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the coastal sea level variations
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Abstract

To better understand the coastal sea level (SL) variations along the western boundary of the North Pacific, we quan-
titatively estimate the contributions of various forcing to the coastal SL variations on seasonal and longer time scales.
Based on a western boundary SL theory and a linear least-squares regression, we obtain a polynomial equation to
estimate the coastal SL variations from ocean interior information, atmospheric forcing, as well as local steric effects.
The estimated results can explain about 91% (93%) of the SL variations at tide gauges south (north) of the Kuroshio
extension jet. It is found that the local thermosteric effect is dominant on seasonal time scales. On interannual time
scales, the signals from ocean interior and atmospheric forcing are dominant. For decadal SL trends, the coastal SL
rise is mainly resulted from the signals from the open ocean. With the same polynomial equation, the SL variations
at 6 new tide gauges were estimated and compared to the nearest satellite measurements. The newly estimated SL
is generally in much better agreement with the tide gauge data than the satellite data. It is promising to apply the
newly derived polynomial equation to estimate SL variations along the western boundary of the North Pacific where
tide gauge data are not available. Particularly, the approach is promising to estimate the future SL change given the

required oceanic and atmospheric conditions.
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Introduction

The coast of the western boundary of the North Pacific,
with a series of islands and large population (Anthoff
et al. 2006), is under the direct threat of SL rise. Under-
standing and reconstructing the coastal SL variations
along the western boundary of the North Pacific are
greatly desired.

Many studies have investigated the dynamical causes
of regional SL variability along the western boundary of
the North Pacific. The SL variability on short time scales
is under the direct influence of tides, local winds and sea
level pressure (SLP). The situation might be changed for
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much longer time scales because short-term fluctua-
tions could be averaged out. Wang et al. (2016) pointed
out that the local wind field and SLP have a nonnegligi-
ble impact on the coastal sea level anomalies on seasonal
time scales. Cui et al. (1995) indicated SLP variations over
the eastern North Pacific could influence SL along Japan
on decadal time scales. Zhang and Ichikawa (2005) found
that the SL along the south coast of Japan is negatively
correlated with Kuroshio velocity on time scales longer
than a few months. Ishii et al. (2006) indicated that the
thermosteric effects could induce large variations of local
SL along the Japanese coast. Yasuda and Sakurai (2006)
proposed that the bi-decadal variability of SL along Japan
coast results from linear long Rossby wave from the
North Pacific. While Sasaki et al. (2014) argued that the
jet-trapped Rossby wave along the Kuroshio extension
(KE) plays a major role on SL variability on decadal time
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scales. Jet-trapped Rossby wave concentrated onto the
KE jet could produce higher SL variability south of the
KE, because Kelvin and coastal-trapped waves propagate
southward along the coast. While north of the KE, the
influence of linear long Rossby wave is weak, and results
in lower SL variability.

Many factors affect the SL variability along the west-
ern boundary of the North Pacific, such as the interior SL
variations, sea surface wind, sea level pressure, upstream
Kuroshio transport and local steric effects, as revealed
by the aforementioned studies. However, we do not yet
have a clear quantification of SL change induced by these
factors. In this study, we quantitatively estimate the con-
tributions of these factors to the SL change in the south
and north of the KE jet separately. The local steric effects
are closely related to the ocean heat and salt content, and
are primarily resulted from the surface heat and fresh-
water flux. In shallow places along the coastlines, the
water is well mixed. Changes in sea surface temperature
(SST) and sea surface salinity (SSS) are close to changes
in the mean values of temperature and salinity in shallow
seas, and subsequently proportional to changes in ther-
mosteric and halosteric effects, respectively (Ezer 2019).
The surface heat and freshwater flux are not explicitly
included in the analysis.

Moreover, we aim to obtain a simple relation to esti-
mate coastal SL variations from interior ocean SL, atmos-
phere information, local SST and SSS. Generally, there
are two kinds of datasets used to study SL, tide gauge
data and satellite altimeter data (Douglas 1992; Peltier
2001; Wang et al. 2003). The satellite altimeter data cover
a wide range, but the data accuracy is questionable along
coastlines (Cipollini et al. 2018). As for the tide gauge
data, measurements of SL in tide gauges can be traced
back to 1900s, but the distribution of tide gauges is rel-
atively sparse (Woodworth and Player 2003). And the
data availability is intermittent. Due to the limitation of
the tide gauge data and satellite altimeter data, we recon-
structed SL variability along the coast of the western
North Pacific from ocean interior SL information, atmos-
pheric forcing, SST, SSS, as well as Kuroshio transport,
based on a theory proposed by Minobe et al. (2017) and
a simple linear regression. The results are in good agree-
ment with the independent tide gauge data. So, we are
confident to get a more accurate estimate of SL change in
coastal regions without tide gauges with the new method.

