
nighttime.

The spatial distribution of all EUEs on 1-4 September 2023 confirms
that the northward propagation of cold-water mass can reach 1.5-2 km
away from the strait mouth, creating a strong BT front in the northern
part of the strait. Comparing with bathymetry data in Fig. 1, the cold
water propagation of all EUE cases follows a thalweg, the deepest path of
channel in the Mulut Kumbang Strait, which is deeper than 20 m. This
supports Wirasatriya et al. (2023) finding regarding the significance of
bathymetry in the propagation of cold water mass. Fig. 7 of Wirasatriya
et al. (2023) revealed the existence of a channel where the flood current
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Fig. 14. a) The deflection of the southward warm water tongue due to the
existence of a pier on 3 September 2023, 12:47, and b) Northward (white dashed lines)
and southward (black dashed line) currents OTl 2 September 2023, 13:08, ¢) Brightness temperature
distribution without EUE on 26 October 2022, 19:44, captured by a thermal camera onboard the UAV

DJI Mavic 2 Enterprise Advanced.

during spring tide transports the cold water mass from the deep basin at
the southern part of Alor Kecil waters directly to the Mulut Kumbang
Strait following the thalweg. In addition, the appearance of warm water
spots in the small bay (red circle in Fig. 7) is also detected in all cases
with different magnitudes. The southward warm water tongues due to
the deflection effect of the pier also appear in both daytime and night-
time EUEs.

To confirm the southward warm water tongue, we placed an ADCP
on the path of this warm water tongue (Fig. 1) at ~16 m depth during
EUE on 2-3 October 2023. Fig. 11 plots the meridional component of
current at the path of the warm water tongue. It is clearly seen that the
current profile is dominated by the southward current, both for the
condition of flood and ebb tides. During ebb tide, the southward current

10
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speed ranges from 1 m/s to 2 m/s. During flood tide, northward currents
are slightly detected among the weak southward currents. The weak
southward currents are evident for the warm water tongue during EUEs.
Furthermore, there is also no difference in current profiles among the
depth layers, which indicates that the warm water tongue not only ap-
pears in the surface layer but also for the whole water column.

3.3. Spatial distribution of BT during the decay of EUE in the Seas of Alor
Kecil

In the last day of EUE occurrence in the seas of Alor Kecil, we
managed to capture the BT distribution during the decay of EUE in the
beginning of the ebb tide (Fig. 12a). Strong southward ebb current
brings the warm water, replacing the cold-water mass along the strait.
Interestingly, despite the ebb current moving southward, the cold BT
does not spread out off the strait mouth.

As a result, we can still make out the appearance of cold water sur-
rounding warm water at the strait mouth’s northern and southern sides.
This indicates that the ebb current may push cold water mass back to the
deeper water column through a channel in front of the strait mouth that
is described by Wirasatriya et al. (2023). This fact emphasizes the crucial
role of a channel as a path for cold water mass to transport from the deep
basin to Mulut Kumbang Strait and vice versa.

Luckily, during the decay stage of EUE on 5 September 2023, we also
managed to capture a video that can be used for estimating the propa-
gation speed of the warm water. Fig. 12b shows the positions of the edge
of warm water at 00:38.69 min and 01:16.34 min. With the distance
between the edges of ~50 m and the duration of 37.65 s, the southward
propagation of warm water mass is about 1.33 m/s. This value matches
the speed of the ebb current measured by ADCP as shown in Fig. 11.

