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SUMMARY

The Kuroshio, a warm current, flows in the Northwest Pacific Ocean (NPO), especially
in the south of the Japanese archipelago, and the Kuroshio has the characteristic of continuing
its large meander for an extended length of time. Changes in the trajectory of Kuroshio current
affect not only ocean physics, such as sea level anomaly and current velocity, but also fishing
grounds, marine ecosystems, and climate. Another distinct event in the NPO, which has the
highest frequency of tropical cyclone activities worldwide. The region experiences an annual
average of 16.5 events, of which 6.3 (38 %) are super typhoons. Even with a single strong
typhoon, the ocean environment changes due to the turbulence and circulation of seawater
caused by the cyclonic storm effects of the typhoon. However, in the process of estimating the
actual situation, it is difficult to interpret the interaction between the strong typhoon, having
wide-ranging storm and position change every moment, and the upper ocean. Through the
recently available dataset of Copernicus Marine Environment Monitoring Service (CMEMS),
this study comprehensively quantitative analysis is conducted using a wide variety of daily data
to clarify the combined effects of the Kuroshio meander and strong typhoon in the NPO. The
main objective is to reveal the physical and biological variables induced by typhoon in
interaction with Kuroshio current, considering the categorization of spatial and temporal
distinct effect and the responses using daily multi-observation and model data.

The findings of a systematic approach may lead to a greater insight into the physical
and biological oceanography of the NPO;

Chapter 1 reviews the upper ocean variables response under the marine environment to
typhoons in the NPO. The literature study was also conducted over the last ten years including
remote sensing, in situ observations, and modelling. Based on this research background, the
purpose of this research was set.

Chapter 2 describes the impacts of the Kuroshio meander on the economy (e.qg. fisheries),
coastal ecosystems, coastal disasters (storm surges and high waves), and the impact on Japan’s
abnormal climate. Data analysis, considering sea level anomaly (SLA), geostrophic velocity
(GV), sea surface temperature (SST), and phytoplankton bloom (PB; estimated by the
chlorophyll-a index) was compared with the 2016 and 2021 cases, respectively. The influence
of large meandering was evaluated quantitatively and accompanied by high temperature, high
salinity, large current velocity, and a massive cyclonic eddy. It will be used as a background

condition for this study.



Chapter 3 focuses on the strong typhoon HAGIBIS (2019, Typhoon No.19), which
passed through the large meander of the Kuroshio. The spatial effect of Kuroshio current,
cyclonic eddy, and anticyclonic eddies are mainly analyzed based on the CMEMS platform.
First, for applying global data (CMEMS and satellite data) to a regional area, those data are
verified by the storm wind zone (estimated by the Japan Meteorological Agency), Kuroshio
mainstream (provided by Japan Coast Guard), and SST/SSS (obtained by in situ data by Argo
floats). Second, six-hourly CMEMS data for wind speed and stress is used to classify the
typhoon effects according to spatial-temporally changes, which could not be expressed with
conventional mean weekly, five-day, and three-day data. Third, in strong cyclonic eddy area on
the north side of the large meander during HAGIBIS, the SST decreased by 0.5-1.5 °C in
combination of the strong Ekman pumping. Regarding sea surface salinity (SSS), Chen et al.
(2019) showed that Typhoon KAI TAK (2012, Typhoon No. 13) increased salinity on the right-
hand side of the typhoon track and decreased on the left side along the coastline of China.
However, in this study, some SSS decreased due to heavy rainfall (drop down 0.2 psu) on the
left-hand side of the track, while other SSS on the right side slightly increased by the upwelling
of high-salinity from deep water to the sea surface. It is due to the fast-moving speed of
HAGIBIS did not compensate for the negative anomaly induced by heavy rainfall. Regarding
mixed layer depth (MLD) in the cyclonic eddy area, some of the MLD was shallowed (rise 5-
10 m) due to the combined effect (Ekman + eddy upwelling), and the relationship analysis
revealed cyclonic eddy and Ekman pumping against MLD was linear. However, the other MLD
was deepened by approximately 15 m on both right and left semicircles of HAGIBIS, it is due
to Kuroshio current and anticyclonic eddies made the other MLD deepen in combination with
the concentrated strong wind stress power. In addition, the high Kuroshio current velocity
deepen MLD (drop 5 m) due to the feature of Kuroshio. We spatially and quantitatively show
the phenomena that occur in the SST, SSS, and MLD due to the specific eddies effects 1)
upwelling and downwelling associated with the cyclonic and anticyclonic area in combination
with the distinct physical wind forcing 2) both Ekman upwelling and wind stress power area,
simultaneously.

Chapter 4 provides the effect of typhoon HAGBIS on not only the depth-vertical
variability of the Kuroshio current velocity (KCV; m/s) and but also the subsurface favorable
environmental condition for nutrient growth with in situ data by Argo float. Regarding the KCV,

on October 11, where the center of HAGIBIS approached the mainstream of the Kuroshio



meander, it not only generated the wind blowing northward with anticlockwise forcing on the
right-hand side of typhoon trajectory, but also intensified the Kuroshio current velocities. On
October 12, when HAGIBIS made landfall on the Japanese archipelago, it was shown that the
wind blowing southward on the left side of HAGIBIS, then the wind strengthened the
southward-flowing Kuroshio current. Previous studies based on satellite data have shown that
such phenomena occur at the sea surface, but this study based on vertical spatial and daily
CMEMS, has shown that the effects of the typhoon can occur even 60 m below the sea surface.
On the other hand, the effect was newly clarified that it was not reached by 100 m depth.
Regarding favorable environmental conditions leading to phytoplankton bloom (PB), the Argo
float data analysis when a day after HAGIBIS hit revealed that not only the nutrient’s favorable
depth moved from 60 m to below sea surface, but also cooling temperature, lower salinity,
higher oxygen, and higher nitrate were occurred than before HAGIBIS. According to
comprehensive quantitative analysis, especially related to PB, 1) Before HAGIBIS, the Chl-a
appeared on sea surface due to the cyclonic eddy upwelling and the high subsurface Chl-a (HSC;
0.5 mg/m?3) layer existed area from 100 m to 80 m depth near Kuroshio channel. However, 2)
During HAGIBIS when typhoon affected each distinct regions, the surface Chl-a increased by
0.5 mg/m3 because of HSC rose to 45 m induced by the combined upwelling phenomenon
with cyclonic eddy and the typhoon. Even the intensified Kuroshio current area, led to the
surface Chl-a increase by 0.45 mg/m3. It could be seen that the typhoon made the HSC
redistribute up to 55 m, then the HSC easily supplied the sea surface regardless of the high
current velocity area. 3) One day after HAGIBIS, the surface high PB occurred on 0.56 mg /m3
as a result of not only the built-up subsurface Chl-a maximum layer (SCML; greater 0.7
mg,/m3 up to around 60 m depth) along strong Kuroshio current and cyclonic eddy area, but
also the redistribution of large-scale HSC layer in a lift-up condition of favorable nutrient
growth. Compared to previous studies that concluded with only conceptual diagrams, this study
newly found the redistribution of nutrient-rich layers and the spatially distinct impact zones
through depth-integrated quantitative analysis and daily hybrid in situ and model data.

Finally, Chapter 5 summarizes the study's findings as a conclusion, along with their
limitations and recommendations for further research.

This research is a pioneering study that conducted assembled data analysis and
associated mechanism estimation to advance understanding of physical and biological

processes in the Northwest pacific environment and spatio-temporal dynamic outgrowth



affected by typhoons.
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layers comprise the MLD (Violet), HSC (light green; 0.5 mg/m3), and SCML (deep green;
above 0.7 mg/m3). The two graphs indicate (b) surface sea temperature (°C) and (c) surface
Chl-a (Mmg/m3) 8 dAY AFTET......c.eiiiiiiee e 77
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CHAPTER 1. INTRODUCTION

1.1. Research Background

The ocean contains more than 70 percent of the planet's surface and supplies oxygen,
food, and employment to millions of people. However, pollution, overfishing, and climate
change are having a negative effect on the oceans' health. To ensure the long-term health of the
ocean, its resources, and the surrounding ecosystem, it is necessary to address a wide range of
topics in oceanography, including physics, biology, and geology. Remote sensing is becoming
more significant in the study of global change, resource exploration, environmental monitoring
and prediction, and other related topics. Monitoring and understanding the status of the ocean
may assist in making informed decisions about how to maintain this critical resource, as well
as contributing to the sustainable development of marine resources and ecological and
biological preservation. Therefore, monitoring and visualizing the character of the ocean from
the surface to the subsurface in responses to various events (cyclone, tsunami, sea level rise,
etc.). Chapter 1 provided an overview of Tropical Cyclones (TCs), upper oceanic response to
TCs in the Northwest Pacific Ocean (NPO), and the development of observational methods.
Many studies have established that systematic and aggregate knowledge of the influence of the
TCs affects multiple elements of the NPO, considering sea temperature (ST), salinity (SS),
mixed layer depth (MLD), and phytoplankton bloom (PB; estimated by chlorophyll a). Some
ocean responses to TCs are critical in the NPO due to the existence of the Kuroshio and specific
geographical features.

e Tropical cyclones (TCs)

TCs, which can also be called hurricanes or typhoons depending on where they make
landfall, are among the deadliest and most terrifying types of natural disasters. According to
the Saffir-Simpson TC’s scale, typhoons can be classified into five categories by the maximum
sustained wind (1-min mean) according to Joint Typhoon Warning Center (JTWC): Category
one: 33-42 m/s, Category two: 43-48 m/s, Category three: 49-58 m/s, Category four: 59—
69 m/s , and Category five: = 70 m/s. The NPO has experienced more frequency of TCs than

any other cyclone-rich basin, and the intensity of storm are stronger than in other basins
(Webster et al. 2005). Especially, the Philippine Sea, Taiwan, Japan, Korea, and mainland
China have the largest concentration of storms in the world. The majority of a TC’s life is spent

traveling above the ocean. As a form of feedback, the ocean supplies the necessary amount of
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energy for the intensification of storms by transferring heat from the sea to the air. In the
opposite process, TCs induce kinetic power into surface waves, currents, and potential
gravitational flux, hence contributing to ocean circulation on both regional and global scales.
(L. L. Liu, Wang, and Huang 2008). TCs can alter regional water heat intake (Emanuel 2001)
and influence global ocean heat transmission (Sriver and Huber 2007; Emanuel et al. 2004; Hu
et al. 2009). Further, TCs have a significant role in both sustaining the ongoing EIl Nifio and
modulating the emergence and progression of the EI Nifio-Southern Oscillation (Fedorov,
Brierley, and Emanuel 2010). Even still, the interaction between TC and the ocean have
complicated due to a coupled system involving a wide variety of complex physical processes,
such as heat transfers over the air-sea interface (Emanuel 2001, 2003; Shay, Goni, and Black
2000).

To provide understanding of the complex physical processes, there are some previous
empirical and theoretical literatures of upper ocean responses to TCs such as ST, SS, and MLD
as well as biological and marine environmental background responses.

e Sea Temperature

TCs make the upper marine mixed layer deeper and cool the water’s surface (J. F. Price
1981; J. F. Price, Sanford, and Forristall 1994; Jacob et al. 2000; Sanford, Price, and Girton
2011; C. Jiang et al. 2020), which is referred to as the “heat pump” effect (X. Zhang et al. 2018;
Han Zhang et al. 2016). In the north of the equator, sea cooling in surface is typically amplified
by from 1 to 6 °C and is biased toward the TC track’s right side (J. F. Price 1981; I. I. Lin et al.
2003; P. G. Black et al. 2007), occasionally dropping as low as 11 °C, which was caused by the
sensible and latent heat flux between the air and the sea’s surface (Glenn et al. 2016). In the
other hand, the warm anomaly in subsurface temperature due to wind-induced stirring can reach
temperatures of up to 4 °C, and is generally controlled by TC-induced upwelling at the ocean’s
surface(Han Zhang et al. 2019; Ning et al. 2019). Subsurface temperature lacks air contact,
hence it typically recovers more slowly than surface water (Emanuel 2001; G. Wang et al. 2016).
However, the sea surface temperature (SST) typically returns to its former value within a few
days to a few weeks (J. F. Price, Weller, and Pinkel 1986; James F. Price, Morzel, and Niiler
2008; Emanuel 2001; Hart, Maue, and Watson 2007), for approximately seven days (Jansen,
Ferrari, and Mooring 2010; Dare and Mcbride 2011). In general, the upper ocean temperature
response to a TC is determined by the TC's strength, size, and moving speed (Emanuel et al.

2004; Chen et al. 2007; S. Lin et al. 2017). For example, lower categories (categories one-two)
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are more effective in generating cooling than those of higher categories (categories three-five),
which provide less anomaly (Lloyd and Vecchi 2011). In contrast, Lin et al. 2009 demonstrated
that a high translational speed of TC can intensify over a shallow temperature of 26 °C due to
less SST cooling. However, when the storm moves slowly, the exposed depth of the water is
substantially deeper, hence a relatively thick 26 °is required.

e Sea Salinity

In the north of the equator, TCs usually cause a right side bias with an increase in sea
surface salinity (SSS) and a reduction in subsurface salinity of up to 1 psu (Domingues et al.
2015; Han Zhang et al. 2016). Sometimes, the positive anomaly of SSS might even reach from
1.5 to 3 psu concentration (Chaudhuri et al. 2019). In contrast, rainfall accompanied with TCs
generally decrease in the density of a plus SSS anomaly (Girishkumar et al. 2014; S. Liu et al.
2020) and cause a minus SSS anomaly to the left bias of the TCs trajectory in the north of the
equator (Desbiolles et al. 2017; Fu Liu et al. 2020). The fresh water input from precipitation
promotes upper ocean stratification and decreases the TC-induced vertical mixing (Jullien et al.
2012; Vissa, Satyanarayana, and Prasad Kumar 2012; X. Liu and Wei 2015; S. Liu et al. 2020).
According to an estimate by Girishkumar et al., 2014, the salinity response in the upper ocean
can last from 10 to 12 days.

e Phytoplankton Bloom

TCs are responsible for an increase in phytoplankton bloom (PB; indicated by
chlorophyll a concentration) and primary production, which can be mainly due to the enhanced
nutrient supply in the euphotic area generated by vertical stirring, entrainment, and other
processes that occur during TCs (Morimoto et al. 2009; Zheng et al. 2010; Chiang, Wu, and
Oey 2011; Hung et al. 2013). These processes also contribute to the local long-term PP (Foltz,
Balaguru, and Leung 2015). In the north of the equator, an increase in chlorophyll a (Chl-a)
often results in a right-side bias of TC trajectory (I. I. Lin et al. 2003; Yin et al. 2007; Shang et
al. 2008; Zhao, Tang, and Wang 2008; Zheng et al. 2010; Shibano et al. 2011). The amplitude
and extent of surface PBs are dependent on the properties of the TC. (Zheng et al. 2010; Shibano
et al. 2011). For instance, slow-moving speed and weak TCs induce PBs with high Chl-a
concentration, whereas fast-moving speed and powerful TCs trigger widespread blooms (Zhao,
Tang, and Wang 2008). The Chl-a maximum occurs two-three days after nitrate maximum after
a storm (S. Pan et al. 2017), and storm-induced PBs often can stay two-three weeks (Y. Chen
and Tang 2012; Foltz, Balaguru, and Leung 2015; Y. Wang and Gao 2020).
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e Ocean Current

The ocean current is the periodic and directed flow of saltwater that delivers nutrients,
energy, heat, and harmful materials throughout the globe (Amani et al. 2022; Fu et al. 2019).
Ocean currents influence the temperature, the ocean's ecological system, and the fishing yield.
Ocean currents can be caused by several causes, including wind, the Coriolis effect, water
density fluctuation, ocean tide, SST, and ocean surface changes.(Amani et al. 2022; Fu et al.
2019; Isern-Fontanet et al. 2017). In general, ocean currents are classified into four types: (i)
geostrophic current, which is balanced under pressure gradient force by the Coriolis force; (ii)
tidal current, which is produced by the gravitational force of the lunar, sun, and Planet; (iii)
wind-driven Ekman transport current, which is generated by the steady ocean wind (trade wind
and westerlies; and (iv) small-scale current, which is formed by the minor characteristics such
as eddies and fronts (Dagestad and Réhrs 2019). Ocean currents are divided into two categories
according to their degree of heat: warm and cold ocean currents. For example, the Gulf Stream
and Kuroshio are warm currents which move heat from the tropics to the poles and have a
substantial impact on the planetary climate (Amani et al. 2022; Ribbe and Brieva 2016). The
Oyashio cold currents maintain significantly upwelling seas by transporting cold water toward
the equator (Ribbe and Brieva 2016).

