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At a coastal station near the southern coast of Korea, the vertical profiles of temperature
salinity dissolved oxygen and velocity were obtained using a vertical profiler, Aqualog,
every summer from 2016 to 2020. At the site, fishing activity was not allowed, and it was
possible to maintain the profiler continuously and stably. It was set to travel every one
or 2 h for two to 4 months. Thus, we were able to observe the variations of the water
properties from hourly to monthly scales. The sensors were contaminated much less
than we expected, and the data could be used without correction at least for our coastal
applications. The main phenomena we observed are tides, coastal warming, fresh water,
and responses to typhoons. On the daily time scale, the most prominent phenomenon
is semi-diurnal tides, with which the thickness and temperature of coastal warm waters
changed. The warm water also showed fluctuations between 10 and 15 days. The
data also revealed that the tide showed strong seasonality. In summer, when the water
is strongly stratified, the tidal current is baroclinic, while in winter, when the water is
well mixed, the current is barotropic. Responses to typhoon induced winds were rather
complicated. In one case, increase in the upper mixed layer was observed. The thick
mixed layer disappeared in about a day due to advection. In another case the upper
mixed layer became thinner, while the wind became stronger due the advection of the
offshore water. Hydrographic observations conducted every 2 months, of course, or
point measurement at a surface buoy could not show such continuous changes. More
and more local fishermen are showing interest in oceanographic information, and data
from the profiler could be of much use to them.

Keywords: coastal mooring, Aqualog, vertical profiling system, coastal warming, typhoon

INTRODUCTION

Many socio-economic activities are actively taking place on coastal areas, and it is important to
understand and predict coastal environments (Rixen et al., 2009). However, since phenomena of
various spatiotemporal scales appear, neither coastal observation nor prediction is easy (Weller
etal., 2019). To obtain time series buoy systems could be used. One could install diverse sensors to
a buoy to obtain diverse time series, but data are from the depths at which the sensors are installed.
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FIGURE 1 | Map of study area (Image: Google Earth, accessed 29 March, 2021). The numbers in the inserted panel are for hydrographic stations used in Figure 8
for comparison.

A profiling system is an instrument that is designed to measure
the vertical structure of a water column at a fixed time interval.
Broadly speaking there are two types of profiling systems
(Carlson et al., 2013). One is an underwater winch installed to
a bottom mooring (Forrester et al., 1997; Von Alt et al., 1997).
The winch pays out a profiling buoy in which diverse sensors
are attached for a predetermined distance at predetermined times
using the positive buoyancy of the buoy. The winch then winds
the line back to the starting point with torque. By installing
a winch to a surface buoy or a structure, a similar profiling
system could be constructed (Dunne et al., 2002; Kolding and
Sagstad, 2013). Another type of profiling system is based on
a taut mooring line maintained by a subsurface buoy and a
weight. In this type, a carrier in which instruments are attached
travels along the line at a predetermined interval. With a
profiling system of this type, Aqualog (Ostrovskii et al., 2010,
2013; Ostrovskii and Zatsepin, 2011; Fayman et al., 2019), we
have been monitoring southern coastal water of Korea since
2016 (Figure 1).

Maintaining a mooring system at a coastal area is challenging
because of high fishing activity and rapid contamination,
although the data from the system is useful to the local
fisheries. At our observation site fishing activity is not allowed
and it has been possible to maintain the system continuously
and stably. Our two attempts at other sites prior to 2016
could not be continued more than 2 weeks due to fishing
activities. In 2016, the system was maintained from summer
to winter, and it was possible to quantify bio-fouling, which
turned out to be less than what we expected. Although the

site is about two kilometers away from the coast, there is
no river, and the data from the site represent more of open
ocean waters than local coastal waters. With the profiling
system that collected data every one or 2 h, we were able
to observe tides, coastal warm water events, and responses to
typhoons. There were expected structures such as dominance
of the semi-diurnal tide as well as unexpected features such
as strong baroclinicity in tidal currents during summer daily
variation in the thickness of warm water. Here, we mainly
focus on our experience with the system rather than the
dynamics of the phenomena. The profiler has not always
been working perfectly, and the proper working condition
is also explained.

