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ABSTRACT

The  Kuroshio–Oyashio  Transition  Zone  (KOTZ)  serves  as  a  vital  dynamic  interface  between  the  warm  Kuroshio
Extension and the cold Oyashio Current. However, severe sea conditions with strong ocean currents, winds and waves pose
challenges  for  sustained in  situ  observations  of  both  oceanic  and atmospheric  variables.  This  paper  introduces  the  China
Kuroshio  Extension  Observatory  (CKEO),  a  moored  observatory  program  designed  for  long-term  observations  in  the
KOTZ. We provide a dataset of meteorological and oceanographic properties, including sea surface wind, air temperature,
atmospheric pressure,  relative humidity,  sea surface temperature,  sea surface salinity,  ocean currents in the upper 100 m,
and temperature  profile  in  the upper  500 m.  The CKEO, which began operations  in  2019,  provides  a  continuous air–sea
observational  dataset  of  the  KOTZ  to  the  scientific  community  and  advances  the  understanding  of  multiscale  physical
processes in this region.
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 1.    Introduction

The  Kuroshio–Oyashio  Transition  Zone  (KOTZ)  lies
between  the  warm  Kuroshio  Extension  (KE)  and  the  cold
Oyashio  Extension,  marking  the  subtropical–subpolar  gyre
boundary in the Northwest Pacific (Fig. 1). It is a key forma-
tion  region  for  large-scale  mode  waters  that  ventilate  and
redistribute heat, freshwater, and nutrients across the North
Pacific  (Jutras  et al.,  2025; Liu  et al.,  2025).  The  KOTZ is

also  replete  with  complex  frontal  structures  (Iwao  et al.,
2003; Yasuda,  2003),  energetic  meso- and  submesoscale
eddies (Qiu and Chen, 2005; Itoh and Yasuda, 2010; Chelton
et al., 2011; Sasaki and Minobe, 2015; Su et al., 2018; Yang
et al., 2018), thereby exerting profound impacts on climate,
ecosystems,  and  fisheries  (Polovina  et al.,  2006; Kwon
et al.,  2010; Frankignoul  et al.,  2011; Yatsu  et al.,  2013;
Yamamoto  et al.,  2018; Di  Lorenzo  et al.,  2023; Li  et al.,
2025).

The confluence of the Kuroshio and Oyashio produces
sharp  sea  surface  temperature  (SST)  gradients,  which
enhance atmospheric baroclinicity and favor frequent storm

 

  
* Corresponding author: Xin MA

Email: maxin@ouc.edu.cn 

 

Dataset profile

Dataset title Dataset of China Kuroshio Extension Observatory (CKEO): Moored Buoy Observations in the Kuroshio–Oyashio
Transition Zone

Time range September 2019–September 2025

Geographical scope 39°N, 149.2°E (September 2019–June 2021); 39°N, 149.6°E (June 2021–September 2025)

Data format nc

Data volume 24.4 MB
Data service system https://doi.org/10.57760/sciencedb.j00264.00002

https://doi.org/10.5281/zenodo.16569633
Dataset

composition
The dataset consists of four files: CKEO_ATM_QC.nc containing meteorological data after QC procedures;

CKEO_ATM_RAW.nc containing raw meteorological data with quality flags; CKEO_ADCP.nc containing
current measurements; and CKEO_Tprofile.nc containing ocean temperature profiles.
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development. In turn, the passing storms (Alford, 2003; Liu
et al.,  2019)  and  typhoons  (Bond  et al.,  2011; Tsopouridis
et al.,  2021)  inject  substantial  near-inertial  kinetic  energy
into  the  upper  ocean.  The  resultant  intense  near-inertial
motions,  together  with  nonlinear  eddy  interactions,  drive
energy cascades and greatly enhance turbulent mixing, effi-
ciently  regulating  the  thermal  structure  of  the  upper  ocean
(Jing  and  Wu,  2014; Nagai  et al.,  2015; Whalen  et al.,
2020).

Mesoscale air–sea interactions in the KOTZ are vigor-
ous, with oceanic mesoscale eddy–atmosphere coupling mod-
ulating  precipitation,  storms,  and  circulation  (Small  et al.,
2008; Frenger  et al.,  2013; Ma  et al.,  2017; Czaja  et al.,
2019; Foussard  et al.,  2019; Gan  et al.,  2023; Seo  et al.,
2023).  The  critical  importance  of  such  regional  air–sea
dynamics is globally recognized, underscoring the necessity
for comprehensive observations, as highlighted by initiatives
like the UN Decade Observing Air–Sea Interactions Strategy
(OASIS; Cronin et al.,  2023a).  A central  mechanism is  the
thermal  coupling  between  SST  and  turbulent  heat  fluxes
(Ma et al., 2024), which acts both as an atmospheric energy
source  fueling  weather  systems  (e.g., Renault  et al.,  2019;
Liu  et al.,  2021)  and  an  oceanic  energy  sink  dissipating
eddy energy (Ma et al., 2016; Jing et al., 2020).