Ocean currents are further divided into two types based on their deepness: surface and
subsurface. The surface flows are horizontal water flows that occur at both regional and global
scales (Amani et al. 2022; Dagestad and Rohrs 2019). Along the coastlines and offshore, there
are often short-period (hourly/seasonal) surface currents caused by ocean tides, waves, and
local-scale winds (Amani et al. 2022; Constantin 2021). Currents drive local floods, marine
contamination, sediment transfer, and ship navigation (Amani et al. 2022; Constantin 2021).
The global surface currents (Gulf stream and Kuroshio) are generally governed by the primary
global winds (westerlies and trade wind), the Coriolis force and the flow restriction given by
continental diversion (Dohan and Maximenko 2010). These long-distance currents flow in the
same direction as the wind at around three to four percentage of wind speed (Amani et al. 2022;
Constantin 2021). However, the Coriolis force deflects the current from the equator in the
correct direction in the north of the equator, resulting in the formation of clockwise circular
gyre patterns (Dagestad and Rohrs 2019; Constantin 2021). In contrast, deep ocean currents
(below 400 m depth) are vertical streams influenced by thermohaline circulation triggered by

changes in water density and dependent on temperature. With upwelling and downwelling
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directions of the sea surface, deep ocean currents form (Rahmstorf 2003).

e Oceanic Background

The background ocean state influences the temperature response of the upper ocean
during a storm condition. For example, in the center of a cyclonic (anticyclonic) eddy, cold
upwelling (warm downwelling) occurs, which increases (decreases) the rate at which the
surface cooling (Fenfen Liu and Tang 2018; R. Wu and Li 2018; Ning et al. 2019). The
background ocean condition (massive eddies) induces the response of the sea salinity during a
TC. For instance, the upwelling (downwelling) that occurs as a result of cyclonic (anticyclonic)
eddies causes the salinity concentration of the upper ocean to increase (reduce) (Jaimes and
Shay 2009; Fenfen Liu and Tang 2018). In terms of biology, the extent and magnitude of
surface PBs are dependent on ocean environment condition (l. I. Lin et al. 2003; Zhao, Tang,
and Wang 2008; Mei et al. 2015; Liao et al. 2017). Existing cold core eddies contribute
significantly to the increase in Chl-a concentration during TCs. (Mei et al. 2015; Xu et al. 2017,
Han Zhang et al. 2020a).

Figure 1.1 summarized the previous research on an upper ocean response to a storm,
which is a key topic due to their role in climate change, environmental variability, and air-sea
heat flux exchange. The upper ocean response is determined by wind-induced stirring,
advection, upwelling, and air and sea fluxes (such as fresh water supply and heat flux). There
are two main effects induced by tropical cyclone to the ocean such as wind-induced energy flux
and Ekman pumping. Vertical mixing explains strong wind power transfers its energy from the
sea surface to deep water by stirring water, while the Ekman pumping is significant in the sea
subsurface moving and lifting water density such as temperature, salinity, and nutrient. In that
process, TC typically raises high surface waves, cooling (warming) temperature, and increases
(reduce) in salinity on the surface (subsurface), in addition to triggering plankton blooms at a
particular depth. Further, in the north of the equator, wind mixing and upwelling are much
stronger on the right side; hence, the upper ocean responses are generally biased to the right-
hand side of the TC trajectory. In addition, the characteristics of the upper ocean reaction are
primarily determined by the TC factors (such as TC strength, moving speed, and size) and
oceanic environment conditions (such as ocean stratified thickness, long-term current and
eddies).
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Figure 1.1 Sketch diagram of the surface and subsurface ocean process under a tropical
cyclone.

1.2. Observational Technologies and Modelling

The development of observational technologies and modelling over last few decades
has led to a better understanding of the ocean responses to TCs. As a result of their
advancements, oceanographers and meteorologists are now able to do in-depth research on the
water beneath TCs. In details, traditional observation methods including moorings and buoys
(J. F. Zhang, and Yu 2016; Y. Zhang, Deng, and Zhang 2019; Y. J. Yang et al. 2019), drifters
deployed from air and oceanic floats (E. A. D’Asaro et al. 2007; Pun et al. 2011; E. D’ Asaro et
al. 2011), Argo floats (Park, Kwon, and Price 2011; Q. Wu and Chen 2012; Z. Liu et al. 2014;
S. Lin et al. 2017b; Xing et al. 2020) and satellite images (X. Li et al. 2018; Yue et al. 2018;
Ning et al. 2019; Han Zhang et al. 2019), as well as modern advancement technology such as
gliders (Glenn et al. 2016; Hsu and Ho 2019), are now applied to the upper ocean response to
TCs monitoring. Especially, biogeochemical Argo floats have been used to observe how the
undersea response to TCs in terms of thermodynamic and biogeochemical marine factors (Chai
et al. 2020; Qiu et al. 2021; Ning and Xu 2021). In the early days of numerical model
simulations, the ocean model was used to simulate the ocean current response. This was
followed by the development of various numerical models, including the three dimensional
Price Weller Pinkel model (3DPWP) (J. F. Price, Sanford, and Forristall 1994; Sanford et al.
2007; Han Zhang et al. 2020b), the regional ocean modelling system (ROMS) (Yue et al. 2018)
is used to simulate the three-dimensional responses in terms of temperature, salinity, and current.
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In recent years, atmosphere-ocean-wave models, including the Coupled Ocean Atmosphere
Wave Sediment Transport (COAWST) system model (Prakash and Pant 2017; R. Wu et al.
2018) has been progressively implemented in order to predict the ocean’s response to TCs.
However, there are certain shortcomings in oceanic technology and data extraction such as
missing values because of cloud cover (Groom et al. 2019), biased values due to individual
satellite data methods (M. Li et al. 2017), and temporal gaps such as weekly, five-day, and
three-day mean datasets (Banzon et al. 2016).

One of the opportunities to fill in the gap left by the shortcomings, the Copernicus
Marine Environment Monitoring Service (CMEMS) is currently providing periodic and
systematic reference standard data on the biogeochemical ocean and sea state for both the global
ocean and the European local seas.

The CMEMS works consist of (Le Traon et al. 2019)

e Providing short and long-term global oceanic data via a combination of multi-

observational platforms and atmospheric/oceanic model data

e Tracking and reporting on previous and recent maritime environmental

circumstances (physics and biogeochemistry), climate change and other stresses;

e Examining and evaluating changes in the marine environment;

CMEMS product is founded on cutting-edge data processing, modelling, and data
assimilation methodologies. The product's unpredictability is examined utilizing rigorous,
widely acknowledged quality evaluation methods (Hernandez et al. 2015). CMEMS offers
approximately 160 different observational and computational outputs including ocean physics
(temperature, salinity, sea level anomaly, currents, and waves), and biogeochemistry (oxygen,
pH, Chl-a, and nutrients). Modeling products offer a international scale resolution of 1/12°and

regional applications with resolutions ranging from 1/24°to 1/72°.

1.3. Research Gaps

According to previous studies, as TCs travel the ocean, their powerful cyclonic winds
influence the upper ocean from the surface to depths of 100-200 m. However, evaluating the
exchange between TCs' effects and ocean variables is particularly difficult. Despite advances
in our knowledge of the upper ocean's reaction to a TC has grown over the past few decades,
there are still areas that require additional research. Figure 1.2 indicate there are many previous

studies about the characteristics of different TCs (1) intensity (strong/weak), (2) translation
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speed (fast/slow), and (3) size (large/small storm wind zone) and their effects on the upper
ocean variables, respectively. Mainly, TCs induce wind stress power, Ekman pumping and
cyclonic eddy intensity. Those physical processes generate vertical mixing and upwelling, and
the combined upwelling with pre-existing eddy. As results of them, the sea surface temperature
is decreased, salinity is increased and mixed layer depth raise up, whereas the subsurface
temperature is increased, salinity is decreased, as well as the amount of nutrient concentration
increase and the nutrient-rich layer moved up to the surface. Further, there are several findings
of the combined effects of TCs and the surface Kuroshio current meander (KCM) to the upper
ocean responses.

Especially, some previous studies largely related to my dissertation approach are
compared in order to seek out what is the remaining issues in this field (Table 1.1). S. Lin et al.
2017b tried to conduct various tropical cyclones to classify different typhoon characteristic
(size, moving speed, intensity) and their effects and SST and SSS responses in surface and
subsurface using five-day Argo floats. Y. Liu, Tang, and Evgeny 2019 showed that various
surface and subsurface variables response to single typhoon LINFA and ocean current effects
using eight-day multiple satellite and CTD. However, they left behind as one of the remaining
study as daily ocean response. Han Zhang et al. 2019 improved the results of Y. Liu, Tang, and
Evgeny 2019 by estimating physical ocean variables especially, focusing on the dynamics of
massive eddy area using a multiple satellites, buoy and mooring. Although they identified the
relationship between physical variables and oceanic eddy feature, however, Han Zhang et al.
2019 concluded their relationship as a conceptual schematic diagram and introduced the
necessary of further research of quantitative impact analysis. Most similar with my study as Y.
Liu et al. 2020, conducted individual-estimated weekly physical-biogeochemical ocean
response to Typhoon Linfa and 2015 Kuroshio current using multi-satellite, in situ and
HYCOM model data to reveal the phytoplankton bloom processes in the surface and subsurface.
Y. Liu et al. 2020 concluded their results to conceptual diagram indicating their findings and
estimation. T. Wang et al. 2022 conducted that daily surface and subsurface phytoplankton
blooms during sequential typhoons using multiple satellites, Argo floats, and CMEME in
Arabian sea. However, T. Wang et al. 2022 did not address the daily guantitative analysis
between physical and phytoplankton dynamics because low-pitch sample data fail to identify

daily or weekly variations.
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Figure 1.2 Sketch diagram in comparison with previous studies and several research gaps for
challenges in this study.
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Table 1.1 Research gaps with previous studies and this study

actors Surface variables Subsurface variables Physical Materials
Authors. |SST| SSS |Eddy |Chl-a|Rainfall|Physical|Biochemical|scmL| — forcing
; Various
Linetal. . Argo floats
2017h | @ | @ ® tropical (5 days)
cyclones
Liu et al Typhoon Linfa Multiple
e ® | ® | ® o (] o and ocean |satellites & CTD
2019
current (8 days)
Successive .
Zhang et typhoons sate'}/lliltjel;fsI IOII_D?uo
al. L A B [ ] (] (Sarika and , bUdy
: & Mooring
2019 Haima) and .
(daily)

ocean current
Typhoon Linfa| Multi satellites,

Liu et al. and 2015 Argo float &
2020 | o ® ® ® ® ® ® Kuroshio |HYCOM model
current data (Weekly)
. Multiple
Wang et ieqﬁzgtrzzl satellites, Argo
a. | @ PR PY PY PY (&/parl’ o floats &
2022 Y CMEMS data
Maha) .
(daily)
Multiple
Jeon and HA-I-(}BIng?ggnd satellites, radar,
Tomita, | @ | @ () o o o () () 2019 Kuroshio Argo floats &
2022 CMEMS data
current .
(daily)

* Relevant studies were retrieved for research gaps.
Research gaps were explored in a comprehensive literature review regarding the
individual-estimated or collaborative way of the sea surface and subsurface response to storm

conditions, especially in the NPO in which Kuroshio current existed as oceanic background.
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Previous studies have been well demonstrated using weekly, five-day, and three-day source in
order to deal with internal factors and external factors in the NPO. However, there are still
several research gaps can be found in this field,;

1) The investigation of favorable environmental condition for nutrient growth, where,
when and how the ocean internal factors help the high nutrient layer movement is
still unknown. Therefore, this study analyzes not only sea surface oceanic variables
affected by external factors (TCs), but also internal oceanic factors (favorable
environmental conditions for nutrient growth estimating temperature, salinity, DO,
and nitrate)

2) Two physical forcing to the ocean such as TCs and the Kuroshio current meander
studies are well known in the surface. However, the subsurface variability is still
unknown. Further research is, therefore, to evaluate the subsurface Kuroshio
current variability through not only induced internal ocean processes (eddy
dynamic, current velocity) but also atmospheric forcing interaction (TCs).

As mentioned above, since the challenge issues mainly bring about the at least daily
movement of the TCs and its effects in comparison with relatively long-term (weekly, three
days) uncertainties for observing ocean responses, it is necessary to evaluate the combined
effect considering TCs and Kuroshio current meander filling in the lack of temporal and spatial
distribution. The challenges should at least be able to answer a main question as follows;

e How clearly is it revealed that typhoons cause changes in upper ocean physical
and biological variables, particularly, in interaction with Kuroshio current, which
specifies the NPO using daily multi-source data? If so, could we categorize
spatially distinct effects and responses? Could a comprehensive quantitative
analysis replace the role of a theoretical synthesis explanation?

Here, a comprehensive quantitative analysis is described in this study as a visualized

guantitative package analysis, classifying as functional integral information that may be

arranged categorically based on the features and properties of variables or phenomena.

1.4. Research Objectives and Originalities

To answer the preceding research question, the main purpose of this study is to clarify
the sea surface and subsurface response to the extreme events that are the combined effects of
Kuroshio current meander and a strong typhoon during short-term period in the NPO using

multi-source observational and model data. It is anticipated to contribute to the environmental
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studies from the following four perspectives listed below:

Study area: Evaluate the superimposed event between the strong typhoon and the
large Kuroshio current meander in 2019 to verify their different effects on the
ocean via sea temperature, sea salinity, and chlorophyll with several cause
analyses.

Framework development: Apply a distinct spatio-temporal methodology to daily
term events by analyzing the comprehensive quantitative impact based on each
individual-estimated cause and effect.

Database application: Apply for a universal database to the open ocean close to
the south of Japan and contribute to guidelines for cost-effective local ocean
monitoring methods for further research. For this progress, the applied regional
database is verified such as wind products, ocean currents, and marine variables in

both the sea surface and subsurface.

Therefore, this Remote Sensing of Environment research offers the findings of

studies in theories, sciences, and technology that have contributed to the advancement of

remote sensing science including planetary, oceanic, and atmospheric sensing. This study

focuses on physical, biological, and quantitative approaches to oceanography, marine, and

atmospheric science at local scales and covers a wide range of applications and methods.

The originality of this study is summarized as follows:

Study area: A specific case of abnormal oceanic background (a large Kuroshio
meander inducing cyclonic and anticyclonic eddy area) and strong typhoon
HAGIBIS.

Comprehensive quantitative impact analysis: A combined atmospheric/oceanic
guantitative analysis to classify the distinct physical driving force area and ocean
response dynamics, simultaneously.

Multi-source database for daily analysis: A variety of sources from
measurements (Satellite image, Argo floats, etc.) and assembled data (CMEMS

platform).

1.5. Structure of Dissertation

Figure 1.3 shows this dissertation proceeds with five chapters, including this

introduction as literature reviews. In the following parts, Chapter 2 is, based on reviews of the
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regional-level oceanic background for Chapters 3 and 4, about the effect on relations between
a non-large Kuroshio meander in 2016 and a large Kuroshio meander case in 2021. It also
investigates several viewpoints, such as economic, marine biological, and climatic, in a border
of local south Japan, in an attempt to understand where the Kuroshio current's effects are
concentrated by using remote satellite images and model data.

Chapter 3 is, based on first published paper (Jeon and Tomita 2022-1), focusing on
spatial sea surface ocean responses to typhoon HAGIBIS using multi-source observational and
model data; 1) Six-hourly effects of Typhoon HAGIBIS in 2019, 2) validation and tracking of
Kuroshio current and cyclonic and anticyclonic eddies 3) Daily surface ocean responses
focusing on SST and SSS, 4) Cause analysis exploring daily MLD and precipitation. This
chapter offers a description of oceanic physical response and mechanism taking an example of
the strong typhoon related to wind stress power and upwelling system under a large Kuroshio
current meander.

