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ВНУТРИГОДОВАЯ ИЗМЕНЧИВОСТЬ УРОВНЯ ЯПОНСКОГО МОРЯ
В СЕВЕРО-ЗАПАДНОЙ ПРИБРЕЖНОЙ ЗОНЕ
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По измерениям за 2010–2015 гг. на прибрежных гидрометеорологических станциях, расположенных на открытом
побережье Приморского края (Преображение, Рудная Пристань, Сосуново), проанализирована изменчивость уровня
моря в прибрежной зоне северо-западной части Японского моря. На основе вейвлет-преобразования были впервые
обнаружены нестационарные колебания на масштабах 120–130 и 70–80 сут. Также были зарегистрированы ранее выявленные квазидвухлетние, годовые, полугодовые, приливные (суточные и полусуточные) и инерционные колебания
уровня моря. Оценка интенсивности динамических процессов была выполнена на основе мощности вейвлет-спектра
уровня моря, осредненной в диапазоне 8–40 сут, соответствующему временам жизни синоптических и мезомасштабных вихрей в этом районе. Установлено, что эта интенсивность изменяется на квазидвухлетнем, годовом, 120–130и 70–80-суточном масштабах, т. е. изменчивость уровня моря с периодами 120–130 и 70–80 сут можно связать с динамическими процессами. До апреля-июня 2014 г. внутригодовая изменчивость была, в целом, синфазной в районах трех
гидрометеорологических станций, но она стала рассогласованной в конце периода наблюдений.
Ключевые слова: уровень моря, гидрометеорологическая станция, прибрежная зона, Японское море, внутригодовая
изменчивость, вейвлет-преобразование.
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Sea level variability was analyzed using tide gauge data for 2010–2015 from three Russian hydrometeorological stations located
along the open coastline in the Primorye (Liman) Current zone, in the northwestern part of the Sea of Japan. Based on wavelet
transform, non-stationary sea level oscillations on the 120–130 and 70–80 days timescales were detected for the first time in the
northwestern part of the Sea of Japan. Quasi-biennial, annual, semiannual, tidal diurnal and semi-diurnal, and inertial sea level
oscillations found in earlier studies were also registered. The intensity of dynamic processes was estimated from the wavelet spectral power averaged in the 8–40 days range corresponding to lifetimes of mesoscale/submesoscale eddies in the Primorye Current
zone. The variability timescales of this intensity were found to match that of the sea level (more precisely, the timescales of 70 days
and longer). This implies that the 120–130 and 70–80 days sea level variability can be related to dynamic processes. At the three
coastal stations, more than 200 km distant from each other, this kind of variability was in phase before mid 2014 and then diverged.
Key words: sea level, tide gauge, Sea of Japan, coastal zone, intra-annual variability, wavelet transform.

1. Introduction
Rapid economic development and increasing anthropogenic pressure call for oceanographic research of the
coastal areas in the Russian Far-Eastern marginal seas, in particular, for analyses of the sea level variability, an
Ссылка для цитирования: Трусенкова О.О., Лобанов В.Б., Примачев Е.В. Внутригодовая изменчивость уровня
Японского моря в северо-западной прибрежной зоне // Фундаментальная и прикладная гидрофизика. 2021. Т. 14, № 1.
С. 54–62. doi: 10.7868/S2073667321010056
For citation: Trusenkova O.O., Lobanov V.B., Primachev E.V. Sea Level Intra-Annual Variability in the Coastal Northwestern
Part of the Sea of Japan. Fundamentalnaya i Prikladnaya Gidrofizika. 2021, 14, 1, 54–62. doi: 10.7868/S2073667321010056

54

Внутригодовая изменчивость уровня Японского моря в северо-западной прибрежной зоне