3.4. Discussion

The application of the UAV-mounted TIR sensors for the detection of
cold water phenomena in the ocean was mostly conducted for investi-
gating the characteristics of freshwater springs along the coastline (e.g.,
Lee et al., 2016; Oberle et al., 2022; Savonitto et al., 2022). They can
detect the appearance of a freshwater plume off the spring from the
indication of colder SST captured by the TIR sensor. In the present study,
the spatial distribution of BT obtained from TIR sensors mounted on
UAUVs firstly reveals the detailed features of EUE in the seas of Alor Kecil
during its peak and decay stages. We extended the findings in Wirasa-
triya et al. (2023), who indicate the only occurrence of EUE along the
Mulut Kumbang Strait by using a limited number of temperature log-
gers, i.e., two units deployed inside and two units outside the strait. We
found that the propagation of cold-water mass during the peak of EUE
does not only spread along the Mulut Kumbang Strait but also reaches
far to the north, up to 1 km from the tip end of the strait, where we can
find the strong temperature front.

The appearance of a strong temperature front also becomes an
interesting point that should be highlighted in the present study. SST
front represents a boundary area between two stratified water masses in
the ocean and coastal area (Belkin and Cornillon, 2003; Lin et al., 2019;
Lukman et al., 2022; Ullman and Cornillon, 1999). It has a positive
correlation with the occurrence of cooler SST at the coastal area, which
is susceptible to upwelling, river runoff, and rainfall (Kahru et al., 2012;
Olaya et al., 2021; Daulay et al., 2019; Lan et al., 2009). In the global
ocean, the Kuroshio-Oyashio transition area becomes one of the areas
with the existence of a strong SST front. Shimada et al. (2005) reported
that the maximum magnitude of SST front in this area is around
0.3°C/km. At its southern part, the subtropical Pacific front also exists
with the weaker magnitude, i.e., around 0.01°C/km (Qiu and Kawa-
mura, 2012). Within the Indonesian Seas, Bahiyah et al. (2023) found
that during the extreme positive IOD in 2019, a massive SST front
anomaly was formed in the northern tip of Sumatra waters with the
magnitude of 0.2°C/km. On a smaller scale, a strong SST front is found in
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Fig. 15. Schematic figures of SST and current pattern during a) the peak and b) the decay of EUE in the seas of Alor Kecil. The dashed black lines denote SST fronts.

the Seto Inland Sea, Japan, during summer. With a width of about 5 km,
SST changes by 2 °C in the Seto Inland Sea (Kida et al., 2015).

During the occurrence of EUE in the Mulut Kumbang Strait, it is easy
to find the appearance of a strong SST front, as denoted by the tem-
perature difference between 2 water masses, which can reach more than
5°C. Fig. 13 shows the example of maximum and minimum BT between
the two water masses in the northern tip of EUE and in the small bay (red
circle in Fig. 7a) during nighttime EUE on 4 September 2023. The
maximum (minimum) temperature along the training line in the
northern tip of EUE is 24.4°C (15.6°C). This means that the temperature
difference between the two water masses is 8.8°C. In another case, the
temperature difference between two water masses in the small bay is
8.4°C, with the maximum (minimum) temperature of 23.3°C (14.9°C).
These temperature differences are not comparable with the SST front
magnitude in the Kurosio-Oyasio transition area, the sub-tropical Pacific
front, the tip of Sumatra Waters, and the Seto Inland Sea, Japan. Thus,
the occurrence of extreme upwelling events in the seas of Alor Kecil
forms an extreme SST front, which may become one of the strongest SST
fronts in the world.

The detail BT feature presented in this study also reveals the complex
current pattern during EUE. Based on the finding that changes in tide
and temperature are related, Wirasatriya et al. (2023) said that flood
tide (ebb tide) may bring in (bring out) the cold water mass through the
process of tidal sloshing, which is the movement of water back and forth,
during the growth (decay) of EUE. The present study managed to cap-
ture the spatial characteristics of flood and ebb currents during the peak
and decay of EUE. The northward flood current clearly brings a cold
water mass entering the strait, while the southward warm ebb current
pushes back the cold-water mass to the deep layer in front of the strait
mouth. One interesting feature found in this analysis is the southward
current, which exists not only during ebb tide but also during the flood
tide. This indicates that there is a background current that always flows
southward in the seas of Alor Kecil. In the peak of EUE, the southward
current creates a warm water tongue due to its interaction with the pier
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(Fig. 14a). Fig. 14b also shows the appearance of a warm southward
current between the cold northward current at different angles. This
southward current may correspond to the Indonesian Throughflow (ITF)
that most of the time flows southward. In the normal condition, or
without EUE occurrence, the cold northward current and warm south-
ward current disappear, and the temperature along the strait is relatively
uniform, ranging from 26°C to 28°C (Fig. 14c).

