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Abstract
Sponsored by the National Science and Technology Council of Taiwan, the programs Sailing to the Blue Sea
(SBS), Kuroshio to Turbulence Exchange (KTEX), and the U.S.-Taiwan collaboration program Island Arc Turbulent
Eddy Regional Exchange (ARCTERX) jointly conducted a multidisciplinary field campaign aboard the R/V New
Ocean Researcher 1 from March 25 to April 19, 2024. The cruise completed a round trip from Kaohsiung to
Palau, executing coordinated oceanic and atmospheric observations in the western North Pacific. The scientific
objectives of this campaign were to: (1) investigate the physical, biological, and biogeochemical properties of a
targeted cyclonic mesoscale eddy in the western North Pacific and its impact on oceanic weather through air-sea
interactions; (2) quantify water mass transformation and nutrient flux variability from the North Equatorial Current
(NEQ) to the Kuroshio; (3) examine the diurnal warm layer and its coupling with atmospheric boundary layer
variability in the subtropical and tropical regions; (4) detect potential ground motion in the Philippine Sea basin
at the eastern flank of the Gagua Ridge, east to Taiwan; and (5) measure along-track gravity anomaly across the
Philippine Sea basin. The campaign successfully sampled a cyclonic eddy centered at (131°E, 18°N), hydrographic
transects across the Kuroshio and the NEC, and high-resolution upper ocean temperature profiles in the tropical
ocean. To facilitate detailed analyses of the complex cruise data, the ship-based and autonomous observations are
introduced here.
Highlights

+ Physical and biological properties of a cyclonic mesoscale eddy are observed.

« Atmospheric conditions are measured along the cruise track and over the eddy.

+ Ground motion and along-track gravity anomaly in the Philippine Sea basin are measured.
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1 Introduction

Field observations, high-resolution satellite imagery, and
numerical simulations have shown that mesoscale eddies
(with diameter ~100-300 km), submesoscale processes
(with length scales~10-100 km), and turbulence are
ubiquitous features in the ocean circulations (e.g., Mole-
maker et al. 2015; McWilliams 2016). These multiscale
processes significantly influence energy exchange, water
mass distribution, and current variability in the Kuroshio
region. They also shape broader patterns of ocean circu-
lation, influence both vertical and horizontal biological
processes, and affect the distribution of biogeochemical
properties, with consequences that extend to the global
climate system. This dynamic complexity is illustrated
in Fig. 1. From a dynamical perspective, the energy cas-
cade process—from large-scale motions to progressively
smaller scales where energy is ultimately dissipated—is
fundamental to understand the distribution and bal-
ance of the approximately 1 Terawatt (1 Terawatt=10"2
Watts) of energy imparted to the ocean by atmospheric
winds (Wunsch 1998; Alford 2003; Thomas et al. 2008).
Understanding these processes and their interactions,
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particularly those involving air-sea exchanges, is there-
fore essential for advancing our knowledge of global
climate dynamics. However, comprehensive field experi-
ments, particularly in the western North Pacific, remain
limited, constraining our ability to fully resolve their roles
and interactions (Centurioni et al. 2022; Tech. Rep.).

It is known that the western North Pacific is strongly
influenced by mesoscale eddies, which regulate momen-
tum, heat, and salt fluxes and mediate ocean—atmo-
sphere interactions (Chelton et al. 2007; Cheng et al.
2014; Ueno et al., 2023, among others). These eddies also
affect nutrient supply, primary productivity, and ecosys-
tem structure (McGillicuddy 2016 and 2017; Ueno et al.,
2023). Regional circulation, together with eddy activity,
influences Pacific-wide dynamics and water mass vari-
ability (e.g., Rudnick et al. 2015). Between ~10°~15° N,
the westward-flowing North Equatorial Current (NEC)
bifurcates near the Philippines into the northward Kuro-
shio and southward Mindanao Current, while farther
north the Subtropical Countercurrent (STCC) contrib-
utes to eddy generation and regional climate variability
(e.g., Kang et al. 2010; Kobashi and Kubokawa 2012; Qiu
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Fig. 1 Conceptual diagram illustrating complex physical processes in the upper ocean and their interactions with the atmosphere in the western North

Pacific
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et al. 2014). Despite the aforementioned investigation on
energy cascade and air-sea interactions, the processes
by which mesoscale eddies interact with boundary cur-
rents and influence water mass properties in this transi-
tion zone remain insufficiently quantified. Furthermore,
in situ observations that capture the coupled physical—
biogeochemical influences of these eddies in the study
region are still meager, leaving important gaps in our
understanding of their role in regional and basin-scale
variability.

To gain a detailed understanding of these multiscale
ocean processes, the Sailing to the Blue Sea (SBS) and
Kuroshio and Turbulence Exchange (KTEX) programs,
sponsored by Taiwan’s National Science and Technology
Council (NSTC), partnered with the Island Arc Turbulent
Eddy Regional Exchange (ARCTERX) project, funded
by the U.S. Office of Naval Research (ONR), to initiate a
series of joint field experiments beginning in 2022. This
international collaboration addresses the critical need
to evaluate the larger-scale impacts of submesoscale
dynamics on ocean circulation and predictability. How-
ever, this effort faces significant technological challenges
due to the vast spatial and temporal variability involved.
Traditional ship-based measurements alone are inad-
equate to resolve the fine-scale features and continuous
variability of submesoscale processes. Instead, the study
employs a network of autonomous platforms capable of
sustained, high-density observations over expansive areas
and extended durations to capture submesoscale flows
effectively. By integrating multi-platform measurements,
the joint campaign aims to characterize submesoscale
dynamics in the Kuroshio region and across the broader
western Pacific Ocean, spanning the area between the
Luzon and Mariana Island arcs (Centurioni et al. 2022;
Tech. Rep.).

In addition to their physical importance, mesoscale
eddies play a crucial role in shaping biological and bio-
geochemical properties in the ocean. In marine eco-
systems, picoplankton populations are microbial
components of plankton communities that include pico-
phytoplankton and heterotrophic bacteria (HB). They
are also crucial to the biogeochemistry and dynamics of
the marine food web (Azam and Malfatti 2007). Pico-
phytoplankton communities, Synechococcus (SYNE),
Prochlorococcus, (PRO) and Picoeukaryotes (PE) con-
tribute substantially to the total phytoplankton biomass
in marine ecosystems, usually contributing 50-90% of
the total chlorophyll 4 in oligotrophic waters (Agawin et
al. 2000). A lot of attention has recently been paid to the
impact of mesoscale eddies on phytoplankton communi-
ties (McGillicuddy et al. 2007; McGillicuddy 2016). It has
been shown that cold eddies during the developmental
phase frequently showed higher Chl a, a higher propor-
tion of PRO, and a decrease in SYNE (McGillicuddy et

(2025) 36:29

Page 3 of 23

al. 2007) as a result of eddy-driven upwelling, which may
provide significant amounts of nutrients to support pri-
mary productivity in the subtropical oceans. Additionally,
picophytoplankton maintained its dominance regardless
of cold or warm eddies in tropical and subtropical open
waters, where PRO was responsible for up to 82% of phy-
toplankton primary productivity (Casey et al. 2007).