Data and methods

Data

This study used the monthly ‘Revised Local Reference’
(RLR) data from 19 tide gauges along the western bound-
ary of the North Pacific (markers in Fig. 1) over the
period of 1993-2018, downloaded from the Permanent
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Fig. 1 The tide gauge stations south (black dots) and north (red dots)
of the KE jet superimposed with mean sea surface height (SSH) from
AVISO from 1993 to 2018. The black lines represent the alignment of
alongshore wind. The six blue stars denote the tide gauge stations for
sea level tests

Table 1 Tide gauges’ locations
boundary of the North Pacific

along the western

Station Lat (°N) Lon (°E) Station Lat (°N) Lon (°E)
NAHA 26.22 127.67 OFUNATO I 39.02 141.75
NAZE 2838 129.50 MIYAKO I 39.64 141.96
NAKANOS 29.83 129.85  HACHINOHE Il 40.53 141.52
NISHINOO 30.73 131.00  NASE Il 28.50 129.50
ABURATSU 31.57 13142 ODOMARI 31.02 130.69
MUROTOMI- 33.27 134.16 KUSHIMOT 3347 135.78
SAKI

MAISAKA 34.68 137.62 ONAHAMA 36.94 140.89
MERA 3492 139.83 AYUKAWA 38.30 141.51
CHOSHIGYOKO  35.74 14085  KAMAISIII 39.27 141.89
SOMA 37.83 140.96

Service for Mean Sea Level (PSMSL, http://www.psmsl
.org). The data are not corrected for land movement
because of the large uncertainties in land movement cor-
rection techniques (Woodworth and Player 2003). Even
though, the data are good for long-term analysis of sea
level as introduced in Church et al. (2001). The details
about station names, latitudes and longitudes are listed in
Table 1. The reference level of the RLR data is available
from the individual tide gauge station pages. SL data at
13 out of 19 tide gauges are used to obtain the relation
of SL with various forcing, while SL data at the other 6
are used to evaluate the reconstructed SL from the newly
derived relation. The six stations are selected to represent
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the locations from low to high latitudes along the coasts
of the North Pacific. In addition, since there is a remark-
able SL rise at the data record of tide gauges north of the
KE due to Japan 2011 earthquake and Tsunami (38.1° N,
142.6° E), we only consider the time period from 1993 to
2011. The data after 2011 are not long enough for long-
term analysis and are not discussed hereafter.

The global SL used in this study is produced by
SSALTO/DUACS and downloaded from AVISO (http://
www.aviso.altimetry.fr) with 0.25°x0.25° horizontal
resolution from 1993 to 2018. The 0.25° x 0.25° monthly
10-m wind and sea level pressure over the same period
is obtained from the ERA5 Reanalysis (https://cds.clima
te.copernicus.eu). The Kuroshio transport is estimated
along an upstream section at 24° N from the Simple
Ocean Data Assimilation (SODA3) reanalysis, down-
loaded from http://dsrs.atmos.umd.edu/DATA/soda3/.
SST and SSS are obtained from EN4 quality-controlled
subsurface ocean temperature and salinity profiles,
downloaded from https://www.metoffice.gov.uk/hadobs/
end/.

Method

Minobe et al. (2017) proposed a theory to predict coastal
SL variability along a curved western boundary based on
ocean interior SL variability. The theory (Minobe et al.
2017) is developed from Godfrey (1975), which indicated
that western boundary SL differences at two particular
latitudes are proportional to the incident mass induced
by long Rossby wave traveling into the western boundary.
According to Minobe et al. (2017), if the time scale con-
sidered is much longer than the time required for long
Rossby wave crossing the western boundary width, the
SL anomalies along the western boundary (SLA,) can be
estimated as

_f0)
SLAy = 7 (yp)

W00 30 6] +£0) [ 0G0,

(1)
where y and y, are respectively the particular latitude and
higher latitude, fis the Coriolis parameter, § is the rate of
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change of f with latitude, / is the sea level, and Xy, (X)) is
the western end of the western boundary current (ocean
interior). This equation considers that the sea level vari-
ability at a particular latitude along the western boundary
is the sum of the contributions from ocean interior infor-
mation propagated by long Rossby wave between that lat-
itude and higher latitude (the 2nd term on the right-hand
side of Eq. 1), and from the western boundary sea level
at the higher latitude by Kelvin waves or coastal-trapped
waves (the 1st term on the right-hand side of Eq. 1). To
fulfill the requirement of the time for long Rossby wave
crossing the western boundary (about 10-20 days), we
only consider SL variations on seasonal and longer time
scales.

