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ABSTRACT
The coastal ocean climatology of the temperature and salinity around the Korean Peninsula [Yellow Sea
(YS), South Sea of Korea (SS), and East/Japan Sea (EJS)] is derived from conductivity-temperature-depth
(CTD) profiles, which are collected from historical hydrographic surveys conducted over the last 20 years
(1995 to 2014), using a multivariate regression analysis having basis functions of the temporal mean, annual
and semiannual cycles, and linear trend. Based on the temporal means of the temperature and salinity
profiles, the regional mesoscale circulation is reviewed with regard to the boundary currents, geostrophic
currents, and density compensation and layered density structures associated with distinct water properties.
The temperature in the YS exhibits a two-layer system, with decreasing annual amplitudes onshore above
25m and offshore below 25m because of annually modulated tidal mixing. The annual and semiannual
variability in the temperature in the EJS primarily appears in the surface (upper 50m) and intermediate
(between 50m and 200m) layers, respectively, because of annual surface heat fluxes and southward
subsurface regional currents (e.g. the North Korea Cold Current). For the linear trend in the temperature,
the onshore decreasing and offshore increasing tendencies in the EJS are described by the transport of long-
term heat contents associated with the regional boundary currents. The multivariate regression analysis
presented here explains approximately 90% of the variance in the temperature and salinity in the upper 100m
(corresponding to most of the depths in the YS and SS).

Keywords: annual and semi-annual circulation, uncertainty of regression analysis, linear trend, interannual
variability, East=Japan Sea, Yellow Sea. South Sea of Korea

1. Introduction

Fundamental observations in oceanography have been
initiated by investigations of seawater properties, such as
temperature (T) and salinity (S), at the ocean surface and
in the interior (Veronis, 1972; Abraham et al., 2013). The
distinct relationships between temperature and salinity
have been used to elucidate the ocean circulation and the
structure of the upper ocean (Stommel, 1962; Turner and
Stommel, 1964). For example, sampled and gridded tem-
perature and salinity data in four-dimensional space (x,
y, z, and t) have been used to track the ventilation of
deep waters, i.e. thermohaline circulation (Luyten et al.,
1993), and their ratios have been uniquely identified in
the thermocline and the mixed layer (Rudnick and
Ferrari, 1999). The climatology of the global oceanic

temperature and salinity at the ocean surface and in the
interior has been investigated via long-term hydrographic
surveys and oceanographic expeditions, including the
World Ocean Circulation Experiment (WOCE) (WOCE
International Project Office, 2003; Gouretski and
Koltermann, 2004) as well as other periodic surveys
(Levitus et al., 1998; Roemmich and Gilson, 2009) (see
Hartmann (1994) for more examples), which have pro-
vided benefits to both regional circulation studies and
fishery science. Regional hydrographic surveys and rele-
vant oceanographic circulation studies have been con-
ducted in various coastal and offshore regions, including
the United States (Lynn and Simpson, 1987; Castelao
et al., 2010), the European Union (EuroSITES) (Cardin
et al., 2010), Australia (Schaeffer et al., 2016), and the
Korean Peninsula (Kang and Jin, 1984a; Jeong
et al., 2009).�Corresponding author. e-mail: syongkim@kaist.ac.kr
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The regional circulation around the Korean Peninsula
is typically characterized by (1) tide-dominant currents in
the Yellow Sea (YS) (Hwang et al., 2014), (2) geostrophic
currents and regional boundary currents in the East/
Japan Sea (EJS) (Kim et al., 2001), and (3) complex
coastal currents associated with these two distinct
regional currents in the South Sea of Korea (SS) (Kim
et al., 2000; Lie et al., 2015). The complex regional circu-
lation is composed of multiple components, including
tidal fronts and tidal currents around islands and coastal
boundaries (Lie, 1989; Hwang et al., 2014; Jeong et al.,
2009), a regional boundary current of the Tsushima
Warm Current (TWC) and its intrusion (Cho and Kim,
1996; Lie et al., 2001), a subpolar front resulting from the
confluence of subtropical and subpolar waters in the EJS
(Talley et al., 2006; Gordon et al., 2002), thermohaline
circulation associated with heat fluxes and salinity gra-
dients (Yoshikawa et al., 1999; Lee et al., 2006), migra-
tion of persistent and intermittent fronts over continental
shelves (Son et al., 2010; Yang et al., 1998), and annual
precipitation and evaporation (Hwang et al., 2014; Lie,
1984) (see Fig. 1a for primary regional currents).

The seasonal circulation around the Korean Peninsula
has been described by the northeastward TWC and
southward North Korea Cold Current (NKCC) in the
EJS, the YS Warm Current (YSWC) and West Korea
Coastal Current (WKCC) in the YS, and the migration
and propagation of the regional fronts in the SS (Kim
and Kim, 1983; Yun et al., 2004; Lie et al., 2001; Pang
et al., 2003) (Fig. 1a). In addition, distinct phenomena
with nonseasonal (or interannual) variability are
observed, including the Ulleung Warm Eddy (UWE),
East Sea Intermediate Water (ESIW), and Yellow Sea
Bottom Cold Water (YSBCW) (Cho et al., 1990; Kim
and Kim, 1999; Hu et al., 1991) (see Table 1 for acro-
nyms of the regional currents).

This paper aims to answer the following three ques-
tions: (1) How well do the temporal mean, annual and
semiannual variability, and linear trend in the tempera-
ture and salinity profiles for the most recent 20 years
(1995 to 2014) represent the regional circulation around
the Korean Peninsula? (2) How can the derived climat-
ology be applied to regional circulation studies? (3) How
can the uncertainty of the regression analysis be quanti-
fied? To investigate these three questions, we conduct a
multivariate regression analysis using basis functions of
the temporal mean, annual and semiannual cycles, and
linear trend. Then, we interpret the regression results in
the context of the regional circulation. In particular, we
have reviewed the literature reporting conductivity-tem-
perature-depth (CTD) observations (partially) during
periods that overlap with or are prior to the study time
window (1995 to 2014) and providing physical

interpretations to highlight the similarities and differences
with the regression results in this paper.

This paper is divided into four sections. Hydrographic
survey data (temperature and salinity) and the regression
analysis are described in Section 2. The temporal mean
and variability (standard deviation) of the sampled data,
the amplitudes and phases at annual and semiannual fre-
quencies and the linear trend are discussed in Section 3.
A discussion and conclusions follow in Sections 4 and 5,
respectively. In addition, an extensive uncertainty estima-
tion of the regression analysis is summarized in Appendix
A, and this summary extends and improves upon similar
multivariate regression analyses studied elsewhere (Kim
and Cornuelle, 2015).