Tuning to the sea subsurface, based on second published paper (Jeon and Tomita 2022-
2), Chapter 4 highlights the internal and external cause analysis via the changes in ST, SS, and
biological factors from sea surface and 100 m depth, especially considering the vertical
variability of Kuroshio current velocity at specific depths and favorable condition for nutrient
growth before, during, and after the typhoon using an up-to-date multi-source assemble dataset

Finally, Chapter 5 provides a concluding discussion of this dissertation, including an
overview of the main findings, limitations, and some recommendations regarding further

studies.
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CHAPTER 2. OCEANIC BACKGROUND IN
THE NORTHWEST PACIFIC OCEAN

2.1. Kuroshio Current

2.1.1. Environmental background

The Kuroshio is a western-boundary current that flows northeast along the East China
Sea (ECS) continental slope and the south coast of Japan, transporting high temperature, high
salinity, and large kinetic energy water from the tropics. The Kuroshio region has a deeper
mixed layer and thermocline than other neighboring ocean region (X. Liu and Wei 2015). The
Kuroshio is characterized by small and large meanders in a meridional direction (Sekine 1990;
Kawabe 1995), which have substantial effects on the spatial distribution of regional
environmental conditions. It is believed that ocean density variations play a significant role in
triggering small meandering off Kyushu island in southwestern Japan (Feng, Mitsudera, and
Yoshikawa 2000; Ebuchi and Hanawa 2003; Usui et al. 2008, 2013). As a result of the
variations, small meanders may form off the southwest coast of Shikoku island and large
meanders may develop off the Kii Peninsula on interannual intervals (Kawabe 1985; Sekine
1990). Kawabe 1985 divided common transit routes into three types: the conventional large-
meander route, the nearshore non-large meander route, and the offshore non-large meander
route. In subsequent research, Kawabe 1995. examined the correlation between Kuroshio's
route variations, velocity changes, and volume transport changes, all of which contributed to
the development of the oceanic background's characteristics in different meander cases. The
surface variability of the Kuroshio has been widely studied on a broad range of spatial and
temporal scales, making use of observational data and various modeling approaches (Feng,
Mitsudera, and Yoshikawa 2000; Ebuchi and Hanawa 2003).

2.1.2. A modern large Kuroshio current meander
Since August 2017, the Japan Meteorological Agency (JMA) and the Japan Coast Guard
(JCC) announced that the large meandering of the Kuroshio near south coast of Japan continued
for 4 years and 11 months as of July 2022, and it was actually the longest ever (Sugimoto, Qiu,
and Schneider 2021). It has been usually said that the large KCM has been affecting a more

significant shift in fishing businesses, marine ecosystems, shipping routes, and local weather
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abnormal patterns nearshore and offshore of south Japan. However, it is yet unclear whether
the changes are due to the large KCM or other potential impacts, such as climate change, or
long-term oceanic circulation in the NPO. Therefore, the proposed oceanic background
information is to better understand the two cases of non-large KCM and the large KCM based
on several aspects utilizing a couple of multiple datasets and spatial distributions in 2016 and
2019. The coordinated oceanic background area is longitude 134°-143°E and latitude 30°-
37.5°N, with a boundary including the KCM as shown in Figure 2.1. Two Kuroshio current
paths derived by the Japan Coast Guard (JCC;
https://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/gboc/ accessed on 01 April 2022). It describes
the bathymetry and a non-large (black dotted line) and a large (red dotted line) Kuroshio

meander flow off the South Japan.
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Figure 2.1 Typical Kuroshio paths overlaid on bathymetry from ETOPO2 (colors; deep blue
0 m to white over 2000 m). Black dotted line defines a non-large meander and red dotted line is a
large Kuroshio meander.

2.2. Effect of Large Kuroshio Current Meander

2.2.1. Effect on economic aspects
There are a few key impacts of an unusual Kuroshio current meandering. In terms of
economic aspect, the abnormal trajectory has caused hazardous environment to the south of

Japan and often unpredictable environment for the local fishing grounds and marine ecosystem
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(Morioka, Varlamov, and Miyazawa 2019). Firstly, there are affected areas in fishery and
logistics industry in Figure 2.2. (1) At offshore of Wakayama prefecture, the stock of Bonito
(Katsuo) has been depleted since 2016 according to NHK News on June 15, 2022. (2) At Owase
and Shima city in Mie Prefecture, the stock of Yellowtail has become unfished since 2016 and
the catch of Abalone has sharply declined by one third compared to 2017 and 2021 as reported
by NHK News June 09, 2022. (3) In accordance with the Ministry of Agriculture, Forestry, and
Fisheries (MAFF) statistics, in Figure 2.2b indicates since 2010, the annual catch of Sakura
shrimp in Shizuoka prefecture has been greater than 900 tons, but it declined significantly to
320 tons in 2018. Since then, it has never been higher than 300 tonnes. (Shizuoka Prefectural
Research Institute of Fishery; https://fish-exp.pref.shizuoka.jp/02fishery/2-5.html accessed on
July 20, 2022). Further, in the Shizuoka prefecture, the catch of Shirasu has often exceeded
10,000 tons in 2010, but it dropped sharply to approximately 5100 tons in 2017. Since then, it
has never been more than 7,000 tons; in 2018 with 5827 tons, in 2019 with 4980 tons, and in
2020 around 6100 tons. (Shizuoka Prefectural Research Institute of Fishery; https:/fish-
exp.pref.shizuoka.jp/02fishery/2-5.html accessed on July 20, 2022). (4) The economic route for
ships to navigate would be changed due to the lager Kuroshio meander, and fuel efficiency
would be deteriorated through a further distance to coast as stated by NHK News June 09, 2022.
Meanwhile, (5) In Chiba prefecture's southwest, the catch of Bonito has recently increased
greatly. For the past five years, there has been a noticeable shift in the location of Bonito fishing

ground. Many environmental indicators also suggested that the anomalous Kuroshio flow is

already having severe economic damage in the South of Japan (Ho et al. 2021).

Affected Areas in Fishery & logistics Industry
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Figure 2.2 Affected areas in fishery and logistic industries. (a) geographical locations; 1.
Wakayama Prefecture, 2. Mie Prefecture, 3. Shizuoka Prefecture, 4. Chiba Prefecture, and 5. The
route of commercial Ships, (b) Annual catch “Sakura Shimp” in Shizuoka Prefecture, (c) Annual
Catch “Shirasu” in Shizuoka Prefecture.

Source: b, ¢ graphs were obtained by Shizuoka Prefectural Research Institute of Fishery.

2.2.2. Effect on marine ecological aspects

In terms of the marine ecosystem (Figure 2.3), the seaweeds, which are called Amano
and Hijiki, provide important ecosystem functions, have disappeared rapidly in 2020 and
2021 in Wakayama’s coastal sea, respectively. The result of the disappearance could become
oligotrophic conditions disrupting the primary food chain and severely damaging coastal

areas. Some researchers said that the cause is the increase in sea temperature around

Wakayama’s sea due to either the large KCM or climate change (KanTere 8 News July 22,
2021).

Affected Areas in Marine Ecosystem ’

o

Figure 2.3 Affected areas in marine ecosystem. (a) geographical locations; 1. South coastal area
in Wakayama Prefecture, 2. Southwest coastal line in Wakayama Prefecture, (b) Amamo prior to
2017 and thereafter in 2020, and (c) Hijiki prior to 2017 and thereafter in 2021.

Source: Photos obtained by KanTere 8 News July 22, 2021.

2.2.3. Effect on climatic aspects

Regarding climate change aspect, there are two issues. Firstly, the sea level rises from
Tokai to the Kanto coast where the close approach of the warm Kuroshio path, may cause
extraordinary damage in combination with storm surge induced by typhoons and low-
pressure systems (Figure 2.4). As a result of it, in the Tokai region, the tide level will be 10
cm to 20 cm higher than usual due to the influence of large warm Kuroshio meandering
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(Sakajo, Ohishi, and Uda 2022). Furthermore, in October of 2019, the strong typhoon
HAGIBIS came through the area where the large Kuroshio meander occurred, and the tide
level at Shimizu Port reached as the highest record of roughly 170 cm (Figure 2.4a; Number
1 and 2.4b). A post-field survey (Jeon et al, 2020) revealed that the anomaly contributed to
the inundation damage in Shimizu port’s wharf facilities (Figure 2.4c). Secondly, the
abnormal trajectory led to locally varying effects such as a warm sea temperature and high
humidity in the air around the Kanto region (Figure 2.4a; Number 2). Sugimoto, Qiu, and
Schneider 2021 showed that the influence of the large Kuroshio meander affects the region
becoming hotter and hotter in summer, while Nakamura, Nishina, and Minobe 2012
estimated that the Kanto district becomes easier to snow in winter. Therefore, the south of

Japan has experienced an unexpected environment due to the irregular path of the Kuroshio,

which has localized climatic consequences.
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Figure 2.4 Affected areas in climate change. (a) geographical locations; 1. Shizuoka Prefecture,
and 2. Kanto region, (b) The tide level in Yaizu and Shimizu port, and (c) Damage situation in
Shimizu Port- Falling Fence.

2.3. Materials

2.3.1. Data access
The Kuroshio current meander in 2016 and in 2021 was analyzed using data assemble
based on the remote satellite image, in-situ observational, and model data. Monitoring the
impact of the each Kuroshio current and identifying the various responses of the upper ocean
variables were both feasible with the use of the combined observational and model data. Some

surface oceanic data are separated into three parts: (1) Model data; sea surface temperature
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(SST) and Phytoplankton bloom (PB) presented by Chlorophyll a (2) Satellite data; sea level

anomaly (SLA) with geostrophic current velocity (GV) representing the KCM.

Sea Surface Temperature

Since December 30, 2015, the CMEMS has been providing a global physical
analysis and coupled forecasting product with the quality identifier
GLOBAL_ANALYSISFORECAST_PHY_CPL_001_015. This product is made up
of 3D global average temperature and 2D daily global average fields of sea
surface height, bottom temperature. The daily predictions are generated with a
combined atmosphere-ocean system, which results in a mean interpolated to a
regular 1/4-degree latitude-longitude grid and 43 vertical levels retrieved by sea
water potential temperature.

Phytoplankton Bloom

GLOBAAL_ANALYSIS_FORECAST_BIO_001_028 is the name of a high-quality
product for analyzing and predicting global biogeochemistry. This product is
provided on a normal 0.25°0.25° grid with 50 vertical levels over the world's
oceans. It contains daily fields of primary production, chlorophyll, pH, and
surface partial pressure of carbon dioxide in addition to nitrates, phosphates,
silicates, iron, dissolved oxygen, and dissolved iron. Specifically, in the
worldwide ocean, the modelled chlorophyll fields displayed significant
correlations with satellite data and BGC-Argo measurements (correlation
coefficient 0.81, RMSD 0.59; https://marine.copernicus.eu/ accessed on 04
March 2021).

Sea Level Anomaly and Geostrophic Velocity

Since April 2019, the AVISO (Arching, Validation, and Interpretation of Satellite
Oceanographic) has made public the SLA data, also known as the near-real-time-
global-altimetry dataset (version NRT 3.0 exp), which can be used to detect the
Kuroshio current and mesoscale oceanic eddies. In the north of the equator, a
cyclonic (anticyclonic) eddy can be identified by the contours of maximum —1.00
(+1.00) m above the mean surface level (MSL) with divergence (convergence)
motion and anti-clockwise (clockwise) rotation. A cyclonic (anticyclonic) eddy is
identified with the contours of maximum —1.00 (+1.00) m above the mean surface

level, divergence (convergence), and anti-clockwise (clockwise) based on the
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north of the equator. The meridian (V) and zonal (U) components of GV (m/s) are
used to infer magnitude and direction at the ocean's surface flow.

(http://www.aviso.altimetry.fr/en/home.html accessed on 08 June 2022)

2.4. Kuroshio Current in 2016 and 2021

2.4.1. Sea level anomaly and geostrophic velocity

Figure 2.5 indicates the distribution of sea surface elevation of KCM is produced by
SLA and GV on October 10, 2016 and 2021, respectively. The path of Kuroshio extension
influences the ocean heat, and the geostrophic current, moving at a speed of about 1 m/s
(indicated by the red arrows), and the cyclonic (anticlockwise; -value, blue shades) and
anticyclonic (clockwise; +value, red shades) eddies. The non-large meander moves from the
west to the east due to the geostrophic force pushing toward the east in 2016 (Figure 2.5a). In
recent years, the large meander is farther from Wakayama prefecture than 2016. Forces pulling
it eastward weaken, and its flow changes westward with the motion of a massive cyclonic eddy,
keeping the large meandering going for a long time (Figure 2.5b). However, to well understand
the process behind the emergence and development of the KCM, it needs to require further

analysis.
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(a) October 10, 2016 (b) October 10, 2021
Figure 2.5 Change of Kuroshio current pathway; (a) October 10, 2016 and (b) October 10, 2021.
Kuroshio mainstream (red arrows; above 1 m/s) provided by the AVISO dataset indicating cyclonic
(counterclockwise; -value, blue shades) and anticyclonic (clockwise; +value, red shades).

2.4.2. Sea surface temperature

On October 10, 2016, the small meander moves through the powerful eastward force,
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then the sea temperature appears a large difference in the boundaries in the southern coastal
area at Wakayama prefecture (Figure 2.6a). When the KCM approaches Kanto coast in 2021
maintains a far distance from Wakayama prefecture and the sea temperature anomalies is small
(Figure 2.6b). On the other hand, in Shizuoka prefecture the KCM directly affects the offshore
then the SST increase. The changes in the anomaly of SST could explain that the ecological
habitat and fishing area may have shifted in Wakayama and Shizuoka Prefecture.
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(@) October 10, 2016 (b) October 10, 2021
Figure 2.6 Change in sea surface temperature; (a) October 10, 2016 and (b) October 10, 2021.

2.4.3. Sea surface phytoplankton bloom

In terms of Chl-a concentration in the sea surface, on October 10, 2016 the NPO is
influenced by the oligotrophy zones such as poor nutrients (Figure 2.7a). However, in October
10, 2021, the oligotrophic surface ocean condition changed above 0.30 mg/m?3 to the sea
surface. It was due to the mesoscale cyclonic eddy induced by the large meander, and
particularly in the area near the coast of Chiba prefecture (Figure 2.7b). Further, unlike the non-
larger meander, the large meander closely approached the coastal line of south of Japan and
proceeded northward, the large-scale phytoplankton bloom occurred in the area where the
temperature difference of more than 4 degrees (change orange to sky blue sharply in Figure
2.6b) occurred due to direct ocean convection. The coast area is also affected by the confluence
of the warm Kuroshio current and the cool Oyashio cold current inducing a nutrient-rich
environment. This spatial distribution of Chl-a could provide evidence for why the fishing
grounds changed more eastward than in 2016.
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Figure 2.7 Change in phytoplankton bloom represented by the concentration of chlorophyll a;
(a) October 10, 2016 and (b) October 10, 2021.

2.5. Summary

Since August 2017, the reoccurrence of the large Kuroshio meander off the south of

Japan was observed from satellite altimeter (AVISO) measurements and CMEMS model data

to identify the potential impacts along the Kuroshio path. Chapter 2 has some key findings as

below,

The non-large KCM and large KCM cases were introduced for Research
Background.

A large KCM affected the economic, marine ecological, and climatic aspects on
the coast and offshore of the south of Japan.

A comparison of two different years (2016 and 2021) revealed that the Kuroshio
forced high temperature, salinity, and velocity water to the sea close to Japan, and
their features affected ocean variables within a boundary of Kuroshio mainstream.
In 2021, the motion of massive cyclonic eddy induced by the large KCM,
generating ocean vertical convection, small SST anomaly and high Chl-a
concentration in the sea surface.

In 2021, the confluence area confirmed by the large anomaly SST in 2021, it
contributed the high concentration nutrient area.