However, from an observational perspective, the KOTZ
still lacks systematic long-term measurements. While fixed-
point  arrays  such  as  TAO/TRITON,  Research  Moored
Array for  African-Asian-Australian  Monsoon Analysis  and
Prediction (RAMA), and PIRATA provide valuable records
in tropical oceans (McPhaden et al., 2023), mid- to high-lati-
tude  oceans  remain  a “desert” for  sustained  ocean–atmo-
sphere observations because of strong currents, high winds,
and  harsh  sea  states.  To  address  this  issue,  the  National
Oceanic  and  Atmospheric  Administration  (NOAA)  estab-
lished  the  Kuroshio  Extension  Observatory  (KEO)  in  June
2004,  south  of  the  KE  (~32.3°N,  144.6°E).  The  KEO,  an
upgraded  Tropical  Atmosphere  Ocean  (TAO)  mooring

designed  to  withstand  extreme  KE conditions,  carries  both
meteorological and oceanographic sensors and has provided
valuable continuous estimates of air–sea fluxes in this ener-
getic region (Cronin et al., 2008, 2023b).

Between 2007 and 2013, the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) initiated the JAM-
STEC  Kuroshio  Extension  Observatory  (JKEO),  further
north at  (38.0°N, 146.4°E) (Tomita et al.,  2021).  However,
after  2014,  no  subsequent  long-term  surface  mooring  was
maintained to the north of the KE, resulting in a loss of simul-
taneous observations across the KE front. The discontinuation
of  these  high-resolution  datasets—capable  of  resolving
eddies, fronts, and storm-track activity—significantly limits
understanding  of  meso- and  submesoscale  processes  and
their climate impacts.

The China Kuroshio Extension Observatory (CKEO), a
surface moored buoy, has been deployed north of the KE jet
since  2019  and  maintained  by  the  Ocean  University  of
China. As a key part of China’s Kuroshio Extension Mooring
Array, it provides direct monitoring of the air–sea interface
in the KOTZ, which is crucial for investigating multiscale pro-
cesses  like  storm  tracks,  oceanic  eddies,  and  marine  heat-
waves.  This  paper  introduces  the  CKEO,  describing  its
design (section 2), data (section 3), and preliminary observa-
tional  results  (section  4).  Two  case  studies  of  eddy  and
typhoon passages are presented in section 5, followed by a
summary and discussion in the final section.

 2.    CKEO buoy

The CKEO features a disc-shaped cylindrical body, com-
prising an upper buoy tower and a lower section connected
to an anchoring system. The tower is generally designed as
a truss structure, featuring a bowl-shaped top that houses vari-
ous equipment, including meteorological sensors, an Iridium
communication system, a power supply system, and a safety
warning system. The anchoring system consists of a gravity
anchor, chains, ropes, and inductive cables (Fig. 2).

 2.1.    Mooring system

Open-ocean buoys generally use taut-line or  slack-line
moorings.  In  the  KOTZ,  strong  currents  and  rough  seas
impose high static and dynamic loads, making taut-line sys-
tems  vulnerable  to  failure.  Therefore,  the  CKEO  buoy
adopts a slack-line design with an aspect ratio of ~1.5:1 (an
8500 m line at a 5650 m depth) to reduce stress and enhance
survivability. The observation section employs inductive cou-
pling,  and  recovery  is  enabled  by  dual  EdgeTech  8242XS
acoustic  releases  attached  to  a  set  of  glass  floats.  The
anchor, weighing 4 tons (train wheels), is left on the seabed
after recovery.

The mooring line combines 4500 m of nylon rope (Ø20
mm, >10-ton strength) in the upper segment and 3500 m of
polypropylene rope (Ø20 mm, >7-ton strength) in the lower
segment. The nylon rope is coated with a rubberized, wear-
resistant  layer  and  equipped  with  12  floats  for  extra  buoy-
ancy. Standard shackles, swivels, and pear-shaped rings miti-

 

Fig.  1. Map  of  the  Northwest  Pacific  with  surface  moorings
(green,  KEO/NOAA;  blue,  JKEO/JAMSTEC;  red,  CKEO/
OUC). Gray hatching: KOTZ.
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gate  torsion and vibration,  enhancing durability  and opera-
tional safety.

The  buoy body is  constructed  from a  magnesium–alu-
minum  alloy,  which  provides  high  strength,  low  density,
and  strong  corrosion  resistance,  though  it  is  ~20% heavier
than  foam-filled  buoys.  A  suspension  system with  double-
point  load and a  low-mounted battery  compartment  lowers
the center of gravity and separates it from the center of buoy-
ancy, minimizing capsizing risk and enabling long-term stabil-
ity under extreme sea conditions.

 2.2.    Sensor suite

The CKEO carries  a  suite  of  sensors  to  measure  wind
speed  and  direction  (WS  and  WD),  air  temperature  (AT),
atmospheric  pressure  (AP),  relative  humidity  (RH),  short-
wave and longwave radiation (SWR and LWR), SST, sea sur-
face salinity (SSS), upper-ocean currents (0–100 m), and sub-
surface temperature (to 500 m). Notably, the CKEO only car-
ried meteorological sensors and a conductivity–temperature
–depth  sensor  (CTD)  during  the  initial  deployment  phase
(2019–22).  From  2022  onward  (CKEO-04  and  follow-up
buoys),  an  acoustic  Doppler  current  profiler  (ADCP)  was
added to measure ocean currents in the upper 100 m. Begin-
ning  in  2023  (CKEO-05 and  follow-up  buoys),  the  system
was further upgraded with a set of inductive temperature log-
gers  (T),  temperature–depth  sensors  (TD),  and  CTDs,
enabling real-time measures of temperature, depth, and salin-
ity throughout the upper 500 m.

