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RESEARCH ARTICLE

Application of Unmanned Aerial VehicleeBased
Infrared Images in Determining Characteristics of Sea
Surface Temperature Distribution

Hsing-Yu Wang a, Hui-Ming Fang b, Yun-Chih Chiang c,*

a Department of Shipping Technology, College of Maritime, National Kaohsiung University of Science and Technology, Taiwan
b Bachelor Degree Program in Ocean Engineering and Technology, National Taiwan Ocean University, Taiwan
c Center for General Education, Tzu Chi University, Taiwan

Abstract

This study investigated the temperature field of a body of water by using rotary-wing unmanned aerial vehicles (DJI
Mavic 2 Enterprise Dual) comprising visible light and infrared cameras to determine sea temperature distribution. With
a flight height of 150 metres, image overlap of 80%, and image resolution of 4.75 cm/pixel, the proposed method was
more effective than the conventional portable conductivityetemperatureedepth device in rapidly measuring sea surface
temperature and determining sea temperature distribution. The discharged heated water of the Hoping Power Plant
traveled 100e330 metres from the wastewater outfall and then gradually diffused in the range of 100e490 metres before
reaching a similar temperature to the background sea temperature. The diffusion of the thermal plume was mainly
affected by regional marine meteorological conditions.

Keywords: UAV, Infrared camera, Temperature diffusion, Heated water discharge

1. Introduction

W ater temperature is an indicator of the
ecological environment. The diffusion of

heated water discharge in waters surrounding
wastewater outfalls is a major task in the hydrologic
surveillance of power plants and a widely
researched topic for scientists and engineers [1e6].
The cycle in which water is drawn in by a power
plant as cooling water, discharged after being
heated by generators, and then diffused into the sea
is strongly affected by the currents, salinity, and
tides of the marine environment in which this cycle
takes place. The investigation of heated water
discharge serves two purposes: to allow power
plants to determine whether a rise in temperature in
a body of water is within regulations and to provide
scientific evidence to evaluate the effects of heated

water discharge on adjacent bodies of water [7e10].
Generally, heated cooling water is discharged in the
form of surface discharge through a outfall. After
the heated water is discharged into the sea in the
form of surface discharge, depending on its kinetic
properties, the transportation and diffusion of the
discharge can be assessed using a near-field or far-
field model. A near-field model is primarily used in
cases of a buoyancy effect occurring near a waste-
water outfall, which is caused by the difference in
density between the discharged heated water
(driven by initial momentum) and the water in the
environment as well as the convection effect be-
tween the discharged heated water and cold
seawater. In the far-field model, because the
movement of the discharged heated water is
affected by the water in the environment, diffusion,
and surface cooling, the heat from the discharged
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water dissipates primarily through convective flows.
Therefore, this model mainly addresses convection
and diffusion because the influence of initial mo-
mentum and the buoyancy effect decreases with
distance. Because the diffusion of heated water can
change the spatial distribution of bodies of water,
observing the spatial distribution of bodies of water
around wastewater outfalls is critical in the moni-
toring of nearshore ecology [11e13].
Sea temperature monitoring mainly involves the

use of anchored buoys (Eulerian-type) to measure
the temperature at fixed locations or portable
conductivityetemperatureedepth (CTD) devices to
monitor water temperature diffusion [14e16]. Fac-
tors such as operational costs, procedural concerns,
and time constraints can make the rapid moni-
toring of a specific area challenging. Temperature
fields in the sea are mainly monitored using images
and data from remote sensing satellites, which are
corrected and verified using empirical formulas or
simulations based on data measured in situ
[17e22]. The limited scale of these images prevents
satellite remote sensing from adequately reflecting
local changes in a specific area. By contrast, aerial
photogrammetry with unmanned aerial vehicles
(UAVs) is a low-cost process and involves a low
flight altitude, offering high operational efficiency
and high mobility. This approach is highly devel-
oped; most UAVs currently in use are equipped
with a global positioning system (GPS), an inertial
measurement unit (IMU), and an autopilot mode,
which simplifies control and effectively reduces
operator errors. These features enable UAVs to
capture high-precision images and record the
locational information of these images, which
greatly increases the credibility of the measure-
ment data.
The problem of discharged heated water is related