2. Data analysis

2.1. Hydrographic survey data

As part of the historical hydrographic surveys performed
around the Korean Peninsula beginning in 1961, the tem-
perature and salinity profiles have typically been sampled
six times a year since 1994 using a CTD sensor. These
surveys were operated by the National Institute of
Fisheries Science (NIFS), and the initial quality assurance
and quality controlled (QAQC’d) data were distributed
via the Korea Oceanographic Data Center (KODC) (Lee
et al., 2010). Note that the sampling locations of the
CTD casts have been recorded using a global positioning
system (GPS) navigation device since 1992. Thus, the
data for the last 20 years (1995 to 2014) contain most of
the oceanic variability via accurate samplings in time and
space. These surveys were conducted along the cross-
shore lines off the western (YS; Lines 307 to 314), south-
ern (SS; Jeju Island and Korea Strait; Lines 400 and 203
to 207), and eastern (EJS; Lines 102 to 107, 208, and
209) areas of the Korean Peninsula within approximately
200 km of the coast (Fig. 1b). The CTD stations are
placed with a spacing of approximately 0.5

�
and 0.3

�
in

the meridional and zonal directions, respectively, and
they are numbered from 0 to 11 for nearshore to offshore
regions except for stations on Line 400 (e.g. 12th to 27th
stations). Line 400 is included in the SS because the sam-
ples on that line well represent the variability across and
along the SS and close to Jeju Island. Lines 208 and 209
are grouped into the EJS domain because the data on
these two lines have consistent physical properties associ-
ated with the NKCC and TWC (Kim and Kim, 1983;
Hirose et al., 1996; Yun et al., 2004). The stations with
identical cross-shore station numbers are nearly aligned
along the same longitude except for certain stations in
the YS (e.g. 1st, 2nd, and 3rd stations on Lines 307 to
309) and EJS (e.g. 0th to 5th stations on Lines 102 to
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107). Note that the identification number of the sampling
stations ranges from 0 (0th station) to 10 (10th station).
Zonal sections on all available sampling lines and meridional
sections on five sampling lines (two in the YS and three in

the EJS; Fig. 1b) are considered to examine the cross-shore
and along-shore structures of the temperature and salinity
and the relevant circulations in the meridional and zonal
directions, respectively (see Section 2.4.2 for more details).

Fig. 1. (a) Schematic regional circulation around the Korean Peninsula. Blue, red, purple, and orange colors indicate the water
temperature of cold, warm, fronts, and riverine waters, respectively. Solid and dashed curves denote the persistent and seasonal currents,
respectively (s and w indicate the directions of currents in summer and winter, respectively). Acronyms of primary regional currents are
listed in the order of the Yellow Sea (YS), South Sea (SS), and East/Japan Sea (EJS): Yellow Sea Warm Current (YSWC), West Korea
Coastal Current (WKCC), Chinese Coastal Current (CCC), Jeju Warm Current (JWC), Jeju Tsushima Front (JTF)/Cheju Tsushima
Front (CTF), Jeju Yangtze Front (JYF), Yangtze Diluted Water (YDW), Kuroshio Current (KC), North Korea Cold Current (NKCC),
Tsushima Warm Current (TWC), Tsushima Warm Current-Nearshore Branch (TWC-NB), Tsushima Warm Current-Offshore Branch
(TWC-OB), East Korea Warm Current (EKWC), Subpolar Front (SPF), and Ulleung Warm Eddy (UWE) (see Table 1 for more
details). (b) Historical hydrographic survey lines and stations for conductivity-temperature-depth (CTD) profiles for a period of recent
20 years (1995 to 2014) are marked with red lines and black dots, respectively. Three sub-regions are divided into the YS (Lines 307 to
314), SS (Lines 400, and 203 to 207), and EJS (Lines 102 to 107, 208, and 209) regions. CTD stations at each line are numbered with
from 0 to 11, corresponding to nearshore to offshore regions except for stations on Line 400 (12th to 27th stations). Five meridional
lines (M1 to M5) are marked with yellow lines.
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In this paper, the CTD data for the most recent 20
years (1995 to 2014) are analyzed, and individual CTD
profiles are linearly interpolated at the common vertical
depths of 0, 5, 15, 25, 35, . . . ; 175, 185, 200, 220, . . . ;

480, and 500m with vertical spacings of 10 and 20m.
The temporal data availability at each line and station is
counted when both the temperature and salinity profiles
at a given time and station are available more than 50%
of the time over all sampling depths (not shown).
Although the individual data profiles are obtained from
the CTD casts conducted in the research vessels approxi-
mately every two months, the full data set may have
unevenly spaced time stamps among the stations and lines
(see Fig. A1c for examples), and this unevenness may rep-
resent a limitation for analysis of the data with composite
averages in time because the phases can be smeared. The
observational noise and signal-to-noise ratios of the data
at the annual and semiannual frequencies adopted in the
regression analysis are presented in Appendix A.

2.2. Flagging outliers and the upper limit of the
number of realizations

Outliers in the temperature and salinity profiles are
flagged when (1) the data have physically inconsistent
and inappropriate vertical inversions and (2) the residuals
in the applied regression analysis are significant (Section

2.4). The flagged outliers are excluded from the following
analysis. For instance, outliers in the salinity profiles are
easily identified by large values resulting from a slow
response of the conductivity sensor. We conducted a sim-
ple QAQC test on the data instead of applying con-
straints based on specific characteristics of the water
properties in the study domain, and this test has been
adopted in the QAQC of the Argo CTD profiles (Wong
et al., 2003). Flagging with a specific range of values can
be misleading and may not be applicable to data with a
long-term trend or interannual variability (e.g. linear
trend and climate indices-coherent signals). When the
number of records at a given location and depth is less
than 50% of the expected number of records (i.e. 120
samples obtained from six bimonthly samples per year
for the last 20 years), the data are not included in the fol-
lowing analysis because of the insufficient number of
observations.

2.3. Representation of the density structure

To identify the regional characteristics of the water
masses, joint probability density functions (PDFs) of all
available temperature and salinity data at all depths in
the entire domain and three regions of the YS, SS, and
EJS are overlaid with T/S diagrams (Fig. 2), which are
characterized by the regional circulations, in-and-out
flows, and primary driving forces and mechanisms.
Density anomalies of the seawater in the EJS are greatly
dependent on temperature rather than salinity because
the width of variations of the salinity (34 to 34.5) is
smaller than that of the temperature (3 to 30

�
C) (Fig.

2d). Conversely, the density anomalies in the YS vary
within a narrow range between 25 and 26 kgm�3; and the
ranges of the corresponding temperature and salinity are
broader than those in the EJS and SS. Thus, small scale
mixing and regional density compensation (e.g. double
diffusion) are frequently observed in the YS (Pond and
Pickard, 1983) (Fig. 2b). Additionally, the dominant
water properties in the SS correspond to the salinities of
33.5 to 34.5 and temperatures of 12 to 18

�
C, and these

properties slightly overlap with the characteristics found
in the YS and EJS (Fig. 2c).

2.4. Regression analysis

2.4.1. Temporal mean, annual and semiannual cycles,
and residuals. The time series of the temperature (and sal-
inity; 1�N row vector) at a single location and depth is
decomposed into a sum of the temporal mean (hdi) and
the annual and semiannual components (dS), polynomial
functions (e.g. zeroth and first order polynomials; dF),
and residuals (dR) (Kim and Cornuelle, 2015):

Table 1. Acronyms and full names of the regional currents and
water masses around the Korean Peninsula are listed as a
regional order (YS, SS, and EJS) and an alphabetical order.