Meteorological measurements are made primarily with

the MaxiMet GMX600 automatic weather station (including
WS,  WD,  AT,  AP and  RH),  with  VAISALA PTB210  and
HMP155 as  backups.  SWR and  downward  LWR are  mea-
sured  using  EPLAB  SPP  and  PIR  sensors,  respectively;
from  2024  onward,  radiation  sensors  from  Hukseflux
replaced  the  EPLAB  instruments.  The  Seabird  SBE-37SM
is used as the CTD, which is mounted on the bottom of the
buoy body along with a WHS-300K ADCP for current profil-
ing in the upper 100 m. A suite of inductive temperature log-
gers, TDs, and CTDs are attached to the cable in the upper
500  m  for  real-time  monitoring  (Table  1 summarizes  the
instruments  and  observed  parameters,  and Table  2 details
the sensor depths for different CKEO deployments).

 2.3.    Control/communication system

The control/communication  system of  the  CKEO inte-
grates data acquisition, control,  communication, and power
supply functions. Sampling strategies are optimized accord-
ing  to  sensor  type  and  scientific  objectives.  Currently,  the
data acquisition frequency for meteorological and underwater
sensors  is  1  h  (see Table  1 for  details).  All  raw  data  are
archived, while transmitted data undergo both real-time and
delayed  quality  control  (QC).  Meteorological  observations
are processed with real-time 3σ outlier removal and averaging
before  transmission,  whereas  instantaneous  measurements
(e.g., CTD/TD/T) are subject only to delayed QC. Processed
datasets  are  relayed  via  the  Iridium  satellite  network.  The
power system consists of sixteen 100 Ah lead-acid batteries
and  four  60  W solar  panels,  supporting  an  average  current
of ≤0.4 A (≤4.8 W) with 2 min of operation every 10 min,
corresponding to  an annual  consumption of  ~700 Ah.  This
configuration enables at least one year of autonomous deploy-
ment in open-ocean environments.

 3.    Data collection and integrity

Since  2019,  we  have  successfully  deployed  seven
CKEO  buoys  and  recovered  six  of  them  to  date  (Fig.  3,
Table  3).  All  CKEO  buoys  are  named  sequentially  as
CKEO-01,  CKEO-02,  CKEO-03,  CKEO-04,  CKEO-05,
CKEO-06, and CKEO-07. This deployment strategy follows
an  approximately  annual  replacement  cycle,  wherein  each
buoy  system  operates  for  nearly  one  year  before  recovery
and subsequent deployment of the next buoy. The nominal
position of the CKEO is (39°N, 149.2°E), and this position
has  been  shifted  eastward  by  about  24  nautical  miles
(~33 km) since 2021 to minimize disruptions caused by fish-
ing  activity.  Due  to  various  factors,  such  as  buoy  damage
from harsh waves, failures in the control/communication sys-
tem and  potential  sabotage  by  nearby  fishermen,  the  mean
operational  duration  across  all  deployed  CKEO  buoys  is
approximately  209  days  per  year,  calculated  from  initial
deployment to the last successful data transmission.

 3.1.    Delayed data QC

The raw data transmitted via the Iridium satellite commu-
nication system undergo comprehensive delayed QC proce-
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Fig. 2. Overall design of the CKEO.
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dures to ensure data integrity and reliability for subsequent
scientific  analysis.  The  primary  stage  of  QC  involves  the
removal of default values generated during transmission fail-
ures  or  communication  interruptions.  Subsequently,  range
checks are applied based on the expected physical boundaries
and  climatological  characteristics  of  each  variable.  Values
that  exceed  the  predetermined  bounds  are  flagged  and
removed from the dataset, as they likely result from sensor
malfunctions, transmission errors, or extreme outlier events
that  are  incompatible  with  local  environmental  conditions.
The final QC procedure employs a statistical outlier detection
algorithm applied to sequential data segments. For a certain
number of consecutive measurements of each variable, values
that exceed three standard deviations (3σ) from the segment
mean  are  identified  as  statistical  outliers  and  subsequently

removed.

 3.2.    Data integrity

After delayed QC, the consolidated CKEO dataset is pub-
licly  available  (https://doi.org/10.57760/sciencedb.j00264.
00002; https://doi.org/10.5281/zenodo.16569633). Figure  4
illustrates the data availability following the implementation
of  delayed  QC  procedures.  The  data  acquisition  rate,
defined as the ratio of hourly data records retained after QC
to  the  total  expected  number  of  hourly  records  over  each
buoy’s operational period, reaches only 60% across CKEO-
01 to CKEO-07. It is worth noting that data from CKEO-07
are shown as of mid-September 2025, with the buoy currently
on-site and functioning normally.