to energy transmission, which differs from that of
other types of pollution (e.g., organic and inorganic
compounds) [23e25]. To determine whether tem-
perature changes caused by heated water dis-
charged from a power plant affect the environment,
the nearshore diffusion of discharged heated water
and the associated rise in temperature must be
monitored. Both governments and power plants are
responsible for ensuring that discharged heated
water complies with all relevant standards. Rule 7,
No. 2, of the Water Pollution Control Act of the
Environmental Protection Agency of Taiwan's Ex-
ecutive Yuan is the discharge standard, which states
that discharge water must be directly discharged
into the ocean and that the temperature of the
discharge outlet shall not exceed 42 �C and be
within 500 metres of the discharge outlet and the

temperature difference of the surface water shall not
exceed 4 �C. Infrared cameras are widely used in the
field of temperature measurement because of their
noncontact measurement method, wide tempera-
ture sensing range, measurement results that can be
verified, low power consumption, portability, and
other advantages. However, because of the influ-
ence of measurement distance on the accuracy of
infrared cameras, their measurement accuracy does
not meet high-precision requirements, thus limiting
the scope of application of the instrument. The use
of external configuration or analysis methods, such
as those assessing related factors, can effectively
reduce the effects of measurement distance on
infrared camera accuracy, which can expand the
scope of their application. The use of infrared
cameras to measure heat transfer between convec-
tive flows has proved highly effective in measuring
the surface thermal flux of a complex-shaped object
in a flow field [23-28]. However, the water
temperature distribution obtained through either
satellite images or UAV infrared cameras only in-
dicates the temperature distribution on the surface
of the sea. Therefore, to understand the extent of the
impact of cooling water discharge on the sea area,
this study investigates the local temperature field of
the water body. UAVs with onboard infrared cam-
eras were used to measure the temperatures of an
area in the sea, and the data were verified through
comparison with data obtained in situ. Through this
approach, we developed a method that rapidly
generated data on a maritime temperature field,
including the temperature distribution at the sur-
face of the sea, the range of heated water diffusion,
and temperature changes.

2. Materials and methods

2.1. UAV photogrammetry

UAV photogrammetry, a type of aerial survey
technology, is a remote sensing technique in which
instrument-carrying UAVs capture a series of im-
ages of a target from the air. The instrument can be
a camera, video camera, or sensor, and the images
provide information regarding the shape, location,
or other attributes of a target for additional appli-
cations. Aerial triangulation principles are applied
in the aerial survey. First, tie points (or pass points)
appearing in a series of images of an area are
measured. Then, a spatial coordinate system based
on data collected in situ from control points on the
ground is added to convert the data in the aerial
images into numerous three-dimensional co-
ordinates for further analysis. A collinearity
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equation forms the basis of aerial survey. By
assuming a straight line (O-a-A) between a target in
the coordinate system of the object space (the real
world), the image of the target in the coordinate
system of the image space, and the center of the
photograph (camera's perspective center) in the
coordinate system of the object (Fig. 1), the rela-
tionship between the coordinate system of the
image space and that of the object space can be
established, as in (1).

xa�x0¼�f
m11ðXA�XLÞþm12ðYA�YLÞþm13ðZA�ZLÞ
m31ðXA�XLÞþm32ðYA�YLÞþm33ðZA�ZLÞ

ya�y0¼�f
m21ðXA�XLÞþm22ðYA�YLÞþm23ðZA�ZLÞ
m31ðXA�XLÞþm32ðYA�YLÞþm33ðZA�ZLÞ

ð1Þ
In (1), xa and ya are the coordinates of image

point a in the coordinate system of the image space;
x0 and y0 are the coordinates of the principal point
(PP) in the fiducial coordinate system, which
represent the displacement of the PP relative to the
fiducial center; f is the focal length of the camera,
which is also the principal distance of the image;
XA ; YA ; ZA are the target's coordinates in the
coordinate system of the object space; XL ; YL ; ZL

are the coordinates of the camera's perspective
center in the coordinate system of the object space;
and m11 �m33 are elements that constitute rotation
matrix m and consist of the UAV's rotation (attitude)
parameters, as shown in (2).