ITF is the only pathway for inter-ocean exchange in the tropics that
connects the Pacific and Indian Oceans (i.e., Gordon and Fine, 1996).
Regional and remote forcing from the Pacific and Indian Oceans, which
create a pressure gradient as a result of the two oceans’ different sea
levels—higher in the Pacific and lower in the Indian Ocean—regulate
the ITF (Wyrtki, 1987; Susanto and Song, 2015; Sprintall et al., 2019).
There are three main exits of ITF before reaching the Indian Ocean, i.e.,
the Lombok Strait, the Ombai Strait, and the Timor Passage (see Fig. 1
for the location) (e.g., Gordon et al., 2010; Susanto et al., 2016; Sprintall
et al., 2009). Recently, Susanto et al. (2021) found that the Alas Strait,
which is located between Lombok Island and Sumbawa Island, serves a
double role in the total ITF transport into the Indian Ocean: its south-
ward flow enhances the total ITF during the boreal summer and reduces
the total ITF during the boreal winter. The persistent southward current
in the seas of Alor Kecil indicates that Mulut Kumbang Strait, or Pantar
Strait in general, may also be one of the exit paths of ITF. The ITF
flowing in the seas of Alor Kecil becomes the background current that
always brings warm water mass during both flood and ebb tide condi-
tions. During flood (ebb) tide conditions, tidal current flows northward
against (southward in accordance with) the ITF. Thus, we hypothesize
that for the generation of EUE in the seas of Alor Kecil, northward flood
current should be strong enough to beat the southward ITF. This may
also become the reason why EUE does not occur monthly. The physical
mechanism of EUE can be further investigated by deploying long-term
ADCP and conducting a numerical model simulation to find the clear
relation between tidal current and baroclinic current, such as ITF (e.g.,
Yang et al., 2018, Cui et al., 2021) in the seas of Alor Kecil to prove this
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hypothesis. This task is left for future study.

Lastly, we emphasize that through thermal infrared sensor mounted
at UAV, we managed to reveal the spatial distribution of EUE in the seas
of Alor Kecil. However, our results are mostly based on the descriptive
analysis on the UAV imageries due to the software limitation of DJI
thermal analysis tool 3 that only can process the thermal images in JPEG
format. For future work, raster analysis should be performed to access
pixel by pixel of brightness temperature value of EUE. Thus, the complex
temperature pattern during EUE can be evaluated qualitatively using
digital image processing and statistical analysis.

4. Conclusion

Aerial photos with the thermal infrared sensors mounted on the
unmanned aerial vehicle reveals the spatial distribution of EUE in the
seas of Alor Kecil. The detail feature of SST and current pattern during
the peak and decay of EUE is summarized in schematic figure as shown
in Fig. 15. During the peak of EUE, northward flood current brings cold
water from the deeper layer in front of the strait mouth entering the
strait and meets southward ITF, creating a strong SST front in the
northern part of the strait. The flood current also brings the warm sur-
face water from the Pantar Strait, forming the warm water plume among
the cold-water masses inside the strait. In the northeastern part, a warm
southward current penetrates far and creates a warm water tongue due
to the deflection of a pier. During the decay of EUE, ebb current and ITF
collide, creating a strong warm southward current that pushes the cold
water back to the deep layer in front of the strait mouth. The spatial
distribution of EUE as revealed by thermal infrared sensor mounted at
UAV indicates the new insight of the interaction between the global
scale circulation as represented by ITF and local scale tidal current that
generate EUE in the seas of Alor Kecil, Alor Island, Indonesia.
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