In addition to picoplankton, HB is a major consumer
of dissolved organic matter (DOM) and plays a signifi-
cant role in nutrient and carbon cycling (Ducklow 1999).
Though the primary productivity and chlorophyll within
these mesoscale features are relatively high, little infor-
mation is available regarding how HB responds to meso-
scale eddies. The HB response caused by eddy-induced
upwelling is complex and not fully understood. In some
studies, bacterial abundance is higher in cold-core eddies
of the NE Atlantic (Thyssen et al. 2005), while others have
found no difference between bacterial biomass inside and
outside cyclonic eddies (Gonzélez-Benitez et al. 2001;
Tarran et al. 2001). Additionally, there are limited stud-
ies on associated bacterial production (BP) response to
eddy-induced phytoplankton blooms, where in one study
by Bode et al. (2001) found higher BP near the Canary
Islands in a cold-core eddy area than in surrounding
waters. In general, viruses (VIR) affect the ecology and
biogeochemistry of oceans as well as microbial mortal-
ity (Suttle 2005). However, the causes of VIR distribu-
tion and extent in cyclonic eddies and the relationship
between bacteria and viruses are still poorly understood.
It is particularly noteworthy that little is known about
VIR abundance and spatial variation responses associ-
ated with cold eddies from the surface to deeper waters
(such as 1000 m).

Understanding these processes in the context of physi-
cal dynamics and air-sea exchanges over eddies, was a
key objective proposed by KTEX. Submesoscale fea-
tures, including fronts, eddies, filaments, and instabilities
associated with mesoscale eddies, serve as critical inter-
mediaries between mesoscale processes and small-scale
turbulence. These features can strongly modulate bio-
logical and biogeochemical parameters associated with
mesoscale eddies. Accordingly, the biological sampling of
this observation focuses on characterizing environmental
variability across a cold-core cyclonic eddy and examin-
ing its influence on microbial community structure. In
particular, vertical distribution patterns of autotrophic
picoplankton (PRO, SYNE, and PE) and HB, as well as
viruses from the surface to deeper waters (1000 m depth)
across a cold eddy are examined. This study hypothesizes
that the upward advection of deep and relatively cold
nutrient-rich water within cyclonic cold eddies increases
PE abundance and HB abundance. This project aims to
provide a comprehensive view of biological responses
to mesoscale eddies, emphasizing the importance of
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integrating biological, physical, and chemical factors into
explaining how mesoscale eddies affect oceanic biogeo-
chemistry through the in-situ observations.

Furthermore, mesoscale eddies, whether cold-core
(upwelling) or warm-core (downwelling), are thought
to impact the lower atmospheric boundary layer (ABL)
by modulating surface fluxes and atmospheric stability.
The diurnal warm layer (DWL), which develops dur-
ing daytime under calm winds and solar radiation, can
alter latent and sensible heat fluxes, thereby influencing
the transfer of heat and moisture to the atmosphere and
subsequently increases convective instability in the ABL
(e.g. Shevchenko et al. 2023). Its effects are particularly
pronounced in subtropical and tropical oceans, where
solar heating and calm conditions are frequent. Using
high spatiotemporal resolution observations, the scien-
tific objective is to investigate the kinematic/microphysi-
cal structure and time-space characteristics of the marine
ABL over mesoscale eddies. To address the mechanisms
and extent of these eddy-atmosphere interactions and
achieve the collaborative goals of the SBS, KTEX, and
ARCTERX programs, an interdisciplinary field cam-
paign was conducted aboard Taiwan’s R/V New Ocean
Researcher 1 (hereafter NOR1) in late spring 2024.

Apart from the eddy-related study, a marine geophysi-
cal survey was conducted in conjunction with the cruise,
making use of shared ship time and logistics. A seafloor
tiltmeter mooring was deployed on the eastern flank of
the Gagua Ridge in late 2023, continuously recording
ground tilt. During the cruise, this mooring was suc-
cessfully recovered. By detecting subtle shifts frequently
undetectable with conventional seismic instruments,
tiltmeters enhance our ability to monitor seafloor stabil-
ity and to understand the coupling between solid Earth
deformation and oceanographic forcing. In this report,
we present the tilt time series, which, for the first time,
show the potential ground motion and the influence of
ambient water perturbation. In addition, shipborne grav-
ity data were collected during the cruise, enabling studies
of seafloor morphology, crustal structure, and tectonic
processes. The campaign featured integrated multi-
parameter measurements, enabling a comprehensive
assessment of coupled processes across the ocean-atmo-
sphere interface in the presence of mesoscale eddies and
demonstrating the potential of cross-disciplinary cooper-
ation and operation. The primary objectives of this cruise
were to:

1) investigate the physical, biological, and
biogeochemical characteristics of a targeted cyclonic
mesoscale eddy in the western North Pacific, and
evaluate its influence on oceanic weather via air-sea
interactions;
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2) quantify the variability of water mass and nutrient
fluxes from the NEC to the Kuroshio;

3) examine the formation and variability of the diurnal
warm layer and its impact on the ABL in subtropical
and tropical seas;

4) detect potential ground motion in the western
Philippine Sea basin near the Gagua Ridge east of
Taiwan detected by seafloor tiltmeters (hereafter
referred to as CTTL);

5) conduct the gravity measurement across the
Philippine sea basin.

Tasks 4) and 5) were undertaken through collaborative
efforts in marine geophysics and geodesy, in alignment
with the NSTC’s policy to optimize individual cruises by
supporting multiple scientific objectives.

This article presents a synthesis of data collected dur-
ing the field observations and highlights the preliminary
results, offering insights into the multifaceted roles of
mesoscale eddies and pioneering experiments in sea-
basin exploration.

2 Observations

This NOR1 cruise was split to two legs: NOR1-0069 A
from 25 March to 5 April and NOR1-0069B from 8
April to 19 April, 2024. The atmospheric condition in
the spring 2024 was in the decaying phase of the 2024
ENSO event. The northwest Pacific was influenced by an
anomalously strong descending air and low-level anticy-
clonic (divergent) circulation in the lower troposphere
(Fig. 2). The above atmospheric circulation is forced by
tropical warm sea surface temperature (SST) anomalies
(Wang et al. 2000; Lee et al. 2023 and references therein).
During the NOR1-0069 cruise, a cyclonic eddy (2024CE)
was selected and observed (Fig. 3), with observations
and sampling coordinates summarized in Tables 1 and 2,
respectively. Unfortunately, the shipboard 75- and 150-
kHz acoustic Doppler current profiles malfunctioned
throughout the entire cruise.

The satellite sea level anomaly (SLA) obtained from
the Copernicus Marine Service (available at https://doi.
org/10.48670/moi-00148) indicates the center of the we
stward-propagating cyclonic eddy was located at (131°E,
18°N), with a diameter of ~220 km on 27 March 2024
(Fig. 3). Measurements collected through 2024CE (sta-
tions A0-A6 in Fig. 3; Table 1) include conductivity-tem-
perature-depth (CTD) profiles, vertical distribution of
biological parameters from seawater samples, and turbu-
lence kinetic energy (TKE) dissipation rates (e) observed
by a microstructure profiler (VMP-250). Additionally, the
cruise deployed two EM-APEX autonomous profiling
floats at both the edge and the center of the 2024CE, as
well as a Seaglider southeast of the eddy. The Seaglider
transected the 2024CE from southeast to northwest,
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Fig. 2 Time mean anomalies of SST (shadings in °C), 850-hPa wind (vectors in m s™) and 500-hPa p-velocity (contours) for the period of March and April

2024

providing high-resolution hydrographic data, including
temperature, salinity, dissolved oxygen, fluorescence, and
optical backscatter.