These spatial distributions are a key predicting and protecting marine resources
such as a shift of fishing ground and ecosystem. The identified relationship would

be beneficial for establishing oceanic background to further studies.
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CHAPTER 3. SURFACE OCEAN RESPONSES
TO HAGIBIS

3.1. Introduction

When compared to other regions, the NPO has the greatest frequency of tropical
cyclones. Typically, 16.5 storms occur in the area each year, with 6.3 (or 38%) being classified
as super typhoons (Chan 2005), defined as a storm with maximum sustained winds of 150 mph
(241 km/h), a low central pressure of 910 hPa, and accompanied by high precipitation and storm
surges. The ocean response to super typhoons has been a frequently discussed topic, given its
significance for climate change, environmental unpredictability, and the conservation of ocean
resources. Numerous scientific studies have found that high winds, via the vertical surface
entrainment process, cause modifications in ocean variables including temperature and salinity
directly beneath storms. Vertical stirring and upwelling processes are triggered by the energy
transmitted from the atmosphere to the ocean. (J. F. Price, Sanford, and Forristall 1994; W.
Wang and Huang 2004; Liu, Wang, and Huang 2008). Vertical mixing is mostly responsible
for the change in surface ocean variables in the open ocean, whereas the Ekman upwelling plays
a significant role in the underwater (J. F. Price 1981; Jullien et al. 2012). At the sea surface in
the north of the equator, decreases in sea surface temperature (SST) (Lin et al. 2003), high
concentrations of sea surface salinity (SSS) (Zhang et al. 2016), and deepening of mixed layer
depth (MLD) (Yue et al. 2018) are generally more observable on the right-hand part of the
trajectory of typhoons. Especially, SSS typically increases through vertical mixing and
upwelling, whereas typhoon-induced heavy rainfall decreases SSS on the left-hand part of
typhoons’ path (Han Zhang et al. 2020c). In addition, in the initial shallow MLD condition,
typhoon-induced vertical entrainment from warm and low-salinity surface water to cold and
high-salinity water is easier than in the deeper MLD (J. F. Price 1981; Vincent et al. 2012). In
the underwater layer, the initial deep MLD induces higher temperature and salinity anomalies
than the shallow MLD.

Various observational approaches and technological advances are enhancing our
insights of the upper ocean's reactions to typhoons and marine conditions. The physical oceanic
factors involved in the interaction between typhoons and regional seas have been studied using

observation platforms like buoys and moorings since the 1940s (Steinberg et al. 2001), satellite
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remote sensing since the 1980s (Groom et al. 2019), and Argo floats since the 2000s (Chai et
al. 2020). However, there are limitations to ocean technology, such as data gaps such as weekly,
five-day, and three-day mean datasets and missing values owing to cloud covering (Banzon et
al. 2016; Groom et al. 2019). Six-hourly wind speed and daily ocean variables in surface data
are currently available from the CMEMS platform owing to a blend of multi-observational
platforms and oceanic and atmospheric models. (Le Traon et al. 2019). However, there is still
a lack of operational regional-scale application and verification from global data.

The unprecedented Kuroshio current meander (KCM), which flows from low latitudes
to offshore southern Japan and affects SST, SSS, water density, MLD and mesoscale eddies, is
another feature of the NPO as shown in Chapter 2. In particular, the MLD and thermocline are
frequently deeper in the Kuroshio area than in the surrounding ocean water (X. Liu and Wei
2015), which confines the typhoon-generated SST decrease. Wu et al. 2008 used satellite
remote sensing data and model simulation to find that Typhoon NARI (2001) caused no
substantial SST decrease in the Kuroshio stem, where the thermocline depth is 80-100 m,
whereas NARI generated considerable decrease in SST in the shelf zone north of the Kuroshio,
where the thermocline depth is 20-30 m. especially, in the cyclonic eddy region. However,
depending on typhoon’s moving speed, further research are required to understand typhoon’s
effects in combination with the KCM at six-hourly or daily level.

To better understand the relationship between various upper marine physical variables
and distinct environmental characteristics, Chapter 3 investigated the cause analysis of physical
processes via changes in SST, SSS, and MLD at the surface of the ocean in response to the

impact of 2019 super typhoon HAGIBIS under the large KCM condition.

3.2. Target Event and Region

3.2.1. Super typhoon HAGIBIS

Figure 3.1 displays the best HAGIBIS track provided by the Japan Meteorological
Agency (https://www.data.jma.go.jp/fcd/yoho/typhoon/index.html accessed on 25 March 2022).
Typhoon factors are derived based on the following data shown in Figure 3.1a: typhoon central
location, date, estimated central pressure (hPa)/maximum sustained wind speed (m/s), and the
estimated radius of the storm wind zone (SWZ), where a wind speed of 25 m/s or more.
HAGIBIS was the strongest tropical cyclone in 2019, and was classified as a category five

storm with a maximum sustained winds of 160 mph (260 km/h) in the open ocean.
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3.2.2. Study area

As can be seen in Figure 3.1b, the study region is bounded by the central of the
HAGIBIS track and the KCM, which are located at longitude 134°-143°E and latitude 30°-

37.5°N, respectively. During the period of this typhoon, the environment off the coast of the

South Japan archipelago was characterized by a daily big KCM derived by the Japan Coast
Guard (JCC, red dotted line; https://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/gboc/ accessed

on 01 April 2022). The maximum sustained wind speed was reduced from 45 to 35 m/s, central

pressure was weakened from 945 to 965 hPa passing through south of Japan, and another

important typhoon factor was the translation speed (TS; km/h), which increased when
HAGIBIS approached the Japanese archipelago (from 16.7 to 58.2 km/h) with a wide SWZ

(radius of storm wind; from 324 to 296 km). In terms of time, HAGIBIS had a continuous

impact on the study area for 30 hours.
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Figure 3.1 Six-hourly HAGIBIS best track on October 09-13, 2019 obtained by JMA and daily
Kuroshio current meander (KCM; red dotted line) provided by JCC. (a) at the wide area;
including the typhoon central location with intensity (dots in red to yellow), the radius of a storm
wind zone (SWZ; black circles), date (month/day), and central pressure (hPa)/maximum sustained
wind speed (m/s), and (b) at a boundary of the study area; including same components as (a) and
adding time (UTC) and translational speed (TS; km/h), respectively

3.3. Multi-source Surface Observational and Model Data

3.3.1. Wind product and estimated typhoon effects

To evaluate the effect of HAGIBIS on the open ocean, the wind stress power (B,,), which

causes the breaking of stratified layers forced by vertical wind stirring in an upper ocean, and
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an Ekman pumping velocity (EPV; x 10~° m/s), which can drive the upwelling of temperature,

salinity, and water density from a underwater layer to an upper ocean layer were calculated as

the following;

e Wind speed and wind stress
Wind near the ocean's surface is a crucial parameter for several applications,
considering monitor of marine disasters, climate change output, water mass
structure, and statistical weather forecasting (Chelton et al. 2004; Rodriguez et al.
2019; Boas et al. 2019). Considering the limitations of conventional ocean surface
wind estimate techniques (ships and buoys; (Fang et al. 2017)), remote sensing
observations have developed as low-cost approaches (Bourassa et al. 2019). The
link between ocean surface wind and sea surface harshness, which reflects the
emissive and reflective qualities of the sea surface, is the main indicator of
remotely measured ocean surface wind (B6as et al. 2019). According to previous
review study (Amani et al. 2022) (2022, ocean partl), five remote sensing
technologies have been used often to estimate wind speed; microwave radiometer,
GNSS-R (Global Navigation satellite systems reflectometry), SAR, scatterometer,
and HF radar. Among them, the global blended mean CMEMS wind product
consisted of six hourly averaged fields for sea surface wind speeds and wind
stress, including zonal/meridional wind components as well as wind stress curl.
First, the scatterometers on-board ASCAT-a and -b were used to derive the NRT
L4 product for sea surface wind variables. Second, the SSMIS radiometer on the
F16, F17, F18, and F19 satellites acquired remote wind speeds. Third, a WindSat
radiometer on the Coriolis spacecraft measured wind velocities and directions.
The blended dataset was executed at 00UTC, 06UTC, 12UTC, and 18UTC, with a
longitude and latitude resolution of 0.25° over global ocean
(https://marine.copernicus.eu/ accessed on 08 June 2022).
e Equations

The P, in the upper ocean layer is a result of the wind-generated kinetic energy
flux (W/m?) used by Pan et al. 2018;

By =19Uy = pairCDU130 (1)
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where 7, is the wind stress at the surface water (to = pgi-CpU?Z); Uy, is the wind
speed at 10 m height on the mean sea level provided by the CMEMS dataset; p,ir
is the density of air (~ 1.22 kg/m3 at 20 °C); and Cj, is the drag coefficient.

The EPV is calculated using the quantitative wind stress curl, defined in Price,
Sanford, and Forristall 1994;

— To
EPV = Curl(f—xpw) (2)

where f is the Coriolis parameter (f = 2Q sin ¢); Q is Earth’s rotation vector

(2 radians per sidereal day); ¢ is the latitude; p,, is the density of seawater (1025
kg/m3).

3.3.2. Sea surface ocean variables

Monitoring the effects of typhoons and identifying their effects on the upper ocean

variables were used by the combined observational and model data. The surface oceanic and
meteorological data are divided into three types: (1) Model data; SST, SSS, and MLD (2)
Satellite data; SLA with GV represents the KCM. (3) Radar data; daily cumulative rainfall.

Sea Surface Temperature and Salinity, and Mixed Layer Depth

The quality of GLOBAL_ANALYSISFORECAST_PHY_CPL_001_015, which is
the global physical analysis and coupled forecasting product provided by the
CMEMS, is composed of daily 3D average temperature and salinity, zonal and
meridional velocities, as well as daily 2D average fields of sea surface level,
bottom temperature, and MLD since 30 December 2015. The daily forecasts are
produced using a coupled atmosphere-ocean system, resulting in a mean
interpolated to a regular 1/4-degree latitude-longitude grid and 43 vertical levels
extracted by sea water potential temperature and seawater salinity. The depth of
the mixed layer is generally calculated using a hydrographic method conducted by
water property measurements with two parameters of temperature and water
density shift from a reference value on the surface. For this study, the density
threshold as A6=0.8 ‘C decrease was used as a reference temperature by Kara,
Rochford, and Hurlburt 2000.

Sea Level Anomaly and Geostrophic Velocity
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To identify the KCM and mesoscale oceanic eddies, the SLA data, also known as
the near-real-time-global-altimetry dataset (version NRT 3.0 exp), provided by
AVISO (Arching, Validation, and Interpretation of Satellite Oceanographic) has
been available since April 2019 to present. A cyclonic (anticyclonic) eddy is
identified with the contours of maximum —1.00 (+1.00) m above the mean surface
level, divergence (convergence), and anti-clockwise (clockwise) based on the
north of the equator with GV (m/s), which is used by the meridian (V) and zonal
components (U) under format for inferring the magnitude and direction at the
ocean surface (http://www.aviso.altimetry.fr/en/home.html accessed on 08 June
2022).

e Daily Cumulative Precipitation
The tropical rainfall measuring mission (TRMM) precipitation radar (PR)
measured the average daily precipitation with gauge calibration as mm units. This
dataset is derived from a TRMM multi-satellite precipitation analysis conducted
by every three hours at a research-grade level. (TMPA; 3B42 L3 version 7). Data
from the Goddard Earth Sciences Data and Information Services Center
(GESDISC) is available, and it consists of a 0.25°x0.25° grid covering one daily
particle quantity per every 24 h
(https://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_Daily_7/summary accessed on
02 May 2022).

3.3.3. Methodology
Figure 3.2 depicts the study's illustrative step-by-step approach. The three subchapter
were as follows:

e Subchapter 3.4
The typhoon effects on the NPO were estimated in terms of P,, and EPV. Firstly,
six-hourly wind speed data was validated by JMA data (3.4.1). The visualized
spatial distribution shows the magnitude, direction, and impacted area of strong
P,, and high EPV every six hours (3.4.2). Then, the comparison in three-day mean
wind stress power between All Metop ASCAT and CMEMS data was conducted
(3.4.3).

e Subchapter 3.5
To interpret the physical KCM features such as meander and eddies, the AVISO’s
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KCM was expressed by SLA and GV and validated the KCM by JCC data (3.5.1).
Further, the spatial distribution of SLA and GV detected tracking cyclonic and
anticyclonic eddies. Then, the three-day mean SSS in comparison with SMAP and
CMEMS data is conducted prior to the estimation of surface ocean responses
(3.5.2).

e Subchapter 3.6
The response of surface ocean variables was conducted considering SST, SSS,
MLD, and daily cumulative rainfall. Further, the values were also conducted to
validate the CMEMS model data by in-situ data (3.6.1). The changes in surface
physical variables (SST and SSS) could be estimated by where, when, and to what
extent the typhoon affects the study area (3.6.2). The following work as cause

analysis via daily MLD and precipitation to evaluate other significant evidence
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Figure 3.2 Flowchart showing how individual estimated the physical process at the KCM
environment of the Northwest Pacific Ocean in response to typhoon HAGIBIS.

3.4. Wind Effects Induced by HAGIBIS

3.4.1. Validation of CMEMS model data by comparison with JMA
Based on the size of SWZs, global CMEMS data was compared to JMA data in Figure
3.3. The JMA provided a SWZ of above 25 m/s using a Himawari-eight geostationary satellite
image (Bessho et al. 2016), while the global wind blended data obtained by the CMEMS dataset
showed a white lines of 23 m/s. Comparing the two data revealed that the differences between
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CMEMS and JMA were approximately 2 m/s. According to the estimated bias difference
between in situ and blended wind data, it is in line with Bentamy et al. 2021. Further, Figures
3.3a, b, and d indicated the daily asymmetric typhoon’s activities illustrating the different
affected areas on the left and right semicircle. However, Figure 3.3c presents that the blended
wind speed in CMEMS shows that the spatial distribution is underestimated in nearshore sites
(< 50 km in shoreline) because geographical interpolation is conducted close to the shoreline
(Abderrahim Bentamy et al. 2021).
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Figure 3.3 Validation of each six-hourly storm wind zone of HAGIBIS; (a) October 11, 18UTC,
(b) October 12, 00UTC, (c) 06UTC, and (d) 12UTC, respectively. Black circles indicate JMA (black
circles) and white contour is CMEMS data with the typhoon central location according to time.

3.4.2. Wind stress power and Ekman pumping velocity
To evaluate the impact of HAGIBIS on the NPO, Figure 3.4 depicts the spatial
distribution of B, corresponding to the HAGIBIS track. Figure 3.4 shows a more expanded
time from October 11, 06 UTC to October 12, 12 UTC compared with Figure 3.3. The strong
P,, appears in the study area on October 11, 06 UTC. It can be shown that the strong P, affects
the ocean along the typhoon track, except for the center of the HAGIBIS track (Figure 3.4b).
Then, the P, intensity is sharply reduced on the typhoon’s left semicircle, whereas another B,

on the right semicircle continues to have a strong impact (Figure 3.4c and d). When HAGIBIS
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entered the study area boundary, the translation speed was slower than when traveling long
distances across the ocean (Figure 3.1a), and the movement going straight northward close to
Japan became oblique with Japan. In this process, the B,, on the left semicircle decreases faster
than on the right-hand part. When the typhoon made landfall on the Japanese archipelago, the
value of B, is weakened due to the nearshore bias (Figure 3.4e). When leaving from Japan, the
P,, increased from the right-hand part of the typhoon (Figure 3.4f).

Meanwhile, the physical value of EPV is shown in Figure 3.5; upwelling in red and
downwelling in blue contour, respectively. When the HAGIBIS’s effect become visible, as
shown in Figure 3.5a, the upwelling appears within the SWZ, while the downwelling occurred
outside the SWZ. Moreover, the strong upwelling is distributed in the study area along the
center location of the typhoon track (5 x 10> m/s at maximum value, invisible in Figure 3.5c).
The upwelling energy is concentrated at the typhoon’s center. When making landfall, as shown
in Figures 3.5e and f, the HAGIBIS still have strong upwelling along the typhoon’s path.

Note that the influence of the typhoon, the wind stress power was much stronger on the
right and left semicircle than on the typhoon’s center, whereas Ekman pumping velocity was

much higher along the typhoon’s center.