Because the target point, the corresponding point
in the image, and the center of the image (the
camera's perspective center) must form a straight
line, the light beam method can be applied for aerial
triangulation. In this method, each image is used as
a basic adjustment calculation unit; each photo
taken by the camera constitutes a light beam, and
the intersections of two or more light beams are

used to connect multiple images into an area for
adjustment calculation. In bundle adjustment using
the light beam method, interior orientation param-
eters, exterior orientation parameters, and lens
distortion are substituted into the aerial triangula-
tion equation as constants. Therefore, when self-
calibration bundle adjustment (“bundle adjustment
with added parameters”) is performed, interior
orientation parameters, exterior orientation param-
eters, and lens distortion should be considered
unknown values and calculated accordingly to
improve the accuracy of the adjustment results.
Interior orientation parameters refer to the relative

positions of the camera's perspective center and the
image plane within the camera. The interior orien-
tation parameters of the typical nonmetric cameras
on UAVs are usually unknown or less stable than
those of metric cameras specially designed for
photogrammetric purposes. Therefore, they should
be calculated and calibrated to help correct the offset
in images. The flight path (including latitude, longi-
tude, and flight height) recorded by GPS systems,
which are installed on most UAVs, can serve as a
reference for the interior orientation parameters. Six
exterior orientation parameters are used: spatial co-
ordinates X ; Y ; Z and rotation angles (attitude
parameters)u ; 4 ; k . Theseparameters describe a
UAV's position (i.e., the camera's perspective center)
and the attitude, which indicate the location and
angle from which an image is captured. Direct
georeferencing technology can be integrated with

three-dimensional coordinates (providedbyonboard
GPS) and angular deflection and acceleration values
on three axes (measured by onboard IMU) to accu-
rately calibrate a UAV's position, flight path, and
attitude, thereby making exterior orientation pa-
rameters directly available and greatly reducing the
time and workload required for image generation
through conventional aerial photogrammetry.

m¼

2
664
m11 m12 m13

m21 m22 m23

m31 m23 m33

3
775

¼

2
664

cos4cosk cosusinkþ sinusin4cosk sinusink� cosusin4cosk

�cos4cosk cosucosk� sinusin4sink sinucoskþ cosusin4sink

sin4 �sinucos4 cosucos4

3
775

ð2Þ
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2.2. Image calibration

Out of mobility and economic considerations, the
DJI Mavic 2 Enterprise Dual rotary-wing drone was
selected (Fig. 2). Table 1 presents its specifications.
The drone carries a visible light camera and an
infrared camera, is light and portable, and can be
folded and stored in a box. It has a maximum flight
time of 31 minutes and a maximum signal trans-
mission range of 8 km. It can reach an elevation of
6000 metres and is equipped with an omnidirec-
tional sensor, an intelligent obstacle avoidance
module, and an advanced pilot assistance system,
which enables it to automatically plan its flight
path. However, because it uses a nonmetric cam-
era, image calibration must be performed in
advance to obtain the interior orientation parame-
ters. We used the method proposed in [2,29], and a

30 � 24 cm2 aluminum board consisting of
6 � 6 cm2 grids in a checkered pattern heated by a
lamp was used as the calibration target (Fig. 3).
After the aluminum board was heated by a lamp
placed behind it, its covered and uncovered parts
appeared as a checkerboard through the infrared
camera, making the calibration points clearly
discernable. Then, the DJI Mavic 2 Enterprise Dual
drone was used to capture images of the aluminum
board from various angles with the onboard
infrared thermal camera. The images were then
imported to an image calibration program for
further calibration. Figs. 4e6 present the results.