To quantitatively investigate the contributions from
each factor, we regressed SLA from tide gauge sta-
tions onto SLA, (representing signals from ocean inte-
rior), onshore wind anomalies (OWA), alongshore wind
anomalies (AWA), sea level pressure anomalies (SLPA)
and Kuroshio transport anomalies (KTA), as well as
SST anomalies (SSTA) and SSS anomalies (SSSA) along
the western boundary of the North Pacific. Each factor
is normalized by its absolute mean value. A polynomial
equation is obtained as follows,

y=axSLAy+bx OWA 4+ ¢ x AWA +d x SLPA
+ e x SSTA +f x SSSA + g x KTA 2)

where a, b, ¢, d, e, fand g are regressed coeflicients, and
y is the reconstructed SLA. The regression coefficients
at different seasons are listed in Table 2 (Table 3) south
(north) of the KE jet.

Results and discussion

Quantification of coastal SL variability

The coastal SL at 13 tide gauge stations is highest in
summer and lowest in winter (dots in Fig. 2). We first
estimate coastal SL variations induced by ocean interior
signals (SLA,) at various seasons from Eq. 1. In spring,
the estimated SLA, is in good agreement with SLA
from the tide gauge stations, indicating that the signals
from ocean interior are important for the coastal SL
change (Fig. 2a). On the other hand, the estimated SLA,

Table 2 Coefficients of linear regression of normalized SLA,, OWA, AWA, SLPA, SSTA, SSSA and KTA south of the KE jet

Season SLA, (a) OWA (b) AWA (o) SLPA (d) SSTA (e) SSSA (f) KTA (g)
Spring 036 —-0.07 —-0.09 —046 040 —-0.19 —0.05
Summer 0.35 0.29 —0.08 —-0.25 0.26 —-0.16 0.10
Autumn 039 0.18 —-0.14 —061 0.04 —-0.03 0.06
Winter 0.35 0.21 —0.25 —0.65 043 —0.08 —0.04
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Table 3 Coefficients of linear regression of normalized SLA,, OWA, AWA, SLPA, SSTA and SSSA north of the KE jet

Season SLA, (a) OWA (b) AWA (c) SLPA (d) SSTA (e) SSSA (f)
Spring 0.32 —0.26 —-0.17 —042 0.80 —0.14
Summer 038 —045 —0.04 —0.34 0.62 —0.13
Autumn 0.60 —0.12 —0.10 —032 022 —0.09
Winter 042 —0.12 —0.08 —043 0.64 —0.16
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Fig.2 Comparison of the estimated SLA, from Eq. 1 (blue) and the SLA from eight tide gauges (black dots) south of the KE and from five tide
gauges (red dots) north of the KE in spring (March, April and May), summer (June, July, and August), autumn (September, October, and November)
and winter (December, January and February). The black dash lines represent the contributions from coastal-trapped waves (the 1st term on the
right-hand side of Eq. 1), while the red dash lines represent the contributions from the long Rossby waves (the 2nd term on the right side of Eq. 1)

is lower (higher) than SLA from tide gauges in summer
(in autumn and winter), suggesting that there are other
important factors. Furthermore, the magnitude of the
coastal-trapped wave term of Eq. 1 (black dash lines
in Fig. 2) is always larger than that of the long Rossby
wave (red dash lines in Fig. 2) north of the KE jet,
whereas the situation is mostly reversed south of the
KE jet. These results indicate that the long Rossby wave
(the coastal-trapped waves) plays an important role on
SLA, south (north) of the KE jet, consistent with the
separation of ‘active zone’ and ‘shadow zone’ caused
by the jet-trapped Rossby wave (Sasaki et al. 2014). For