essential climate variable and an indicator of dynamic processes in the ocean. Using coastal tide gauge and satellite
altimetry data for the Sea of Japan, sea level fluctuations of different origins on various timescales were revealed in
earlier studies.
As for the seasonal variation in the Sea of Japan, the sea level rises in the warm season and drops in the cold season,
which can be attributed to steric effects, mostly due to temperature changes (see original results and review in [1]). This
finding was confirmed later with the use of longer tide gauge records [2] and it was expanded to the entire sea, based on
altimetry data [3, 4]. The seasonal variation of surface currents was revealed from altimetry data: the strengthening of
the large-scale meridional sea level gradient resulted in the circulation intensification in late summer [5] or in autumn
[4] and the gradient slackening resulted in circulation weakening in late winter [4, 5]. These changes were explained by
steric effects due to the seasonal variation of water transport in the Korea Strait and differential surface cooling.
Sea level variability was also studied on timescales longer than one year. Using altimetry data, quasi‐biennial (QB)
fluctuations were revealed, first in the southern part of the Sea of Japan where they were related to wind forcing [6] and
to the path variations of the Tsushima Warm Current [7] and later in the entire sea [3, 4]. That they could occur simultaneously in the entire sea, intensifying in the periods when the transport in the Korea Strait increased, implies a relationship with transport imbalance in the straits [4]. Using the decadal record of altimetry data and long-term tide gauge and
cruise data, interannual and decadal sea level variability in the southern part of the Sea of Japan was studied and found
to be related to steric effects due to changes in properties of water coming through the Korea Strait [8–10]. The 12–13
year fluctuations occurring simultaneously in the entire sea were considered to be related to the transport variations in
the Korea Strait [11]. Linear trends were repeatedly estimated, using the extended altimetry record, and sea level rise was
detected, in line with the findings for the World Ocean. For the first 9–10 years of the altimetry record (from October
1992) the rising rate in the southern part of the Sea of Japan was twice as large as the global mean rate [3, 9]. With the
record extension, the rising rate showed a decrease and eventually became almost equal to the global mean rate [10, 11].
Long tide gauge records (from 1950s) show oscillatory rather than trend-like sea level patterns in the Japan Sea [3, 10].
Although tides are not strong in the part of the Sea of Japan, they are still non-negligible and are mostly of the
mixed character [12, 13]. Semi-diurnal tides prevail in the Korea Strait, while the semi-diurnal to diurnal tide ratio
decreases northward and again increases in the Tatarsky Strait where the semi-diurnal tides prevail [12, 14] (see fig. 1
for location of the straits). Using tide gauge data, it was shown that storm surges are the most frequent in August —
September and that they strengthen from the south to the north [13–15].
The range between the atmospheric synoptic and annual timescales includes sea level variability related to dynamic processes in the Sea of Japan. Semiannual fluctuations were analyzed from tide gauge [2] and altimetry [3, 4]
data and were found to be related to the circulation changes forced by wind in the western [16] and northern [17] sea.
From altimetry data, the bi-monthly [3, 18] and 100–150 day, simultaneous in the entire southern part of the sea [7],
oscillations were detected. The latter were explained by high-frequency fluctuations of water transport in the Korea
Strait [7]. The intra-annual variability of sea level was also related to progressive and standing waves [3]. However,
less attention has been paid to the northwestern part of the Sea of Japan, in particular, to the coastal area where a
variety of dynamic processes can develop on multiple timescales.
The Primorye (Liman) Current is a cold boundary current that flows southwestward along the shelf edge and slope in
the northwestern part of the Sea of Japan. Recent studies have demonstrated a complex water dynamics in the Primorye
Current area [19–22]. Boundary waves propagate along the continental slope, while anticyclonic shear eddies can develop between the current and coast, providing an efficient cross-shelf water exchange. The transformed subtropical water