2.3. Photogrammetry flight planning

In the design of a flight route, battery life and
imagery overlap must be considered. The applica-
tion of aerial surveying to overlapping areas is
mainly for better image matching and combination.
For the end lap, to achieve better image matching
and combination results for adjacent images on the
route, the recommended imagery overlap rate is
80%. For the side lap, to prevent line spacing from
being affected by flight deviation angles, altitude
changes, or terrain changes, the recommended im-
agery overlap rate is more than 30%, which prevents
image combination errors. An end lap of 80% and a
side lap of 30% or more are recommended to ach-
ieve a favorable three-dimensional image match
and image mosaic results. Fig. 7(a) and (3) and
present the concept and formula for the end lap,
respectively. In (3), B represents the distance from

Fig. 1. Diagram of the collinearity equation (modified from that presented in [26]).

Fig. 2. DJI Mavic 2 Enterprise Dual drone.
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the center of one image to that of the next (i.e., the
air base), and G represents the length on the ground
covered by each image. The overlapping area
covered by two consecutive images is the end lap.
Fig. 7(b) and (4) present the concept and formula for
the side lap, respectively. The two flight routes have
an interval of W (“flight line spacing”), and each
image covers the length G. The overlapping area
covered by the two consecutive images is the side
lap.

PE¼
�
G� B
G

�
� 100ð%Þ ð3Þ

PS¼
�
G�W

G

�
� 100ð%Þ ð4Þ

In (3) and (4), PE and PS denote end lap and
side lap (unit: %), respectively; G represents the
length covered by one image; B represents the air
base; and W represents the flight line spacing. In
addition to image overlap, the relationship between
ground sample distance (GSD) and flight height
must be considered. As shown in Fig. 8, light beams
reflected by objects on the ground travel the dis-
tance of the flight height (AGL), pass through the
lens, and continue to travel the distance of the focal
length to form an image on the imaging component
of the camera. Therefore, the ratio of GSD to ground
horizontal distance and the ratio of GSD to flight
height must be calculated according to the resolu-
tion of the imaging component, as shown in (5).

Pixel Size
Focal Length

¼GSD
AGL

ð5Þ

The number of images, image overlap, and
camera range can be used to estimate total flight
time (excluding the time for take-off and the return
trip), which can then be used to estimate operational
requirements.

3. Results and discussion

3.1. Overview of the experimental site

To verify the accuracy of the infrared sea tem-
perature measurements, we selected a site that
allowed the simultaneous collection of marine
meteorological data, including temperature, wind
force, and current. The information published by
Taiwan's Environmental Protection Agency was

Fig. 3. Calibration target consisting of an aluminum board in a
checkered pattern and a lamp.

Table 1. Specifications of DJI Mavic 2 Enterprise Dual drone and its onboard infrared thermal camera.

Take-off weight (max.) Lens Dimensions (L £ W £ H)
1100 g Angle of view: 57�(HFOV) Folded: 214 � 91 � 84 mm

Aperture: f=1:1 Unfolded: 322 � 242 � 84 mm
Resolution Diagonal length Pixel pitch
160*120 354 mm 12 mm
Detectable wavelength Descending speed (max.) Image size
8-14 mm 3 m/s 640 � 480 (4:3); 640 � 360 (16:9)
Climb rate (max.) Speed in level flight (max.) a Camera modes
5 m/s (S mode); 72 km/h (S mode); Single shot;
4 m/s (P mode) 50 km/h (P mode) Burst: 3/5/7 shots;

Time lapse: 2/3/5/7/10/15/20/30/60 s
Flight elevation (max.) Image resolution Flight time (max.) b