Interannual  variability  in  data  acquisition  rates  is
observed across the CKEO deployment timeline. Since the ini-
tial  aim  of  deploying  the  CKEO  buoys  was  to  calculate
air–sea heat flux, the meteorological sensors and CTD at the
sea surface were installed on the buoys from the initial deploy-
ment  phase  (CKEO-01)  in  2019.  The  data  acquisition  rate
for meteorological data is generally high, except during the
first  half  of  2022  and  for  CKEO-05  and  CKEO-06,  when
data coverage was markedly reduced. Similar gaps are evident
in the ADCP (which started operating from CKEO-04) and
in the subsurface temperature measurements (available from
CKEO-05 onward). The causes of these discontinuities, partic-
ularly  for  CKEO-03,  CKEO-05,  and  CKEO-06,  are
addressed  in  the  discussion  section.  Compared  to  the  rela-
tively high acquisition rate of meteorological variables, SST
and SSS data exhibit substantially lower completeness, partic-
ularly  during  the  initial  three  years  of  CKEO  deployment.
Closer  inspection  indicates  that  the  CTD  mounted  at  the
base of the buoy is especially vulnerable to biofouling by bar-
nacles  and other  marine organisms,  which frequently  leads
to elevated noise levels, long-term drift, or outright data loss
in salinity records.

 

Table 1. Parameters measured by the CKEO.

Mounting height Parameter Model Sampling frequency Data retrieval
4 m above sea surface WS, WD, AT, AP, RH MaxiMet GMX600 1 Hz Mean of first 2 min of each hour

(CKEO-01/02/03/04)
Mean of last 2 min of each hour

(CKEO-05/06/07)

AT*, RH* Vaisala HMP155 1 Hz

AP* Vaisala PTB210 1 Hz

SWR EPLAB SPP 1 Hz Mean of first 2 min of each hour
(CKEO-01/02/03/04/05)

Hukseflux SR30 0.5 Hz Mean of last 2 min of each hour
(CKEO-06/07)

LWR EPLAB PIR 1 Hz Mean of first 2 min of each hour
(CKEO-01/02/03/04/05)

Hukseflux IR20 0.5 Hz Mean of last 2 min of each hour
(CKEO-06/07)

1.5 m below sea surface ocean current speed,
current direction

WHS-300K ADCP 1 ping per second Mean of first minute of each hour

0.4 m below sea surface SST, SSS Seabird SBE-37SM hourly hourly
5–500 m below sea surface subsurface T Enduro AT S9

subsurface CTD Seabird SBE-37IM
subsurface TD Seabird SBE-39IM TD

*Backup sensor

 

Table 2. Layout of subsurface measurements by the CKEO.

Nominal depth (m) CKEO-05 CKEO-06 CKEO-07

5 T T T
10 T T T
20 T T T
30 T T T
40 T T T
50 T T T
60 T T T
70 − − T
80 T T T
90 − − T
100 T TD CTD
120 T T −
150 T T −
200 TD TD TD
300 T T T
500 TD CTD CTD

4 OBSERVATION DATASET OF CKEO BUOY IN KOTZ

 

  

https://doi.org/10.57760/sciencedb.j00264.00002
https://doi.org/10.57760/sciencedb.j00264.00002
https://doi.org/10.5281/zenodo.16569633


 4.    Basic  characteristics  of  CKEO  obser-
vations

 4.1.    Atmospheric and ocean surface variables

Figure  5 shows  that,  despite  substantial  data  gaps,  the

time series of meteorological variables and SST/SSS exhibit
a clear annual cycle. The AP observed by the CKEO generally
ranges  from  1000  hPa  to  1030  hPa,  with  occasional  drops
below  980  hPa,  indicative  of  strong  storms  or  typhoons
traversing the area. RH mostly lies between 60% and 100%,
also  with  an  evident  annual  cycle.  WS  is  generally  over

 

CKEO-01 CKEO-02 CKEO-03 CKEO-04 CKEO-05 CKEO-06 CKEO-07

2020 2021 2022 2023 2024 2025 

Fig. 3. Photos of the CKEO buoy taken during deployment (upper panels)  and recovery (lower panels)  from each cruise.
Note that CKEO-07 was just deployed in May 2025 and remains currently active on site. For CKEO-05, the upper structure
was intentionally destroyed by fishermen.
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Fig.  4. Statistics  of  key  data  acquisition  for  CKEO  buoys.  ATM:
meteorological  data  (blue);  SST:  sea  surface  temperature  data  (red);  ADCP:
ocean  current  data  in  the  upper  100  m  (black);  T-profile:  subsurface
temperature data in the upper 500 m (orange).

 

Table 3. Deployment and recovery dates and positions of the CKEO.