can be transported there by mesoscale structures (eddies and jets). The sources of the warm water are the northward flowing Tsushima Current in the eastern area off the Japanese coast and the East Korea Warm Current in the southwestern
area off the Korea Peninsula. Mesoscale and submesoscale structures have a considerable impact on the coastal sea level,
with substantial variability; their lifetimes vary from a few days to several months and longer [19, 21, 22]. To reveal the
statistical properties of eddies, automated procedures were applied to the altimetry data in many areas of the World Ocean
[23], in particular in the southern part of the Sea of Japan [24]. Statistical methods were frequently applied for the sea level
analysis in the Sea of Japan [3–5, 7, 17] but the resolution of altimetry data was too coarse for capturing the small-scale
processes in the northwestern coastal zone. Tide gauge data with high temporal resolution seems more appropriate, while
timescales of non-stationary fluctuations can be elucidated with the use of wavelet transform.
This study was focused on the intra-annual variations of sea level in the coastal northwestern part of the Sea of Japan. The analysis was based on tide gauge measurements from three hydrometeorological stations situated at the open
coastline in the settlements of Preobrazhenie, Rudnaya Pristan’ and Sosunovo (fig. 1; hereafter referred to as stations
P, R, and S, respectively.) These stations are located within the Primorye Current zone but their hydrographic regimes are considerably different. The northernmost station S is dominated by the influence of the Primorye Current,
while the stations R and P are affected by the warm water advection, as discussed above.
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2. Data and methods
The analysis was based on sea level measurements at
the hydrometeorological stations P (42.88° N, 133.89° E),
R (44.36° N, 135.84° E), and S (46.54° N, 138.36° E) (fig.
1). Measurements at these stations were made for 2240 days
from January 1, 2010, through February 18, 2016, by means
of Aanderaa pressure sensors. There were numerous sensor
failures and data gaps at the beginning of the record at the
station S, therefore, only data for May 12, 2012 — February
18, 2016 (1371 days) were used for further analysis.
Measurements were made every minute, then were
averaged for every hour by sensor chip processors and the
hourly data were finally collected. The primary processing
Fig. 1. Names and locations of tide gauges used in this study.
included
the removal of erroneous data and accounting
The Korea and Tatarsky Straits are marked by numbers 1
for
the
reference
level shifts after sensor tunings or repairs.
and 2, respectively.
The sea levels measured at the different stations were attributed to different reference frames. For comparability, sea level anomalies (SLA) were computed and normalized by the root-mean-square values equal to 13.3, 15.2 and 12.3 cm for stations P, R and S, respectively (fig. 2).
According to the Aanderaa technical documentation, the stochastic error is equal to 0.01 % of the measurement
range. With the actual range about 400 cm, the error is equal to 0.4 mm. However, it was shown that systematic errors were mostly generated by the drift in pressure sensors, which did not exceed 0.8 cm/year [25]. So, the possible
drift of 5 cm for 6 years and 49 days was accepted as the systematic error of every 1 min measurement. As data were
averaged to 1 hour, the error was reduced by 1/60 1/2, i. e. it became equal to 0.64 cm. The data were additionally
averaged to 2 hours (see below), reducing the error further to become equal to 0.45 cm. SLA are further analyzed if
only they exceed this value. As the numbers of degrees of freedom for the applied SLA time series were estimated as
20–22, the correlations, statistically significant at the 95 % confidence level, should exceed 0.43–0.47, according
to the Fisher criterion.
There were gaps in the data with 1 hour resolution due to the gaps in the original 1 min measurements. Data at
station P were the most complete, with just 12 gaps with a duration of no more than 3 hours, a 6-hour gap and a 2-day
gap. In the data at station R there were 6 gaps of no more than 3 hours, a 5-hour gap and a two-week gap in 2014,
spanning from August 15 through August 30 (1687–1702th days from the beginning of the record). The station S data
featured several dozen gaps of no more than 3 hours, mostly in 2014, 7 gaps of 3–12 hours, 2 gaps of 12–24 hours
and a two-week gap in 2014, from June 30 through July 15 (1641–1656th days from the beginning of the record).
a)