PROFILING SYSTEM AND
OBSERVATION

The southern coast areas of Korea are heavily populated
with aquafarms and fishing equipment and vessels. Thus,
oceanographic data obtained in these areas could be of much
use to local fisheries (Chang et al., 2020), but for the same
reason it is not easy to maintain a mooring system. There,
however, is a small area, the Tongyoung Marine Living Resources
Station, reserved only for scientific research activity by the
Korean Government (Figure 1). Since any commercial fishing
activity is not allowed there, we have been maintaining a
profiling system safely and continuously since 2016. The station
is approximately two kilometers away from a pier and easily
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FIGURE 2 | Design of the profiling system.

accessible by a small boat. In addition, at the station that is
constructed over a barge one can prepare instruments and
download the data. This facility has helped us to maintain
the mooring system easily. The proximity to a pier was at
the same time was a concern because the data may just
show local coastal water, rather than open water, properties.

As we explain later, this turned out not to be the case.
Previously we deployed a profiling system near an island in
the East Sea. It did not take a week before the instrument
entangled with traps installed by a local shrimp fisherman
and damaged. Even a system deployed in a protected area
in open water it did not take more than 2 weeks before
being destroyed, presumably by fishing gear. In this particular
case, a profiling system using an underwater winch, which is
considered safer because the line was not in water except during
profiling, was used.

The design of the profiling system is shown in Figure 2.
A profiling carrier manufactured by the Aqualog Ltd., Aqualog
(Ostrovskii et al., 2010), is used. It traverses vertically with
an average speed of 0.25 m/s at predetermined time along
a taut mooring line between the subsurface buoy and the
anchor. Sensors such as Conductivity-Temperature-Depth
(CTD) and Acoustic Doppler Current Profiler (ADCP)
can be installed to the Aqualog. The utilized sensors are
listed in Table 1. The ADCP installed to the profiler
did not have an Inertial Measurement Unit (IMU), and
unfortunately did not produce high quality data. There
was another ADCP, Nortek Aquadopp 400 kHz current
profiler, mounted to the subsurface buoy and produced
stable current data. Of course one could obtain continuous
velocity profiles using any ADCP installed on a buoy, but
not continuous vertical profiles of temperature and salinity.
The total weight of Aqualog was adjusted to have neutral
buoyancy in a water tank to reduce battery consumption.
One magnet, a limiter, is installed below the subsurface
buoy and another above the anchor to limit the vertical
range of the carrier. At predetermined times, the carrier
starts to ascent from the parking depth. Upon touching the
upper limiter, the carrier starts to descend while making
measurement. On reaching the lower limiter, the carrier
goes to sleep mode until the next profiling. Although the
ADCP did not produce good data while the carrier was
moving, it produced good data at the parking depth. The
profiler is designed to travel about 100 km with 24 alkaline
batteries. Typically, during our 2-month-long deployment, it
traveled 80~90 km.

From August 2016 to October 2020, there were five
deployments. During Deployment I, which lasted for about
7 months, there were five Segments and four maintenances
during which the battery and mooring line were replaced and
the carrier was cleaned. During Deployments II and III, there
were two segments and one maintenance. From Deployments
I through III, it was found that during winter and spring
the water was relatively homogeneous, and Deployments IV
and V were conducted only during summer without any
maintenance, while increasing the sampling interval from
one to 2 h. Since this area has been used as a test bed,
once in a while the mooring system became entangled
with other instrument and the profiling system did not
work properly. After Deployment IV, we found that the
shaft and pulley of the motor in the carrier were corroded
and replaced them. To collaborate or coordinate with other
mooring systems deployed into the area, the profiling system
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TABLE 1 | Summary of deployments.

Deployment Period Interval (hr) Profiling range (m) Sensors Mean subsurface buoy depth (m)
| 2016. 08. 04 ~ 2016. 08. 24 1 15.98-40.18 SBE 19plus, RINKO3 14.64
2016. 08. 25 ~ 2016. 10. 10 7.47-39.30 6.13
2016. 10. 12 ~ 2016. 11. 22 6.61-37.29 5.96
2016. 11. 24 ~ 2017. 01. 19 9.22-39.17 8.37
2017.01.24 ~2017.03. 14 7.156-39.51 5.94
I 2017.07.21 ~2017. 09. 21 1 6.25-36.74 SBE 52MP, SBE 5.50
2017.09. 22 ~2017.12. 28 6.90-41.65 43F 6.25
1l 2018. 07.24 ~2018.09. 18 2 6.79-41.14 5.80
2018.09. 19 ~ 2018. 12. 12 4.90-41.98 4.57
IV 2019. 07. 12 ~ 2019. 10. 10 2 7.63-39.99 6.38
V 2020. 06. 26 ~ 2020. 10. 21 8.05-41.56 7.48

FIGURE 3 | Biofouling and cleaning.

was not always kept the same location, as depicted in buoy and the profiler after 2-month-long deployment are shown.