I34'E I36'E  138'E I40'E  142'E I136'E  I38'E I40'E  I142'E I136'E I38'E  I40'E  142'E

32'N

30'N

30'N

(d) Oct 12, 00:00 UTC (e) Oct 12, 06:00 UTC (f) Oct 12, 12:00 UTC

Figure 3.4 Spatial distribution of wind stress power (P,,; W/m?); (a) October 11, 06UTC, (b)
12UTC (c) 18UTC, (d) October 12, O0UTC (e) 06UTC, and (f) 12UTC with wind speed vectors
(black arrows) provided by CMEMS, storm wind zones (black circles), and the typhoon track with
the intensity (black line; red dots) obtained by JMA, respectively.
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Figure 3.5 Spatial distribution of Ekman pumping velocity (EPV; x 1075 m/s); (a) October
11, 06UTC, (b) 12UTC (c) 18UTC, (d) October 12, 00UTC (e) 06UTC, and (f) 12UTC with wind
stress vectors (black arrows) provided by CMEMS, storm wind zones (black circles), and the
typhoon track with the intensity (black line; red dots) obtained by JMA, respectively.

3.4.3. Missing value: three-day mean wind stress power

When three-day mean PB,, provided by six-hourly blended CMEMS wind data is
compared to another data using three-day all Metop ASCAT satellite data (Bentamy et al. 2006)
in Figure 3.6. The strong left biased P, (over 20 W/m?; convergence values) in Figure 3.6a
was caused by missing value due to widespread cloud cover in the right-hand side of the
typhoon. On the other hand, the CMEMS data has certain benefits having values filled in and
the visibility of wind stress power (over 16 W/m? ; divergence values), which leads to
occurrence of higher B,, on the right semicircle of the typhoon’s trajectory than on the left-hand
side as shown in Figure 3.6b. It is in consistent with previous study (Chereskin and Price 2019).
The missing values in one of the shortcomings of ocean technology were filled up by combining
satellite and CMEMS model data.
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Figure 3.6 Three-day mean spatial distribution of wind stress power (P,,; W/m?) with wind
speed vectors (black arrows) in comparison between (a) All Metop ASCAT and (b) CMEMS
data.

3.5. Response of Surface Kuroshio Current

3.5.1. Validation of the KCM & tracking cyclonic and anticyclonic eddies

From existing environmental conditions ahead of HAGIBIS, this study focused on the
KCM represented by the SLA and the GV. Figure 3.7 shows that the AVISO dataset's
quantitative depiction of the Kuroshio mainstream (red arrows; greater than 1 m/s) agrees with
the JCC's estimation for the period 10-13 October. Before the arrival of HAGIBIS (Figure 3.7a),
pre-existing cyclonic (counterclockwise; -value, blue shades) and anticyclonic (clockwise;
+value, red shades) eddies existed along the Kuroshio’s passage, influencing the surface ocean
heat transport and generating the cyclonic and anticyclonic eddies. The intensive cyclonic eddy
region with a maximum depression of —1.11 m (longitude 137.8°E and latitude 31.45°N) was
mainly located inside the KCM, whereas anticyclonic eddies were along and outside the KCM
(longitude 139.3°E and latitude 33.7°N with + 0.50 m, and longitude 142.7°E and latitude
35.5°N with + 0.58 m). During the typhoon, the distribution is depicted in Figure 3.7c compared
to before the typhoon (Figure 3.7a). The anomalies in the intensity and the extent of eddies
were not changed. The mesoscale eddies were less affected by HAGIBIS than the KCM. Sun
et al. 2014 suggested that 49 super typhoons moved across 192 cyclonic eddies in the NPO
from 2000 to 2008, and the typhoons intensified only approximately 10% of these eddies. This
study provides additional evidence of an ineffective effect on the strength of cyclonic eddies,

despite the typhoon staying at the strong cyclonic eddy area for two days.
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Figure 3.7 Validation of the daily Kuroshio mainstream between AVISO (red arrows) and
JCC (black dotted line) data and tracking cyclonic and anticyclonic eddy in terms of SLA; (a)
October 10, (b) October 11, (c) October 12, and (d) October 13 with the typhoon track and intensity,
respectively.

3.5.2. Missing value: three-day mean sea surface salinity

Figure 3.8 describes a three-day averaged spatial distribution of sea surface salinity.
In general, it is difficult to observe the value of sea salinity using individual satellite data,
thereby a daily blended SSS L4 in CMEMS is estimated via collaboration with the numerical
model (NEMO v3.4 and Met office unified model) and observational data (drifting buoys).
Guinehut et al. 2012 have shown that the combined model and observational data provide
consistent and complementary ocean values in some regional areas. Figure 3.8a presents a
missing data as a result of a white-covered area observed by the Soil Moisture Active Passive
(SMAP) satellite remote image, which was accessed on January 20, 2020, with the primary
objective is to supply worldwide measurements of soil moisture and freeze/thaw status reading
every three days (Du et al. 2018). The missing values was caused by severe weather conditions
and cloud cover, whereas Figure 3.9b shows the three-day blended mean SSS, indicating that
the value is visible and being filled. Therefore, the SSS provided by the CMEMS platform
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demonstrated the viability of investigating the effects of typhoons on the ocean.
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Figure 3.8 Three-day mean sea surface salinity (SSS; psu) distribution at the sea surface in
comparison between (a) SMAP and (b) CMEMS data.
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3.6. Response of Surface Ocean Variables

3.6.1. Validation of SST and SSS via In-Situ data
To estimate surface ocean variables in response to the typhoon, we validated the
CMEMS model data such as SST and SSS compared with in situ data to apply to the study area.
Table 3.1 indicates the Argo floats at A, B, and C1 including locations, dates, and values. The
comparative result for SST has a difference ranging from —0.11 to —0.06 °C, and for SSS, a
distinction ranging from —0.01 to +0.06 psu. There is no significant difference in value between

in situ and CMEMS data.

Table 3.1 Validation of oceanic CMEMS values compared with In-situ data

In-situ CMEMS
Value Value

Factor Argo floats Latitude(°N) Longitude(°E) Date

A* 2903367 30.50 135.77 October 10  28.00  27.89 (-0.11)

SST (°C) B* 2902754 33.58 138.61 October 9 2647  26.41 (-0.06)
C1*2903376  33.72 137.40 October9  26.17  26.06 (-0.11)

A 2903367 30.50 135.77 October 10 34.52  34.46 (-0.06)

SSS (psu) B 2902754 33.58 138.61 October 9 33.95  34.01 (+0.06)
C1 2903376 33.72 137.40 October 9 34.02  34.01 (-0.01)

* The locations of Argo floats (A, B, and C1) are shown in Figure 3.9a and c.
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(d) October 12, SSS

Figure 3.9 Daily surface temperature (SST) and salinity (SSS); (a, c) October 10 and (b, d)
October 12, respectively. Black dotted line, black line, and red dotted denote the Kuroshio meander,
the storm wind zone, and the typhoon central location according to date. Physical Argo floats (SST
and SSS) are shown in points A and B, while a biogeochemical Argo float including SST and SSS
as well as dissolved oxygen, nitrate, and chlorophyll a is shown in points C1.

3.6.2. Cause analysis via spatial distribution of SST and SSS

Figure 3.9 shows responses of daily SST and SSS according to the passage of HAGIBIS
on October 10 and 12, 2019. The SST was measured at 26.5 °C along the strong cyclonic eddy
area formed above Kuroshio’s path before the arrival of HAGIBIS in Figure 3.9a. During
HAGIBIS (Figure 3.9b), it shows a temperature drop down of about 0.5 to 1.5 °C inside SWZ
in the strong cyclonic eddy area. It caused the cold temperature rising from the deep water to
the sea surface due to the combined upwelling effect of the typhoon and the cyclonic eddy. The
degree of the SST decrease (more than 2 °C) is determined not only by the strength and moving
speed of typhoons but also by the upper ocean’s thermal structure (mixed layer depth and ocean
stratificational layer). The thermal structure will be addressed in the next section (Section 3.6.3.
Cause analysis via daily MLD and precipitation).

The spatial distribution of SSS in Figure 3.9c shows a low salinity concentration of at

least 34.00 psu around the massive strong cyclonic eddy area before HAGIBIS. In general, SSS
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normally increases during typhoons due to the upwelling and wind-induced vertical mixing. A
previous study (J. Chen et al. 2019) demonstrated that high salinity appeared on the right-hand
bias of the fast translation speed of typhoon KAI TAK’s track due to upwelling of high salinity
water of the bottom. However, HAGIBIS led to less increase the salinity of the surface water
in the right-hand part of the typhoon’s trajectory, while decrease it in the left side, as shown in
Figure 3.9d. It could be due to HAGIBIS’s high translation speed characteristics. According to
Sun, Vecchi and Soden, 2021 that investigated the influence of typhoon intensity and translation
speed on the surface response in the north of the equator. They explained that there were two
mechanisms to change SSS induced by typhoons: freshwater intrusion from typhoon-related
rainfall, and vertical mixing induced by high winds of typhoons. Based on these mechanisms,
they indicated that slower-moving (below mean 9.61 km/h) typhoons concentrated negative
SSS anomaly in a relatively small area near the typhoon’s center, while faster-moving typhoons
showed it in a much larger area with the maximum decrease weaker than that of the slow
typhoons. Since this degradation of SSS is caused by the intrusion of freshwater from typhoon-
related precipitation, fast-moving typhoons, which have a smaller amount of freshwater
supply and stronger vertical mixing driven by higher winds, indicate a weaker negative SSS
anomaly. Compared with Sun, Vecchi, and Soden, 2021, when HAGIBIS approached the
Japanese archipelago where stronger winds blew, the fast-moving translation speed, which
averaged 28.95 km/h, induced a negative SSS anomaly of 0.2 psu on the left semicircle of
HAGIBIS’s track due to heavy rainfall. However, a little anomaly of SSS occurred around a
strong vertical mixing area compared with Sun, Vecchi, and Soden, 2021. It is due to the fast-
moving speed of HAGIBIS could not compensate for the degradation of SSS generated by high
precipitation, and results in a less drop of SSS on the right semicircle of the typhoon’s path.
Therefore, HAGIBIS which traveled fast northward and was accompanied by widespread heavy
precipitation had a greater impact on the SSS response. To interpret the causes of the change in

SSS, the following daily mixing layer depth and precipitation distribution will be addressed.

3.6.3. Cause analysis via daily MLD and precipitation
A relatively shallow MLD formed in a strong cyclonic eddy area, ranging from 30.0 to
36.0 m in thickness, was caused by pre-existing eddy upwelling as shown in Figure 3.10a. In
general, anticyclones cause certain MLD to deepen while cyclones cause them to shallow. On
October 12, the MLD in the cyclonic eddy area became shallow in an area along the track of

typhoon’s center, with a value of 25.0 m depth in Figure 3.10b. This lifted-up MLD generated
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by the combined Ekman pumping and eddy upwelling could cause a decrease in SST, as shown
in Figure 3.9b. In contrast, wind stress power deepens the MLD on the right and left sides of
the typhoon parthway in the red contour area over 60 m to a maximum value of 83.6 m depth
(Figure 3.10b). In areas of anticyclonic eddies that existed in the south of the KCM, the MLD
and the thermocline were further deeper and thicker, respectively. It is due to additional forcing
of typhoon-induced vertical mixing.

Figure 3.10c indicates the daily precipitation distribution observed by TRMM radar.
Before the arrival of HAGIBIS in Japan, daily rainfall was under 60 mm. The typhoon on the
left-bias sides was accompanied by daily heavy rainfall of over 200 mm. Due to the influence
of precipitation, some oceanic variables changed. In particular, the SSS reduced within the
rainfall zone during and after the typhoon’s passage. Ekman pumping induced by HAGIBIS
contributed to the increase in the SSS; however, heavy rainfall effectively reduced SSS. This
finding is comparable with the results of Sun et al. 2014.
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Figure 3.10 Daily mixed layer depth (MLD) and daily cumulative precipitation (mm); (a, ¢)
October 10 and (b, d) October 12. Black dotted line, black line, and red dotted denote the Kuroshio
meander, storm wind zone, and the location of the center typhoon corresponding date.

3.6.4. Relationship analysis based on linear regression
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Figure 3.11 indicates a relationship analysis of distinct SLA, MLD, and wind effects in
the sea surface. Before HAGIBIS, the prevailing oceanic background (longitude 136-138°E)
was dominated by a massive cyclonic eddy (mean —0.5 m and maximum —1.1 m; 136.5-
138.5°E), Kuroshio path (138.2-139°E), and anticyclonic eddy (135-136°E and 139-140°E) in
Figure 3.11a. The pre-existing cyclonic eddy forced eddy upwelling, inducing the MLD was
shallower than in other areas (approximately 30 m depth as shown in Figure 3.11b). The
magnitude of the eddies' impact on the sea level height is linearly correlated with the extent of
MLD (Gaube, J. McGillicuddy, and Moulin 2019). In contrast, the Kuroshio area had an MLD
of 70 m, and the anticyclonic area had an average of 55 m. It is due to upwelling and
downwelling dynamic of eddies. Anticyclonic eddies are usually associated to positive SSTA
(Hausmann and Czaja, 2012), leading to enhanced ocean convection and therefore deeper MLD.
The feature of Kuroshio current area agrees with the previous result of X. Liu and Wei 2015
about the deepening depth and the distribution of the Kuroshio current.

During HAGIBIS, the typhoon effects were distinct in each region (Figure 3.11c).
HAGIBIS provided strong wind stress power on the left (maximum 35 W/m?; 135°-136.2°E)
and right (over 30 W/m?; 138°-140°E) semicircles, while had relatively weak stirring power
in the center of the typhoon (20 W/m?) in Figure 3.11c. In contrast, the high EPV (136.2°-
138°E) greatly influenced from a minimum of 0.5 to a maximum of 50 x 10~®m/s (Figure
3.11c) in the typhoon center. Along strong cyclonic eddy area, the combined of HAGIBIS's
Ekman pumping reached to 25 m MLD, comparing to 30 m depth in the condition of only
cyclonic eddy in Figure 3.11b. In contrast, anticyclonic eddies (downwelling) made the MLD
deepen (anomaly 15 m deep) in combination with intensive wind stress power on the right and
left sides of the typhoon. In summary, the shallow MLD largely affected by the combined effect
on strong cyclonic eddy and intensive Ekman pumping while, the deep MLD affected by strong

Kuroshio current area and anticyclonic eddy.
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Figure 3.11 Relationship analysis of distinct SLA, MLD, and wind effects in the sea surface;
(a) SLA (cyclonic eddy, Kuroshio, and anticyclonic eddies), (b) MLD before and during HAGIBIS,
and (c) wind effects during HAGIBIS based on zonal transect in the Northwest Pacific Ocean
(latitude 31.5°N; longitude 135°-140°E) and (d, e) their relationship using linear regression.

3.7. Summary

Chapter 3 shows the unequal ocean geographical distribution of SST and SSS based on
the CMEMS satellite and model data in the NPO. The regional profiles of strong Kuroshio
current meandering and intensive cyclonic eddy of cold water are presented incorporating with
the distributions of the upwelling conditions while both heavy rainfall and strong wind stress
power show different responses near the area. Especially, the impact of typhoon HAGIBIS was
investigated using the CMEMS’s six hourly wind and daily ocean datasets. Firstly, the wind
speed in CMEMS was validated in comparison with JMA’s estimated storm wind zones.
Second, the KCM path was compared to JCC and AVISO. Finally, the SST and SSS were
accepted using data from the Argo floats. The B, and EPV calculated from wind speed data
provided by CMEMS described typhoons’ local characteristics within storm wind zones,
despite a technical issue with biased values due to geographical interpolation in nearshore areas.
The following is a summary of oceanic changes influenced by super typhoon HAGIBIS and the
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Kuroshio current,

Wind stress power, which was stronger on the left and right semicircles than the
center of the typhoon, while Ekman Pumping velocity was powerful in the core of
the typhoon.

The SST was decreased by the strong Ekman upwelling along the core of
HAGIBIS’s track in combination with the strong cyclonic eddy generated by the
large Kuroshio meander.

Some of the SSS was reduced by a massive supply of freshwater due to heavy
rainfall on the left-hand part of HAGIBIS’s path, while the other SSS increased
slightly despite strong Ekman upwelling along the center of HAGIBIS’s track due
to that fast translational speed.