b)

c)

Fig. 2. Normalized sea level anomalies (SLA) at stations P (a), R (b) and S (c). Two-week gaps are shown by
vertical bars for stations R and S.
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a)

b)

c)

Fig. 3. Fourier power spectra of SLA in 2015 at stations P (a), R (b) and S (c).

All the gaps were linearly interpolated and the normalized SLA were computed afterward. Gaps less than 1 day are
not significant on timescales beyond the tidal range. However, the two-week gaps in the data at stations R and S
are significant and therefore should not be analyzed, as marked by the vertical bars in figs 2 and 4. Additionally, the
data were averaged within 2 hours. This is quite sufficient for capturing the considered timescales and simplifies the
processing, keeping less than 30000 counts in the time series; it also reduces data errors and removes high frequency
fluctuations, including seiches.
The Fourier spectra were computed for the three stations, using the hourly data for 2015, which are the most
complete (fig. 3). The spectrum statistical significance was estimated based on the chi-squared distribution. The
analysis of non-stationary oscillations was based on the wavelet transform (WT) with the DOG‑9 mother wavelet.
The frequently used complex Morlet wavelet providing good resolution in the frequency domain produces uninformative spectra, with statistically significant power being mostly confined at the annual timescale. On the contrary, the
real wavelets, such as the DOG wavelet, provide good resolution in the time domain, which is important for highly
non-stationary signals, while the high (9th) order of the DOG wavelet provides reasonable resolution in the frequency
domain, resulting in the informative spectra. It is also important that local WT spectra are reliable outside the twoweek interpolated gaps for the data at stations R and S. Both WT diagrams and power spectra (|WT|2) are shown in
fig. 4 (see Inset). Timescales were estimated by a number of minimum/maximum pairs on the WT diagrams, while
power spectra provide an estimation of statistical significance with respect to the red noise spectra [26]; 90 % confidence level is accepted. The cones of influence (COI) show areas where edge effects become important (fig. 4). The
modified Torrence and Compo’s procedure [26] was used for WT computation and visualization.
3. Results and discussion
As revealed by the WT diagrams and spectra, tide gauge records manifest intense temporal variability on multiple, from tidal to QB timescales (fig. 4, see Inset). The Fourier spectra feature strong, statistically significant diurnal,
semi-diurnal, and higher frequency peaks, the latter being the tidal overtones (fig. 3). This pattern is consistent with
earlier findings [12, 13]. The intensity of the diurnal peaks is the same at the three stations, while the semi-diurnal
peaks weaken from the south to north, i. e. from station P to station S, which is in line with previous findings [13].
There is statistically significant power on the tidal timescales in the WT power spectra as well, with the exception
of the semi-diurnal tide for station S where it is the weakest among the three stations (fig. 4, f). During several
periods, the WT spectral power for station R is significant in the entire 12–24 hour range, implying the intensification of inertial oscillations. (See the 720–770th, 950–1070th, 1330–1450th, 1750–1810th and 2110–2150th days in
fig. 4, d, which corresponds to 12/22/2011–2/10/2012, 8/8–12/16/2012, 8/23–12/21/2013, 10/17–12/16/2014 and
10/2–11/21/2015). The inertial oscillations can be generated by the strong wind forcing, which occurs in the cold
season and also during the tropical cyclone passage in late summer. It is in these periods that the merging of the tidal
and inertial timescales was detected.
Annual oscillations are the most intense in the WT spectra, ranging 25–30 cm for stations P and R and 15–20 cm
for the northernmost station S (cf. the SLA time series in fig. 2). The seasonal minima occurred in late January to
early February and shifted to March at the station S in 2012, while the seasonal maxima occurred in late July to early
August and shifted to September at station R in 2011 and 2014. These timings are consistent with earlier findings [1,
2], while minor discrepancies can be attributed to the short record. The QB oscillations are statistically significant
in the WT spectra for stations P and R, in line with previous findings from the altimetry data [3, 4], although in the
spectrum for station S they are almost absent, probably due to the shorter record (fig. 4, f).
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The annual WT extremes spread to intra-annual timescales, splitting up to two or three, corresponding to semiannual and 120–130 day oscillations (fig. 4). These oscillations are non-stationary and can weaken or disappear, for
instance from mid July 2011 through early August 2012 (550–950th day from the beginning of the record) for station
P or from mid March through mid November 2012 (800–1050th days from the beginning of the record) for station
R. The 70–80 day oscillations are also statistically significant and they, in turn, merge together at the 120–130 day
and semiannual timescales (fig. 4). The semiannual oscillations are the strongest for station R, resulting in the statistically significant semiannual maximum in the mean (averaged in time) WT spectrum. The 120–130 and 70–80 day
oscillations are the strongest for station S, resulting in the statistically significant 126 and 73 day maxima in the mean
WT spectrum.
An attempted computation of joint spectra did not provide usable information, as the significant power was confined to the annual timescale. This is because the joint spectra should be computed with the use of the complex Morlet
wavelet enabling the estimation of phase shifts between time series, which, in this case, would produce uninformative
spectra. Therefore, in order to estimate the relationship between the three stations, SLA time series were band-pass
filtered in the 120–130 and 70–80 day ranges.
When the normalized band-pass filtered SLA are strong they exceed 0.15–0.2 (fig. 5) and the corresponding dimensional SLA exceed 1.8–2.7 cm, which is well above the data errors. In both ranges, the three time series closely
matched during the most part of the record until late April 2014. (The paired correlations are equal to 0.56–0.80.)
The exception is the period from early August 2011 through late June 2012 (580–900th days from the beginning of
the record) when the band-pass filtered SLA for stations P and R diverged. This matching pattern implies the same
physical origins of these oscillations at the three stations more than 200 km distant from each other. The mismatch
near the end of the record (from May 2014, 1580th day from the beginning of the record) can be probably related to
specific forcings in the three areas; remarkable are the extremely strong SLA at station R (fig. 5).
The 100–150 day oscillations were detected in the southern Japan Sea and can be explained by the transport
variations in the Korea Strait [7]. To the best of our knowledge, strong oscillations on the 120–130 and 70–80 day
timescales were not detected in the northwestern Japan Sea, either from tide gauge data, or from satellite altimetry
measurements. Therefore, it may be hypothesized that they are related to processes in the northwestern coastal area.
This complies with the finding based on data from the autonomous ‘Aqualog’ profiler moored 35 km offshore station
P: fluctuations on the 80–110 day timescale were detected in the pycnocline temperature and depth [27]. The ‘Aqualog’ data cover half a year from mid April through mid October 2015, which explains the merging of two timescales
detected in the 6 year tide gauge records.
In the range between the tidal and 70–80 day timescales, the sea level oscillations are extremely non-stationary
and there is a band of low power between the tidal and longer timescales (fig. 4). In the 2–7 day range, which corresponds to the atmospheric synoptic timescale, the power is low for stations P and R, while it is higher and often
statistically significant for station S (fig. 4). This is in line with earlier findings of a storm surge strengthening from the
south to the north [14]. In the range between the 2–7 and 70–80 day there are patches of the statistically significant
spectral power, which are separated by low power gaps. These patches are shifted in the frequency domain, with the
periods (scales) increasing or decreasing in time (fig. 4). This pattern suggests that SLA in this range can represent
dynamic structures passing by the stations and these structures can be of different sizes and translational speeds.
The statistically significant spectral power within the considered range is mostly confined between 8 and 40 days
and gaps tend to cover the range between 15 and 20 days. The oscillations on the scales larger and smaller than the
gaps can be related to mesoscale and submesoscale eddies, respectively, according to their lifetimes [21, 22]. In particular, it was revealed from infrared satellite imagery that shear eddies developing between the Primorye Current and