Figure 1.

BIOFOULING AND CLEANING

The subsurface buoy that was placed about 5 meters below the
surface was contaminated more than the profiler. The line was
clean because the profiler moved regularly. The inside of the
profiler was also contaminated. These organisms were removed
on site by water jets, and if necessary the system was moored

Since this coastal area is highly productive, biofouling was a again. Even though the profiler was parked 5 m above the bottom,
major concern. In Figure 3, the conditions of the subsurface there were sediments inside the carrier due to the tidal currents.
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FIGURE 4 | Data from the profiling system (A) temperature, (B) salinity, (C) dissolved oxygen, and (D) zonal, u, and (E) meridional velocity, v, from the Aquadopp
installed to the subsurface buoy. The solid line in (D) is pressure from the Aquadopp and shows the depth of the subsurface buoy.
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As explained later biofouling, however, did not degrade the CTD
data, at least for our coastal applications.

RESULTS

In Figure 4, the data collected during Deployment I are displayed.
The prominent signals are tide and coastal warm/fresh water
events as explained more in detail later. Since mid-September the
amount of the fresh water from the Yangtze River decreased, and
the salinity was increased. The area had been hit by typhoons
a few times and the responses of the water to the typhoons
were also recorded. From November 1 to late November, there
was not enough battery power, and the profiler stopped. We
miscalculated the remaining battery life, and did not replace the
battery pack during the maintenance. During Segment 1, due to
security concern the subsurface buoy was placed rather deep and
the profile stopped at 15 m below the surface. During the first
maintenance, the subsurface buoy was raised to about 5 m and
the profile was obtained up to about 8 m.

Under a strong flow, the mooring line could be drooped so
that the profiler may not be able to move properly. Between

August 4, 2016 and March 11, 2017 there were five of such
events. Using pressure data from the ADCP installed at the
subsurface buoy, the angle between the mooring line and the
vertical line was estimated during those events (Figure 5).
It was found that when the angle was less than about 22
degrees or the ambient current was 0.6 m/s, the profiler worked
properly. If the angel was less than 20 degrees, the profiler
worked properly even at higher speed, as suggested by the
manufacturer. Even after the mooring line became vertical,
it took several cycles for the profiler to function properly
probably again due to the misalignment between the rollers
and the mooring line. Since the surface current is stronger it
is more likely to have this problem as the subsurface buoy
was raised.

Validation of Data

Since the instruments were deployed more than 6 months, the
quality of the data must be verified first. Temperature and salinity
were verified by comparing with the hydrographic observations
made just before the deployments of the mooring system in
Figure 6. Temperature showed an offset of about 0.02 but not
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FIGURE 5 | Range for profiling.

A Aug 29, 2016 B Nov 24, 2016 C Jan 24, 2017
Salinity (psu) Salinity (psu) Salinity (psu)
30 31 32 33 34 33 33.233.433.633.834 33 33.233.433.633.834
o [0.018 0022 o [ 0049 0.027 0 0.017 " 0.083
10 00 10
£ ! :
. = 1 ]
v 1 1
o ! i
30 300 30
40 40 40
16 18 20 22 24 26 28 16 16.5 17 17.5 10 10.5 11 11.5
Temperature (°C) Temperature (°C) Temperature (°C)

FIGURE 6 | Comparisons of temperature and salinity from the profiler and hydrographic data on three different days on (A) August 29, 2016, which is 25 days,

(B) November 24, 2016, 112 days, and (C) January 24, 2017, 173 days after the first deployment. The dashed line is for the profiler and the solid one for the
hydrographic observations. The numbers in the figure represent the difference between the two within upper mixed layer in each case. The time difference between
the profiler and the hydrographic cast is less than 1.5 h in all three.
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FIGURE 7 | Dissolved oxygen (shading) and temperature (contours) from (A) the profiler and (B) daily hydrographic casts made at the research station. The time

a drift. Salinity, however, was reduced by approximately 0.01
psu/month. This is highly productive costal area and we were
expecting rather rapid contamination but it was less than what
we expected. The profiler was parked below euphotic zone and
must therefore be contaminated less than expected. The drift was
rather linear and could be corrected using the hydrographic data.
This amount of drift would be substantial for an open ocean and
must be corrected (Ando et al., 2005), but in this coastal area it
was much smaller compared to the daily or seasonal changes in
salinity and the correction was not made. Instead we calibrate the
sensor once a year, typically.

