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Influence of internal tides on sea level variations at
the Suruga Bay coast*
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Abstract: The influence of internal tides on the sea level elevation was studied by using the sea level
and subsurface temperature records observed at Uchiura, at the head of Suruga Bay in summer
1978. The amplitudes of sea surface elevations due to the internal tides (SLA) are defined as
difference between the observed and predicted sea levels. A comparison of the time series of the
temporal variations of amplitude and phase for the tidal periods of SLA with those of the subsurface
temperatures shows that the characteristics of SLLA are similar to those of the subsurface temper-
ature due to the internal tides. The maximum amplitude among the four major tidal constituents
of SLA is estimated to be 4.0-5.3cm for the M, constituent and the minimum is 0.1-1.0cm for the K,
constituent. The sea level records at four stations, Uchiura, Shimizu, Minamiizu and Omaezaki, are
analyzed by the same method as well. The M, constituent of SLA is the largest among the four
major tidal constituents at Uchiura and Shimizu, near the head of Suruga Bay during this period.
The M, constituent is the largest at Uchiura, and the maximum value of the M; amplitude at Uchiura
is about twice as high as that at Shimizu, about 2.5 times that at Minamiizu, and about 4 times the
value at Omaezaki. The M, constituent of SLA at Shimizu is almost out of phase with that at
Uchiura. This relation of the amplitude and phase between Uchiura and Shimizu is supported by
a numerical experiment of the internal tides in Suruga Bay. The amplification of the M, constit-
uent agrees with the numerical experiments and is considered to be due to resonance with the
longitudinal internal seiche of Uchiura Bay. These results suggest that the SLA variations with

tidal periods, especially the M, constituent, are mostly induced by the internal tides.

1. Introduction

Sea surface elevations are well known to be
influenced by internal waves, but their am-
plitude due to long internal waves (i.e. the
internal tides and seiches) is on the order 10
of the amplitude of thermocline displacement
from a rough estimation (e. g. PROUDMAN,
1954; PuiLLips, 1977). Therefore, these
magnitudes are really a few centimeters at
most and are much less than those due to the
surface waves. Therefore, this influence has
been neglected for the analysis of sea level
variations in many cases. But, in coastal
areas where large amplitude internal tides
exist frequently, the influence is considered to
prevent precise estimation of the surface ele-
vation due to the surface tides.

In Suruga Bay, which is located at the cen-
tral Japan island and faces the Pacific Ocean
(Fig.1), it is feared that a huge earthquake
will occur in the near future, so that an ob-
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servation system has been established to re-
ceive any precursory indications of an earth-
quake. Sea level observations are being
made at some sites along the bay coast part of
this effort. Matsuvyama and TeramoTO
(1985) and Matsuvama (1985 a) raported
that internal tides in Uchiura Bay (Fig.1)
have amplitudes of thermocline vertical dis-
placement larger than ten meters near the
head of the bay at times in summer and early
fall. In Uchiura Bay, the amplitudes of the
surface tide for the four major constituents
(M., S, K, 0,) range from 15 to 41 cm at the
coast (Tablel). Therefore, the sea surface
variations due to the internal tides can pos-
sibly reach 1/10 of those due to the surface
tides in summer and early fall. Inasa (1982)
suggested the presence of internal tides at
other regions in Suruga Bay from the current
measurements. On the other hand, TAMURA
et al. (1986) analyzed the sea-level records
at Omaezaki during the period from 1970 to
1979 and showed that the M, constituent has
seasonal variations with maximum value in
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Fig. 1. Bottom topography in Suruga Bay and locations of sea level measurements (Stas. U, S, M, and
OM) and of subsurface temperature measurement (Sta. O). Sta. P indicates the location of the current
measurements by INaBa (1982). Numerals on bottom contours are in meters.

Table 1. Harmonic constants of the four
major constituents (Tide Table by Japan
Oceanographic Data Center).