Fig. 5. SLA band-pass filtered in the 120–130 and 70–80 day ranges for stations
P (thick solid line), R (dashed line), and S (thin solid line).
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Fig. 6. Р8–40 time series smoothed, with the 15 day window, for stations P
(thick solid line), R (dashed line), and S (thin solid line).

the coast are often surrounded by small submesoscale eddies [21]. However, it is difficult to distinguish two kinds of
structures from the WT spectra (fig. 4); for this reason, a joint analysis was performed and the WT spectral power was
averaged in the 8–40 day range (hereafter denoted as Р8–40). Р8–40 was smoothed with the 15 day window filter, removing individual events but facilitating the comparison of variability at the three stations (fig. 6). (Note that similar
results were obtained for the ranges between 7–8 and 40–50 day).
An extremely intense Р8–40 maximum for station R in August — September 2014 (1670–1730th day from the
beginning of the record) should not be taken into consideration, as it includes the two-week data gap. (fig. 6 does not
include this maximum for the sake of better representation of real variability.) Р8–40 is very close for the three stations
during the period before July 2014 (1640th day from the beginning of the record). (The two exceptions are the periods
from mid October through early December 2011, i. e. 650–700th days from the beginning of the record, and from
early September through late December 2012, i. e. 980–1090th day). For the period before July 2014, the paired
correlations between the Р8–40 time series are statistically significant: they are equal to 0.62 for stations P and R, 0.58
for stations P and S, and 0.47 for stations R and S. However, the Р8–40 time series for the three stations diverged in
July 2014 (fig. 6). Note that the 120–130 and 70–80 day oscillations diverged in May 2014 (from 1580th day from the
beginning of the record; fig. 5), implying the same physical origins for them and Р8–40.
In order to estimate Р8–40 timescales of variability, the WT diagram and power spectrum were computed for station P (fig. 7, see Inset), as the most informative due to the best data quality. The statistically significant timescales are
QB, annual, 120–130 and 70–80 day, i. e. the same as for SLA. The annual cycle is strong, like for SLA, but rather
unstable. The Р8–40 annual minima and maxima fell on April to May and October to November, respectively, at the
beginning of the record. The annual cycle shifted during the period from August 2011 through July 2012 and, as a
result, was matching to the SLA annual cycle, with the minima and maxima in late January to early February and late
July to early August, respectively. Another shift occurred in late 2014 and both annual cycles became out of phase by
August 2015. The unsteady Р8–40 annual cycle can be explained by the fact that dynamic structures in the station P
area are of different origins: they can come from the northeast with the Primorye Current, from the south, southwest
or east and are not directly linked to the seasonal sea level variability. The Р8–40 annual maxima spread to the shorter
periods, splitting up at the semiannual, 120–130 day and 70–80 day timescales in the same way as in the SLA spectrum, although the Р8–40 spectrum is more regular and the linkages between the timescales are more robust (cf. figs.
4 and 7). This similarity implies that the sea level variability on the 120–130 and 70–80 day timescales is related to
dynamic mesoscale and submesoscale structures.
The physical nature of the 120–130 and 70–80 day oscillations is not yet clear and requires special investigation.
However, some preliminary considerations can be suggested as follows. The non-linear effects in the sea level variability were earlier discussed and they were related to the intense seasonal cycle in the Sea of Japan [3]. In particular, the
semi- and quarter-annual oscillations (2 and 4 cycle/year) were considered as the annual cycle overtones and were also
shown to be the most intense in the western part of the Sea of Japan [3]. (Note that the 90 day oscillations were statistically significant in the times when the 120–130 and 70–80 maxima were merged in figs. 4, 7.) It was also pointed out that
the non-linear interaction of the annual (frequency w1 = 1 cycle/year) and semiannual (frequency w2 = 2 cycles/year)
oscillations can generate oscillations of frequency w3 = w1 + w2 = 3 cycles/year [3], which approximately corresponds
to the 120–130 timescale. Similarly, the 70–80 day oscillations can be considered as close to those at the w4 = w2 +
+ w3 = 2 + 3 = 5 cycles/year frequency. (This matching is imperfect, which can be explained by insufficient resolution
of the DOG wavelet in the frequency domain.) At any rate, the non-linear effects can explain the interaction of strong
oscillations, but this is not always the case (figs. 4, 7).
An origin of the discussed sea level oscillations can also be looked for in dynamic processes: the semiannual oscillations of sea level were explained by the circulation changes in the Sea of Japan forced by wind [3, 16]. However,
an important role of the topographic Rossby waves, sometimes called gradient — vorticity waves [28], in the Sea of
Japan was earlier suggested, too [3]. In particular, the Rossby waves were engaged to explain the cell structure and
SLA movement on the annual and semiannual timescales [29].
59