Buoy ID Longitude (°E) Latitude (°N) Deployment date Recovery date

CKEO-01 149°16.32' 38°59.59' 2019/09/06 2020/06/16
CKEO-02 149°13.28' 39°01.41' 2020/06/17 2021/06/02
CKEO-03 149°36.72' 38°59.63' 2021/06/02 2022/06/29
CKEO-04 149°38.21' 38°59.31' 2022/07/06 2023/05/25
CKEO-05 149°38.32' 38°59.29' 2023/05/31 2024/10/03
CKEO-06 149°38.38' 38°58.03' 2024/10/03 2025/05/15
CKEO-07 149°38.41' 38°57.08' 2025/05/15 2025/10/24*

*The CKEO-07 buoy went adrift in early October due to fishing activities. It was recovered by RV DFH3 on 24 October 2025.
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8 m s−1, and sometimes exceeds 20 m s−1. These high-wind
episodes  are  unevenly distributed among years  and tend to
co-occur  with  periods  of  reduced  AP,  indicating  a  linkage
between wind intensification and low-pressure passages.

SWR  has  distinct  diurnal  and  seasonal  cycles,  with
daily maxima exceeding 1000 W m−2 in summer, but much
lower  in  winter.  The  downward  LWR  generally  lies
between 250 W m−2 and 450 W m−2. The QC process identi-
fied instances of sensor failure in the raw LWR data. These
issues,  potentially  related  to  sensor  configuration  or  build
quality, have been flagged accordingly in the raw data.

AT  ranges  from  0°C  to  28°C,  while  the  lowest  SST
only  reaches  10°C,  suggesting  that  the  KOTZ  region  is  a
hotspot  for  oceanic  heat  loss  during  winter.  SSS  varies
between  33.0  PSU  and  35.0  PSU,  showing  significant
intraseasonal variability. Some sharp drops in surface salinity
may be related to local heavy precipitation or the intrusion
of low-salinity Oyashio water.

 4.2.    Subsurface temperature, salinity and ocean currents

The  temperature  profile  measurements  reveal  distinct
thermal stratification throughout the upper 300 m (Fig. 6a).
The  temperature  exhibits  a  typical  thermocline  structure,
with surface temperatures ranging from 18°C to 24°C in the
upper 50 m and further decreasing to 8°C below 250 m. A
notable thermal anomaly occurred in October 2023, character-
ized  by  significant  subsurface  warming  that  penetrated  to
~300  m  and  persisted  for  several  weeks.  This  warming
event, with temperature anomalies exceeding 4°C–6°C rela-

tive to the seasonal mean, coincided temporally with strong
velocity signals observed in the ADCP measurements, sug-
gesting  the  passage  of  a  warm-core  anticyclonic  eddy
through the mooring site.  A detailed dynamical  analysis  of
this event is provided in section 5.

The  ocean  currents  in  the  upper  100  m  are  largely
barotropic,  as  indicated  by  their  uniform vertical  structure,
implying dominance of large-scale pressure-gradient forcing
(Figs. 6b, c). A comparison between depth-averaged ADCP
velocities and satellite altimetry-derived geostrophic currents
is  shown in Figs.  6d and e.  Their  remarkable agreement in
the major flow variations indicates that surface geostrophic
flow can reasonably approximate the upper-ocean circulation
in  this  region.  However,  ADCP  records  exhibit  stronger
high-frequency  variability  and  higher-amplitude  fluctua-
tions,  particularly  during  mesoscale  eddy  passages.  Most
importantly, during the identified eddy events in July 2022
and August 2023, the ADCP recorded maximum velocities
of  around  1  m  s−1,  while  the  corresponding  altimetry-
derived geostrophic velocities underestimated the true magni-
tude by more than 50%.

 4.3.    Turbulent heat flux

Figure  7 presents  the  longest  continuous  record  from
the  CKEO  (2022–2023)  suitable  for  estimating  turbulent
air–sea heat fluxes. Sensible heat flux (SHF) and latent heat
flux (LHF) were computed with the COARE 3.0 bulk algo-
rithm (Fairall et al., 2003), with the convention that positive
fluxes are upward from the ocean to the atmosphere.
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Fig. 5. Time series of hourly (gray) and daily (blue) variables collected by the CKEO buoys: (a) AP, (b) AT, (c) RH,
(d) WS, (e) SWR, (f) LWR, (g) SST, (h) SSS.
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The  seasonal  cycle  is  dominated  by  strong  wintertime
ocean heat loss. From late autumn through winter, SHF fre-
quently  approaches  200  W  m−2,  while  LHF  often  exceeds
400  W  m−2,  producing  sustained  upward  turbulent  heat
export. In contrast, summer is characterized by weak fluxes
and occasional downward events.

SST and AT both display a clear annual cycle peaking
in  summer.  However,  their  difference  (SST  minus  AT)
peaks  in  winter  at  about  10°C,  when  cold,  dry  continental
air  overlies  relatively warm KE waters.  This  large positive
temperature  contrast  drives  the  winter  maximum  in  SHF
through enhanced upward sensible heat transfer. During sum-
mer, AT often exceeds SST, producing negative SST–AT dif-
ferences and weak downward SHF (heat transfer from atmo-
sphere to ocean).

The  moisture  exerts  a  parallel  control  on  LHF.  RH  is
the lowest in autumn/winter, favoring high evaporation and
thus large upward LHF. Conversely, when the marine bound-
ary layer approaches saturation (i.e., RH close to 100%) and
AT is relatively high, the COARE algorithm yields negative
LHF, indicating downward LHF.