Apart from observations of the 2024CE, the NOR1-
0069 cruise also performed CTD measurements along its
track across the Kuroshio (stations K1-K3) and the North
Equatorial Current (stations N1-N6). Finally, a Ship-
based Air-sea Flux and Exchange System (SAFE) T-bar
air-sea meteorological drifting platform was deployed
in the tropical region between 9°N and 10°N to observe
diurnal warm layer processes from 2 to 10 April 2024.
The radiosondes were launched every three hours in the
eddy region, while in other areas, they were launched
every 12 h (at 8 am and 8 pm local time).

2.1 Seaglider and EM-APEX floats observations

The Seaglider (serial no. SG628) used in this study was
equipped with unpumped Sea-Bird conductivity and
temperature sensors (CT Sail). The resolution of the sen-
sor is 0.0001 °C for temperature and 0.001 for salinity,
with sampling rates of 5 s (approximately every 0.75 m)
above 250 m and 10 s (approximately every 1.5 m) below
250 m. Given an averaged glider vertical speed of 0.15 m
s™! and a vertical to horizontal ratio of approximately
1:3, the horizontal resolution ranged from 2.25 to 4 m
between consecutive water column samples. The initial
data process follows the Seaglider Quality Control Man-
ual (available at https://gliderfs2.coas.oregonstate.edu/
sgliderweb/Seaglider_Quality_Control_Manual.html),
which allows the accuracies of 0.001 °C for temperature
and 0.01 psu (0.03 psu in strong thermocline regions)
for salinity. The detailed specifications, sampling resolu-
tions, and data processing procedures of the Seaglider are
described in Jan et al. (2019) and Yang et al. (2023).

Two EM-APEX floats were deployed in the peripheral
and center of 2024CE on 29 March 2024 (yearday 89) to
measure temperature, salinity, and current velocity. Float
9749 was positioned at the center of the cyclonic eddy,
while float {9750 was placed on its northwest side.

2.2 Flow cytometric analyses

To enumerate VIR, HB, PRO, SYNE, and PPE, 2 ml sea-
water samples from each depth were preserved with 0.5%
paraformaldehyde (final concentration), flash-frozen, and
stored in liquid nitrogen. In the laboratory, samples were
analyzed using a Beckman Coulter CytoFLEX S flow
cytometer (Indianapolis) equipped with a 488 nm argon-
ion laser, a 525 nm filter, and a SYBR Green detection
system. To reduce interference from high particle density,
VIR samples were diluted 1:10 with TE buffer (pH 8.0,
EM grade) prior to staining. SYBR Green I (final concen-
tration 1:50,000) was added, and samples were incubated
at 80 °C for 10 min in the dark. After staining, samples
were cooled to 25 °C in an ice bath before analysis. Back-
ground noise was assessed by staining TE buffer alone.
For HB enumeration, samples were stained with SYBR
Green I (1:10,000 final concentration) for 15 min in the
dark. Picophytoplankton populations (SYNE, PRO, and
PPE) were distinguished based on red fluorescence (chlo-
rophyll), orange fluorescence at 578 nm (phycoerythrin),
and side scatter (SSC), following Calvo-Diaz and Moréan
(2006).

2.3 Atmospheric observations

The major instruments used for atmospheric observa-
tions include two types of radiosondes (Vaisala RS 41 and
Storm Trackers), Micro Rain Radar-PRO (MRR-PRO),
and a ceilometer. The RS 41 and ST radiosondes were
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released every 12 h (8 am and 8 pm local time) along ship
track, additional ST radiosondes were released every 3 h
in the eddy region (Table 1). The ceilometer observation
was set at every 2 min.

The MRR-PRO enables us to assess operating atmo-
spheric instruments on open data and provide foun-
dational data for the upcoming shipborne C-band
polarimetric radar (SPR). The MRR is a vertically pointing

radar with frequency of 24.23 GHz. The radar transmit-
ted frequency modulated continuous wave (FMCW) ver-
tically upward. The hydrometeor above MRR scatters a
portion of the energy back to the antenna. The magnitude
and frequency of the backscatter signal provide the verti-
cal profiles of reflectivity (Zy;) and the Zy;; weighted fall
velocity (V).
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Table 1 Ship-based and autonomous observations during the NOR1-0069 cruise
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Observation

Instrument

Variables

Stations/period/dives

Ocean
Hydrography

Biology

Surface (T, S)
Turbulence
Air-sea boundaries
Hydrography
Hydrography

Ground motion
Gravity
Atmosphere

Underway wind
anemometer

Radiosonde

Seabird 911 plus
GoFlo bottles
Seabird SBE21

Thermosalinograph
VMP-250 micro structure

sensor
SAFE T-bar
Seaglider
EM-APEX

CTTL
SEA I Marine Gravity system

Vaisala RS 41/Storm Tracker

T,S, p, fluorescence, DO, transmission

Heterotrophic bacteria, Picophytoplankton com-
munities, viruses

TS
TKE dissipation rates ()

T,i» solar radiation (Sir), wind speed (w,, Wy), sea
surface temperature (SST), T proflies (upper 30 m)

T,S, p, fluorescence, dissolved oxygen (DO), light
backscatter
T, S, current velocity, surface wave spectra

T and ground tilting
shipborne gravity

Speed (w,, Wy)

u,v, T, humidity (q)

16 stations (K1-K3; A0-A6; N1-N6.
Coordinates are listed in Table 2.)
6 stations (A0-A6)

Along ship track

6 stations (AO-A6)

9 days (2024/04/02-10)

309 dives (SG628 launched at A6)
f9750 and f9749 launched at A1
and A3, respectively.

2023/10/09-2024/04/14
Along ship track

12 hourly (8 am and 8 pm local

Precipitation Micro Rain Radar-PRO

Vertical profiles of reflectivity (Z,,) and Z

time) for the entire cruise; 3 hourly
ST over cold eddy 2024CE region

Along ship track

weighted fall velocity (V)

Ceilometer Campbell SkyVUES (Lidar)
Ship-based meteorological

Sensors

Underway meteorology

Cloud base heights and vertical visibility
T,i» humidity, solar radiation (SIr)

Every 2 min along ship track
Along ship track

Table 2 Coordinate of sampling stations

Station Longitude (°E) Latitude (°N) Notes

K1 120.8667 21.8010

K2 121.2720 21.7522

K3 121.7348 21.6860

A0 129.8333 18.7500

Al 130.2500 18.5000 Launch of EM-APEX f9750
A2 130.5833 18.1667

A3 1309167 17.8333 Launch of EM-APEX f9749
A4 131.2500 17.5000

A5 131.5833 17.1667

A6 131.9167 16.8333 Launch of Seaglider SG628
N1 132.7500 14.0000

N2 133.0000 13.0000

N3 133.2500 12.0000

N4 133.5000 11.0000

N5 133.7500 10.0000 Launch of SAFE T-bar

N6 134.0000 09.0000

During the latter part of the cruise, MRR-PRO obser-
vations encountered interference issues, necessitating
the development and application of data quality control
(QC) procedures. After properly QC, a cell identification
algorithm was applied to detect consecutive precipita-
tion echo signals near the sea surface. The precipitation
system thus can be obtained from the detected signals.

Across the 26-day observation period, approximately
10.8% of MRR-PRO observations contained echo signals
after a low signal-to-noise ratio (SNR) filter. The signal
with low SNR is removed; however, some high-SNR data
is still affected by electric interference. The precipitation
identification algorithm eliminates the interference and
detects 74 cells. The 74 cells account for approximately
1.6% of the total observation period. Figure 4 shows the
daily distribution of detected signals and identified cells.