Acronym Full name

YSWC Yellow Sea Warm Current
WKCC West Korea Coastal Current
CCC Chinese Coastal Current
YSBCW Yellow Sea Bottom Cold Water
YSSW Yellow Sea Surface Water
JWC Jeju Warm Current
JTF Jeju Tsushima Front
CTF Cheju Tsushima Front
JYF Jeju Yangtze Front
YDW Yangtze Diluted Water
KC Kuroshio Current
NKCC North Korea Cold Current
TWC Tsushima Warm Current
TWC-NB Tsushima Warm Current-Nearshore Branch
TWC-OB Tsushima Warm Current-Offshore Branch
EKWC East Korea Warm Current
SPF Subpolar Front
UWE Ulleung Warm Eddy
ESIW East Sea Intermediate Water
ESPW East Sea Proper Water
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d tð Þ ¼ hd tð Þi þ dS tð Þ þ dF tð Þ þ dR tð Þ; (1)

¼ hd tð Þi þ GS GF
� � mS

mF

� �
þ dR tð Þ; (2)

¼ hd tð Þi þGmþ dR tð Þ; (3)

where a matrix GS (2K �N dimensions) contains the time
series with N records of the sine and cosine functions at the
annual and semiannual frequencies (SA1 and SA2):

GS ¼

cosr1t1 � � � cosr1tN
..
. . .

. ..
.

cosrKt1 � � � cosrKtN
sinr1t1 � � � sinr1tN

..

. . .
. ..

.

sinrKt1 � � � sinrKtN

2
666666664

3
777777775
; (4)

and rk ¼ 2pk=365:2425 [radian per day (rpd)] (k ¼ 1
and 2, K¼ 2). The typical sampling time interval is
approximately two months and the corresponding
Nyquist frequency is approximately three cycles per
year, which is higher than semiannual frequencies
(see Yoo et al. (2018) and Lee and Kim (2018) for
more details). Thus, the proposed regression analysis
sufficiently resolves the variance at the annual and semi-
annual frequencies.

A matrix GF (2�N dimensions) represents the time
series with two polynomial functions (zeroth and first
orders) as the temporal mean and linear trend,
respectively,

Fig. 2. Joint probability density functions ( log 10 scale) of the available temperature and salinity data at all depths for a period of
recent 20 years (1995 to 2014) in the entire domain and three regions of the YS, SS, and EJS are overlaid with T/S diagrams. Bin sizes
of the temperature and salinity are equal to 0.08�C and 0.08, respectively. Gray contours denote the density anomalies
(q0 ¼ q�1000;kgm�3). (a) Entire domain. (b) YS (Lines 307 to 314). (c) SS (Lines 400 and 203 to 207). (d) EJS (Lines 102 to 107, 208,
and 209).
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GF;1 ¼ 1
N
; (5)

GF;2 ¼ 2 t��tð Þ
max tð Þ �min tð Þ ; (6)

where �t denotes a center of the time axis. The temporal
mean [hdðtÞi] of the time series at a given location and
depth can be biased because of irregular temporal sam-
pling. Thus, the temporal bias is estimated according to
the difference between the two temporal averages of the
regressed data and sampled data (Kim and Cornuelle,
2015), and then updated to generate an accurate estimate
of the temporal mean of the individual time series (see
Appendix B for more details of the implemented
inverse method).

Monthly composite means and cyclo-stationary empir-
ical orthogonal functions (EOFs) have been used in clima-
tological data analyses of satellite-derived observations
(e.g. sea surface temperature and sea surface height anoma-
lies) (Yun et al., 2004; Lim et al., 2012; Kim et al., 1996).
However, these methods may not be applicable to time ser-
ies with uneven time intervals. Using a boxcar average of
the time series or a monthly composite mean may smear
the phase information and limit the interpretation of the
variance at higher frequencies. In addition, the proposed
analysis may not be applicable to the time series that con-
tain annual variance modulated by slowly varying signals.
Thus, we examine whether the annual variance in the given
sample time series is modulated by low-frequency signals in
Appendix C to justify the given regression analysis. The
significance of individual and total basis functions is deter-
mined by the skill, which is the fraction of variance
explained by individual or entire basis functions (Appendix
D and Equation D1) and estimated amplitudes.

2.4.2. Presentation of the regression analysis. The results
of the regression analysis are presented as the zonal and
meridional sections of the concatenated vertical profiles.
The zonal sections are presented separately for the differ-
ent maximum depth ranges in the YS, SS, and EJS (Figs.
1b, 3–6, A2, and D1). In each panel within a given
hydrographic line, the area from left to right corresponds
to nearshore (n) to offshore (o) to the right of Line 312
and offshore (o) to nearshore (n) to the left of Line 312
(e.g. Figs. 3a and 3b). The meridional sections on the five
lines are presented (M1 and M2 in the YS and M3;M4;
and M5 in the EJS; Figs. 1b, and 7–9). The gray area
indicates the lower bathymetric limit and the white area
denotes a vertical separator of the individual hydro-
graphic lines or the regions where the data are excluded
because of outliers or an insufficient number of observa-
tions. In addition, the layered-color scheme was chosen
to present the regression outcomes, which allows us (1) to

identify the layered and noisy structures and small range
variation more easily than the monotonically increasing
or decreasing or two-ends color schemes do and (2) to
avoid an extra interpolation to draw contours or iso-
value lines (Figs. 3–5, 7, and 8). In the presentation of
the annual and semi-annual phases, the phase is con-
verted into the month of the year, which helps us to rec-
ognize when the given variable reaches the maximum in
the annual and semi-annual frameworks intuitively.

3. Results

3.1. Temporal mean and standard deviation

The temporal mean of the temperature is highest in the
SS and decreases toward the YS and EJS, and the warm
temperature is closely related to the intrusion of the
TWC (Kang and Jin, 1984b; Chang et al., 2004; Park
and Chu, 2006) (Figs. 3a–3c). The two-layered tempera-
ture profiles in the YS, the gradual vertical gradients in
the SS, and the offshore downward tilts of the isothermal
lines in the EJS characterize the regional circulation and
stratification, and are associated with surface and subsur-
face mixing and heat penetration (Figs. 3a–3c). The
higher standard deviations of the temperatures in the
upper 25m depth of the YS are related to annual surface
heating and cooling, and the enhanced standard devia-
tions of subsurface temperatures in the EJS can be linked
to interannual variability in regional mesoscale eddies
and boundary currents (Chang et al., 2004; Kim and
Min, 2008; Lee and Kim, 2018) (Figs. 3d–3f).

The temporal mean of the salinity shows an increase
from the YS to the SS and the EJS with depth, except for
the maxima observed at the TWC boundary in the EJS
between depths of 50m and 150m (Chang et al., 2004)
(Figs. 3g–3i). Both the horizontal and vertical gradients of
the temporal mean of the salinity appear significant in the
YS and SS because of the confluence of the saltier
Kuroshio Current (KC) or its branch flow in the SS and
the fresher water driven by dominant tidal mixing in the
YS. For example, horizontal and vertical salinity gradients
are observed on Lines 313, 314, 203, and 204 because of (1)
fresh water in the upper water column and nearshore and
(2) salty water in the lower water column and offshore.
Similarly, the standard deviations of the salinity become
significant in the upper 50m of the water column in the SS
because of intermittent freshwater inputs from the Yangtze
River and the persistent intrusion of the KC (Lines 313,
314, 400, 205, 206, and 207) (Figs. 3j–3l).