M, S, K, Oy

A P A P A P A P

Uchiura 41.3 167 189 192 21.0 179 154 161
Shimizu 40.2 166 186 192 21.5 180 159 160
Minamiizu 39.6 163 182 188 24.0 188 184 164
Omaezaki 41.3 166 19.0 192 23.1 186 17.8 164

A: amplitude (cm). P: phase (degree).

summer and minimum in winter. The am-
plitudes of the seasonal variations reach
about 4 per cent of the M, amplitude. These
variations agree with those of the internal
tides, so that it is speculated to be due to the
internal tides.

Investigations of the influence of internal
tides on sea surface elevations are required,
because surface elevations due to the internal
tides are unpleasant noise in the analysis of
sea level records at the coast. This study
tries to show, through the analysis of the

hourly sea level data, that internal tides in
Suruga Bay have an influence on sea level
variations at the bay coast. First, we define
the sea-level anomaly (SLA) as the difference
between the predicted and observed sea
levels. We describe the time and spatial
variations of SLA with the semidiurnal and
diurnal periods during the period from 1 July
to 2 September 1978. Long-term tempera-
ture measurements for investigating the
characteristics of internal tides were made in
the subsurface layer at the head of Uchiura
Bay from 14 July to 22 August 1978 (Ma-
TsuvaMa, 1985a). Second, the time series of
SLA will be compared with those of temper-
ature to examine whether the sea-level anom-
aly (SLA) can be used for the analysis of
internal tides. The spatial variations of the
semidiurnal constituent of SLA are also
compared with results obtained from numer-
ical experiments of internal tides in Suruga
Bay (MaTsuvama, 1985b).
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2. Data and data analysis

Hourly sea level records are taken at Uchi-
ura (Sta.U), Shimizu (Sta.S), Omaezaki (Sta.
OM), and Minamiizu (Sta.M). Uchiura and
Shimizu are located near the head of Suruga
Bay, and Minamiizu and Omaezaki near the
mouth of the bay (Fig.1). The harmonic
constants, i.e. the amplitude and phase of tidal
constituents, for the sea level at each station
prepared by JODC (Japan Oceanographic
Data Center) are calculated from the records
collected for 10 years from 1971 to 1980
(Table 1). We define the hourly sea-level
anomaly (SLA) by subtracting the predicted
sea level (PSL) from the observed hourly sea
level (RSL) in the following form :

RSL — PSL = SLA.

PSL are constructed from 39 tidal constitu-
ents. The time series of hourly SLA can be
obtained at each tidal station. We will focus
on the diurnal and semidiurnal constituents
of the SLA variations. These variations are

(cm)

expected to be mainly related to the internal
tides, and variations of the atmospheric pres-
sure and wind. These atmospheric phenom-
ena are supposed to have an influence mainly
on the sea level with the diurnal period, but it
is not easy to remove them from the SLA
variations because it is difficult to estimate
the response time of the sea level against the
various atmospheric systems. Therefore, in
this study, we do not neglect the effects of
wind and atmospheric pressure on the sea
level variations, as a first step.

3. Variations of sea-level anomaly (SLA)
Fig. 2(a) shows the time series of SLA at
Uchiura and Shimizu, located respectively at
the eastern and western sides near the head of
Suruga Bay, from 1 July to 2 September 1978.
Semidiurnal and diurnal variations are seen
with low-frequency variations at both sta-
tions. The variations of SLA with semidiur-
nal and diurnal periods at Uchiura are larger
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Fig. 2(a). Time series of sea level anomaly (SLA) at Uchiura (solid line) and Shimizu (broken line) from

1 July to 2 September 1978. Units are cm.
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Fig. 2(b). Time series of sea level anomaly (SLA) at Omaezaki (solid line) and Minamiizu (broken line)
during the period from 1 July to 2 September 1978. Units are cm.