stations near the KE jet, the dominant signals vary with
seasons, probably due to the meridional migration of
the KE jet or active Eddy activities (Qiu et al. 2015).
Figure 3 shows the distribution of surface wind and SLP
in four seasons. The onshore wind direction is northwest-
ward perpendicular to the coastal lines (black lines in
Fig. 1), while the alongshore wind direction is northeast-
ward direction along the coastal line. In spring, there is
weak westerly (Fig. 3a), which in summer becomes much
stronger southeasterly accompanied by minimum SLP
over the ocean (Fig. 3b). The monsoonal wind becomes
weak northwesterly in autumn (Fig. 3c) and strong
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Fig. 3 The map of 10-m wind field (vectors, m s~') and sea surface level pressure (contours, hPa)

northwesterly in winter with maximum SLP (Fig. 3d).
Figure 4 (Fig. 5) shows the time series of each factor aver-
aged over the nearest grid to the tide gauge stations from
the datasets described in “Data” section.

On seasonal time scales, signals from ocean interior
(a), SLP (d) and thermosteric effect (e) are the top three
factors affecting SL variations (Tables 2, 3). South of the
KE jet, the effects of wind vary seasonally. In spring, coef-
ficients of OWA (b) and AWA (c) are small, consistent
with a weak wind field (Fig. 3a). While b becomes larger
in other seasons, leading to a higher (lower) SLA in sum-
mer (winter), in accordance with onshore (offshore) wind
in Fig. 3b (Fig. 3d). Note that fand g are relatively small,
which indicate the halosteric effect and Kuroshio trans-
port effect are small. North of the KE jet, the coefficient e
is generally larger than other coefficients, which indicates
that the local thermosteric effect has a more important
impact on the coastal SL fluctuations. Noticeably, unlike
the OWA in the south of KE jet, b becomes negative,
probably due to the close relation between SST and the
wind. If SST and SSS are not considered in the regres-
sion, the coefficient b becomes positive.

To get the contributions of each factor on interannual
and longer time scales, we calculate the regression coeffi-
cients after 1-year low pass of each factor. The results are

shown in Table 4. The local thermosteric effects are small
on these time scales. The effects from ocean dynamical
processes (a) and onshore wind (b) are primarily domi-
nant south of the KE jet, while oceanic processes (a) and
SLP (d) are dominant north of the KE jet. The results
indicate that ocean dynamical processes and atmospheric
forcing are dominant over coastal SL variations on inter-
annual time scales. Moreover, the SLA, is in better agree-
ment with the SLA north of the KE jet than south of the
KE jet (Fig. 2), consistent with higher coefficient of SLA,
(@=0.59) in the north than in the south (¢ =0.46). Since
the magnitude of the coastal-trapped wave signal is much
larger than that of the long Rossby wave (close to zero,
Fig. 2) north of the KE, the coastal SL variability is mainly
dominated by coastal-trapped waves, consistent with the
findings in Sasaki et al. (2014).

With the polynomial equation, we compare the
reconstructed SLA (y) with the SLA from the tide
gauge stations and the results are shown in Fig. 6.
South of KE jet, the squared correlation (R?) between
the reconstructed SLA and the SLA from the 8 tide
gauge stations (black dots in Fig. 1) on a monthly basis
is 0.91 with a P value less than 0.01 (Fig. 6a). The sea
level rising trend is about 3.440.3 mm year™' from
tide gauge measurements and 3.0 £0.3 mm year™! from
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Fig. 4 The time series of averaged SLA;,, OWA, AWA, SLPA, SSTA, SSSA and KTA south of the Kuroshio extension. The red dash lines denote the linear

the regressed results. The SL rising trend is consist-
ent with previous studies (e.g., Qiu et al. 2015). After
the long-term trend is removed, the R? remains to be
about 0.91 (Fig. 6b). Noteworthy, only SLA, has a clear
rising trend, while the trends of other factors are close
to zero (Fig. 4). This indicates that the coastal SL ris-
ing trend mainly results from oceanic interior signals.
After 1-year low pass of the detrended data, the R? is
about 0.70 (Fig. 6b), indicating the 70% coastal SL vari-
ability on interannual time scale is captured by the
simple regression method. While north of the KE jet,
the R? of the reconstructed SLA and the SLA from the
five tide gauges (red dots in Fig. 1) is 0.93 (0.93) before
(after) the long-term trend is removed (Fig. 6¢, d). The
sea level rising trends from tide gauge measurements
are 4.240.3 mm year ' and the regressed results are

3.240.5 mm year '. Furthermore, the R? remains high
(0.86) after 1-year low pass (Fig. 6d).