Some of the MLD was shallowed along the center of the HAGIBIS’s track due to
the combined effect (Eddy upwelling + Ekman upwelling), whereas other MLD
was deepened by strong wind stress power on the right and left semicircles of
HAGIBIS.
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CHAPTER 4. SUBSURFACE OCEAN
RESPONSES TO HAGIBIS

4.1. Introduction

Upper and deep oceanic responses to super typhoons have been a critical concern due
to their significance in climate change, environmental variability, and conservation of marine
resources (Han Zhang et al. 2021). Many studies have shown that strong typhoons induce
changes in oceanic variables such as temperature, salinity, and nutrients beneath storms through
the vertical entrainment process such as vertical mixing and Ekman upwelling (J. F. Price,
Sanford, and Forristall 1994; W. Wang and Huang 2004; L. L. Liu, Wang, and Huang 2008).
The role of super typhoons in the NPO has received increased attention in a variety of ocean
physics subdisciplines.

At the sea subsurface in the north of the equator, warm sea temperature (ST) anomalies
caused by the influence of the typhoon can reach approximately 4 °C (Han Zhang et al. 2019),
and undersea salinity (SS) decreases within 1 psu (Girishkumar et al. 2014). In terms of
nutrients, phytoplankton blooms (PB) estimated by a Chl-a concentration (I. I. Lin 2012) are
generally more visible on the right bias side of typhoons’ track. Further, some studies have
revealed that the subsurface chlorophyll maximum layers (SCML) contribute substantially to
the growth of upper oceanic phytoplankton biomass under appropriate conditions comprising
light intensity, nutrient-flux, and primary production (Cullen 2015). The SCML’s location,
depth, and duration are modulated by vertical mixing, advection, and upwelling (Huisman et al.
2006; Z. Wang and Goodman 2010). The emergence of physical and biological changes in
response to typhoons is well established; however, the cause of the underwater oceanic
anomalies that depend on typhoon effects and ocean environmental conditions have remained
unclear.

In terms of oceanic background in the underwater, wind stress from a typhoon induces
upper ocean current response, which is often inclined to the right-hand side of the typhoon track
in the north of the equator because of wind-current resonance (J. F. Price, Sanford, and
Forristall 1994; J. Sun et al. 2015; Han Zhang et al. 2020a). The response of upper oceanic
currents to typhoons can be classified as mixed layer current and thermocline current. The

mixed layer current is directly driven by a typhoon, and the convergence and divergence of the
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mixed layer current causes a hydrostatic pressure deviation, which causes the thermocline
current (J. F. Price, Sanford, and Forristall 1994). A conversion layer exists between the mixed
layer current and the thermocline current, with the current cycle changing clockwise
(anticlockwise) as the deepness of the transition rises (declines) (J. F. Price, Weller, and Pinkel
1986; Sanford, Price, and Girton 2011; Han Zhang et al. 2016). As a result of their physical
condition, typhoons import positive (counterclockwise) vorticity into the ocean, intensifying
cyclonic eddies (Walker, Leben, and Balasubramanian 2005) and generating additional
cyclonic eddies (Y. Chenand Tang 2012; L. Sun et al. 2014). After typhoon passage, the current
response decays through dispersion from a few day to weeks (G. Chen et al. 2013). According
to Wu et al. 2020, the current velocity to the right-bias side of the typhoon path fades quicker
than the left-bias side in the north of the equator. However, it is uncertain how the strong
typhoon influenced the large Kuroshio meander and how the current reacted beneath the sea
surface.

Underwater responses to typhoons and marine conditions are becoming better
understood due to various deep-observational methods and technological advancements.
Specifically, the use of observation platforms such as biogeochemical Argo (BGC-Argo) floats
since the 2000s (Chai et al. 2020) have been used to investigate the interaction between
typhoons and regional seas regarding physical and biogeochemical marine factors. CMEMS
operates a variety of multi-observational platforms and oceanic/atmospheric models to offer
surface and subsurface data on ocean variables (Le Traon et al. 2019). In this study, changes in
the subsurface variables are observed through two main data such as biogeochemical Argo float
and CMEMS’s model data.

To better understand the relationship of various upper marine physical and biological
variables having distinct environmental characteristics in response to typhoon’s effects, this
Chapter 4 firstly investigated a variability of the large Kuroshio meander at specific depths
for another physical driving force inducing and transferring the sea surface and subsurface
ocean variables. Secondly, it determined supplementary biological mechanisms for favorable

PB growth conditions and synthesized the response of undersea variables during the typhoon.
4.2. Multi-source Subsurface Observational and Model Data

The general information of super typhoon HAGIBIS and study area in the same as
Chapter 3 in Figure 3.1. Further the typhoon related wind data and equation as well as the
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various data of surface ocean variables such as temperature, salinity, mixed layer depth, sea
level anomaly, geostrophic velocity and precipitation were dealt with previous chapter 3.

4.2.1. Vertical profile of subsurface ocean variables

An Argo observational system is a global and local scale array of temperature,
salinity, and biogeochemical profiling floats are intended to be a significant component of
the ocean observation system, capable of surveying the upper 2000 m. This study addressed
three Argo floats, verifying physical and biological ocean surface model data, and estimating
a favorable environment for the growth of a PB. The oceanic in situ data are obtained from
platform numbers 2,903,367 and 2,093,376 provided by JMA’s Argo and code 2,902,754
supported by the Ministry of Science and Technology (MOST)’s Argo of China. The data is
extracted from the Copernicus Marine in situ TAC dataset (http://www.marineinsitu.eu
accessed on 31 May 2022) and the real-time Argo database of the China
(http://www.argo.org.cn accessed on 23 June 2020), respectively (Table 4.1).

Table 4.1 General information regarding to three Argo floats

Platform .
Available Date Parameters Source
Code
ftp:/Inrt.cmems-
(A) Sea pressure, du.eu/Core/INSITU_GLO_NRT_OBSERVATI
. 28 May 2019 .
Physical t0 20 July 2020 temperature, and ONS_013_030/glo_multiparameter_nrt/monthly
2903367 y practical salinity /PF/201910/GL_PR_PF_2903376_201910.nc
(accessed on 31 May 2022)
ftp:/Inrt.cmems-
(B) Sea pressure, du.eu/Core/INSITU_GLO_NRT_OBSERVATI
. 3 August 2019 )
Physical to 1 October 2020 temperature, and ONS_013_030/glo_multiparameter_nrt/monthly
2903376 practical salinity /PF/201910/GL_PR_PF_2903367_201910.nc
(accessed on 31 May 2022)
© 30 August 2018 telrilyesizillgr:zlsilrl;? ) http:/fwww.ifremer.fr/co-
BGC to 10 February pbiochel;lical Y argoFloats/float?ptfCode=2902754
2902754 2021 (DO, nitrate, and Chi-a) (accessed on 23 June 2020)

* The locations of Argo floats (A, B, and C) are depicted in Figure 3.9a and c.
4.2.2. Methodology

A follow-up framework with previous Chapter 3 is shown in Figure 4.1. It proceeds
with the following four steps:
e Subchapter 4.3
To interpret the vertical variability of the KCM, | reproduced the KCM expressed
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by Kuroshio current velocity (KCV) based on 0, 60, and 100 m depths from

October 10 to 13(4.3.

Subchapter 4.4

1).

The response of sea surface ocean variables, considering SST, SSS, and Chl-a.

The changes in surface variables (SST, SSS, Chl-a) can be estimated by where,

when, and to what extent the typhoon affects the study area on October 10, 11, 12,
and 13 (4.4.1). The following work was used through the MLD and daily

precipitation to evaluate other significant evidence (4.4.2).

Subchapter 4.5

To interpret the sea surface PB one day after HAGIBIS, this Chapter 4 was

expanded using vertical profiles showing the underwater variabilities according to

a specific depth. These findings were conducted largely in two parts. Firstly, it

was evaluated as a favorable environmental condition for PB growth via Argo

float data (4.5.1). Secondly, the overall estimated spatial distribution was

presented in a quantitative conceptual diagram using a comprehensive impact

analysis to identify the biological growth process of the PB in the upper ocean

(4.5.2).

H Chapter 4 : SEA SUBSURFACE OCEAN RESPONSES TO HAGIBIS

H Subchapter 4.3
Response of oceanic background
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© m Subchapter 4.4 =g

Response of sea surface ocean variables
from October 10-13

0 H Subchapter 4.5
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Figure 4.1 Flowchart depicting the individually-estimated physical and biogeochemical
processes at the KCM environment of the Northwest Pacific Ocean in response to typhoon

HAGIBIS.

4.3. Response of Subsurface Kuroshio Current

The daily SLA and the GV were used to confirm the Kuroshio mainstream and to
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investigate the intensity and extent of eddies before and after HAGIBIS shown in Chapter 3.
Specifically, whether or not to check the SLA change during the typhoon passage. The result
was that the SLA were less affected by typhoon HAGIBIS than the Kuroshio Current
Meander. It also provided additional evidence that the typhoon had less effect on the strength
of cyclonic eddies despite spending about 30 hours in passing over the strong cyclonic eddy
area. Although the SLA changed slightly during HAGIBIS, the Kuroshio current velocities
(m/s) changed significantly as a result of the effects of HAGIBIS.

4.3.1. Variability of the KCM according to 0, 60, and 100 m depth

This study investigated the variability of KCM at 0, 60, and 100 m depths to estimate
the influences of the typhoon on the KCM (Figure 4.2). We focused on an area where the strong
Kuroshio current flows from longitude 135°-140E° and latitude 30°-34°N. Before the typhoon
(Figure 4.2al), the KCM flowed southeastward before turning northward at a speed of over 1
m/s, with a significant horizontal distribution, reaching a depth of 100 m (Figures 4.2a2 and
a3). On October 11 of which the center of HAGIBIS approached the mainstream of the KCM
around 12:00 UTC, the strong P,, on the right-hand side intensified Kuroshio’s current velocity
and extended the area (deeper red area; longitude 138°-139.5°E and latitude 30°-34°N).
Specifically, the wind stress vector turned counterclockwise on the typhoon track’s right side,
intensifying current velocities in the same direction. This is caused when wind stress power
greatly forces the right semicircle, and the movement’s direction counterclockwise is similar to
Kuroshio’s path. In contrast, in the area that the direction of typhoon-related winds was opposite
to that of Kuroshio current, the current velocity was weakened (Figure 4.2b1; on the left-hand
part of the typhoon path). The effect of B,, became weaker as depth increased, and the spatial
distribution of velocity of Kuroshio current at 100 m depth was no longer similar to that before
the typhoon pathway. In addition, the high EPV on the center of the typhoon’s track can induce
the current velocity to increase from 100 m depth. On October 12 of which HAGIBIS made
landfall before 10:00 UTC (Figure 4.2c1), HAGIBIS intensified a partially southward-flowing
current of the Kuroshio on the left-hand side of the typhoon’s trajectory. This is probably caused
by that the typhoon’s rotation on the navigable semicircle and the current’s direction coincide.
Meanwhile, at the center of HAGIBIS across the Kuroshio path, the current velocities were
reduced because the P,, on the center of the typhoon was weaker than on the right and left
semicircles of the typhoon. With an increased depth of 100 m, the KCM tended to be similar to
before the typhoon. On October 13 when HAGIBIS passed through the study area, as shown in
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a column of Figures 4.2d1, d2, and d3, the intensity of the current velocities returned to those
before the typhoon while the expanded area (over 0.5 m/s; green area) was irrecoverable
compared with that on October 10.

Overall, at 0 and 60 m depth, the high current velocity appeared in a larger area (above
1.0 m/s) induced by wind stirring in Figures 4.2b1 and c1 and then recovered at 100 m depth to
that before the typhoon condition (Figures 4.2a3, b3, c¢3, and d3). The vertical feature of
Kuroshio current velocities agrees with the previous result of X. Liu and Wei 2015 about the

deepening depth and the distribution of the Kuroshio current.
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Figure 4.2 Kuroshio current velocity (m/s) on the boundary of longitude 135-140°E and
latitude 30-34°N based on depth and date; 0 m (a1, b1, c1, and d1), 60 m (a2, b2, c2, and d2), and
100 m (a3, b3, c3, d3) on October 10, 11, 12, and 13 respectively. The figures are focused on the
strong cyclonic eddy area with the typhoon’s track and intensity (black line and red dots).

4.4. Response of Surface Ocean Variables

The previous Chapter 3 takes into account the surface physical changes in SST and SSS
and analysis of their causes through the spatial distributions on October 10 (before) and October
12 (during) in Figure 3.9. When comparing and analyzing not only the physical but also the
biological mechanisms as a result of the typhoon's influence, it is necessary to interpret the
daily and more time-extended spatial distributions in order to fill the research gap that occurs.

4.4.1. Cause analysis via spatial distribution of SST, SSS, and Chl-a
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Figures 4.3, 4.4, and 4.5 show the change in the SST, SSS, and Chl-a, respectively
according to the passage of HAGIBIS on October 10, 11, 12, and 13, 2019. The observed SST
was 26.5 °C in the strong cyclonic eddy area formed above Kuroshio’s path before the arrival
of HAGIBIS in Figure 4.3a. When HAGIBIS began affecting the study area, the SST changed
from 26 to 25.5 °C at the strong cyclonic eddy (Figure 4.3b). During HAGIBIS, it showed a
temperature drop of about 0.5 to 1.5 °C inside SWZ in the strong cyclonic eddy area. It could
be caused by the cold temperature rising from the deep water to the sea surface due to the
combined upwelling effect of the typhoon and the cyclonic eddy. The amount of the SST
cooling (more than 2 °C) is determined not only by the intensity and moving speed of typhoons,
but also by the upper ocean's preexisting thermal structure. The thermal structure is addressed
in the next section (Subsection 4.4.2. MLD and daily precipitation). One day after the typhoon,

the decreasing SST remained at 25 °C in the strong cyclonic eddy zone (Figure 4.3d).
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Figure 4.3 Daily sea surface temperature (SST); (a) October 10, (b) October 11, (c) October
12, and (d) October 13. Black dotted line, black line, and red dotted denote the Kuroshio meander,

the storm wind zone, and the typhoon central location according to date. Physical Argo floats (ST
and SS) are shown in points A and B.

The SSS distribution in Figure 4.4a shows a low salinity concentration of at least 34.00
psu around the massive strong cyclonic eddy area before the arrival of HAGIBIS. Oceanic

65



salinity normally increases after a typhoon due to the vertical entrainment from wind-induced
vertical mixing; however, Figure 4.4b indicates a few changes in the SSS concentration, then
a decrease of 0.2 as 33.80 psu on the left semicircle of the typhoon’s center in the cyclonic
eddy (Figure 4.3c). The SSS remains with 33.90 psu in the same area until 13 October. A
previous study (J. Chen et al. 2019) demonstrated that high salinity appeared on the right-bias
side of the typhoon pathway as a dangerous semicircle due to an asymmetrical effect. However,
Chapter 4 confirmed that some SSS concentrations on the right side of the typhoon track
increased by a few concentrations (from 34.20 to 34.30 psu) and to a small extent, while other
SSS concentrations on the left-bias part of the typhoon passage significantly decreased.
Compared to the effect of intense rainfall, the combined effect of strong Ekman and eddy
upwelling may not greatly affect the increase in the SSS on the right and left sides of the
typhoon’s path. To interpret the causes of the change distribution of SSS, the following daily

precipitation distribution will be analyzed in subsection 4.4.2.
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Figure 4.4 Daily sea surface salinity (SSS); (a) October 10, (b) October 11, (c) October 12, and
(d) October 13. Black dotted line, black line, and red dotted denote the Kuroshio meander, the storm
wind zone, and the typhoon central location according to date. Physical Argo floats (ST and SS) are
shown in points A and B.