3.1.1. Yellow Sea and South Sea. The isothermal lines
and isohalines on Lines 313 and 314 in the YS and Lines
203 to 206 in the SS are sloped out of phase in the cross-
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shore direction, i.e. upward tilting isothermal lines and
downward tilting isohalines onshore. A similar case,
which appears as northward tilting isothermal lines and
southward tilting isohalines, is found on Lines 312 and
314 in the YS (Park and Chu, 2006) (Figs. 3a, 3b, 3g, 3h,
7a, 7g, 8a, and 8g).

Two different water properties are observed in the YS
and SS: (1) cold and less saline water represents the tid-
ally mixed coastal waters, and (2) warm and saltier water
indicates the influence of the TWC branches, which
include persistent fronts throughout the year in the SS
(Na et al. (1990); Jeju Tsushima Front (JTF) in Park and
Chu (2006), also called the Cheju Tsushima Front) and
are partially dominant during winter in the YS (e.g. Jeju
Yangtze Front (JYF) in Park and Chu (2006)) (Figs. 3a,
3b, 3g, and 3h). In these regions, double diffusion tends
to appear as a result of colliding water masses that have
a similar order of density (Pond and Pickard, 1983; Son
et al., 2010) (Fig. 2b). The vertical stratification in the YS
appears relatively well mixed in winter and stratified in
summer. Thus, the temporal mean of the temperatures on
Lines 307 to 312 becomes cooler in the upper layer and

warmer in the lower layer shoreward, and this effect can
be associated with the dominant tidal mixing in summer
(Lie, 1989; Jeong et al., 2009).

Cold water appears near the coast of the SS because of
tidal mixing and persistent intrusions of the Jeju Warm
Current (JWC) and TWC on the western and eastern
sides of Jeju Island. These water masses generate the JTF
throughout the year (Park and Chu, 2006; Pang et al.,
2003). The north-south tilts of the isothermal lines in this
region generate the eastward relative geostrophic currents,
which have been consistently observed within in-situ cur-
rent profilers (Pang et al., 2003) (Figs. 7a and 7g). The
oppositely tilted temperature and salinity along the JYF
yield the density compensation (Park and Chu, 2006)
(Figs. 3a and 3g).

Less saline water appears in the northern area of the
YS (Lines 307 to 311) partially because of fresh waters
from local rivers (e.g. Han River, Kum River, and
Amnok River) (Hwang et al., 2014) (Fig. 3h). Similarly,
the higher standard deviations of the salinity in the SS
can be explained by the influence of freshwater from the
Yangtze River (Fig. 3k).

Fig. 3. Zonal sections of the temporal mean (hdi) and standard deviation (hd2i1=2) of the temperature (
�
C) and salinity profiles

sampled in the YS, SS, and EJS for a period of recent 20 years (1995 to 2014). (a–c) Temporal mean of the temperature. (d–f) Standard
deviation of the temperature. (g–i) Temporal mean of the salinity. (j–l) Standard deviation of the salinity. (a), (d), (g), and (j): YS. (b),
(e), (h), and (k): SS. (c), (f), (i), and (l): EJS. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled
depths and bottom bathymetry are shown as gray columns.
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3.1.2. East/Japan Sea. The temporal mean of the tem-
perature in the EJS is tilted downward onshore in the
upper 500m and southward in the upper 300m, and these
findings are associated with the northeastward relative
geostrophic currents (Fig. 3c). As the regional southward
current, the NKCC has been persistently found at depths
of 100 to 400m (within 50 km of the shoreline) in the
region (Kim and Kim, 1983; Kim et al., 2009). The geo-
strophic currents estimated from observations have been
reported as the currents referenced below at least 500m
[e.g. referenced at 1280m in Chang et al. (2002a), 700m
in Shin et al. (1995), and 500m in (Yun et al., 2004) and
at an isopycnal depth of the interface of the NKCC and
TWC in Byun and Chang (1984)]. Intermittent onshore
tilts of the isothermal lines below 200m are observed in
the time series of temperature profiles, and these tilts
enhance the southward subsurface currents near
the coast.

In addition, three vertically layered distinct water prop-
erties are observed in the meridional sections of the tem-
poral means of the temperature and salinity (Figs. 3c, 3f,
7m, 7s, and 7y in the upper 500m and Figs. 8m, 8s, and

8y in the upper 100m). These properties have been identi-
fied with water masses of the TWC, ESIW, and East Sea
Proper Water (ESPW) (Chang et al., 2015). However, a
salinity minimum is not observed in the middle layer, and
this finding is inconsistent with the historical ESIW prop-
erties (Kim and Kim, 1999; Chang et al., 2002a) because
(1) the temporal mean is subjective to the length of the
time window and (2) the salinity minimum may not be
the persistent features. The thickness of the middle layer
decreases toward the south, i.e. the upper and lower
interfaces deepen southward and northward, respectively
(Talley et al., 2006), and this effect generates relative east-
ward and westward geostrophic currents, respectively,
and baroclinic instability [e.g. the Subtropical
Countercurrent (STCC) and North Equatorial Current
(NEC) system between 15

�
N and 30

�
N observed in the

North Pacific in Qiu et al. (2014)].
The UWE is located approximately 120 to 170 km

from the coast on Lines 102 to 106 in Fig. 1a, which is
partially consistent with Chang et al. (2004) and Cho
et al. (1990). The temporal mean of the temperature may
smear the vertical structures of the UWE (e.g. slopes and

Fig. 4. Zonal sections of the annual amplitudes and phases (SA1) of the temperature (
�
C) and salinity profiles sampled in the YS, SS,

and EJS for a period of recent 20 years (1995 to 2014). (a–c) Annual amplitudes of the temperature. (d–f) Annual phases of the
temperature. (g–i) Annual amplitudes of the salinity. (j–l) Annual phases of the salinity. (a), (d), (g), and (j): YS. (b), (e), (h), and (k):
SS. (c), (f), (i), and (l): EJS. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled depths and bottom
bathymetry are shown as gray columns. The phase is converted into the month of the year.
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boundaries of isothermal lines) because of interannual
characteristics. To the east of the UWE, the upward tilts
of isothermal lines are clearly visible, which implies
southward relative geostrophic currents as one of paths
of the NKCC (Line 102 to 107 in Figs. 3c and 3f) (Kim
and Kim, 1999; Chang et al., 2002a). Although the south-
ward path of the NKCC is known to be close to the east
coast of Korea, recent studies have reported multiple
southward paths (Kim and Min, 2008).

The standard deviations of the temperatures in the
lower layer (Fig. 3f) are likely enhanced because of
changes in the width of the UWE (Chang et al., 2002b;
Shin et al., 2005). The reduced standard deviations in the
upper layer appear as bright turquoise above (as opposed
to the normal or enhanced standard deviations as dark
turquoise below) Lines 102, 103, and 104 in Fig. 3f, and
are associated with the eddy thermostad layer, which
maintains a temperature of approximately 10

�
C (Hogan

and Hurlburt, 2006).
The local maxima of the temporal mean of the salinity

are found between 50m and 150m (Figs. 3i, 8m, 8s, and
8y) as part of the boundary of the TWC (Chang et al.,
2004) (Fig. 3i). The zonal width of the saline water

becomes narrower to the south because of zonal shrink-
ing of the cold water (NKCC) during its intrusion into
the warm water (TWC) (Lie and Byun, 1985; Jeong
et al., 2013).