6000 m 640*360@8.7fps 31 min
Precision in temperature sensing c Wind speed (max.) Dynamic range
High gain mode: 5% maximum Beaufort force 5 High gain mode: �10e140 �C
Low gain mode: 10% maximum Low gain mode: �10e400 �C
GNSS Image format Video format
GPS þ GLONASS JPEG MP4

MOV(MPEG-4 AVC/H.264)
a Measured at sea level under windless conditions.
b Under windless conditions and a constant speed of 25 km/h.
c Typical values.
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referenced, and a suitable site was identified near
Hoping, Hualien. The Hoping Power Plant draws
seawater from Hoping harbor, transfers heat unable
to be converted into electricity to the water, and
then discharges the water back into the sea after it

has been heated. This creates thermal plumes and
water temperature diffusion in the waters around
the plant, making the region ideal for this study. The
area within 500 m of the plant's wastewater outfall
was marked as the experimental site (the red line in

Fig. 4. Relative position of the camera in spatial coordinate system.

Fig. 5. Mean reprojection error per image (0.39 pixels).
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Fig. 9), and the research team collected data and
conducted in situ measurements to verify the ability
of the proposed temperature measurement method
to accurately present surface layer temperature
distribution and diffusion. To satisfy the photo-
grammetric requirements and maintain the power
consumption level of the UAV at one battery per
one-way trip, the single S mode was selected as the
route mode, with the end lap and side lap both set at
80% (Table 2 and Fig. 10).

3.2. Thermal imager temperature calibration

The longitude and latitude readings recorded by
the UAV's compass and those of the images' centers

were used to translate the images to corresponding
longitudes and latitudes for image synthesis.
Throughout the image synthesis process, the ther-
mal imaging results were unified to set a tempera-
ture threshold, and then, a grayscale comparison
was performed. After setting the upper and lower
temperature limits for the thermal imaging result,
we set the grid cell of the image synthesis to obtain
the temperature distribution results of the whole
range. Image synthesis application could then be
carried out. Fig. 11 presents the image synthesis
application results, which were overlaid onto a
Google Earth map of the coastline shown in the
image. The temperature distributions in the area
were then analyzed.

Fig. 6. Mean pixel shift after calibration.

Fig. 7. End lap and side lap.
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To determine the accuracy of the infrared sea
temperature measurements, a test flight was per-
formed from 21:00, October 13, to 18:00, October 14,
2019, and the measurements taken during the test
flight were compared with those published in the
Biological Survey of Waters Near Hoping Power
Plant for calibration. The report did not contain
readings for the area 500 m from the waste water
outfall because the instruments at Stations T1
(121.77470�, 24.31065�) and T3 (121.76903�,
24.30062�), which were deployed 500 m from the
outfall, were missing. Consequently, the readings
from Station T2 (121.77297�, 24.30574�), which was
deployed 250 m from the outfall, were used as the

control data. Because regional meteorological con-
ditions can cause the properties of discharged
heated water to vary at different times of day, we
referenced the tidal prediction chart of the Central
Weather Bureau and took infrared images at high
tide, slack tide, and low tide. Fig. 12 presents the
results of the comparison; the blue line represents
the water temperature measured in situ, the red line
represents the infrared temperature measurements,
and the green line represents the difference be-
tween the two. The results indicate that the infrared
readings were lower than those measured in situ by
approximately 2.4 �C. This difference can be attrib-
uted to the high humidity at the experimental site,
which caused absorption of the infrared radiation,
causing the discrepancy.

3.3. Experimental results and discussion

This study used UAVs with infrared cameras to
measure sea temperature and identified the tem-
perature distribution at the surface of the sea, the
range of heated water diffusion, and temperature
changes. The parameters were calibrated on
October 14, 2019, and the UAV-based infrared im-
ages of the surface seawater were taken between
19:00, February 19, and 14:00, February 21, 2020.
Fig. 13 presents the resulting images taken during
12 time periods. The timing of this experiment
coincided with an instrument deployment operation
by the Biological Survey of Waters Near Hoping
Power Plant (beginning at 12:00, February 20, 2020).
Therefore, the results of this experiment are pre-
sented together with data on sea currents to

Fig. 8. Relationship between ground sample distance and flight height.