than those at Shimizu. Marked tidal varia-
tions do not exist through about two months
even at Uchiura but appear weak at times
from 5 August to 7 August, and from 24
August to 26 August. The maximum value
between the ridge and trough of the varia-
tions for these tidal periods amounts to 18 cm
at Uchiura in the latter part of July and 12 cm
at Shimizu in the middle of July. The am-
plitudes of the semidiurnal component at
Uchiura are seen to be large compared with
the diurnal component. Frequently, the
phase of the tidal frequency at Uchiura is
different from the phase at Shimizu. This
indicates that the horizontal scale of SLA
variations is not very large compared with
the width (about 30 km) of Suruga Bay.
Fig. 2(b) shows the time series of SLA at
Omaezaki and Minamiizu during the same
period as for Fig. 2(a). These are the SLA

records at the west and east coasts at the
mouth of Suruga Bay. Though semidiurnal
and diurnal variations are recognized in both
records, these are often weakened during the
two months. The maximum value between
the ridge and trough of the tidal variations is
about 10 cm both at Omaezaki and Minamiizu.
Fig. 2(a) and (b) shows that the tidal vari-
ations of SLA at the bay head are larger than
those at the bay mouth.

The SLA variations with the tidal periods
are seen to be variable throughout the two
months (Fig. 2(a) and (b)). We will exam-
ine the temporal variations of SLA with these
periods. So, the records are divided into
several segments of 15 days each. To obtain
the amplitude and phase of the four major
constituents, Fourier coefficients are compu-
ted. Harmonic analysis is carried out for
each 15-day record and is repeated for the
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Fig. 3. Temporal amplitude variations of
SLA at Uchiura calculated from a 15-day
series advancing one day at a time.

subsequent 15-day series after advancing one
day at a time (KieLman and Duing, 1974;
MATSuYAaMaA, 1985a).

Fig. 3 shows the temporal amplitude vari-
ations of SLA at Uchiura calculated from a 15
-day series advancing one day at a time. To
compare these variations with those for the
temperature near the head of Uchiura Bay
analyzed by the same method, the data are
shown for the period from 14 July to 22
August 1978. The M,; constituent is pre-
dominant throughout the whole observation-
al period and its amplitude ranges from 4.0 to
5.3 cm. The S, constituent is placed in the
second magnitude of SLA variations, but its
amplitude is less than 2.2 cm. The K, con-
stituent is the smallest of the four major
constituents, while it has the second largest
magnitude in sea level fluctuations (Tablel).

Table 2. Maximum and minimum values
(cm) for the four major constituents of
SLA at four stations from 14 July to 22
August, 1978.

M, S, K, 0,

Max Min Max Min Max Min Max Min

Uchiura 53 40 22 06 09 01 15 02
Shimizu 24 17 11 01 14 08 1.0 03
Minamiizu 2.1 15 08 03 14 03 08 0.1
Omaezaki 12 04 09 03 1.7 03 12 02

The maximum amplitudes of the O, and K,
constituents are 1.5cm and 0.9 cm, respec-
tively. This indicates the predominance of
semidiurnal constituents (M, and S,) in SLA
variations at Uchiura during July-August
1978. Table 2 shows the maximum and
minimum values of temporal amplitude vari-
ations for the four major constituents of SLA
at the four tidal stations during the above
period, calculated by the same method as the
above-mentioned harmonic analysis. The M,
constituent has the largest amplitude in SLA
among the four constituents both at Shimizu
and Minamiizu as well, but at Omaezaki the
maximum amplitude of the M, constitueut is
comparable to or less than that of the diurnal
constituents (K; and O,). Amplitudes of the
M, constituent range from 1.7 to 2.4 cm at
Shimizu, and from 1.5 to 2.1cm at Minamiizu,
which are less than the half of the amplitude
at Uchiura. The K, constituent at Shimizu is
the second largest and has maximum ampli-
tude of 1.4 cm which is larger than that at
Uchiura throughout the whole period. At
Minamiizu, the K, constituent ranges between
0.3 and 1.4 cm and the S, and O, constituents
are less than 1.0 cm.