3.2. Annual and semiannual variability

The annual amplitudes of the temperatures in the surface
layer (upper 50m) are dominant and have regional varia-
tions of 8 to 10

�
C (YS), 6 to 8

�
C (EJS), and 4 to 6

�
C

(SS) (Figs. 4a–4c). The vertical penetration of the annual
variability is slightly stronger in the YS (up to 50m) than
in the EJS and SS (up to 30m). The vertical stratification
becomes significant due to solar radiation in summer,
and the water columns become well-mixed due to wind
stress and surface cooling in winter (Kang and Jin,
1984b; Hwang et al., 2014). The annual phases of the
temperature increase vertically, indicating the timing of
the maximum temperature. For example, the temperature
reaches a maximum in mid-August (upper 50m),
November (100 to 200m), and March of the following
year (400 to 500m) in the EJS. Moreover, the annual

Fig. 5. Zonal sections of the semi-annual amplitudes and phases (SA2) of the temperature (
�
C) and salinity profiles sampled in the YS,

SS, and EJS for a period of recent 20 years (1995 to 2014). (a–c) Semi-annual amplitudes of the temperature. (d–f) Semi-annual phases
of the temperature. (g–i) Semi-annual amplitudes of the salinity. (j–l) Semi-annual phases of the salinity. (a), (d), (g), and (j): YS. (b), (e),
(h), and (k): SS. (c), (f), (i), and (l): EJS. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled depths
and bottom bathymetry are shown as gray columns. The phase is converted into the month of the year.
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phases penetrate more slowly offshore than onshore in
the EJS, and the isophase lines in September (magenta)
appear at 35m onshore and 55m offshore.

The annual amplitudes of the salinity have maxima on
Lines 313 and 314, where the seasonal influence of the
freshwater flowing from the Yangtze River is dominant
(Fig. 4g). The annual phases of the salinity indicate that
the water in the upper layer (0 to 50m in the YS and SS;
0 to 100m in the EJS) is mostly fresh in early (YS and
SS) and late (EJS) September and salty in early (YS and
SS) and late (EJS) March (Figs. 4j–4l).

3.2.1. Yellow Sea and South Sea. The annual ampli-
tudes of the temperatures in the YS (Lines 307 to 312)
exhibit a two-layer structure of more than 9

�
C above

25m and less than 4
�
C below 25m (Fig. 4a), and this

structure can be explained by the (1) trapping of the sur-
face heat fluxes above the thermocline in summer and (2)
surface mixing and cooling because of the surface wind in
winter (Park and Chu, 2006; Zhang et al., 2008). The

annual amplitudes are tilted southward (Fig. 7b), and the
annual phases (Fig. 7d) have a maximum in November
below 50m depth that can be explained by the annual
YSBCW (Park and Chu, 2006), which is formed under a
strong thermocline in summer and retains cold water (less
than 10

�
C) at a depth of 50 to 75m in the region of 34

�
N

to 37
�
N and 121

�
E to 126

�
E (Zhang et al., 2008; Hu

et al., 1991). The trapped cold waters flowing from the
north (Wang et al., 2014; Zhang et al., 2008) and tidal
residual currents may induce the YSBCW and intermit-
tently appear in the northern SS during summer (Pang
et al., 2003; Moon et al., 2009). Alternatively, the YSWC
is found to intrude northwestward during winter and pre-
vent the southward residual currents. The annual phases
of the temperature change gradually in the vertical direc-
tion along with the vertical diffusion of surface heat
fluxes (Fig. 4d).

The annual amplitudes of the temperature in the cross-
shore direction decrease onshore, which is consistent with
the influence of the annually modulated tidal mixing

Fig. 6. Zonal sections of the linear trend of the temperature (
�
C) and salinity profiles sampled in the YS, SS, and EJS for a period of

recent (a–f) 20 years (1995 to 2014) and (g–l) 54 years (1961 to 2014). The linear trend is presented as the value for 10 years. (a–c)
Linear trend of the temperature. (d–f) Linear trend of the salinity. (g–i) Linear trend of the temperature. (j–l) Linear trend of the
salinity. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled depths and bottom bathymetry are
shown as gray columns.
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Fig. 7. Meridional sections of the temporal mean, amplitudes and phases at the annual and semi-annual frequencies, and linear trend
of the temperature in the YS (M1 and M2) and EJS (M3;M4; and M5). (a), (g), (m), (s), and (y): Temporal mean of the temperature.
(b), (h), (n), (t), and (z): Annual amplitudes of the temperature (SA1). (c), (i), (o), (u), and (ab): Annual phases of the temperature (SA1).
(d), (j), (p), (v), and (ac): Semi-annual amplitudes of the temperature (SA2). (e), (k), (q), (w), and (ad): Semi-annual phases of the
temperature (SA2). (f), (l), (r), (x), and (ae): Linear trend of the temperature. (a–f) M1: (g–l) M2: (m–r) M3: (s–x) M4: (y–ae) M5: The
linear trend of the temperature is presented as the value for 10 years. The vertical profiles are concatenated in terms of cross-shore lines,
and the unsampled depths and bottom bathymetry are shown as gray columns. The phase is converted into the month of the year.

CLIMATOLOGICAL DESCRIPTIONS ON REGIONAL CIRCULATION 11



Fig. 8. Meridional sections of the temporal mean, amplitudes and phases at the annual and semi-annual frequencies, and linear trend
of the salinity in the YS (M1 and M2) and EJS (M3;M4; and M5). (a), (g), (m), (s), and (y): Temporal mean of the salinity. (b), (h),
(n), (t), and (z): Annual amplitudes of the salinity (SA1). (c), (i), (o), (u), and (ab): Annual phases of the salinity (SA1). (d), (j), (p), (v),
and (ac): Semi-annual amplitudes of the salinity (SA2). (e), (k), (q), (w), and (ad): Semi-annual phases of the salinity (SA2). (f), (l), (r),
(x), and (ae): Linear trend of the salinity. (a–f) M1: (g–l) M2: (m–r) M3: (s–x) M4: (y–ae) M5: The linear trend of the salinity is
presented as the value for 10 years. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled depths and
bottom bathymetry are shown as gray columns. The phase is converted into the month of the year.
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because the tidal mixing near the coast may break the
stratification and generate a vertical temperature gradient.
Therefore, the water near the coast becomes cooler in the

upper layer and warmer in the lower layer, and this effect
results in reduced annual amplitudes compared with those
of the offshore temperature (Jeong et al., 2009).

The annual phases of the temperature below 50m and
near the coast (within 20 km of the coast) can be associ-
ated with the two annual out-of-phase boundary currents
of the WKCC and YSWC (Figs. 1a and 4j).