HAGIBIS had a wide SWZ encompassing the study area, strong wind stress power,
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and high Ekman pumping velocity. These characteristics significantly affected biological
processes in the ocean through direct or indirect effects on the phytoplankton bloom (PB).
Before HAGIBIS, the PB existed along the KCM and in front of the offshore around the Kanto
region, where the high Chl-a concentration remained at over 0.80 mg/m?3 within the red
contour line (over 0.50 mg/m?) due to the confluence area between the Oyashio cold and
Kuroshio warm currents (location; longitude 140°-143°E and latitude 34°-36°N). This area
gives rise to a natural fishing ground in Japan. In the cyclonic eddy area, the amount of Chl-a
was from 0.25 to 0.30 mg/m3 from 10 October to 11 in Figures 4.5a and b. The Chl-a then
reached 0.40 and 0.45 mg/m3 along the Kuroshio path in the cyclonic eddy area (Figure 4.5c).
On 13 October, a massive growth of the PB (Chl-a reached 0.60 mg/m?) occurred along the
upper KCM and the center of the typhoon’s path. That is, HAGIBIS and accompanying heavy
rainfall directly affected the decreasing SST and the low SSS concentration on 12 October,
while the large Chl-a anomalies occurred one day after the typhoon passed. These causes
should be interpreted in conjunction with typhoon-related external and ocean internal factors

simultaneously. This will be taken into account in the underwater.
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Figure 4.5 Daily sea surface phytoplankton bloom indicated by chlorophyll a; (a) October 10,
(b) October 11, (c) October 12, and (d) October 13. Black dotted line, black line, and red dotted
denote the Kuroshio meander, the storm wind zone, and the typhoon central location according to
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date. Solid red lines indicate a boundary of high Chl-a is over 0.5 mg/m3. A biogeochemical Argo
float (ST, SS, DO, nitrate, and Chl-a) is depicted in points C1, C2, and C3 based on the dates of
October 9, 14, and 19, respectively.

4.4.2. Cause analysis via daily MLD and precipitation

A relatively shallow MLD formed in a strong cyclonic eddy area, ranging from 30.0 to
35.0 m in thickness, was caused by pre-existing eddy upwelling as shown in Figure 4.6al.
Madre et al., 2017 confirmed that modification of the mixed layer by mesoscale eddies led to
deeper (shallower) MLDs in pre-existing anticyclone and cyclonic eddy. On 11 October, the
sustained wind-induced energy flux triggered deepening MLD on the typhoon’s center and
right-hand side (occurring at more than 60 m depth; red line in Figure 4.6al). On 12 October,
the MLD in the cyclonic eddy area became shallow along the typhoon track center, with a value
of 25.0 m depth in Figure 4.6a2. This lifted-up MLD generated by the combined Ekman
pumping and eddy upwelling could cause a decrease in SST, as shown in Figure 4.6a2. In
contrast, wind stress power deepens the MLD on the right and left semicircles of the typhoon
path in the red contour area over 60 m to a maximum value of 83.6 m depth (Figure 4.6a2). The
overall MLD remained in a similar condition or deepened on the northern side. In contrast, the
MLD was deeper and the thermocline was thicker within anticyclonic eddies (red area in
Figures 4.6al1-a3). In terms of phytoplankton bloom in the sea surface, the depth of mixing layer
controls phytoplankton growth with eddies (Madre et al. 2017). In cyclonic eddy, the
shallowing of the MLD increases in initial and consequent phytoplankton bloom, while
anticyclonic eddy is mostly associated with the convective mixing that interrupts bloom. That
is, strong vertical mixing where the typhoon's right and left bias triggered bloom suppression
in Figure 4.5¢, d. In addition, a deep mixed layer in the anticyclonic eddy was presumed to
prevent deep, cold water from being entrained into the upper layer.

Figure 4.6b1-3 indicate the daily precipitation distribution observed by TRMM radar.
Before the arrival of HAGIBIS in Japan, daily rainfall was approximately 100 mm (Figure 4.6
bl). The typhoon on the left-bias sides was accompanied by heavy rainfall of over 200 mm.
Due to the impact of rainfall, some oceanic variables changed. Particularly, the SSS decreased
within the rainfall range during and after the typhoon’s passage. Ekman pumping casued by
HAGIBIS contributed substantially to the increase in the SSS; however, heavy rainfall

effectively reduced SSS. The degree of change and compensation still needs further research.
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Figure 4.6 Daily mixed layer depth (MLD) and daily cumulative precipitation (PPT; mm); (al,
b1) October 11, (a2, b2) October 12, and (a3, b3) October 13. Black dotted line, black line, and
red dotted denote the Kuroshio meander, the storm wind zone, and the location of the center typhoon
corresponding date. The blue and red contour lines indicate 30 m and 60 m thickness in terms of
MLD, respectively.

sovH

4.5. Response of Subsurface Ocean Variables

4.5.1. Favorable environmental conditions in phytoplankton bloom

To investigate the biological process, we analyzed vertical changes in temperature,
salinity, dissolved oxygen (DO), nitrate, and Chl-a as measured by a BGC Argo float at point
C1; before (N0.98 on 9 October), C2; one day after (N0.99 on 14 October), and C3; a week
after (N0.100 on 19 October) the typhoon, as shown in Figure 4.7, 4.8 and 4.9. The location of
point C1, C2, and C3 existed at the offshore sea of the Tokai region, where the eddy’s strength
was weak (—0.084 m) and the KCM’s influence on the BGC Argo float was small. On the
contrary, HAGIBIS affected the area with strong Ekman pumping and heavy rainfall on 12
October. Therefore, we examined the direct impact on the center and left semicircle of the
typhoon rather than the combined effect, such as eddies, the Kuroshio, and the typhoon.

Temperature (°C, solid line), below the x-axis, and salinity (psu, dotted line), above the
x-axis, are shown in Figure 4.7. The temperature progressively decreased to 26 °C compared to
before HAGIBIS (26.6 °C), and the thermocline depth was transformed by replying to the
typhoon from 60 m to 40 m. The greater the water depth, the higher the temperature difference
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between before and one day after. Then, the ocean temperature showed a small variation of
approximately 1 °C at around 100 m depth. This result is due to the Ekman upwelling of
HAGIBIS bringing the deep cold temperature layer to the upper ocean. One week later, the sea
temperature decreased to 25 °C near the surface, and the thermocline depth deepened to 50 m.
The temperature at the bottom of the thermocline depth recovered to the levels before the
typhoon. Meanwhile, based on the halocline on October 9 compared with October 14, the
salinity layer rose from 60 m to 40 m, similar to the thermocline in Figure 4.7. A tendency for
high SSS (34 to 34.2 psu) existed due to the prior influence of Ekman upwelling, and the heavy
rainfall accompanied by HAGIBIS on October 12 stopped the supply of fresh water to the ocean.
However, another heavy rainfall occurred on October 19, and the total precipitation exceeded
200 mm in the NPO. As a result, SSS swiftly dropped to a relatively lower salinity of 33.6 psu
after one week. The salinity change is due to the influence of the typhoon; however, the effect
of rainfall was dominant in the vicinity of the surface layer until approximately 40 m deep.
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Figure 4.7 Depth-integrated temperature (°C, solid) and salinity (psu, dotted) until 100 m
depth; Before (C1; October 9 in black), a day after (C2; October 14 in blue), and a week after (C3;
October 19 in red) the passage of HAGIBIS observed by Code 2,902,754 BCG Argo float,
respectively.

Biogeochemical components such as DO and nitrate in Figure 4.8 show exchanges at

each depth following the passage of HAGIBIS. The DO concentration from the surface to 30
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m depth was comparable for each variable when compared with before and one day after the
typhoon. However, at depths greater than 30 m, the mass changed considerably. It was reduced
by 140 umol/kg (before, 163 umol/kg) at a 53 m depth due to typhoon-induced upwelling that
could bring the deep low-oxygen water to the upper layer. It also showed relatively high
oxygen at approximately 80 m depth compared with before and one day after HAGIBIS.
Physical processes established the decrease in DO at 53 m depth. From another aspect, the DO
result was inversely correlated with nitrate and Chl-a at a specific depth. The decreased
(increased) DO on the specific layer is related to the consumption (release) of oxygen by
organisms (primary production). Although there are differences in typhoons’ intensity and
ocean environmental conditions, the correlation is consistent with a previous result from T.
Wang et al. 2022. A week later, the DO mass amount increased with oxycline depth, possibly
due to the effect of the other heavy rainfall. The DO concentration returns to the initial
condition below approximately 40 m depth.

The nitrate concentration, the ocean nutrient index in the ocean, is monotonous despite
the influence of HAGIBIS. The nitrate concentration largely increases due to strong Ekman
upwellings bringing up a high amount of nitrate from deep water to the upper ocean one day
after. One week after, the nitrate was restored to its original amount and depth compared with
before HAGIBIS, as shown in Figure 4.8.
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Figure 4.8 Depth-integrated dissolved oxygen (umol/kg, solid) and nitrate (umol/kg, dotted)
until 100 m depth; Before (C1; October 9 in black), a day after (C2; October 14 in blue), and a
week after (C3; October 19 in red) the passage of HAGIBIS observed by Code 2,902,754 BCG Argo
float, respectively.

Finally, the concentration of Chl-a in Figure 4.9 shows the nutrient-rich layer as 1
mg/m3 (SCML; over 0.7 mg/m?) remaining at a 60 m depth before the typhoon. One day after
HAGIBIS, the SCML (0.75 mg/m3) was pumped up to a 40 m depth, and then the SCML
reached the sea surface, maintaining the high Chl-a concentration. One week after HAGIBIS,
Chl-a on the surface was sharply decreased up to 0.3 mg/m?3 whereas the redistribution of a
nutrient-rich layer was 30 m. Considering the layer shift, the nutrient’s favorable depth moved
from 60 m to the upper ocean (less than 40 m deep), at which some ocean factors affect the
PB’s growth, considering the colder temperature, the lower salinity, the higher oxygen, and

higher nitrate concentration than before the typhoon.
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Figure 4.9 Depth-integrated Chl-a (mg/m3, solid) until 100 m depth; Before (C1; October 9 in
black), a day after (C2; October 14 in blue), and a week after (C3; October 19 in red) the passage of
HAGIBIS observed by Code 2,902,754 BCG Argo float, respectively.

4.5.2. Relationship analysis based on linear regression

Simple linear regression analysis was conducted to assess the favorable environment to

sustain the high concentration of Chl-a related to (a) temperature, (b) salinity, (c) DO, and (d)
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nitrate before, one day after, and one week after HAGIBIS (Figure 4.10). The overall ocean
variables before HAGIBIS were negligibly correlated with Chl-a ((a) R?: 0.086, p > 0.05, (b)
R?:0.0496, p>0.05, (c) R?:0.0774, p <0.05, and (d) R?: 0.0559, p > 0.05), while the oceanic
factors one day after HAGIBIS were strongly interrelated with Chl-a ((a) R?: 0.9781, p < 0.05,
(b) R?:0.9903, p<0.05, (c) R?:0.647, p<0.05, and (d) R?: 0.9682, p < 0.05). One week after,
the entire relationship decreased owing to another heavy rainfall on October 19. Chl-a was
further shown to engage in the upper ocean favorable condition ((a) R%:0.6679, p < 0.05, (b)
R?:0.4284, p < 0.05, (c) R?:0.2516, p < 0.05, and (d) R?:0.7157, p < 0.05). Note that, the
salinity, which was rapidly altered by external factors mainly owing to the second rainfall, also
showed a significant difference regarding Chl-a than sea temperature and nitrate. Chapter 4
provides evidence for the physical and biogeochemical ocean factors influencing Chl-a caused

by the strong external impact of the typhoon and rainfall.
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Figure 4.10 Scatterplots of oceanic variables to examine the relationship of (a) temperature,
(b) salinity, (c) dissolved oxygen, and (d) nitrate compared to the Chl-a concentration; Before
(C1; October 09 in blue), a day after (C2; October 14 in red), and a week after (C3; October 19 in
black) the passage of HAGIBIS, respectively.

4.5.3. Comprehensive Quantitative Analysis

Until the preceding Chapter 3 and 4, individually estimated ocean responses to the
typhoon’s effects were analyzed and interpreted. For instance, on the sea surface, the typhoon

mainly induced changes in the SST, SSS, and MLD due to the typhoon’s physical impact. In
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contrast, the Chl-a occurred in the upper ocean layer one day after HAGIBIS. Therefore, further
analysis is needed to reveal the causes using a comprehensive approach such as internal ocean
profile and external forcing.
Before HAGIBIS, the dominant vertical profile mainly had a massive cyclonic eddy
(the strongest area had over —1.0 m SLA) and Kuroshio’s path moving southeastward and
northward with the current velocity over 1.0 m/s, propagating until 100 m depth (Figure 4.11a).
The pre-existing cyclonic eddy induced eddy upwelling. In that process, some ocean responses
existed; firstly, the SST was decreased by 26 °C in the strong cyclonic eddy zone (Figure
4.11b), and the MLD was also shallower than in other areas (approximately 20 m depth at
138.3°E in Figure 4.11a). Interestingly, the Chl-a concentration on the surface was affected by
the cyclonic eddy and (approximately 0.2 mg/m3 at 138°E in Figure 4.11c). Secondly, the
strong Kuroshio current affected two areas at 136.3°-137°E and 138.5°-138.8 °E. In that area,
the surface SST was decrease by 26 °C in the most strongest vertical Kuroshio current velocity
area around 136.7 °E. At the same area, the surface Chl-a was increased 0.3 mg/m3. The high
subsurface chlorophyll (HSC) layer existed around the strong Kuroshio area (136.5°-137°E)
and 100 m to 80 m depth with 0.5 mg/m3. In summary, before HAGIBIS, the surface
temperature, MLD, and Chl-a were affected by strong cyclonic eddy and intensive Kuroshio
current area. Although different study areas, this result appears to agree with H. Zhang et al.,
2018 that mentioned the surface phytoplankton bloom extent is influenced by the water

column stabilization, SST, and the Kuroshio flow.
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Figure 4.11 Quantitative schematic diagram of ocean variability from 100 m depth to the sea
surface before HAGIBIS. Zonal transect in the Northwest Pacific Ocean (latitude 31.5°N;
longitude 135°-140°E) including cyclonic eddy area [blue isolines; (a—c) in the sea surface], the
Kuroshio current depicted by integrated horizontal velocities on different depths with orange; 1.0 <
V < 1.5 m/s, and yellow; above 1.0 m/s. The subsurface layers comprise the MLD (Violet), HSC
(light green; 0.5 mg/m?). The two graphs indicate (b) surface sea temperature (°C) and (c) surface
Chl-a (mg/m3) before HAGIBIS.

During HAGIBIS, the typhoon effects were distinct in each region. Firstly, HAGIBIS
provided intensive wind stress power on the left (average over 30 W/m?; 135°-136.2°E) and
right (over 35 W/m?; 138°-140°E) semicircles, while had relatively weak stirring power in the
center of the typhoon (25 W/m?) in Figure 4.12a and d. In contrast, the high EPV (136.2°-
138°E) largely influenced from a minimum of 0.5 to a maximum of 50 x 10~®m/s (Figure
4.12a and d) in the typhoon center. Strong Ekman pumping and wind stress power led to a faster
Kuroshio current velocity and a larger Kuroshio extent than before the typhoon. Interestingly,
the area around the strong cyclonic eddy activity was also affected by the intense Ekman
upwelling (137.5°-138°E). Thus, the combined effect induced changes in the MLD, SST, and
Chl-a in the upper ocean layer. For example, the SST was decreased by 24.6 °C at
approximately 137.7°E (Figure 4.12b). The MLD became shallower at both high EPV (22.3 m
depth in Figure 4.12a) and the surface Chl-a was increased by 0.5 mg/m3 in Figure 4.12c. It is
due to the HSC (0.5 mg/m3) was redistributed at a depth of 100 m to 45 m driven by the
combined effect (Eddy + Ekman upwelling). That is, the HSC provided massive nutrients to an
upper ocean layer to induce bloom. On the other hand, the intensified Kuroshio current area
(136.3°-137°E) induced by the typhoon also triggered the SST dropped down (mean 25.5 °C),
the MLD shallowed (34.0 m depth at 136.5°E), while the other MLD in the vicinity of 135°E
and 140°E became deeper than before the typhoon (54.2 and 63.2 m depth at anticyclonic eddy
area in Figure 4.12a). As same area, the Chl-a increased 0.45 mg/m3. During HAGIBIS, the
SST, MLD, Chl-a, and subsurface Chl-a layer largely affected by the combined effect on strong

cyclonic eddy and intensive Ekman pumping as well as stronger Kuroshio current velocity.
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Figure 4.12 Quantitative schematic diagram of ocean variability from 100 m depth to the sea
surface during HAGIBIS. Zonal transect in the Northwest Pacific Ocean (latitude 31.5°N;
longitude 135°-140°E) including cyclonic eddy area [blue isolines; (a—c) in the sea surface], the
Kuroshio current depicted by integrated horizontal velocities on different depths with red; over 1.5
m/s, orange; 1.0 <V < 1.5 m/s, and yellow; above 1.0 m/s, and typhoon HAGIBIS represented by
the affected area where strong P, (gray circles) and high EPV (red circle) in the sea surface. The
subsurface layers comprise the MLD (Violet), HSC (light green; 0.5 mg/m?3). The three graphs
indicate (b) surface sea temperature (°C) and (c) surface Chl-a (mg/m3), and (d) P,, (W/m?) and
EPV (x 10~° m/s) during HAGIBIS. Two vertical dashed lines marked on both the main plot and
the subplot indicate the region with the strongest typhoon effect along the typhoon’s center
(longitude 136.5°-138°E).