 4.4.    Comparison of key variables with ERA5

To assess  the  quality  of  CKEO buoy observations,  we
compared some key variables with the ERA5 dataset [resolu-
tion:  hourly,  0.25° (Hersbach et al.,  2025)].  ERA5 data are
interpolated  to  the  buoy  locations  and  adjusted  to  sensor
heights using the COARE 3.0 algorithm to ensure spatiotem-
poral coherence (Fairall et al., 2003).

Overall,  the  agreement  is  strong  (Fig.  8).  AT,  AP and
SST  show  high  correlation  (R >  0.98)  and  low  errors
(RMSE < 1 and MAE < 1. RMSE: root-mean-square error;
MAE: mean absolute error), confirming the data reliability.
However,  WS and  RH exhibit  more  complex  features.  For
WS, while the regression slope is close to unity, the CKEO-
measured  WS  systematically  exceeds  ERA5  when  speeds
are >10 m s−1,  resulting in an RMSE of ~2 m s−1.  For RH,
the regression slope of significantly less than 1 indicates a sys-
tematic  underestimation  by  ERA5,  leading  to  large  errors
(RMSE: ~8.37; MAE: ~6.91). These findings are generally
consistent  with  the  earlier  KEO–ERA5  comparison  by
Cronin et al. (2008).
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Fig.  6. Depth–time  contour  plots  of  (a)  temperature  and  (b)  zonal  and  (c)
meridional  velocity  profiles  from  the  CKEO.  Time  series  comparison  of
depth-averaged ADCP (d)  zonal  and (e)  meridional  velocities  with  satellite
altimetry-derived geostrophic currents  sourced from the Copernicus Marine
Service’s “Global  Ocean  Gridded  L4  Sea  Surface  Heights  And  Derived
Variables Reprocessed” product (https://dx.doi.org/10.48670/moi-00148).
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 5.    Cases  where  the  CKEO  captures  multi-
scale oceanic/atmospheric processes

 5.1.    Eddy influence on upper ocean

From  14  August  to  20  September  2023,  the  moored
buoy system recorded a remarkable warming signal extending
throughout  the  upper  300  m  and  persisting  for  ~1  month
(Fig. 9). This extreme warming event is particularly notewor-
thy  as  it  occurred  concurrently  with  a  well-documented,
basin-scale marine heatwave in the Northwest Pacific (e.g.,
Sugimoto, 2025), and our mooring data appear to have cap-
tured a powerful, localized expression of these broader warm-
ing  conditions.  The  temperature  anomaly  exhibited  a  pro-
nounced vertical structure, with the most dramatic warming
occurring  at  the  sea  surface  where  temperatures  increased
from the pre-event baseline of 17°C to a peak of 24°C. Even
at  the  depth  of  200 m,  the  thermal  signal  remained robust,
with  temperature  increases  of  4°C (Fig.  9d).  Concurrently,
the ADCP measurements revealed a pronounced intensifica-
tion  of  westward  currents  that  maintained similar  temporal
persistence throughout the warming period (Figs. 9e, f). The
current  velocity  experienced  a  dramatic  acceleration  from
~0.2 to ~1.2 m s−1, representing a five-fold increase in magni-
tude  that  fundamentally  altered  the  local  circulation  pat-
terns. The magnitude and persistence of these anomalies can-

not  be explained by atmospheric  forcing alone,  pointing to
an oceanic origin.

Satellite-derived sea level anomaly (SLA) fields confirm
the  presence  of  a  warm-core  anticyclonic  eddy.  This  eddy
can be traced back to 20 July, when the KE underwent a sig-
nificant  meandering  event  (Fig.  9a).  An  increasingly  pro-
nounced curvature eventually developed into closed SLA con-
tours, leading to the pinch-off and formation of a warm-core
eddy with an approximate diameter of ~200 km west of the
buoy  location  (Fig.  9b).  After  25  days,  the  southeastern
periphery of the eddy made first contact with the CKEO, gen-
erating  the  observed  strong  southwestward  currents.  On  9
September, the eddy started to change its propagation direc-
tion from eastward to westward and moved away from the
buoy site (Fig. 9c). This departure of the eddy explains the
gradual return of temperature and velocity toward background
conditions.

 5.2.    Responses  of  atmosphere  and  ocean  to  Typhoon
Krosa (2025)

A  very  recent  case  is  the  passage  of  Typhoon  Krosa
(2025). From 2 to 3 August 2025, Krosa (2025) passed near
the CKEO, moving rapidly at approximately 44 km h−1, exert-
ing a significant impact on the surrounding area. The buoy
was  generally  located  on  the  right-hand  side  of  Krosa
(2025)’s  track  (Fig.  10a),  and  it  successfully  captured  pro-
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Fig.  7. Air–sea  turbulent  heat  fluxes  (upward  positive)  and  related  parameters:  (a)  SST  and  AT;  (b)  air–sea
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nounced oceanic and atmospheric responses to the typhoon.
During  the  passage,  WS  increased  sharply,  while  AP

dropped to a minimum of 984 hPa (Fig. 10b).  At the same
time,  Krosa  (2025)  also  induced  a  significant  decrease  in
RH. The strong wind field further enhanced the wave inten-
sity, with the significant wave height reaching 10 m (Fig. 10c).