Coastal SL reconstruction

We also attempt to use the simple regression method to
reconstruct coastal SL when tide gauges are missing. To
evaluate the coastal SLA reconstruction, we chose the
SL measurements from three new stations south of the
KE jet and three new stations north of the KE jet (blue
stars in Fig. 1) for comparison. With the seasonal coef-
ficients in Tables 2 and 3, the SL variations in these new
stations were reconstructed and compared with the
observed SLA from the tide gauges (Fig. 7). The corre-
lation coefficients and root mean square errors (RMSE)
were calculated. The nearest AVSIO SLAs to the six new
tide gauges were used for comparison. From Fig. 7a, b,
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Table 4 Coefficients of linear regression of normalized SLA,, OWA, AWA, SLPA, SSTA, SSSA and KTA after 1-year low pass

SLA, (a) OWA (b) AWA (c) SLPA (d) SSTA (e) SSSA (f) KTA (g)
South 0.46 0.60 —-002 0.12 0.1 —0.11 0.04
North 0.59 0.24 —0.08 —048 0.03 —0.18

the reconstructed SLA has higher R* and lower RMSE
than AVISO SLA except at NASE III station (the south-
ernmost blue star in Fig. 1), indicating that the recon-
struction of coastal SL could provide a good estimation
of SLA along the western boundary of the North Pacific.
The good performance of AVISO data is expected since
NASE III is mainly surrounded by open water, where the
quality of AVISO data is high. Noteworthy, the compari-
son is done after the removal of trends for all datasets.

With trends, the correlation coefficients (R?) are further
enhanced and the values of RMSE remain the same.

The six tide gauges used to evaluate the equations are
close to the ones used to build the equations. To check
whether the sea level (SL) features at these tide gauge
stations are similar, we calculate the correlation coef-
ficients of the sea level at six tide gauge stations with
the ones used to build the equation. South of the KE jet,
the correlation coefficient (R?) is about 0.34 on aver-
age, much lower than the values we obtained (Fig. 7a).
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North of the KE, similar calculation is conducted. The
averaged correlation (R?) is about 0.50, again much
lower than our estimates (Fig. 7a). The differences in
these tide gauge data could also be seen clearly from
the time series of SLA at these tide gauge stations
(Additional file 1: Figs. S1, S2).

Conclusions and discussion

From the Minobe et al. (2017) theory and the linear least
squares regression, we obtain a polynomial equation to
estimate the SL variations along the western boundary
of the North Pacific. The estimated SLA accounts for
91% (93%) SL variability south (north) of the KE jet. The

contributions of SLA;, OWA, AWA, SLPA, SSTA, SSSA
and KTA to the SL variations on seasonal and longer time
scales are quantified. On seasonal time scales, the local
thermosteric effect is dominant. On interannual time
scales, the signals from ocean and atmospheric forcing
are dominant. For decadal SL trends, the SLA, is domi-
nant, indicating that the coastal SL rise is mainly resulted
from the signals from the open ocean. In particular, the
long Rossby wave (coastal-trapped waves) is dominant
south (north) of the KE jet.

From Fig. 2, it is seen that the sea level variation is very
different among different stations, especially for the tide
gauges south of the KE. To test whether the results are
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largely affected by the selection of the tide gauges, we
randomly pick five out of all the tide gauges south of KE,
and do the same regression like Table 2. Six tests were
conducted. The results are shown in Additional file 1:
Tables S1-S6. We could see that the regression coeffi-
cients for each factor are nearly unchanged among all the
tests, in accordance with Table 2. This indicated that the
signals from ocean interior (a), SLP (d) and thermosteric
effect (e) are always on the top three factors affecting SL
variations on seasonal time scales. The consistency of
these tests illustrates that though the sea level variations
are very different among different stations, the effects of
the impacting factors remain.

To evaluate the coastal SLA reconstruction with the
simple regression method, we compared the recon-
structed coastal SLA with the AVISO SLA at six new tide
gauge stations. In general, the reconstructed SLA has a
better performance than the SLA inferred from AVISO.

It is promising to use the newly derived equation for a
better estimate of the coastal SL variations along the
western boundary of North Pacific.

Supplementary information
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