Harmonic analyses of SLA at the four tidal
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Fig. 4. Temporal variations of the phase dif-
ferences between RSL (observed sea level)
and SLA (sea level anomaly) for the M,
constituent at Uchiura (@), Shimizu (W),
and Minamiizu (4) calculated from a 15
-day series advancing one day at a time.
The estimated values refer to RSL.
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Fig. 5. Hourly sea-level records at Sta.

stations during the summer of 1978 show
that the M, constituent is predominant at
Minamiizu, Uchiura and Shimizu. So, we
will focus on variations of the M, constituent
hereafter. Fig. 4 shows the temporal varia-
tions of the phase difference between SLA
and RSL for the M, constituent at Uchiura,
Shimizu and Minamiizu. The phase of SLA
lags behind that of RSL by —30°to 30 °at
Uchiura, by 180°to 230°at Shimizu and by
290°to 310°at Minamiizu. These phase re-
lations show that SLA is almost in phase with
the raw sea level at Uchiura and out of phase
with that at Shimizu. The raw sea level
among the three tidal stations are nearly in
phase for all four constituents shown in Table
1, so that the phase of the M, constituent of
SLA at Uchiura is nearly out of phase with
Shimizu. On the other hand, Uchiura always
lags behind Minamiizu by 30°to 90°.

4. Comparison of the sea-level anomaly
(SLA) and temperature in the subsurface
layer

Long-term temperature measurements
were made at Sta. O (Fig. 1) and the records
were obtained at depths of 4, 12, and 16 m
during the period from 14 July to 22 August
1978 (MaTsuvaMa, 1985a). The location of
Sta. O is along the coast about 1km from the
Uchiura tidal station. These temperature
records were employed to obtain the temporal
variations of the internal tide at Uchiura tidal
station at the head of Suruga Bay. In spite of

U (upper) and hourly temperature records
layer (4, 12, and 16m depths) at Sta. O (lower).

in the subsurface

{C)

3.0 1978

DAYS

Temporal amplitude variations of
temperature at a depth of 16m at Sta. O
calculated from a 15-day series advancing
one day at a time.

Fig. 6.

only one station, comparison between the
time series of SL A and those of the subsurface
temperature makes it possible to confirm
whether the SLA variations at Uchiura
during this period are mainly due to the in-
ternal tides or not.

Fig. 5 shows the time series of temperature
at Sta. O and sea level at Sta. U from 14 July
to 22 August 1978 (Matsuvama, 1985a).
Temperature oscillations with the tidal peri-
ods are significant, but are not as sinusoidal
as those of the sea level. The difference be-
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tween maximum and minimum in the tem-
perature variations at a depth of 16m amo-
unts to 6-8°C. Matsuvama (1985a) sugge-
sted that these temperature variations are
associated with the vertical displacements of
the seasonal thermocline of 35-40 m, by a
rough estimation from the vertical tempera-
ture distribution.

Fig. 6 shows temporal variations of the
amplitude of temperature at a depth of 16m at
Sta. O calculated by the same method as Fig.
3. This figure does not represent temporal
variations of the amplitude of internal waves,
but may indicate those of relative amplitudes
among these constituents at each segment
using the same estimation as for the vertical
temperature distribution. Two notable fea-
tures are found: (1) The M, constituent is
predominant throughout the whole observa-
tional period; (2) the K; constituent is the
smallest among the four constituents, while it
has the second largest magnitude in the sea
level variations (Table 1).

As might be expected, the characteristics of
the temporal variations of the amplitude of
temperature in the subsurface layer (Fig. 6)
are similar to those of SLA at Uchiura shown
in Fig. 3. Naturally both records are seen to
be closely related to each other. The tem-
perature fluctuations shown in Fig.5 have
been shown to be due to the internal tides in
Uchiura Bay (MaTsuvama, 1985a), so that
those of SLA may be mainly induced by the
internal tides as well.