One day after HAGIBIS, in the combined effect area, the SST slightly decreased
around the combined effect area (137.7°-138.2°E in Figure 4.13b), the MLD deepened in the
same area (25.5 m depth), and the Kuroshio current velocity was weakened (136.5°-137°E in
Figure 4.13b). In other words, the fluctuation tendency of the SST and the MLD had
approximately similar values during the typhoon, indicating the influence of the typhoon
remained in the ocean, while the speed and range of the Kuroshio current returned to the pre-
storm condition (Figure 4.13a). The previous section showed the favorable environmental
conditions in the PB’s growth through the BGC Argo float at the specific locations C1, C2,

and C3. It concluded that a modulated environment (decrease in temperature, low salinity, and
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high oxygen) caused by the typhoon effects could induce better conditions for PB growth.
From this section, the synthesis vertical profiles could be explained largely by the SCML (over
0.7 mg/m3) existing at 80 m to 60 m depth (138.0°-138.8°E), and the overall HSC (0.5
mg/m3) supplying the whole upper ocean layer from 100 m depth to the sea surface (137.5°-
139°E in Figure 4.13a). The nutrient-rich layers induced the massive PB at the sea surface a
day after the typhoon (surface Chl-a; 0.56 mg/m3). This explains why biological
redistribution (HSC and SCML) is an important mechanism responsible for daily surface PB.
In addition, the anticyclonic eddy areas (both 135.0°-136°E and 139.0°-140°E) was shown
that low surface Chl-a (0.1 mg/m3) due to not only the strong wind-induced vertical
turbulence (deepening MLD), but also anticyclonic eddy downwelling. According to T. Wang
et al. 2022, they found different mechanisms causing surface phytoplankton blooms in the
environment of the Arabian sea in response to successive tropical cyclones. However, T. Wang
etal. 2022, did not address the daily quantitative analysis between physical and phytoplankton
dynamics. Our study demonstrated a significant difference in daily ocean variability for the
typhoon period by employing a comprehensive approach to explain the daily variations in

individually estimated physical and biological mechanisms.
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Figure 4.13 Quantitative schematic diagram of ocean variability from 100 m depth to the sea
surface a day after HAGIBIS. Zonal transect in the Northwest Pacific Ocean (latitude 31.5°N;
longitude 135°-140°E) including cyclonic eddy area [blue isolines; (a—) in the sea surface], the
Kuroshio current depicted by integrated horizontal velocities on different depths with orange; 1.0 <
V < 1.5 m/s, and yellow; above 1.0 m/s. The subsurface layers comprise the MLD (Violet), HSC
(light green; 0.5 mg/m3), and SCML (deep green; above 0.7 mg/m3). The two graphs indicate (b)
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surface sea temperature (°C) and (c) surface Chl-a (mg/m3) a day after.

4.6. Summary

In Chapter 4, the effects of the super typhoon HAGIBIS under the Kuroshio meander

in the Northwest Pacific Ocean were investigated mainly using BGC Argo floats and CMEMS’s

model data for the undersea as follows;

Although the sea level anomaly (indicating eddies) was little changed, however
the Kuroshio current velocity (m/s) was changed according to wind stress power
intensity and forcing direction. Especially, at 0 and 60 m depth, the high Kuroshio
current velocity had a larger area (above 1.0 m/s), and then recovered at 100 m
depth to before the typhoon condition.

From analysis of favorable environmental condition in PB using in situ data of
Argo float, the high nutrient layer moved from 60m to 40m depth until sea surface
after the typhoon. Some underwater factors affected the PB’s growth, such as the
colder temperature, the lower salinity, and the higher oxygen, the higher nitrate
compared with before the typhoon.

According to comprehensive impact analysis, the nutrient-rich layers induced the
massive PB at the sea surface one day after the typhoon. This explained why
biological redistribution (HSC; 0.5 mg/m?3 and SCML; above 0.7 mg/m3) is an
important mechanism responsible for daily surface PB.

The nutrient-rich layer redistribution also depended on the high Kuroshio current
velocity area and the strong cyclonic eddy area.
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CHAPTER 5. CONCLUSIONS

5.1. Main Findings

This study introduces a synthetic quantitative analysis of the cumulative impacts of the
typhoon HAGIBIS and the large Kuroshio current meander on the ocean response of physical
characteristics (sea temperature, salinity, and Chl-a) in the Northwest Pacific. Data comes from
a variety of sources: from measurements (Satellites, Argo floats, and radar) and hybrid data
(sparse observation complemented by model data such as CMEMS platform). The combining
of satellite image, analytical model for subsurface variability outputs and in situ data provides
a one-of-a-kind opportunity to study the daily influence of typhoon on the upper ocean. The
study area, close to south of Japan during abnormal oceanic background, were chosen for
application and verification from global dataset. Outcomes not only revealed the distinct spatial
anomalies in sea surface, but also demonstrated the need and efficiency of integrating impact
assessment with short-term period diversity between physical and biological mechanism so as
to estimate the overall upper ocean response to the typhoon and the Kuroshio current. The most
obvious findings to emerge from the main research question as “How clearly is it revealed that
typhoons cause changes in upper ocean physical and biological variables, particularly, in
interaction with Kuroshio current, which specifies the NPO using daily multi-source data? If
so, could we categorize spatially distinct effects and responses? Could a comprehensive
quantitative analysis replace the role of a theoretical synthesis explanation?” as answered below;

Firstly, from the distinct spatial assessment of the sea surface variation, this study
identified critical local oceanic characters to classify cyclonic and anticyclonic eddy generated
by Kuroshio mainstream before, during, and after HAGIBIS.

¢ In the cyclonic eddy area (upwelling and counterclockwise) during HAGIBIS

I. Decrease in sea surface temperature (dropping down 0.5 to 1.5 °C) in
combination of the strong Ekman pumping.

I1. Shallowing mixed layer depth (negative anomaly; 5 m to 10 m) according to
linear correlation with strong Ekman pumping velocity.

[11. High concentration of Chl-a reaching 0.40 and 0.45 mg/m3, however a day
after HAGIBIS, the surface bloom reoccurred a high quantity of chlorophyll a
(0.64 mg/m3) across a wide area (56,615 km?; more than 0.5 mg/m3).

IV. Occurrence in a little anomaly of sea surface salinity because the fast-moving
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speed of HAGIBIS did not compensate for the degradation of SSS induced by
heavy rainfall, mainly triggering a negative anomaly to drop down 0.2 psu on
the left semicircle of the typhoon trajectory.

¢ In the anticyclonic eddy area (downwelling and clockwise) during HAGIBIS

I.  Deepening mixed layer depth (positive anomaly; 10 m to 15 m) according to
negative linear correlation due to both strong wind stress power on the left
and right side.

e In the high Kuroshio current velocity area during HAGIBIS

I.  Deepening mixed layer depth (positive anomaly; 5 m) due to the feature of
Kuroshio current.

Secondly, from the vertically integrated assessment of the undersea variation, this study
estimated the possible impact of not only the variability of Kuroshio current velocity but also a
favorable biological environment condition for nutrient growth using model data and Argo float.

e Variability of Kuroshio current velocity (0 m, 60 m, and 100 m)

I.  On October 11, the high Kuroshio current velocity (maximum above 1.5 m/s)
occurred by wind stress intensity and that of the same forcing direction on the
dangerous semicircle at 0 and 60 m depth. Then the velocity was recovered at
100 m depth to before the typhoon condition.

I1. On October 12, the high velocity (mean above 1.0 m/s) was appeared around
the navigable semicircle due to the coincidence of the return direction of wind
stress power and Kuroshio flow.

I11. At 100 m depth, the overall velocity was recovered before the typhoon
condition. This implies the influenced depth of the typhoon by 100 m.

e Favorable condition observed by Argo float data

I.  During HAGIBIS, the high nutrient layer moved from 60 m (observed pre-
existing depth) to 40m depth until sea surface. The internal factors,
considering colder temperature, lower salinity, higher oxygen, and high
nitrate concentration, have a linear relationship to nutrient growth and
relocation.

Thirdly, from the comprehensive quantitative assessment of the sea surface and
subsurface variations, this study identified the spatially distinct external forcing (distinct spatial

typhoon and Kuroshio impacts) and the internal dynamic (cyclonic and anticyclonic eddy area)
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to evaluate the biological response and its anomaly before, during, and a day after HAGIBIS.

5.2.

Before HAGIBIS, the dominant vertical profiles mainly had a massive cyclonic

eddy and Kuroshio’s impact area, propagating until 100 m depth.

I.  In the pre-existing cyclonic eddy, the Chl-a concentration (0.2 mg/m3) due
to the eddy upwelling.

I1. In the high Kuroshio current velocity area around 136.7 °E, the surface Chl-a
increase as 0.3 mg/m3, and the high subsurface Chl-a layer (mean 0.5
mg/m?3) existed from 100 m to 80 m depth.

During HAGIBIS, the primary distinct effect mainly was two wind stress power

areas (135°-136.2°E and 138°-140°E) and the high Ekman pumping area

(136.2°-138°E).

I.  In combined upwelling (eddy + Ekman) area (137.5°-138°E), the surface Chl-
a increased by 0.5 mg/m3 due to the redistribution of high subsurface Chl-a
layer from 100 m to 45 m supplying massive nutrients to the sea surface.

I. Inintensified Kuroshio current area induced by the typhoon (136.3°-137°E),
the Chl-a increase 0.45 mg/m3. It is due to the typhoon effects made the HSC
redistribute up to 55 m.

A day after HAGIBIS, the internal oceanic factors response (SST and MLD)

remained as same as during the typhoon, while the Kuroshio current returned to

pre-storm condition.

I. Inthe cyclonic eddy area (137.5-138.5°E), the nutrient-rich layers not only
the redistribution of the subsurface Chl-a maximum layer (SCML; over 0.7
mg/m3 at 80 — 60 m depth, 138.0°-138.8°E) but also high subsurface Chl-a
layer occurred to the high surface Chl-a as 0.56 mg/m3.

I1. In the anticyclonic eddy areas (both 135.0°-136°E and 139.0°-140°E)
induced the low surface Chl-a (0.1 mg/m?) due to the strong wind-induced

turbulence and anticyclonic eddy downwelling.

Implications

The challenge of Remote Sensing studies considering hazardous climatic events, their

changes, resource exploration, environmental monitoring, and forecasting will be achieved both

the sustainable development of marine resources and the natural environment. This study is
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particularly relevant to present scenarios. This study provides various data sources estimating

ocean variability through their inhibition and growth both using individually estimated analysis

and comprehensive guantitative impact analysis. As a comprehensive approach, this research

contributes significantly to the following fields.;

Contributions to the oceanography, the findings of this study provide the
enhancement of new multifaceted phenomenon and maritime natural science,
markedly from short-term variability associated with Kuroshio meandering,
eddies, and strong typhoons. This would be to a better understanding of the actual
ocean backdrop variability within impacted days of a typhoon passing through.
Further the classification of fine spatial and temporal sampling (at least daily data)
for each variability, is used to assess ocean internal profiles.

Contributions to application of remote sensing, this study highlight the importance
of short-term phenomenon and quantified evidence using for example multi-
sensors from different missions (SST, SSS, currents, Chl-a, etc.) and verifying
before, during, after typhoon conditions. This study enhanced vertical and
temporal resolution of upper-ocean measurements in a basin-scale region and the
addition of near-subsurface favorable condition estimation with biogeochemical
observations.

Contributions to climate change, this study could rise critical questions about the
changes in typhoon-ocean interactions caused by rapid day-to-day ocean
warming. If, in a warming climatic situation, considering the increased frequency
of typhoons and their intensity gradually strengthens with abnormal ocean
background, this study may help provide a pilot research to assess the sea surface
and subsurface footprint in the NPO.

Contributions to the conceptual and theoretical approach, the findings of this
investigation complement those of earlier studies which are conceptual
approaches by indicating integrated quantitative methodology, especially in near-
surface ocean patterns (current, eddy, MLD, etc) and winds (wind stress power,
Ekman). Taken together, this study can be drawn from the valued-hot spot area of
the fine-scale vertical variability in each distinct area, further predicting the
mapping area.

Contributions to the open ocean close to the south of Japan, this study estimated
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the multifaceted oceanic background and climatic factors (wind, precipitation,
temperature, etc) enhancing shallow and deep ocean response. Moreover, this
study may offer marine knowledge in the Northwest Pacific, which will be crucial
for addressing challenges like the development of new ports and channels, the
exploration of offshore oil, and the conservation of coastal ecosystems and
biodiversity.

5.3. Limitations and Further Research

Despite the fact that this study did its best to consider all feasible interpretations of the

relevant topic “Marine Environmental Responses to typhoon and Kuroshio current in the NPO”,

still there are limitations in this study. Further research will be introduced in this section in line

with the study outcomes.

The shortage of resource data on fish and ecological organisms

Fishery is one of the major food chain sources and is essential for the health of
marine environment and sustainable development. The Important factors should be
considered when monitoring fish stocks: (i) studying fish distribution to identify
possible sites where fish are available to assist the fishing industry in increasing
capture rates, and (ii) evaluating habitat suitability for various species of fish to
guarantee sustainable development. Identifying possible fishing zones is connected
to fish distribution. However, the limited availability of local fish catch data, the
relationship between the fish resource and the responses of ocean variables during
typhoon season is difficult to estimate on a specific date. Therefore, further study is
needed for the data-assimilating model to overcome the sampling limitations of in
situ observational and statistical data. Further, using modern machine learning
techniques, such as deep learning models, would enhance the categorization of
aquaculture regions and the management of fisheries.

The uncertainty of wind data in the coastal area

The coastal wind extraction (wind speed and wind stress) is difficult because of
the independent geographical barrier between the ocean and land. In this study,

for example, the wind stress power was underestimated by the interpolation
generated by the boundary between land and ocean. Updated information on
air/ocean coupling in the potential database would have allowed for a more

accurate depiction of regional typhoon characteristics
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The effect of successive typhoons on the ocean

In 2019, ahead of typhoon HAGIBIS, another super typhoon FAXAI affected to
the same area on September 07 to 13. That is, two strong intensities of the
typhoons affected the same ocean background area with a short time gap.
Moreover, in 2013, and 2016, with non-large Kuroshio current, the two successive
typhoons affected the south of Japan with a short-term period (at most a month),
respectively. Changes in the ocean variables due to successive typhoons have not
yet been studied in detail. With further study instances, it would be feasible to
analyze the oceanic reactions in non-large and large Kuroshio current meander
cases according to successive typhoon effects.

The coupled remote sensing and modeling data

Although the different internal ocean processes between physical and biological in
response to the typhoon and Kuroshio current were demonstrated well in this
study, further studies are recommended to improve forecasting the mapping area
via the numerical simulation with advanced statistical analysis methods to predict
the ocean. This is helping to provide an early warning of changes in the marine
environment and save lives, create new industries, and preserve ecosystems.

The machine learning approach

Big data and machine learning are examples of modern technologies that can be
used to explore typhoon-ocean interactions (such as Jiang, Xu and Wei, 2018;
Duo, Wang and Wang, 2019; Lou et al., 2021). Besides, the feasibility of using
big analytics and machine learning to examine the upper ocean reaction to a
tropical storm requires additional investigation. Future scientific and technological
advancements will reveal further processes and mechanisms of typhoon-ocean
interactions, aiding in typhoon forecasting and improving our knowledge of local

and international air-sea interactions.
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