3.2.2. East/Japan Sea. The gradients of the annual
amplitudes of the temperature in the surface layer (less
than 50m depth) in the cross-shore direction decrease off-
shore (1 to 2

�
C), and this finding can be interpreted as a

footprint of the influence of the onshore coastal currents
of the NKCC with weak annual variance and the off-
shore TWC with dominant annual variance. The iso-
annual-amplitude lines of 2

�
C show that subsurface paths

of the TWC become shallower from 100 to 50m along
the southern (Line 102) and northern (Line 106) bounda-
ries of the domain (Kim and Kim, 1983). The annual
amplitudes and total standard deviations within 30 km of
the coast are weak because of the persistent ESIW in that
area (Yun et al., 2004; Chang et al., 2002a). On Lines
208, 209, and 102 to 107, the minimum annual ampli-
tudes and the abrupt annual phase changes appear as a
downward tilt between depths of 45 and 185m.

The annual phases of the salinity exhibit maxima
between 50 and 150m in May in the south and June in
the north, and these findings can be interpreted as the (1)
northward advection of the saline TWC, (2) vertical dif-
fusion of surface saline water over time, and (3) temporal
variation in the core of the NKCC (Fig. 4l).

The semiannual amplitudes of the temperature become
significant in the subsurface (50 to 200m) (Fig. 5c) and
are tilted southward (Figs. 8u and 8ab), which is consist-
ent with observations of southward paths of the NKCC
based on the semiannual variability in the temperature in
this region and the Korea Strait (Min et al., 2006; Kim
and Min, 2008). However, the southward-tilted subsur-
face amplitudes and phases in the meridional sections on
Lines 102 to 107 (Figs. 7u and 7w) can be associated
with subduction in the subpolar region (Hogan and
Hurlburt, 2006; Lee et al., 2006; Yoshikawa et al., 2012),
which is aligned with the semiannual amplitudes of the

Fig. 9. Meridional sections of the linear trend of the temperature
and salinity in the YS (M1 and M2) and EJS (M3;M4; and M5)
for a period of 54 years (1961 to 2014). (a), (c), (e), (g), and (i):
Linear trend of the temperature. (b), (d), (f), (h), and (j): Linear
trend of the salinity. (a) and (b): M1: (c) and (d): M2: (e) and (f):
M3: (g) and (h):M4: (i) and (j):M5: The linear trend of the salinity
is presented as the value for 10 years. The vertical profiles are
concatenated in terms of cross-shore lines, and the unsampled
depths and bottom bathymetry are shown as gray columns.
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dissolved oxygen of approximately 0.25 mlL�1 on Lines
208, 209, and 102 to 107 (not shown).

In addition, the semiannual amplitudes of the salinity
become dominant in the upper layer (0 to 50m) and
deeper to the south (Figs. 5i, 8n, 8o, 8t, 8u, 8z, and 8ab).

3.3. Linear trend

The linear trends in the temperature in the cross-shore
direction in the EJS are negative in the onshore region
and surface layer (less than 50 km from the coast and
upper 50 to 100m) and positive in the offshore region
and subsurface depth (beyond 50 km and below 50m)
(Figs. 6c, 7r, 7x, and 7ae).

The linear trend estimates can be sensitive to the length
of the time records. An identical regression analysis is
conducted on all available records of the NIFS CTD
data for 54 years (1961 to 2014) by including non-CTD
and non-GPS-based observations (Figs. 6g–6l and 9). The
estimated linear trends over a longer time window are
mostly consistent with the ones over the past 20 years
except for the cases with opposite signs, which are the
temperature in the EJS and the salinity in the YS (last
columns in Figs. 7 and 8; Figs. 6g–6l). In addition, the
linear trends based on all available time records exhibit
results consistent with those of Yoon et al. (2016) and
show a positive (warming) trend in the upper 50m and a
negative (cooling) trend below 50m based on analysis of
the same type as the NIFS CTD data for a period of
32 years (1976 to 2007) in the Ulleung Basin region in
Yoon et al. (2016).

One potential mechanism underlying the long-term
trend in the EJS is the increased surface heat fluxes in the
EJS, and this mechanism occurs prior to the increased
vertical heat convection and the southward and down-
ward transport of the heat in the middle layer following
the migration of the ESIW. This heat transport appears
as a warming tendency in the surface layer and south-
ward and downward traces of warming tendencies in the
middle layer (Figs. 6c, 7x, and 7ae).

The linear trends in the salinity are negative in the YS
and weakly positive in the EJS and their mixture in the
SS (Figs. 6d–6f). The linear trend of the salinity around
the Korean Peninsula can be explained by (1) the long-
term variability in the salinity caused by intrusion and
transport by the regional boundary currents and (2) local
evaporation and precipitation (EP) associated with heat
fluxes and weather conditions. The linear trend in the
water in the YS becomes negative (fresh) and positive
(salty) in the northern upper layer and southern lower
layer, respectively (Figs. 6d, 8f, and 8l), and this trend
can be explained by the relative decrease in the EP in the
upper layer and the YSBCW in the lower layer (Zhang

et al., 2008; Hu et al., 1991). In the EJS, a long-term
trend of increasing salinity is observed because of the
influence of the KC or TWC, which flow from the south
or southwest and have more saline properties (Figs. 6e,
8r, 8x, and 8ae). In the SS, the water becomes fresher in
the offshore upper layer and near-coast lower layer and
salty in the near-coast upper layer as part of the two sal-
inity tendencies observed in the YS and EJS (Fig. 6e).

4. Discussion

4.1. Potential drivers of the annual and semiannual
variability

The annual temperature at the surface is highly related to
the variability in the Siberian atmospheric pressure, which
causes decreasing amplitudes and increasing phases to the
southeast of the EJS and YS. In the EJS, the interface
between onshore and offshore areas has a small annual
amplitude (less than 1

�
C), and the enhanced semiannual

variability in the temperature, salinity, and dissolved oxy-
gen is observed near the interface and may be related to
the southward advection of the NKCC or subducted
water in the subpolar region (frontal area near 38.5

�
N

and 39
�
N and convection area near northwest in the

EJS). In the YS, the semiannual variability in the tem-
perature is highly related to the southward extension of
the YSBCW in summer. The annual phases of the tem-
perature and salinity in the southern EJS (Lines 102 to
104) propagate with similar magnitudes and directions to
those of the NKCC (onshore) and TWC (offshore), indi-
cating that the advection in these areas is significantly
related to heat transfer.

4.2. Residual circulation: Inter-annual variability

The residual components of the proposed analysis in this
paper may contain nonseasonal variability, i.e. interan-
nual variability. Prominent regional interannual variabil-
ity can be found with the UWE (Mitchell et al., 2005;
Kim et al., 2002) and ESIW in the EJS.