5. Comparison of SLA and the results of
numerical experiments of semidiurnal in-
ternal waves
Numerical experiments using a two-layer

model have been made to study the behavior

of the semidiurnal internal tides in Suruga

Bay (MaTsuvyama, 1985b). The results from

the numerical model give spatial variations of

the amplitude and phase of the internal tides.

Therefore, it is interesting to make a com-

parison between characteristics of SLA with

the semidiurnal period at the four stations in

Suruga Bay and those obtained by the nu-

merical model. The numerical model and the

results are summarized as follows. The

model ocean is bounded by the coast and by
an artificial boundary at the Suruga Bay
mouth. The tidal fluctuations due to the in-
ternal mode were specified at the bay mouth
to model the behavior of internal tides. The
density difference between two layers of 3 X
107® and thickness of the upper layer of 50 m
are used to represent the density stratifica-
tion in the summer of 1978 (MATSUYAMA,
1985 b). The amplitude of interface dis-
placements at the mouth of Suruga Bay is
obtained in the following way; the tidal cur-
rent amplitude, which was obtained from
current measurements in the surface layer at
the moored station (Sta. P in Fig. 1) near the
mouth of Suruga Bay by Inasa (1982), is
considered to be mainly due to internal tides,
because the velocity due to the surface tides is
about 0.01cm/s at this site. The M, ampli-
tude is 7.6cm/sec from 10 July to 31 July
1978, and is 2.0 cm/sec from 31 July to 15
August 1978 (InaBa, 1982). From continui-
ty in the surface layer, amplitudes of the
interfacial displacements, Z, are estimated as

Z=VH/C,

where V is the amplitude of tidal current in
the upper layer, H is the upper-layer thickness
and C is the phase velocity of internal waves.
With the value in Suruga Bay in the summer
of 1978, i.e. H=50 m and C=1.2 m/sec, Z is
taken as 200 cm with V=5.0cm/sec.

Fig.7 shows the time series of interface
displacement and surface elevation due to the
internal tides obtained at the monitor station
at Uchiura tidal station. The surface eleva-
tion of about 4 cm occurs together with the
interface displacement of about 18 m and is
out of phase with it. The free surface dis
placement is opposite phase with the thermo-
cline displacement (PuiLLips, 1977; LEBLOND
and Mysak, 1978).

Fig. 8 shows the co-range and co-tidal chart
calculated with amplitude of 200 cm for the
M, constituent. The amplitude of the inter-
face displacements of 200 cm is taken at the
bay mouth as the open boundary condition.
There are three amphidromic points in
Suruga Bay. The innermost one is about 7
km distant from the northern coast and about
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Fig. 7. Top: Time series of free surface ele-

vation due to internal tides at Sta. U for
the amplitudes of 2 m at the southern
boundary obtained from the numerical ex-
periment.
Bottom: Time series of thermocline dis-
placement at Sta. U for various amplitudes
at the southern boundary, 0.5 m (solid
line), 0.8m (broken line), and 2m (dotted
line) (after MaTsuvama, 1985b).

13 km from the head of Uchiura Bay. We
can see that the co-tidal lines turn cyclonica-
lly. The phases at Uchiura and Shimizu tidal
stations are about 10.5 and 6.5 hours, respec-
tively. This shows that Shimizu lags behind
Uchiura by about 4 hours. The numerical
experiments suggested that the internal
waves with the M, constituent oscillate with
nearly opposite phase between the eastern
and western sides of the head of Suruga Bay
under the density stratification in the
summer of 1978 (MaTtsuyaMa, 1985b). This
phase relation from the numerical experiment
nearly agrees with that obtained from the
phase difference of SLA between Uchiura and
Shimizu shown in Fig. 4. The amplitude of
the interface displacement under this situa-
tion is 18 m at Uchiura and 8 m at Shimizu,
that is, the amplitude at Uchiura is 2.2 times
as large as that at Shimizu. This ratio is
consistent with the difference of SLA ampli-