2.4 Seafloor ground-motion detection

Long-term monitoring of ground motions can provide
constraints on seismic hazards and information of tec-
tonic plate internal deformation. However, until recently,
such monitoring for subwater areas has not been feasible,
and little is known about the formation of oceanic crust
or seamounts. In the vicinity of Taiwan—where two sub-
duction systems merge—dense seismic activity and plate
deformation occur as a result of plate convergence. In
addition to seismic observations from land-based sta-
tions, we conducted a pioneering experiment to develop
a stand-alone tiltmeter system to record seafloor ground
motion in the eastern offshore area of Taiwan. The sub-
water tiltmetric recorder, integrated with small tempera-
ture loggers, was implemented in this study.
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These devices were originally designed to be attached
to a solid steel lance on a core barrel in order to record
temperature and attitude conditions during vertical sedi-
ment coring. During operation, frictional heat gener-
ated by transient penetration through the sediments
is detected by the temperature logger. A pragmatic
approach is to extrapolate a cylindrical temperature
decay function to estimate the equilibrium ambient tem-
perature and, therefore, to determine the heat conductiv-
ity of the sediments. To achieve rapid measurement of
the ambient temperature, a 1-s sampling rate and a pre-
cision of 0.01 °C in the range of —1 to 25 °C are required
for the temperature logger. On the other hand, the tilt-
metric sensor is designed to detect the gesture of the core
barrel. Its recording precision is specified to be better
than 1 degree; in this experiment, the resolution of the
tiltmeter is approximately 0.05°. The electronic designs
of these two sensors have been cleverly integrated and
secured into a titanium cylinder measuring 22.2 cm by
2.2 cm, forming a compact tiltmeter with high-resolu-
tion temperature logger (CTTL). A detailed description
of this device can be found in Chang and Shyu (2011).
With a 24-bit, low noise analog to digital (A/D) converter
embedded in the mix-signal microprocessor, both tiltme-
ter and temperature logger provide a highly stable refer-
ence for seafloor observation. The system is equipped
with 4 MB of memory, allowing continuous operation
for up to 16 days with a 1-s sampling interval. For lower
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| I I [
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sampling rates, such as a 1-min interval, the system can
record continuous time series for up to one year.

In this experiment, two CTTLs (series numbers 351
and 352) were deployed as a stand-alone seafloor unit,
employing an acoustic releaser to ensure recovery. The
two CTTLs were mounted on a frame with a 50 cm
height difference between the horizontal (351) and ver-
tical (352) components. These devices stably recorded
ambient water temperature and ground tilting every 30-s
in the eastern limb of the Gagua Ridge (see location in
the following text) from 9 October 2023 to 14 April 2024,
covering a period of 188 days. This pioneering experi-
ment successfully secured seafloor geophysical obser-
vations in the basin neighboring Taiwan. In particular,
continuous seafloor ground-motion detection can pro-
vide significant insight into underwater ground motions
and the geological processes interacting with deep water.

2.5 Along-track gravimetric observation

Although gravity models have been developed using
satellite altimetry (Sandwell et al. 2014; https://topex.
ucsd.edu/marine_grav/mar_grav.html), ship-based gr
avity observations can provide a higher resolution for
underwater areas. The gravimeter installed on NORI is
an updated version of Micro-g LaCoste: SEA III Marine
Gravity system. This new generation integrates the zero-
length spring tension mechanism and a beam veloc-
ity sensor, and it is equipped with high-performance
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gimbals. All of these features, along with a new slip-
ring algorithm, create a robust and reliable platform for
dynamic marine gravity survey. Detailed specifications
for this device can be found at https://microglacoste.com
/product/sea-iii-marine-gravity-system/.

During the long expedition across the entire Philip-
pine Sea basin-from Kaohsiung Port (Taiwan) to Koror
Port (Palau)-the along-track marine gravimetric survey
provide a unique dataset for tectonic observation, par-
ticularly regarding in situ seafloor topographic feature in
the deep sea (exceeding 6000 m in depth). The initial oft-
set of the gravity anomaly was determined by comparing
data from a local station near Kaohsiung Port (Site G112,
120.2989°E 22.6225°N) and the onboard measurements.
The calibration of the tidal models has been taken from
the tidal gauges at ports and global tidal models for the
open ocean (https://www.tpxo.net/global). The system
provided continuous gravity survey data at a 1-s sampling
rate from 8 to 15 April 2024 during NOR1-0069B.

3 Results

3.1 Hydrography in the eddy and across the Kuroshio and
NEC

Figure 5 shows temperature, salinity, and density (o,)
across the 2024CE (stations AO0-A6). The hydrogra-
phy transects of this eddy present typical characteris-
tics of a cold-core eddy. Pronounced isotherms uplift is
observed approximately in the upper 400 m of the eddy
center (around A3 and A4; Figs. 5a, b) with a vertical dis-
placement of 15-20 m between 100 and 200 m depths

Depth (m)

(2025) 36:29
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(Fig. 5a). The temperature in the eddy center is ~2C
lower than the temperature in the surrounding area.
The o, profiles (Figs. 5e, f) present similar patterns to the
temperature profiles. The isotherms and isopycnals also
show that their slopes are higher in the southeast than in
the northwest quadrant of the 2024CE (Fig. 5a, e), which
indicate stronger northeastward-flowing eddy current
in the southeast portion of the eddy (see satellite geo-
strophic current anomalies related to this eddy in Fig. 3).
The salinity profiles (Fig. 5¢c, d) show that the salinity
maximum and minimum range approximately between
140 m and 180 m and between 500 m and 600 m depths,
respectively.

The concurrently measured profiles of turbulence
kinetic energy dissipation rates (g) at the seven stations
are plotted over the upper 300 m temperature transect
in Fig. 6. In general, & reached 1077-107® W kg™' near
the surface (upper 20 m), while was <10 W kg~ in the
other depths. The range of € in the upper ~ 250 m remains
as its typical value for an eddy in the open ocean.

The water masses across the Kuroshio (stations K1-K3),
2024CE, and the NEC (stations N1-N6) are illustrated in
the T-S diagram shown in Fig. 7. In the western bound-
ary of the North Pacific, water masses are dominated by
North Pacific Water (NPW; also called Philippine Sea
Water), Kuroshio-origin Water (KW), and South China
Sea Water (SCSW) (Mensah et al. 2014, 2015). It is clear
that water masses in this region are complex. At the three
stations across the Kuroshio of the southern tip of Tai-
wan, K1 and K2 present SCSTW/NPTW mixed water in
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Fig. 5 Hydrographic transects across the 2024CE obtained from the ship-based CTD observations. Panels show detailed view of the upper 200 m and

0-800 m sections of (a, b) temperature, (¢, d) salinity, and (e, f) density (o,)
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Fig.6 Profiles of turbulence kinetic energy dissipation rate (€) at seven hydrographic stations across the 2024CE. The € profiles are superimposed on the
temperature transect in the upper 300 m to illustrate the vertical structure of turbulence relative to thermal stratification

the tropical water layer and KIW/SCSIW mixed water
in the intermediate water layer. In contrast, K3 exhibits
characteristics of a mixture between NPTW and KIW/
NPIW. Water masses in the 2024CE were consist of
NPTW/KTW mixed water and NPIW below. Further
to the south, water masses at 14°N was likely the Kuro-
shio origin water; KTW and KIW. At 13°N, the tropical
water mass became KTW/NPTW mixed water and the
intermediate water varied between KIW and SCSIW. The
tropical and intermediate water masses at 9°-12°N sta-
tions were NPTW and SCSIW-like water, respectively.