A clockwise meandering eddy, the UWE, is frequently
observed between 37

�
N and 38

�
N in the east of the area

where the East Korea Warm Current (EKWC) and the
NKCC collide, and 20 to 50 km south of Ulleung Island
(Cho et al., 1990; Morimoto et al., 2000). The UWE is
represented by an isothermal line of 10

�
C (Lines 103 to

106 in Fig. 3c). The core of the UWE is located at depths
between 100m and 300m, and its size is primarily influ-
enced by either the magnitude of the EKWC (Chang
et al., 2004; Shin et al., 1995; Cho et al., 1990) or the vol-
ume transport through the Tsushima Strait (Mitchell
et al., 2005). In addition, the ESIW is characterized by
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salinities of less than 34.06, potential temperatures of 1 to
5
�
C, and potential densities of 26.9 to 27.3 kgm�3 (Kim

and Kim, 1999; Chang et al., 2002a). The southward sub-
ducted ESIW (Kim and Chung, 1984; Yoshikawa et al.,
1999) and southward coastal subsurface currents (NKCC)
have similar water properties except for the relatively low
and high dissolved oxygen concentrations, respectively,
which are used to distinguish the relative age of the
water. The subduction paths of the offshore ESIW have
been identified to the left and right of Ulleung Island
(Chang et al., 2002a; Yun et al., 2004; Kim and Min, 2008).
Other than subduction, the positive wind stress curl or sur-
face cooling due to Siberian cold air may cause surface
water to sink (Yun et al., 2004), indicating the origin of the
low-salinity water observed near the coast of the EJS and
the Ulleung Basin (Yoon et al., 2005). Near the subpolar
front, subduction may also appear due to the down-front
wind and surface cooling (Lee et al., 2006; Yoshikawa
et al., 1999). The substantial standard deviation of the
residual temperature between 50m and 250m serves as a
footprint of the UWE and ESIW (Fig. D1f).

4.3. Relevance with regional climate indices

We hypothesize that the variability in the temperature
and salinity around the Korean Peninsula may be related
to variance at the annual and its superharmonic frequen-
cies, and the linear trend as well as to the regional inter-
annual climate variability. Thus, we derived the regional
climate indices using an EOF analysis of the long-term
Siberian high pressure data and sea surface temperature
records at the branch of the KC to effectively describe
the oceanic variability and conducted a multivariate
regression using those basis functions. However, the con-
tributions of these regional climate indices are not suffi-
cient (less than 5% of the total variance) to explain the
variability in the temperature and salinity at the surface
and in the interior. Thus, the climate indices derived from
subsurface temperature and salinity may represent the
regional interannual variability. Not only the regional
long-term variability and annual variability but also the
global-scale climate variability can be better understood
with subsurface climate indices rather than surface cli-
mate indices (e.g. El Nino Southern Oscillation and
Pacific Decadal Oscillation).

4.4. Applications of the derived climatology

The derived climatology of the temperature and salinity
profiles obtained from multidecadal hydrographic surveys
can be used (1) to elucidate the mesoscale circulation and
long-term variability, (2) to provide data-derived bound-
ary conditions of the regional circulation modeling, (3) to

design optimal sampling of the mesoscale and submeso-
scale circulation studies (Yoo et al., 2018; Lee and Kim,
2018), and (4) to evaluate the regional heat and salty
budget balances (Yoon et al., 2016). In particular, the
observations along and across the submesoscale fronts
and eddies using the Lagrangian platform and their opti-
mal sampling designs can benefit, as the derived climat-
ology can be used to identify the edge of the mesoscale
eddies and baroclinic instability-favorable regions.
Moreover, a similar regression analysis on profiles of
oxygen and nutrients (e.g. nitrate, phosphate, and silicate)
along with CTD data allow us to investigate the meso-
scale physio-biological interactions (e.g. regional chloro-
phyl blooms) (Lee and Kim, 2018).

5. Summary

We derived the coastal ocean climatology of the tempera-
ture and salinity around the Korean Peninsula obtained
from long-term hydrographic surveys conducted over the
last 20 years (1995 to 2014) by performing a multivariate
regression analysis using basis functions of the temporal
mean, annual and semiannual cycles, and linear trend.
We reviewed the regional mesoscale circulation with
regard to the boundary currents, geostrophic currents,
and density compensation and layered density structures
associated with distinct water properties based on the
individual components of the regression in the zonal and
meridional directions. In the temporal means, the onshore
southward NKCC and the offshore northeastward TWC,
a three-layered meridional structure of the TWC, ESIW,
and ESPW results in zonal geostrophic currents in the
EJS. The oppositely sloping isothermal lines and isoha-
lines in the cross-shore (SS) and meridional (YS) direc-
tions are associated with regional density compensation
and weak baroclinic relative geostrophic currents in the
YS and SS. The annual and semiannual variability in the
temperature in the EJS primarily appears in the surface
(upper 50m) and intermediate (between 50m and 200m)
layers, respectively, because of annual surface heat fluxes
and southward subsurface regional currents. For the lin-
ear trend in the temperature, the onshore decreasing and
offshore increasing tendencies in the EJS are described by
the transport of long-term heat contents associated with
the regional boundary currents. The proposed multivari-
ate regression analysis explains approximately 90% of the
variance in the temperature and salinity in the upper
100m (corresponding to most of the depths in the YS
and SS) and has limitations in capturing the subsurface
variability. In the context of the local-, regional-, and glo-
bal-scale circulations, the given analysis and derived cli-
matology can be used as a resource for the observation-
based boundary conditions of numerical simulations and
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sampling designs for regional mesoscale and submesoscale
circulation studies.
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Appendix A. Uncertainty of the
regression analysis

Since the temperature and salinity profiles are obtained
from in-situ CTD casts, the time series at a single station
and depth may have missing data. Additionally, the time
records of the entire data set may not have concurrent time
stamps. Thus, the time series have irregular time intervals
and mismatched time stamps across both stations and
lines. The signal-to-noise ratio (SNR) and the uncertainty
of the proposed regression analysis should be quantified to
assure confidence in the regression results. Thus, we
quantify the error of the regression analysis by accounting
for how well an assumed time series with annual variance
and noise is reconstructed. Therefore, a 20-year time series
(d) with a pure annual variance signal (s in Equation A1),
random noise (e in Equation A1) having a given SNR (p in
Equation A4) is generated as true data,

d tð Þ ¼ s tð Þ þ e tð Þ; (A1)

¼ a sin rtð Þ þ e tð Þ; (A2)

where a is the amplitude of the signal [r ¼ 2p=365:2425
rpd]. A sample time series [~d ¼ dð~tÞ] is created by
resampling the true data at the time stamps (~t) with
identical statistics to the time stamps of the in-situ CTD
data:
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d ~tð Þ ¼ a sin r~tð Þ þ e ~tð Þ: (A3)

The SNR can be defined as

p ¼ hs2 tð Þi
he2 tð Þi ; (A4)

where h�i indicates the ensemble mean.
To increase the degrees of freedom in the error

estimate, the time axis (t) is composed of a random
combination of the cumulative sum of the time intervals:

t kð Þ ¼
Xk
j¼1

Dt jð Þ; t � L; (A5)

where L denotes the maximum length of the time series
(L¼ 20 years). The time axes are generated by randomly

shuffling the order of the sampling time intervals (Dt)
and maintaining the same PDF of the sampling intervals,
which follows Gaussian statistics. The mean and standard
deviation of the time axes are estimated as 61.4 days and
11.8 days, respectively (Fig. A1a). A set of 200
independent observations (M) is chosen, and the
ensemble mean of ratios (r ¼ hâ=ai) of the estimated
amplitudes to true amplitudes is presented as a function
of the SNR (Fig. A1b). The regression errors decrease
with higher SNR.