Fig. 8. Co-range (broken lines) and co-tidal
(solid lines) chart of thermocline displace-
ment for the M, constituent obtained from
the numerical model under a stratification
in summer, 1978. Units for co-range line
are m and for co-tidal, hour.

tudes between Uchiura and Shimizu for the
M, constituent. Amplification of the semi-
diurnal internal tides in Uchiura Bay is con-
sidered to be due to resonance to the longi-
tudinal internal seiche in Uchiura Bay (Ma-
TSUYAMA, 1985b). The amplification of the
M, constituent of SLA near the head of
Suruga Bay agrees with that of the numerical
experiment and is due to resonance with the
longitudinal internal seiche of Uchiura Bay
(see Fig. 8).

6. Summary and discussion

The influence of internal waves on the sea
level elevation has been studied by using sea
level and temperature records in subsurface
layers at Uchiura located at the eastern side of
the head of Suruga Bay during the period
from July to August 1978. The sea level
anomaly (SLA) is defined as the difference
between the observed sea level (RSL) and the
predicted sea level (PSL). The characteris-
tics of SLA with the tidal periods are similar
to those of the internal tides deduced from the
subsurface temperature measurements at
Uchiura as follows; (1) the M, constituent is
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predominant, (2) the K, constituent is the
smallest among the four constituents, while it
is the second largest magnitude in sea level
fluctuations.

The SLA variations at Uchiura, Shimizu,
Omaezaki and Minamiizu in Suruga Bay are
analyzed during the above period. The am-
plitudes of SLA are large near the head with
those at the mouth. The maximum ampli-
tude of SLA for the M, constituent amounts
to 5.4 cm at Uchiura, but, it is 2.4 cm at
Shimizu, 2.1cm at Minamiizu, and 1.2cm at
Omaezaki. The maximum amplitudes of the
other major tidal constituents (S,, K;, and O,)
of SLA range from 0.8 to 2.0 cm at all four
stations. For the M, constituent, the phase at
Uchiura is nearly out of phase to that at Shi-
mizu. Numerical experiments for the M,
constituent (MaTsuvama, 1985b) support the
amplitude difference of SLA between Uchiura
and Shimizu. The phase difference of about
180 degrees (6 hours) obtained from the SLA
variations between these two stations is
slightly larger than that of about 120 degrees
(4 hours) from the numerical experiments.
These results suggest that the SLA variations
with the M, constituent are mostly due to the
internal tides. The amplification of the M,
constituent near the head of Suruga Bay is
considered to be due to resonance with the
longitudinal internal seiche of Uchiura Bay
(MATsuYAMA, 1985a).

The amplitude and phase of SLA for the M,
constituent are not always in quantitative
agreement with those of the internal tides
deduced from temperature measurements in
the subsurface layer and of the numerical
experiments. The difference is considered to
be mainly due to the estimations of amplitude
and phase of the internal tide from tempera-
ture measurements and the numerical model.
The analysis was made by assuming a prom-
inent lowest mode of the internal tide. It is
required to consider the contribution of
higher modes of internal tides (RATTRAY et
al, 1969). Long-term measurements of the
vertical displacement were not made through-
out the water column, but were made in the
subsurface layer near the coast. Tempera-

ture measurements at only a few fixed depths
in the subsurface layer (4, 12, and 16 m)
cannot always give reliable information
about the vertical movement of water by the
internal wave because of the shallowness of
the observation depths. The numerical ex-
periments were carried out by using a two-
layer model.

This study is a first step to estimate the
influence of the internal wave on the sea lavel.
Therefore, the study will be continued in the
future to make long-term measurements of
the vertical displacements with a thermistor
chain from the surface to the bottom at the
head of Suruga Bay and to obtain data with
high accuracy.
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