In comparison with the ship-based CTD observations
(Fig. 5), the Seaglider observations provide more detailed
hydrographic features of the 2024CE. Figure 8 shows
the Seaglider’s trajectory and the observed temperature
and salinity profiles across the 2024CE. Note that the
Seaglider sampled the hydrography profiles at intervals
of approximately 4 h each dive, with each dive consist-
ing of a descending and an ascending profile. Therefore,
two profiles were observed within approximately 4 h.
Although this sampling rate is only slightly higher than
the Nyquist frequency for semidiurnal tides, it is suffi-
cient for resolving the vertical displacements of isotherms
induced by internal tides. The sampling from 30 March
to 16 April 2024 crossed the southeast of the 2024CE (cf.
satellite SLA in Figs. 8a, b) and the temperature transect
(Fig. 8c) shows tidally-induced internal vertical oscil-
lations overlaid on the heaved isopycnals, particularly
within 60 and 120 m depths around the center of the
2024CE (~131.35°E in Fig. 8a). Similar to Fig. 8c, the

salinity transect (Fig. 8d) shows various depth of salinity
maximum (within 120 and 150 m) and minimum (within
500 and 600 m) under the influence of the eddy. To high-
light the eddy-induced isotherm heave, Fig. 8f shows a
close-up of the upper 300 m temperature profiles across
the eddy. Despite the presence of tidally-induced oscilla-
tions, the isotherm displacements between 60 and 120 m
depths were approximately 40-50 m, consistent with
those shown in Fig. 6. The dissolved oxygen (DO) con-
centration (Fig. 8e) shows spatial variability between 200
and 400 m. A low DO zone is observed near the south-
east boundary of the cyclonic eddy, compared with rela-
tive high zones outside and in the center of the eddy.
Observations from the two EM-APEX floats (Fig. 9)
complemented the hydrographic mapping of the 2024CE.
The isopycnal of 6=23 kg m™2 at float f9749 was 70 m
shallower than that at float f9750, consistent with the
expected spatial variation of ocean structure within a
cyclonic eddy. As a result, the upper 100-m ocean strati-
fication, identified by using the buoyancy frequency N?,
was stronger at the eddy’s center than at its periphery.
The salinity below 100-m depth at float 9750 was higher
than that at float {9749 (Figs. 9c and i), yielding different
T-S properties between the center and the edge of the
eddy. After deployment, float f9750 might drift south-
westward due to the strong geostrophic current. Both
floats recorded strong semi-diurnal tides. The shallow-
est measurements at about 2.5-m depth was used as
the sea surface temperature (Hsu et al. 2024). On both
floats, the nighttime SST (at ~00:00 UTC) was similar on
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yearday 89 but increased until yearday 92, with a more
pronounced warming at float f9750 than at float 9749
(Figs. 9b and h). According to the COARE algorithm (Fai-
rall et al. 2003), the SST changes can directly enhance
the air-sea heat fluxes, thereby the heat and moisture in
the atmosphere boundary layer (Hsu et al. 2022). Further

analysis is needed to identify the factors driving the dif-
ferences in SST warming between the two floats.

3.2 Biological properties in the 2024CE

3.2.1 Vertical distribution of picophytoplankton

Table 3 lists vertical distribution of SYNE, PRO, PE, HB,
and VIR at stations A0-A6. PRO was the predominant



Jan et al. Terrestrial, Atmospheric and Oceanic Sciences

SG628 track & SLA (2024-03-30)

o =
20°NTT \\M/'/‘///»__D_S.I/s 0.25 é
\ A2 esRN \mr; 02 g
III,//////\ o

tr. .77/ Bois @
1N, T e

18°N

(2025) 36:29

W 0.1

] 0.05= .
v 3 130
L 0 j

/| {0090 o

Page 12 of 23

131.5 132

A : 35.2
17N \ 0.1 35
Vo -0.15 T .
20 £ :
N 0.2 £ 34.6
\ "/ o
16° : -0.25 o
6Mo°E  130°E  131°E  132%E  133°E a 34.4
34.2
34
130 130.5 131 1315 132
Joon  SG628 track & SLA (2024-04-16 025
0.2
0.15 200
19°N =
o 0.1 3 150
K
0055 i
18°N 0 < o 100
-0.090
o 0.1 50
17°N
-0.15
02 0 i T emperature (C)
0 30
B 025
133°E — 25
E1o0f A : ]
£ v~ - 20
o h ! 0
g 200f (Bl o ; . 14"
VAR i 1 10
soo LB ot ) it P\ 5
130 130.5 131 1315 132

Longitude (°E)

Fig. 8 Hydrographic observations from Seaglider SG628: satellite SLA and geostrophic velocity anomalies (arrows) on (a) 30 March 2024 and (b) 16 April
2024 with glider trajectory (yellow line), (c) temperature, (d) salinity, and (e) dissolved oxygen concentration with isopycnal contours. (f) A close-up of the

upper 300 m temperature profiles across the cyclonic eddy

picophytoplankton throughout the cold eddy, whereas
the abundance of SYNE was typically an order of mag-
nitude lower than that of PRO at depths shallower than
100 m. At all stations, however, SYNE abundance was
higher than PRO abundance below 200 m to 1000 m
(Table 3). Overall, the abundance of SYNE and PRO
was high within 100 m depth, declining with depth and
becoming extremely low at all stations. Outside the cold
eddy (stations A0, A1, and A5), the vertical distributions
of SYNE and PRO were correlated with both tempera-
ture and salinity (r=0.58, 0.50 for SYNE; r=0.65, 0.56 for
PRO, respectively). However, within the cold eddy (sta-
tions A2, A3, and A4), SYNE and PRO were correlated
with temperature (r=0.47 and r=0.70, respectively) but
not with salinity.

In addition to SYNE and PRO, the vertical distribution
of picoeukaryotes (PE) was assessed. Interestingly, PE
exhibited a distinct pattern compared to the cyanobacte-
rial groups. Maxima in PE abundance were consistently
observed at intermediate depths between 100 and 200 m,
particularly at stations A2, A3, and A4, which were influ-
enced by the cold eddy (Table 3). Moreover, vertical pro-
files of PE within the euphotic zone were found to be
highly influenced by the cold eddy, due to higher values
observed at A2, A3, and A4. Among the picophytoplank-
ton groups, PRO was the dominant taxon in the upper
water column, contributing between 62% and 95% of
total picophytoplankton abundance above 100 m in cold
eddy-influenced regions (Table 3). The vertical profile of
PRO contribution showed a pronounced peak at approxi-
mately 100 m, followed by a decline with increasing



Jan et al. Terrestrial, Atmospheric and Oceanic Sciences

(2025) 36:29

Page 13 of 23

9750

Temperature (°C)

linity (psu)

9749
s 28
<
o275
Y
265
0
E 50
Yearday in 2024 S 100
N 92 a 9“4 95 96 §150
JE— )
2
20°N e 0.3 _ 8
,,,,,,,,,,,,, 0.25 E 50
GaE | i 02 £ 100
- : g
19°N ' \ 0.15 o 150
'f9759//,,~\\\.. 01 _ 209
Y R " 0.05 E 0
§18°N';1, ”’737/‘/9/,_ o g £%
i ‘ . 005 & gwo
3 \ 0.1 a 150
17°N f A\ 0.15 200
TR 0
¥ v~ 0.2 =
‘a) """ 025 E 50
..... B § £ 100
1619E 130°E 131°E 132°E  133°E 03 g,
a 150
Lon 200
0 &
E 50
£ 100
g
a 150
200
89 90 91 92 93 94

Yearday in 2024 (UTC)

92
Yearday in 2024 (UTC)

91 93

Fig. 9 Trajectories of two EM-APEX floats (color dots marked by the horizontal color bar in (a) and sea surface height anomalies of the cold eddy (color
shading shown by vertical color bar in a). Data of f9749 (left column) and f9750 (right column) are shown in (b)-(m), including sea surface temperature
(b) and (h), upper 200 m temperature (c) and (i), salinity (d) and (j), buoyancy frequency squared (e) and (k), zonal current velocity (f) and (I), meridional

current velocity (g) and (m)

depth. At stations A2, A3, and A4, a secondary peak in
PRO percentage was observed at depths of 300-400 m,
resulting in an S-shaped vertical variation (Table 3).