Трусенкова О.О., Лобанов В.Б., Примачев Е.В.

The matching (for the most part of the record) or mismatched (at the end of the record) sea level variability on
the considered intra-annual timescales in the locations more than 200 km distant from each other implies that the
signals do not propagate along the coast but come from the open sea, thus suggesting the forcing from planetary
Rossby waves. However, this assumption requires the special investigation and should be a subject of further study.
4. Conclusion
Sea level variability was analyzed using tide gauge data for 2010–2015 from three Russian hydrometeorological
stations located along the open coastline in the Primorye (Liman) Current zone, the northwestern part of the Sea of
Japan. The wavelet transform was applied to elucidate non-stationary oscillations. The QB, annual, semiannual, tidal
diurnal and semi-diurnal, and inertial sea level oscillations, which were found in earlier studies, were also detected
in the analyzed data.
Non-stationary sea level oscillations on the 120–130 and 70–80 day timescales were detected for the first time in the
northwestern part of the Sea of Japan. They were the most regular at the northernmost station S. These oscillations are
consistent with the 80–110 day fluctuations detected in the pycnocline temperature and depth based on measurements
from the autonomous ‘Aqualog’ profiler moored in the vicinity of station P in April — October 2015 [27].
The intensity of dynamic processes was estimated from the wavelet spectral power averaged in the 8–40 day range
corresponding to lifetimes of mesoscale and submesoscale eddies in the Primorye Current zone. It was found that this
intensity varies on the QB, annual, 120–130 and 70–80 day timescales. This implies that the sea level variability on
the 120–130 and 70–80 day timescales can be related to dynamic processes.
At the three coastal stations, more than 200 km distant from each other, the newly revealed kinds of intra-annual
variability were in phase before mid 2014 and then diverged; their physical sources need yet to be clarified.
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Fig. 4. Wavelet transform (WT) diagrams (a, c, e) and power spectra (b, d, f) of SLA at stations P (a,
b), R (c, d), and S (e, f). Light-blue dashed lines denote cones of influence (COI). Solid red lines are
90 % confidence levels with respect to the red noise spectra. Vertical bars indicate the two-week gaps
for stations R and S.
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Fig. 7. WT diagram (a) and power spectrum of Р8–40 (b) for station P. Light-blue dashed lines
indicate COI. Solid red lines are 90 % confidence levels with respect to the red noise spectrum.