Using another CTD, SBE19plus equipped with SBE43F
dissolved oxygen, daily hydrographic casts were also conducted
at the research station from August 26, 2016 to September 9, and
compared with DO from the profiler as shown in Figure 7. In
general, the two data sets are consistent. DO data from other
period is within a comparable range except for winters when
air-sea interaction was active, and we can conclude that the DO
sensor installed to the profiler was not contaminated seriously.
One interesting feature from the data is that temperature and

DO are positively correlated. At the particular site a warm water
event is not causing hypoxia on the contrary to common belief.
The cause and the structure of the warm water will be reported in
a separate paper.

The site is close to a pier and easily accessible, but at the
same is too close to the coast so that the data may just show
local properties. There is no river around the site that is located
over the headland. Thus it is rather unlikely that our data just
show local structure. To verify our assumption, in Figure 8
the data from the profiler shown in Figure 4 are compared
with hydrographic data taken by the Korea Oceanographic Data
Center (KODC, 2017) at stations shown in Figure 1, 206-00,
206-01 and 206-02 which are 15, 26, and 41 km away from
the mooring site, respectively. Except for the relatively salty
(>34 psu) affected by Tsushima Warm Current water (Hyun
et al,, 1996; Pang et al., 1996) found further offshore, the
profiler captured the warm and fresh upper and subsurface water
found in the southern part of the Korea. The cold and salty
winter coastal water was also well observed during Segment
5 (green dots).
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FIGURE 8 | T-S diagrams using data (A) from Deployment |, and hydrographic data from (B) KODC 206-00, (C) KODC 206-01, and (D) KODC 206-02 sites shown
in Figure 1. The different colors in (A) represent different segments during Deployment I.

Tide

As in other southern Korean coastal areas (Teague et al., 2001)
the most dominant signal from the current is M, followed
by S, and then Kj, as well as from the pressure obtained at
the subsurface buoy. In Figure 9, the tide during August 2016
when the water was well stratified and that in December 2016
when the water was well mixed, are shown. During August,
the tidal current was strongly baroclinic while during December
barotropic. Seasonality in barotropic tide is known (Kang et al.,
1995), but such a change in vertical structure has not been
reported previously. In this area, due to the strong stratification,
the Richardson Number is >0.25, and the velocity shear would
not be able to induce vertical mixing. Whether the baroclinicity
is limited to this coastal area or common to other parts is a topic
for future studies.

Warm Water Event

Warm water events were observed every summer. Explaining
the structure of this warm water itself is beyond the scope of
this study and here we want describe the basic structure and
the benefits of using continuous measurement. The shortest time
scale of the warm water event is due to the diurnal tide (Figure 9).

The warm water is not produced locally but remotely. During
the flood tide warm and fresh water flows from northwest and
fills the area so that the amount of the warm and fresh water
becomes greatest during high tide. During the ebb the warm
and fresh water retreats. The warm water also shows variations
between 10 and 15 days due to onshore advection (Figure 10).
The dynamics behind the onshore advection is yet to be studied.
One may conclude that this time scale is tied to the spring-neap
cycle, but close investigation using all the data shows that they are
not correlated. Since this warm water event is due to freshwater
from the Yangtze River (Park et al., 2011; Kako et al., 2016; Moon
et al., 2019), temperature and salinity are negatively correlated.
In Korea, there are surface buoys measuring surface temperature,
but the vertical extent of the warm water cannot be estimated with
such data. This large change in the vertical extent would be useful
information to local aquafarms. In open ocean, there is no data
showing temporal variation and we used model outputs. Warm
water events are rather continuous and do not show the variation
observed with the profiler, suggesting that the temporal structure
is limited to this coastal area. If this applies to other coastal
area, more specific warning system taking into account vertical
extent and duration is required. Around Korea, hydrographic
observations have been made every 2 months. These data are
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useful in studying the long term changes and the mean state, but
naturally cannot resolve the warm water events.

Response to Typhoons

During the deployment, six typhoons passed by the observation
site as displayed in Figure 11, and the data provide us with a rare
opportunity to investigate the response of the coastal water to
typhoons. In open oceans, a typhoon enhances vertical mixing to
mix warm surface water with the cooler subsurface layer, causing
a deeper mixed layer and cold wake at the surface (Price, 1981).
In coastal waters, due to topography and lateral boundaries, the
response could be different from that in open ocean.