3.2.2 Vertical distribution of bacteria and virus

The HB abundance also revealed spatial and depth-
dependent variations. As shown in Table 3, across all
stations, higher concentrations of HB were observed in
the upper 200 m. Surface HB abundances were typically
around 2 x 10° cells mL~}, increasing with depth at most
locations. At stations AO, A1, A4, and A5, bacterial abun-
dance peaked near 200 m, exceeding 4 x 10° cells mL™.
In contrast, at stations A2 and A3, which were influenced
by the cold eddy, maximum bacterial concentrations
occurred at much shallower depths, around 50 m. For
VIR, no consistent vertical feature was detected across
stations (Table 3). Like picophytoplankton, outside the
cold eddy (at stations AO, A1, and A5), the vertical distri-
bution of HB showed correlations with both temperature
and salinity (r=0.54 and r=0.69, respectively). In con-
trast, inside the cold eddy (stations A2, A3, and A4), HB
was correlated with temperature (r=0.71) but showed no
correlation with salinity. Additionally, VIR did not exhibit
any correlation with either temperature or salinity.

3.3 Geophysical aspects

3.3.1 Potential seafloor ground motions detected at CTTLs
The two CTTLs functioned as a stand-alone ground
motion detector, freely falling and settling on the seafloor

after being launched from the research vessel at the
planned site. The time series of ambient water tempera-
ture and ground tilting are presented in Fig. 10, showing
clear temporal trends. Notably, the temperature records
from the two individual CTTLs exhibit similar time
series, suggesting that the observed temporal variations
are not trivial electrical baseline drifts. From October
2023 to April 2024, the ambient water temperature at the
site varied from 1.42 °C to 1.44 °C, with a tiny increase of
0.02 °C. Additionally, the temperature data reveal distinct
oscillations corresponding to the diurnal tidal period.
Due to the uneven landing surface, the initial angles
after settling into the sediments were 27.25° and 94.75°
for the vertical and horizontal components, respectively.
Unlike the relatively stable temperature series, the sea-
floor tilting data at both CTTLs exhibit an interesting
pattern. Over four months, both tiltmeter time series
display a linear shift before experiencing two distinct
baseline jumps, which occurred on 9 February at 06:21
and 12 February at 09:42, respectively. Similar to the
inference drawn from the temperature time series, these
deviations occurred simultaneously in these two indi-
vidual tiltmetric measurements, leading us to attribute
them to seafloor ground motion or geological processes
affecting ground stability. In parallel, the temperature
time series also show a small but noticeable disturbance
from 9 to 12 February. We infer that the detected ground
motion was minor and did not cause significant distur-
bances in the bottom sediments or ambient water. Before
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Table 3 Vertical distribution of SYNE, PRO, PE, HB, and VIR at stations AO-A6

St. AO SYNE PRO PE HB VIR
depth (103 cells mL™") (103 cells mL™") (103 cells mL™") (10° cells mL™") (108 viruses mL™")
5 5.96 12.90 0.00 1.37 473
10 4.62 11.52 0.00 1.71 433
25 573 952 0.00 153 2.56
50 499 25.88 0.00 1.90 3.90
75 5.40 5461 0.00 1.92 462
100 6.57 69.30 0.00 197 410
200 2.29 1.16 0.00 4.04 4.19
300 236 1.46 0.00 1.59 446
400 2.29 0.83 0.00 1.29 3.31
600 244 0.90 0.00 1.17 3.63
800 247 0.00 0.00 0.59 0.60
1000 4.99 0.00 0.00 047 0.86

St. Al
5 12.98 21.98 0.08 2.01 0.85
10 891 20.24 0.00 2.04 0.70
25 13.16 2344 0.04 213 0.62
50 14.89 40.65 0.00 3.02 045
75 11.40 4995 0.11 2.20 0.68
100 12.89 69.38 0.11 2.10 0.56
200 3.90 0.90 0.08 3.76 0.60
300 1.91 041 0.00 030 0.85
400 427 0.98 0.00 0.44 1.19
500 349 0.53 0.00 0.29 1.27
600 3.64 0.98 0.00 0.65 0.58
800 3.90 0.90 0.00 1.28 140
1000 7.84 049 042 1.08

St. A2
5 844 16.77 0.16 2.04 1.03
10 593 14.22 0.04 145 0.81
25 10.54 21.64 0.04 191 1.26
50 7.28 28.62 0.04 1.68 0.97
75 9.87 56.40 0.12 1.87 1.50
100 7.84 54.34 0.19 149 0.74
200 2.67 143 0.49 0.39 1.60
300 334 045 0.04 032 052
400 3.90 0.75 0.00 0.23 048
600 139 139 0.00 0.14 0.44
800 142 1.39 0.00 0.13 0.71
1000 2.10 1.06 0.00 0.14 1.04

St. A3
5 4.39 17.29 0.04 2.07 0.85
10 244 17.63 0.04 2.16 1.11
25 454 28.09 0.00 278 0.74
50 4.39 3143 0.04 2.18 091
75 278 3642 0.00 2.00 0.95
100 1.73 29.70 0.68 1.50 0.95
200 2.21 0.94 0.04 0.52 0.85
300 1.39 173 0.00 0.28 1.00
400 1.65 1.05 0.00 0.27 0.82
500 214 0.04 0.00 030 1.21
800 4,69 0.1 0.00 0.16 0.70

1000 2.93 0.04 0.00 0.15 0.87
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St. A0 SYNE PRO PE HB VIR
depth (103 cells mL™") (103 cells mL™") (103 cells mL™") (105 cells mL™") (10° viruses mL'™")
St. A4
5 0.87 20.22 0.00 2.70 0.78
10 1.05 19.92 0.00 293 1.38
25 1.09 13.99 0.11 279 093
50 1.80 15.60 0.11 263 0.88
75 297 53.22 0.19 1.67 0.53
100 4,05 43.58 042 2.09 0.77
200 0.64 0.19 0.00 4.34 0.85
300 0.23 0.23 0.00 211 093
400 0.12 0.30 0.00 227 1.95
600 045 049 0.00 2.24 0.99
800 034 0.08 0.00 0.86 1.54
1000 0.38 0.27 0.00 0.80 1.13
St. A5
5 593 19.95 0.00 248 0.61
10 413 10.09 0.04 1.54 1.53
25 6.91 21.08 0.04 1.99 1.87
50 9.00 3244 0.08 261 295
75 9.90 36.08 0.04 1.97 2.70
100 6.57 71.27 0.04 2.03 1.89
200 4.62 3.60 0.15 4.99 2.16
300 4.35 161 0.04 2.58 3.03
400 327 1.09 0.00 1.69 227
600 2.55 0.86 0.00 1.72 267
800 3.00 0.86 0.00 093 3.02
1000 2.14 0.87 0.00 0.70 3.68
St. A6
5 11.63 13.46 0.00 2.01 3.80
10 8.57 14.86 0.00 1.66 403
25 10.50 19.20 0.00 1.83 4.05
50 8.59 28.28 0.08 1.98 459
75 12.31 38.85 0.00 1.70 493
200 529 375 353 052 493
300 3.94 2.74 0.00 041 444
400 2.25 247 0.00 0.33 435
600 3.15 1.96 0.00 0.22 454
800 1.84 1.88 0.00 0.14 441
1000 2.96 1.84 0.00 0.16 3.58

and after the baseline jumps, the tilting trends differed
at these two tiltmeter time series, further indicating the
dynamic nature of seafloor ground motions. These data
demonstrate the feasibility of detecting seafloor ground
motion through an integrated tiltmeter and temperature
logger system. Moving forward, we aim to refine the sys-
tem’s design to enhance the resolution of tilting detection
(currently ~0.05°) and achieve more precise quantitative
measurements of seafloor ground motion.