The passage of Krosa (2025) enhanced vertical mixing
at the base of the mixed layer and the upper thermocline and
induced Ekman suction, leading to a cooling in mixed-layer
temperature.  Both  AT  and  SST  dropped  simultaneously,
with the SST decline persisting until  about 9 August.  Prior
to  Krosa  (2025)’s  passage,  the  20°C isotherm in  the  upper
ocean  was  generally  located  within  the  20–30  m  depth
range.  Following  the  typhoon,  on  3  and  4  August,  the
isotherm shoaled upward due to the suction effect, character-
ized  by  two  distinct  episodes  in  which  the  SST  dropped
below 20°C.  From 3 to  10 August,  the  isotherm continued
fluctuating under the influence of Krosa (2025) (Figs. 10d, e).

The  upper-ocean  response  to  the  passage  of  Krosa
(2025) can be divided into two phases (Sanford et al., 1987,
2007, 2011; Shay et al., 1998). The first phase is the “forced
stage”,  during  which  the  typhoon  induced  strong  currents
within the mixed layer. The second phase is the “relaxation
stage”, when the energy input by the typhoon into the mixed
layer  propagated downward into deeper waters  in the form

of near-inertial internal waves.
On the right-hand side of a typhoon track in the Northern

Hemisphere,  the  wind  field  rotates  clockwise,  making  it
more prone to resonate with the current field (Price, 1981),
thereby  exciting  near-inertial  internal  wave  signals.  Based
on the buoy data, the wind-induced near-inertial energy flux
shows a  pronounced positive  peak on 2  August.  This  peak
indicates  that  during  Krosa  (2025)’s  passage,  a  substantial
amount of near-inertial energy was injected into the ocean,
reaching up to approximately 280 mW m−2. In the following
days,  most  of  the  near-inertial  energy  was  confined  to  the
upper  30  m  in  the  form  of  near-inertial  oscillations.
Although  Krosa  (2025)’s  direct  influence  was  relatively
short-lived,  part  of  the  near-inertial  energy  could  still  be
observed propagating downward in the form of near-inertial
internal  waves,  extending  below the  mixed  layer  and  even
into  deeper  layers  (Fig.  10h).  The  near-inertial  kinetic
energy (NIKE) is calculated as follows: 

NIKE = 0.5ρ(u2
i
+ v

2
i
) , (1)

where ui and vi are the two components of the near-inertial
current  velocity,  and ρ is  the  seawater  density,  which  is
taken here as 1024 kg m−3. The near-inertial velocity (Figs.
10f, g)  is  obtained  by  applying  a  bandpass  filter  to  the
observed current velocity, with the passband selected based

 

 

Fig. 8. Density scatterplots of hourly variables collected by the CKEO buoys (y-axis) versus ERA5 data (x-axis): (a) AT, (b)
AP, (c) WS, (d) RH, and (e) SST. The green fitted line corresponds to the linear regression of the data points. The color of
the scatter represents the probability density of the occurrence of that value in a given bin. N: data volume of the quality-
controlled parameters; MAE: mean absolute error; DIFF: mean difference (CKEO minus ERA5); R: correlation coefficient;
RMSE: root-mean-square error.

CHEN ET AL. 9

 

  



on the deployment latitude of the buoy (39°N).

 6.    Summary and discussion

 6.1.    Summary

The CKEO for long-term observations in the KOTZ is
introduced in terms of its overall design, mooring system, sen-
sor  suite,  data  collection,  and  QC.  The  CKEO  provides  a
time series of meteorological  and oceanographic properties
from  2019  to  date,  despite  encountering  data  discontinuity
owing  to  various  environmental  and  technical  problems.
The  dataset  includes  sea  surface  wind,  AT,  AP,  RH,  SST,
salinity, ocean current profiles for the upper 100 m, and tem-
perature  for  the  upper  500  m.  Data  comparisons  and  two
case  studies  involving  an  eddy  and  a  typhoon  reveal  the
promising performance of the CKEO. Following the discon-
tinuation of the JKEO program, the CKEO and the KEO are
currently  the  only  long-term  moored  air–sea  observatories
in  the  region.  Positioned  north  of  the  Kuroshio  main  axis,
the  CKEO,  together  with  its  counterpart,  the  KEO,  to  the
south of the KE jet,  provides valuable complementary data

to the scientific community, filling critical gaps for advancing
the understanding of air–sea interaction and mesoscale pro-
cesses in this harsh environment.