Fig. 9. Experimental site near Hoping, Hualien.
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determine the effect of the surface flow field in
addition to the range of heated water diffusion.
The land and sea are clearly demarcated in the

images because the temperature of the land was
heavily affected by sunlight. The image from 19:46,
February 19, 2020, was taken during a northeasterly
wind of 2.27 m/s, and the thermal plume moved
south along the shore for some distance before
turning to the northeast; its jet reached as far as
330 m south of the wastewater outfall. Diffusion
began at 140 m southeast of the wastewater outfall.
The thermal plume was affected by the wind at this
point and began to diffuse toward the northeast.
The image from 22:26, February 19, 2020, was taken
during a northwesterly wind of 5.25 m/s, when the
sea was warm. The thermal plume moved south
covering some distance before beginning to diffuse
toward the northeast. The jet of the thermal plume
reached 160 m southeast of the wastewater outfall.
The image from 02:01, February 20, 2020, was taken
during a northwesterly wind of 2.51 m/s. The ther-
mal plume moved southeast before turning north-
east and beginning to diffuse under the influence of
the wind. The jet of the thermal plume reached
140 m southeast of the wastewater outfall. The
image from 05:01, February 20, 2020, was taken
during a northwesterly wind of 0.71 m/s, and the sea
surface exhibited a high mean temperature during
this time. The jet of the thermal plume reached
140 m southeast of the wastewater outfall before

turning northeast and beginning to diffuse. How-
ever, the range of diffusion was not clear, and by the
time the thermal plume reached 100 m northeast of
the tip of the jet, its temperature was approaching
the background value. The image from 07:50,
February 20, 2020, was taken during a northwesterly
wind of 3.5 m/s, and the effect of sunlight was highly
pronounced at this time. The temperature of the
land was increasing, and although the temperature
at sea (the background value) was high, the jet of the
thermal plume and its direction and distance of
diffusion were discernable; it reached 150 m south-
east of the wastewater outfall before beginning to
diffuse toward the northeast under the influence of
the growing wind. The image from 10:00, February
20, 2020, was taken during a northerly wind of
0.74 m/s, and the temperature of the land during
this time was extremely high. Because the wind had
subsided, the diffusion began more quickly than it
had previously; the jet of the thermal plume began
to diffuse toward the northeast at 130 m southeast of
the wastewater outfall.
The proceeding results were generated by

considering the effect of the sea currents. The image
from 17:30, February 20, 2020, was taken during a
northwesterly wind of 2.89 m/s, which shows that
and the thermal plume moved 240 m southeast
before beginning to diffuse toward the northeast.
The sea current observed in situ at that time moved
toward the northwest at a flow rate of 0.1 m/s on the
surface. The image is consistent with the in situ
observation in that the flow mainly went from the
northwest of the tip of the jet toward the northeast.
In the image taken at 19:30, February 20, 2020, the
wind turned west by westenorthwest and decreased
to 0.82 m/s, the jet of the thermal plume reached

Fig. 10. Planned flight route.

Table 2. UAV flight plan.

Flight
height

Flight
time

Number of
images

End lap and
side lap

Image
resolution

150 m 1001200 109 p 80% 4.75 cm/pixel
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approximately 180 m southeast of the wastewater
outfall, and diffusion occurred mainly toward the
northeast. The sea current observed in situ moved
toward the northeast at a flow rate of 0.27 m/s on the
surface. The image is consistent with in situ obser-
vations despite the weak flow rate. The image from
23:00, February 20, 2020, was taken during a north-
westerly wind of 2.82 m/s, and the jet of the thermal
plume reached approximately 220 m southeast of
the wastewater outfall before beginning to diffuse
toward the northeast. The sea current observed in
situ moved toward the northeast at a weak flow rate
of 0.08 m/s on the surface. The image indicates that
the range of diffusion was small. The image from
02:36, February 20, 2021, was taken during a north-
westerly wind of 1.05 m/s, and the tip of the jet of
the thermal plume reached 140 m east of the
wastewater outfall. The sea current observed in situ
moved toward the northeast at a high flow rate of
0.60 m/s on the surface. The image is consistent with
in situ observations in that the direction of diffusion
matched that of the observed flow direction, and the