The Fourier coefficients of the irregularly sampled
temperature time series at the surface (z¼ 0m) in the
station 10 on the Line 307 are estimated using the slow
finite Fourier transform method, which is a least-squares
fit using all orthogonal basis functions (all available
frequencies) (Fig. A1c) (Kim, 2014; Soh and Kim, 2018).

Fig. A1. (a) A PDF of sampling intervals obtained from the CTD data for a period of recent 20 years (1995 to 2014). (b) Ensemble
mean of ratios (r ¼ hâ=ai) of the estimated amplitude (â) to true amplitude (a in Equation A2) is presented as a function of SNR
(p ¼ hs2ðtÞi=he2ðtÞi) in Equation A4). (c) Reconstructed temperature time series (blue) and sampled data (red circles) at the Line 307,
station 10, and 0m depth when the time axis is defined with Dt ¼ 50 days. (d) Energy spectra of reconstructed temperature time series
using the slow FFT method are presented as a function of constant time intervals (Dt ¼ 40, 50, 60, 70, and 80days). The noise floor
level is equal to 1.78

�
C, and the frequency axis is given as cycles per year (cpy).
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Four cases of constant time intervals (Dt ¼ 40, 50, 60, 70,
and 80 days) are considered, and the energy spectra
obtained from the estimated Fourier coefficients using
corresponding time axes show consistent peaks at annual
and semi-annual frequencies with a noise level that is
nearly flat and of a similar order of magnitude (Fig.
A1d). Thus, we can utilize the noise level for the SNR of
the annual cycle.

This approach is applied to the temperature and
salinity time series at all stations and depths. The
observational errors are less than 2.5

�
C and 0.7,

respectively, and vary with the region (e.g. YS, EJS, and
SS), a distance from shore, and the depth (Figs.
A2a–A2f). At the annual frequency, the SNR of the
temperature in the upper ocean (less than 100m depth) is
higher than the subsurface temperature (below 100m
depth). Additionally, the SNR of the salinity becomes
significant in the SS. Based on the SNR, we can
determine an effective depth where the annual amplitude
becomes meaningful (Figs. A2g–A2l and 4). A similar
method is used to quantify the observational errors and
SNR of the temperature and salinity at the semi-annual

frequency as less than 0.3
�
C and 0.1, respectively

(not shown).

Appendix B. Implementation of the
inverse method

In this paper, the inverse method is formulated as a
weighted least-squares fit, and the estimated model
coefficients are,

m̂ ¼ PG† GPG† þ Rð Þ�1
d� hdið Þ; (B1)

where P and R denote the model covariance matrix and
the noise covariance matrix of the sampled data,
respectively.

The model covariance matrix (P) is assumed to be a
diagonal matrix with an assumption of uncorrelated
amplitudes of the basis functions,

P ¼ PS 0
0 PF

� �
: (B2)

The individual prior terms (PS and PF) in the model
covariance matrix are assumed to have equal unit

Fig. A2. Zonal sections of the observational noise (�) and SNR (p) of the temperature (
�
C) and salinity profiles at the annual

frequency (SA1) sampled in the YS, SS, and EJS for a period of recent 20 years (1995 to 2014). (a–c) Observational noise (�) of the
temperature at the annual frequency. (d–f) SNR (p) of the temperature at the annual frequency. (g–i) Observational noise (�) of the
salinity at the annual frequency. (j–l) SNR (p) of the salinity at the annual frequency. (a), (d), (g), and (j): YS. (b), (e), (h), and (k): SS.
(c), (f), (i), and (l): EJS. The vertical profiles are concatenated in terms of cross-shore lines, and the unsampled depths and bottom
bathymetry are shown as gray columns.
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variance. For instance, the prior (PS) for annual and
semi-annual components has an exponentially decaying
variance at the higher harmonics, which is observed in
the natural resonance of geophysical signals (e.g. variance
of the diurnal wind and its harmonics) (see Kim and
Cornuelle (2015) for more details).

The error covariance matrix (R) is assumed to be a
scaled diagonal matrix with an assumption of
uncorrelated noise between corresponding to basis
functions,

R ¼ a2I; (B3)

where a2 denote the noise variance of the error
covariance matrix. Although the choice of the model
and error covariance matrices can affect the estimates
of regression coefficients, its role is negligible in this
study because the variance of data corresponding to
the basis functions is significant compared with the
noise level.

Appendix C. Annual variance modulated by low-
frequency variance

The variance associated with the linear trend and the
annual cycle can be expressed as a slowly varying
annual variance or a summation depending on the
degree of modulation of the two signals. This issue has
been discussed in the context of the amount of
variance spread at the annual frequency (SA1) (Kim
and Cornuelle, 2015). Three time series with variance
of the linear sum (d1), linear product (d2), and cosine
product (d3) of the linear trend and annual variance
are examined (Fig. C1a).

d1 tð Þ ¼ t�hti
max tð Þ �min tð Þ þ g tð Þ; (C1)

d2 tð Þ ¼ t�min tð Þ½ �g tð Þ; (C2)

d3 tð Þ ¼ cos
rt
50

� �
g tð Þ; (C3)

where

g tð Þ ¼ cosrtþ sinrtþ 1
10

cos 2rtþ 1
5
sin 2rt; (C4)

r ¼ 2p=365:2425 rpd is the annual frequency, and hti is
the center of the time axis.

The energy spectra of the individual time series are
shown in Fig. C1b. The time series of the linear sum
contains the red spectrum and sharp peaks at the annual
and semi-annual frequencies. However, the linear product
and slowly varying signals exhibit wider peaks at the
annual and semi-annual frequencies, indicating the
modulation of annual variance.

Appendix D. Total skill and standard deviations
of residuals

The total skill denotes how much variance is explained by
the regression (Figs. D1a-D1e and D1g-D1i), defined as

j ¼ 1�hd2R tð Þi
hd2 tð Þi ; (D1)

and the standard deviations of residuals [hd2RðtÞi1=2] show
how much variance remains in the data (Figs. D1d-D1f
and D1j-D1l).

Fig. C1. (a) Examples of time series modulated with linear sum [d1ðtÞ], linear product [d2ðtÞ], and cosine product [d3ðtÞ] with annual
and semi-annual signals time series [g(t) in Equation C4] and (b) their energy spectral density.
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Fig. D1. Zonal sections of the total skill (j) and standard deviation (hd2RðtÞi1=2) of the residual temperature (
�
C) and salinity profiles

sampled in the YS, SS, and EJS for a period of recent 20 years (1995 to 2014). (a–c) Total skill (j) of the temperature. (d–f) Standard
deviation (hd2RðtÞi1=2) of the residual temperature. (g–i) Total skill (j) of the salinity. (j–l) Standard deviation (hd2RðtÞi1=2) of the residual
salinity. (a), (d), (g), and (j): YS. (b), (e), (h), and (k): SS. (c), (f), (i), and (l): EJS. The vertical profiles are concatenated in terms of
cross-shore lines, and the unsampled depths and bottom bathymetry are shown as gray columns.
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