 6.2.    Reasons for the data discontinuity of the CKEO

The CKEO has experienced multiple medium- to long-
term  data  gaps  attributable  to  several  factors.  Diagnosis
revealed that two solar panels on CKEO-03 were lost due to
harsh sea conditions from May 2021 to June 2022. The insuf-
ficient solar panel capacity led to prolonged low battery volt-
age during winter, ultimately triggering a system shutdown.
During the fourth (CKEO-04, 2022–2023) and sixth (CKEO-
06, 2024–2025) deployments, the sealing of the central con-
trol cabin was compromised, allowing seawater to enter the
cabin and causing a short circuit in the power system. This
incident led to the shutdown of the control  unit  and subse-
quently  severed  the  satellite  communication  link,  resulting
in a significant data gap.  The CKEO also faced intentional
destruction by fishermen. It is believed that the upper struc-
ture,  including the antennas and meteorological  sensors,  of
CKEO-05 from 2023 to 2024, was dismantled (as shown in
Fig. 4). This man-made sabotage led to the failure of the cen-

 

 

Fig. 9. Satellite-derived SLA on (a) 20 July, (b) 20 August, and (c) 9 September 2023. The moored buoy location is
marked by a red star. Time–depth profiles of (d) temperature and (e) zonal and (f) meridional velocity profiles from
buoy observations spanning 1 August to 1 October 2023. The SLA data are from the Copernicus Marine Service’s
“Global  Ocean  Gridded  L4  Sea  Surface  Heights  And  Derived  Variables  Reprocessed” product
(https://dx.doi.org/10.48670/moi-00148).
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tral control system and a complete interruption of data acquisi-
tion, resulting in over six months of data loss.

 6.3.    Technical challenges of the CKEO

The  CKEO  began  observations  in  2019,  and  after  six
years of operation, we found that the most pressing technical
challenge lies in optimizing the power management system.
During  winter,  solar  panels  face  reduced  power  generation
due to low solar altitude and the accumulation of salt spray,

bird droppings, and ice. Additionally, the communication sys-
tem,  a  major  power  consumer,  struggles  with  icing  on  the
antennas,  leading  to  communication  failures  and  increased
power consumption.

These challenges result in inadequate recharging of the
power system, causing battery levels to drop and the central
control system to enter the power protection mode, shutting
down  sensors  and  communication  modules  and  creating
“data gaps”. To address this, the CKEO team plans to opti-
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Fig.  10. (a)  Track  of  Typhoon  Krosa  (2025)  and  the  location  of  the  CKEO  buoy.  (b)  AP  and  WS.  (c)  RH  and
significant wave height (observed by a 9-axis accelerometer of the CKEO; beta version, not publicly available yet).
(d) AT and SST. (e) Upper-ocean temperature, with the black dashed line indicating the 20°C isotherm. (f) Upper-
ocean  near-inertial  zonal  velocity.  (g)  Upper-ocean  near-inertial  meridional  velocity.  (h)  Upper-ocean  NIKE,  with
the red solid line denoting the wind input of near-inertial energy (units: mW m−2).
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mize  the  power  management  system,  incorporate  a  remote
watchdog for  real-time monitoring of  communication logs,
and  implement  strategies  for  automatic  data  recovery  after
power restoration.

Another  concern is  data interruptions from underwater
inductive  sensors  due  to  the  significant  vertical  movement
of the buoy in severe sea conditions, which can misalign the
instruments.  Biofouling  also  reduces  communication  effi-
ciency. Future upgrades will focus on enhancing the structural
stability of the inductive module, applying anti-fouling coat-
ings, and establishing a real-time diagnostic system for under-
water coupling status.

 6.4.    Perspective

The integrated CKEO buoy system offers a unique oppor-
tunity  to  explore  the  formation  and  evolution  mechanisms
of North Pacific subtropical mode water and quantify the mod-
ulation of its dynamics by submesoscale processes. By com-
bining  high-frequency  meteorological  measurements  with
upper-layer  CTD  profiles,  the  CKEO  delineates  the  mixed
layer’s  seasonal  cycle—from  winter  deepening  to  spring
restratification—and quantifies the surface buoyancy forcing
that drives the formation of North Pacific subtropical mode
water.

Through  the  documentation  of  extreme  events,  CKEO
data will facilitate assessments of the persistence and decay
of marine heatwaves,  as well  as their  impacts on boundary
layer stability and the development of high-impact weather
systems,  including  heavy  precipitation  and  extratropical
cyclones. By delivering high-quality measurements of surface
fluxes  and  state  variables  in  the  KOTZ,  the  CKEO  will
enhance the refinement of bulk flux algorithms and coupled
model parameterizations.

The  addition  of  an  ADCP  has  significantly  enhanced
our ability to resolve high-frequency variability in the upper
ocean.  The  ADCP  also  measures  the  backscatter  intensity
related to biological concentrations, allowing high-resolution
observations of zooplankton abundance and their diel vertical
migration  behaviors.  In  the  future,  a  fishing  echo  sounder
will be added to the CKEO, facilitating zooplankton observa-
tions.

Beyond advancing scientific understanding, the CKEO
will improve the accuracy of other data sources, aiding satel-
lite  calibration  and  validation,  as  well  as  the  evaluation  of
numerical  weather  prediction  and  reanalysis  products.  Its
strategic location and continuous operation will contribute sig-
nificantly to our understanding of western boundary current
regions, ultimately enriching our insights into climate dynam-
ics and oceanic processes.
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