larger diffusion distance reflected the higher flow
rate. In the image taken at 10:50, February 20, 2021,
the wind turned northeast and the speed increased
to 2.89 m/s, and the tip of the jet of the thermal
plume reached 100 m east of the wastewater outfall.
The sea current observed in situ moved toward the
north at a slightly low flow rate of 0.45 m/s on the
surface. The image is consistent with in situ obser-
vations in that the direction of the flow matched that
of the diffusion, but the range of diffusion did not
differ from that of the previous one noticeably. The
image from 13:50, February 20, 2021, was taken
during a northeasterly wind of 4.75 m/s, and the tip
of the jet of the thermal plume reached 110 m east of
the wastewater outfall. The sea current observed in
situ moved toward the northeast at a weak flow rate
of 0.14 m/s on the surface. The image is consistent
with in situ observations in that the direction of the
flow matched that of the diffusion, but the range of
diffusion was shorter than before.
The jet of the thermal plume observed through

infrared imaging traveled 100e330m, the direction of
the thermal plume approximatelymatched that of the
wind and the sea current, and themeandistance from
the thermal plume to the comparable background sea
temperature was 100e490 m. The infrared images
were compared with the sea temperature at 1 m un-
derwater reported by the Biological Survey for the
Waters Near Hoping Power Plant, which was
measured on February 21, 2020, by using a portable
CTD (Fig. 14). The comparison revealed that the
thermal plume diffused primarily toward the south-
east and partially toward the northeast. The range of
southeastward diffusion was within 500 m of the
wastewater outfall. Furthermore, the results from the
infrared images captured using the UAVs were
consistent with the in situ measurements, which in-
dicates that UAV-based photogrammetry is an
effective strategy for the investigation of sea surface
temperature distribution.

Fig. 11. Synthesized infrared image of experimental site.

Fig. 12. Comparison of temperature readings.
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Fig. 13. Results from the unmanned aerial vehicleebased infrared camera.

JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2023;31:13e25 23



4. Conclusion

This study used rotary-wing UAVs carrying dual
cameras to capture infrared images of an area
500 m in diameter for 12 min with a flight height of
150 m, an image overlap of 80%, and an image
resolution of 4.75 cm/pixel. Compared with the
conventional method, which involves measuring
sea temperature at selected points, the method
proposed by this study allows rapid measurement
of the surface temperature of a nearshore area,
determination of its temperature distribution, and
monitoring of its temperature diffusion. The results
indicate that the discharged heated water traveled
100e330 m from the wastewater outfall and grad-
ually diffused at a range of 100e490 m until
reaching a temperature close to the background sea
temperature. Infrared images were captured
consecutively for 24 hours to determine the natural
environment's effect on the diffusion of discharged
heated water, and the results suggest that infrared
images taken in the early morning or between dusk
and night yield better results than those taken at
noon. This is primarily because sunlight causes
reflection off the surface of the water, which

produces noise in infrared images that affects data
analysis. Generally, the diffusion of thermal
plumes is affected by regional marine meteoro-
logical conditions. This study proposed a novel
approach to observing sea temperature diffusion.
However, the frequency of observation was not
sufficient to accurately reflect the characteristics of
sea temperature distribution. Future studies can
increase the frequency of observation and apply
statistical methods in comparison with data
measured in situ to obtain more accurate data. In
addition, numerical models can be used in such
comparisons for more comprehensive research.
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