3.3.2 Shipborne gravity anomaly across the Philippine sea
basin

The shipborne gravity data were collected (at a rate of
1 Hz) from Koror Port, Palau, to Kaohsiung Port, Tai-
wan, between 8 and 17 April 2024, covering a distance of
approximately 3,000 km across the Philippine Sea Basin.
Figure 11 presents the gravity anomaly measured along
the ship’s track from April 9 to 15, 2024, with nearshore
data removed.

During the cruise, the ship’s track was set to recover
marine instruments deployed in previous experiments.
The sailing route crossed over oceanic spreading ridges
and fracture zone faults multiple times. As marine
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gravity data can provide important constraints on the
density structure of the lithosphere, these observations
are important to advance the discussion of the ridge for-
mation and the material distribution over the plate diver-
gent zone. The ongoing study with these observations
has been structured to combine with satellite altimetry
data to provide the heterogeneity of ocean crust over the
ridges. The gravity anomaly data shown in Fig. 11 repre-
sent a combined plot of along-track measurements. The
vertical lines in Fig. 11b serve as markers indicating the
accumulated distances where instrument recovery opera-
tions took place.

For comparison, the bathymetric profile was also pro-
vided along the gravity survey track. The bathymetric
profile was extracted from the global ocean data bank,
General Bathymetric Chart of the Oceans (GEBCO
https://www.gebco.net/), which provides data on a 15’
grid interval (Fig. 11a). The bathymetric profile shown in
Fig. 11b was resampled using the Generic Mapping Tool
(GMT) function “grdtrack” The vertical lines in Fig. 11b
serve as markers indicating the accumulated distances

where instrument recovery operations took place (red
circles in Fig. 11a).

3.4 Atmospheric observations over the Western North
Pacific

In terms of the observation of the lower atmospheric
boundary layer (ABL) during NOR1-0069, the MRR,
radio sounding, and ceilometer continuously collected
valuable measurements over the northwest Pacific. The
sounding provides environmental conditions, includ-
ing ABL height, atmospheric instability, inversion layer
height, and moisture vertical distribution, among other
factors determining the atmospheric conditions. The
ceilometer provides the cloud cover and cloud height.
The MRR measured the precipitation profile above the
sailing NOR1. The precipitation cell identification algo-
rithm provided critical parameters for each detected pre-
cipitation cell, including maximum reflectivity and echo
top height, as determined by MRR. By considering the
ship motion, the precipitation cells’ spatial characteristics
were also estimated. Results indicate that most cells had
limited vertical development, with echo tops generally


https://www.gebco.net/

Jan et al. Terrestrial, Atmospheric and Oceanic Sciences

(2025) 36:29

Page 17 of 23

200 T T T

Tl

T T T 0

b |—NOR1 shipborne gravity ——— Gebco bathy |

MWJ 4{-5000
ey

bathy (meter)

-10000

=200 . : :
0 500 1000

1500

2000 2500 3000

along track distance(km), with reference to Port of Koror, Palau

Fig. 11 The along-track shipborne gravity anomaly. (a) The track line across the Philippine Sea Basin, with turning points indicated as red circles. (b) The
surveyed gravity data are plotted alongside the topographic profile obtained from the GEBCO database along the track. The distance was measured
along the track from Koror Port. The vertical black lines indicate the positions of the turning points (red circles in (a)) in sequence

below 3 km and cell sizes not exceeding 2.5 km. Figure 12
illustrates the relationship between precipitation cell
properties, revealing a positive correlation between echo
top height and maximum reflectivity.

Figure 13 illustrates the echo tops of detected cells
alongside the track of NOR1. The precipitation cells are
more vigorous in tropical regions, with higher echo tops.
While the MRR-PRO does not provide dual-polarimetric
measurements, the data can retrieve the Drop Size Dis-
tribution (DSD) by applying the relationship between
the terminal fall velocity and the diameter of raindrops.
Figure 14 presents a time-series profile of reflectiv-
ity (Fig. 14a), low-level DSD (Fig. 14b), and associated
meteorological parameters (Figs. 14c-e) for a selected

precipitation cell (i.e., identified cell #48). The accumu-
lated precipitation estimated from both MRR-PRO and
IMERG (Integrated Multi-satellitE Retrievals for GPM)
is also included in Fig. 14a. In this case study, moderate
reflectivity values (20-30 dBZ) are found near the cell’s
core (Fig. 14a), indicating areas of significant precipita-
tion. The DSDs reveal the possible presence of larger
raindrops (up to 7 mm). Nevertheless, the majority of the
raindrops were less than 3 mm in size.

As the precipitation cell passes, there is a noticeable
decrease in air temperature (Fig. 14c) and solar radia-
tion (Fig. 14d), accompanied by a drop in wind speed
(Fig. 14d). The sounding profile collected before the
cell’s passage indicates the environmental limitation on
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convection development. A temperature inversion layer
with high discrepancy between the dew point and envi-
ronmental temperature (green and red lines in Fig. 14f) is
observed at approximately 700 hPa (~ 3 km). The discrep-
ancy aligns with the echo top of the convection. The dry
layer above the inversion likely suppresses the positive
buoyancy within the convection through entrainment
effects, limiting the vertical extent of convection.

Figure 15 illustrates the probability density function of
rain rate (x-axis) and reflectivity (y-axis) at the lower lev-
els of identified precipitation cells. Preliminary analysis
shows higher rain rates for a given reflectivity in maritime
shallow convection than continental convection, suggest-
ing smaller raindrop sizes in maritime environments.

In addition to the MRR precipitation measurements,
the ceilometer provides the cloud properties over the
maritime environments. Figure 16 shows the backscat-
ter and cloud cover data from the NOR1-0069 cruise. The
pronounced diurnal signal is evident in the backscatter

measurements of the ceilometer. The cloud cover is con-
sistent with the MRR measurements. The precipitation
period observed by MRR has lower cloud cover, indicated
by the ceilometer.

4 Summary and discussion

The NORI1-0069 cruise carried out an interdisci-
plinary campaign involving physical and biological
oceanography, marine geophysics, and atmospheric
observations across the western North Pacific, along a
transect between Taiwan and Palau. The combination of
ship-based and autonomous underwater observations
provides valuable insight into the physical, biological,
and biogeochemical properties of the 2024CE centered
at (131°E, 18°N) and its role in modulating air-sea inter-
actions and oceanic weather. The hydrographic data
shown in the T-S diagram indicate that the water masses
on the western and eastern flanks of the Kuroshio off the
southeastern Taiwan were basically composed of South
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China Sea Water and North Pacific Water, respectively.
The 2024CE was mostly characterized by North Pacific
Water. Across the NEC, the water masses consisted of
North Pacific Water and Kuroshio-origin North Equato-
rial Current Water. Within the 2024CE, the turbulence
kinetic energy dissipation rate reached 1077-10° W kg™!
in the upper 20 m, decreasing to smaller than 10° W kg™*
at deeper depths.