During Typhoons Chaba in 2016 and Maisak and Haisen in
2020, the mooring site was hit by winds of about 20 m/s or
stronger. Since the mooring was under the water, it produced
nice data without any damage. In the case of Chaba 2016, as
the wind became stronger salty and cold water was advected
toward the observation site, the stratification between 20~30

m levels became stronger (Figure 12). This tendency continued
until 10 h after the wind speed reached the maximum, after
which mixed water started to appear. This observation suggests
that the effect of advection was stronger than local mixing.
During Typhoon Maysak on September 1st 2020, as the wind
intensified, the mixed layer became deeper. Note that since
we are lacking data for the upper 10 m, the mixed layer
depth cannot be defined strictly. Instead, the 24°C isotherm
was used as a proxy for the mixed layer depth. The mixed
layer became deepest when the wind was strongest (Figure 13).
It was possible to reproduce this deepening tendency using
a 1-D mixed layer model such as GTOM (Burchard, 1999,
available at'). In a mixed layer model, the initial upper layer
stratification governs the subsequent evolution of temperature.
In this case, the upper layer structure is unknown, and by
assuming a rather strong stratification within upper 10 m, it

1www.gotm.net
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was possible to reproduce the deepening of the 24°C isotherm
(not shown). The mixed layer disappeared within less than a
day due to subsurface advection of cold and salty water from
south. The 1-D mixed layer model was not able to reproduce the
disappearance of the mixed layer, however. The global analysis
field from the HYbrid Coordinate Ocean Model (HYCOM, GOFS
3.1?) whose horizontal resolution is 1/12° was able to reproduce
the deepening of the mixed layer due to the typhoon. The
disappearance of the mixed layer was not reproduced probably
because the horizontal resolution is not high enough to resolve
the coastal circulation properly. During Typhoon Haisen, which
arrived about 4 days after Typhoon Maysak, the water column
does not show notable response to the increasing wind until a
few hours before the peak wind (Figure 14). Then, the mixed
layer started to thicken rather slowly and became thickest about
12 h after the peak wind. The thick mixed layer was maintained
for a few days. Tidal currents were strong but the two typhoons
homogenized water around the observation site and the water
remain homogeneous.

Zhttps://www.hycom.org

SUMMARIES AND CONCLUSION

At a coastal research station located at the southern coastal
area of Korea, a vertical profiling system measuring temperature,
salinity, dissolved oxygen, and velocity has been successfully
maintained every summer from 2016 to 2020. Around the
station, fishing activity is not allowed, and it has thus been
possible to maintain the profiler continuously and stably.
Comparisons with hydrographic data show that the sensors were
contaminated much less than we expected during 2- to 6-month-
long deployments probably because the sensors were located
below the euphotic zone. Therefore, the data could be used
without correction for our coastal applications. Even though the
station is within 2 km of the land, there is no river and the profiler
observed the warm and fresh southern coastal water of Korea
well. When the profiler did not operate properly, this was because
the flow was stronger than about 0.6 m/s so that mooring line was
inclined from the vertical by more than 20 degrees.

The profiling system recorded continuous spatiotemporal
variations that cannot be measured using hydrographic surveys
or point measurements at a surface buoy. The semi-diurnal
tides were the most prominent phenomenon, as in other coastal
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areas around Korea. It was found for the first time that
in summer, when the water is strongly stratified, the tidal
current is baroclinic, while in winter, when the water is
well mixed, the current is barotropic. The baroclinicity
was not strong enough to overcome the stratification
sufficiently to induce vertical mixing, however. The strong
seasonality calls for a further study on the dynamics and its
effect on coastal environments. Coastal warm water events
were also prominent. On the daily time scale, the
diurnal tide was the main driver. During the flood,
and fresh water was transported from the offshore while
during the ebb retreated to the offshore. The warm water
also showed fluctuations between 10 and 15 days due to
northward advection from the offshore. Numerical model
results show that such variations do not occur in offshore
waters. The profiling system deployed underwater recorded
the responses to typhoon-induced winds without any damage.
Both lateral advection and wind-induced vertical mixing
were important.

The collected time series can be used in verifying coastal
ocean circulation models as well as for data assimilation
once real-time data become available. There are diverse types
of aquafarms in the study area, and the data help the
stake holders in selecting the optimal site for such farms as
demonstrated in Chang et al. (2020). Coastal warm water
events are becoming serious concerns to aquafarms. The
variability and characteristics of the warm water events we
reported would be of much help in establishing effective
countermeasures.

The main limitation with the profiling system is real-time
communication, and the data have not been used for real-time
prediction so far. Another limitation is the lack of surface data.
The upper most temperature from the profiler was lower by
5 to 2°C than surface temperature obtained from a nearby
surface buoy. To overcome these deficiencies, we plan to upgrade
the profiling system using a surface buoy equipped with a

semi-
warm
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