Biological sampling within the 2024CE revealed region-
ally distinct patterns influenced by the cyclonic eddy. Sta-
tions A3 and A4 showed the lowest peak abundances of
SYNE and PRO, while PE concentrations exceeded 0.4 x 10>
cells mL™! at depths between 100 and 200 m at A2-A4. HB
abundance increased from approximately 2 x 10° cells mL ™
at the surface to over 4x 10° cells mL~" at 200 m at A0, Al,
A4, and A5, with additional peaks at 50 m at A2 and A3.
VIR showed no consistent vertical pattern. Maximum HB
biomass (7000-9500 ngC L™') coincided with low pico-
phytoplankton biomass and ~20°C temperatures at 200 m.

These results highlight the complex interactions between
eddy dynamics and microbial structure, emphasizing the
value of integrated physical-biological observations. In this
study, across the cold eddy above 100 m depth, PRO con-
tributed 60—90% of the abundance, which is consistent with
previous studies (Casey et al. 2007). However, there was a
significant decrease in SYNE and PRO abundance in the
cyclonic eddy area (stations A3 and A4) compared with
other stations at 100 m depth (Table 3). It is well known that
PRO subgroups are physiologically and genetically speci-
fied as either high-light-adapted (HL) or low-light-adapted
(LL) ecotypes (Bemal et al. 2018). In most cases, HL eco-
types are found in nutrient-depleted surface waters, while
LL ecotypes mainly inhabit the deep euphotic zone near
or at the nutricline (Moore et al. 2002). According to previ-
ous research (Moore et al. 2002), several HL strains of PRO
cannot utilize nitrates and nitrites as nitrogen sources as
they lack the required assimilation genes. As a result, they
thrive in stable oligotrophic conditions (Bouman et al. 2011)
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Pressure (hPa)

Temperature (°C)

mean sea level height) and accumulated precipitation (blue dots are from
level drop size distribution (color shaded; the unitis m= mm™") and mass-

weighted diameter (black line), Y-axis indicate the raindrop size in mm. (c) air temperature (blue line; °C; y-axis in left) and relative humidity (green line; %;
y-axis in the right), (d) wind direction (black line; % y-axis in left) and wind speed (orange line; m st y-axis in right), and (e) air pressure (purple line; hPa;
y-axis in left) and downward solar radiation (red line; W m y-axis in right) across the cell #48. The (f) sounding profile (Skew-T Log P diagram) before the

passage of the cell (dew point and environmental temperature are green and

by utilizing ammonium from surface waters (Rocap et al.
2003). In this study, under the influence of the cold eddy,
deeper waters were pushed upward, bringing up nutrient-
rich waters (higher nitrate and nitrite) that are less support-
ive of HL PRO growth. There is a possibility that the lack
of utilizable nutrients for HL PRO resulted in a decrease in
PRO abundance at the eddy center (station A3). Further-
more, compared to outside the eddy, PE was more abundant
inside or around the edge of the eddy (stations A2, A3 and
A4; Table 3) were found in the relatively high nutrient sub-
surface waters at 100 m depth (NO3>0.3 pM). The result
of our study supports the hypothesis that advection of cold
and relatively deep water within cyclonic cold eddies results
in an increase in PE abundance, as it shows that PE were 4-7
folds more abundant in cyclonic cold eddies than outside
them in the tropical North Pacific”

HB has little understood of the eddy-induced upwelling
process. It has been reported that the abundance of HB in
NE Atlantic cold-core eddies has increased (Thyssen et al.
2005), while others report no difference in the depth-inte-
grated bacterial biomass (BB) inside or outside cyclonic
eddies (Tarran et al. 2001). The results of our study did
not show significant differences (ANOVA, P>0.05) in the

red lines, respectively)

abundance of HB at surface waters across stations. Further-
more, HB abundance is relatively high outside or at the edge
of the cyclonic cold eddy at 200 m depth (Table 3). However,
peaks in HB abundance were seen at 50 m depth in the sta-
tions (stations A2 and A3) influenced by the eddy (Table 3).
A possible explanation is that deeper waters were pushed
upward by the cold eddy, resulting in the changed depth of
peak HB values between stations inside and outside the cold
eddy (Table 3).

A cold eddy has a significant impact on the distribution of
hydrological and nutrient changes and is associated with dif-
ferential responses between communities of picoplankton.
We found that PRO was abundant above 100 m, with a con-
tribution exceeding 60% (60—95%), while SYNE abundance
was higher than PRO below 200 m to deep waters over
the cold eddy. However, there was a significant decrease in
SYNE and PRO abundance in the cyclonic eddy area com-
pared with other stations at 100 m depth. On the contrary,
PE was more abundant inside or around the edge of the
eddy compared to outside the eddy. Furthermore, HB abun-
dance is relatively high outside or at the edge of the cyclonic
cold eddy at 200 m depth. However, peaks in HB abundance
were seen at 50 m depth in the stations influenced by the
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eddy. As revealed here, cold eddy systems are very impor-
tant mechanisms of transporting microbial populations,
which regulate their carbon standing stocks, and have sig-
nificant implications for this carbon cycle of this ecosystem.

Potential ground motion in the Philippine Sea basin at
the eastern flank of the Gagua Ridge was recorded during
the cruise. The tiltmeter time series revealed a linear trend
followed by two distinct baseline shifts, occurring on 9
February at 06:21 and 12 February at 09:42. These abrupt
deviations were observed simultaneously in both inde-
pendent tiltmetric records, suggesting that they were not
instrumental errors but rather indicative of seafloor motion
or underlying geological activity affecting ground stabil-
ity. Supporting this interpretation, similar anomalies were
identified in coinciding temperature time series. In addi-
tion, gravity anomaly data collected along the ship’s track
between April 9 and 15, 2024, after excluding nearshore

measurements, provides further geophysical context for
understanding subsurface dynamics in this region.

The MRR-PRO has demonstrated its capability to capture
the microphysical characteristics of maritime precipitation
systems, including DSD, cell size, and cell top height. These
precipitation cells, identified by MRR-PRO, were further
characterized in conjunction with radiosonde data, pro-
viding insights into the surrounding marine atmospheric
conditions. However, to fully understand the spatiotem-
poral evolution of convective events over the ocean, more
comprehensive observations are needed, including sea sur-
face heat flux measurement, light detection and ranging
(LiDAR) wind profiler, in situ measurement from research
vessels and autonomous underwater vehicles, and high-
resolution satellite imagery. Future deployment of a C-band
dual-polarization Doppler radar, integrated with the ship-
motion correction techniques, will be crucial for resolving
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the dynamic structure and evolution of maritime convec-
tion systems.

The datasets presented in this study offer an initial step
toward improving our understanding of the physical and
biological characteristics of a cyclonic eddy, and the inter-
actions between the upper ocean and the lower atmosphere
within such dynamic systems. The complexity of water mass
composition in the western North Pacific exceeds conven-
tional expectations, highlighting the need for more detailed
investigation. Although valuable insights were gained, some
observational limitations (e.g. the absence of velocity profile
measurements) warrant the necessity for more comprehen-
sive and targeted field experiments in the future.
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