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Many processes contribute to the varia-

tions of currents, sea surface height 

(SSH), and thermocline depth in mar-

ginal seas. Energetic examples range 

broadly over time scales from slow me-

soscale and interannual variations to 

rapid basin oscillations, internal tides, 

and near-inertial oscillations. Our mea-

surement array in the Japan/East Sea 

(JES) offered a special opportunity to 

study these processes simultaneously, 

revealing important interconnections 

among them.

The PIES (pressure-gauge-equipped 

inverted echo sounder) experiment in 

the Ulleung Basin of the southwestern 

JES was originally designed to investigate 

the dynamics of meandering currents 

and eddies in the upper and deep ocean. 

For those purposes, we low-pass fi ltered 

the measurements to examine mesoscale 

variability. The companion papers by 

Watts et al. (this issue) and Mitchell et al. 

(2005a) describe the mesoscale circula-

tion patterns, including evolution and 

propagation of warm and cold eddies. 

The acoustic-echo-time records also in-

cluded energetic short-period signals, 

which dominated the bottom pressure 

record. Within the JES the barotropic 

(or surface) tidal amplitudes are so small 

(< 10 cm, compared to 1 m typically in 

mid-ocean) that these energetic short-

period signals stood out and demanded 

our attention.

We present here an overview of three 

aspects of short-period variability (less 

than about 10 days) observed in the JES, 

even though short-period phenomena 

were originally outside our main objec-

tives: (1) whole-basin oscillations of SSH 

with a several-day period, and a method 

to remove most of their serious aliasing 

effects upon satellite altimeter measure-

ments; (2) internal tides, which are in-

ternal waves generated on the main ther-

mocline by tidal currents crossing the 

topography at the entrance of the Korea 

Strait, and which we fi nd are steered in 

horizontal beams and modulated by the 

mesoscale currents and eddies inside the 

JES; and (3) near-inertial oscillations 

that (surprising us at fi rst) despite their 

primarily horizontal motion produced 

variations in the acoustic-echo-time re-

cords that could be mapped in relation to 

the mesoscale eddies and their vorticity 

distribution. The unifying theme among 

these fi ndings was the interdependence 

of long-period and more rapid variabil-

ity that would commonly occur in mar-

ginal seas: (a) special techniques were 

required to estimate and remove rapid 

basin oscillations from satellite altimetry 

for mesoscale and climate studies and 

(b) long-period mesoscale circulation 

drastically altered short-period processes, 

such as internal tides and near-inertial 

oscillations.
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. . .special techniques are required to estimate and 

  remove rapid basin oscil lations from satell ite 

  altimetry for mesoscale and climate studies . . .
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OBSERVATIONS

As part of the JES initiative by the U.S. 

Offi ce of Naval Research, an array of 

PIESs and deep current meters was de-

ployed in the Ulleung Basin from June 

1999 to July 2001 (Figure 1). Acoustic 

sensors recorded hourly echo time for an 

acoustic pulse to travel round-trip from 

the seafl oor to the sea surface. As the 

thermocline changed depth above a PIES, 

associated changes in temperature caused 

increases or decreases in acoustic echo 

time. Acoustic echo time was used to es-

timate temperature profi les at a suite of 

depth levels (Park et al., 2005a,b). Bottom 

pressure sensors and current meters also 

recorded hourly data.

BASIN OSCILL ATIONS

Marginal seas like the JES may exhibit 

complicated variations in SSH on a va-

riety of time scales. Temporally tracking 

and mapping SSH has been the objective 

of satellite altimetry, which is useful for 

studying surface geostrophic currents 

and long-term climate and interannual 

variability. For these purposes, basin 

oscillations and tides must be removed 

very accurately from satellite SSH. If 

they are not removed, the small residual 

errors at periods less than the resolved 

altimeter-sampling period (Nyquist 

period) of 20 to 70 days can produce 

a substantial troublesome alias from 

“trackiness” errors. These errors look like 

mesoscale eddies (Nam et al., 2004; Xu 

et al., 2006a) and also features associated 

with interannual scales (Wunsch and 

Stammer, 1997). In open-ocean applica-

tions, remarkably accurate barotropic 

models (which use a single layer of con-

stant density) have been developed for 

tides and response to atmospheric wind 

stress and pressure forcing—specifi cally 

for the purpose of obtaining the residual 

SSH after removing these short-term 

fl uctuations from the satellite altim-

etry (Stammer et al., 2000). In contrast, 

for the JES, tidal models and models of 

barotropic response to atmospheric forc-

ing have substantial remaining errors, as 

is likely the case for other marginal seas. 

Thus, it is of interest to understand the 

basin response. 

At this time, despite great interest, it 

is very diffi cult to model the basin baro-

tropic response. The diffi culty arises 

Figure 1. Th e PIES (black triangles) and current meter (black circles) array in the Japan/East Sea. 

Coastal tide-gauge stations (stars) were used to estimate subsurface pressure. Open triangles indicate 

PIES sites where little or no data were obtained. Th e labeled PIES and current meter sites are discussed 

in the text. Bathymetry data are from two-minute-resolution global seafl oor topography (Smith and 

Sandwell, 1997) and are contoured at 500-m intervals.
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because transports through the straits 

connecting the JES to the North Pacifi c 

Ocean are coupled to both atmospheric 

forcing and, importantly, to SSH varia-

tions in the open ocean caused by me-

soscale eddies that impinge outside the 

straits. Thus, to model the basin baro-

tropic response, one would fi rst need a 

proven, accurate mesoscale-resolving 

open-ocean model.

The JES connects to the North Pacifi c 

through four straits, all of which have 

sill depths shallower than 150 m (Fig-

ure 1). Because the volume exchange 

through the Tatarsky Strait is negligible, 

the Korea, Tsugaru, and Soya Straits gov-

ern JES sea-level variations over a broad 

range of periods. Basin-scale sea-level 

variations are driven by three main pro-

cesses: sea-level changes outside the JES; 

along-strait wind stress; and atmospheric 

pressure loading on the JES. These pro-

cesses all drive volume transport varia-

tions through the straits (Lyu and Kim, 

2005; Xu et al., 2006a).

“Inverted barometer response” is the 

name applied to an ideal change of SSH 

in response to local fl uctuations of atmo-

spheric pressure to produce zero change 

in subsurface pressure. This vertical ad-

justment implies lateral adjustment (not 

compression) of water volumes. In the 

open ocean, the water is free to adjust to 

atmospheric pressure changes, and so 

it typically exhibits a nearly perfect in-

verted barometer response. In contrast, 

semi-enclosed marginal seas may exhibit 

unique short-period departure from in-

verted barometer response, because their 

straits restrict the volume fl ow. In gener-

al, for suffi ciently long-period changes in 

atmospheric pressure, the water volume 

has enough time to exchange through 
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their straits and the basin interior main-

tains the inverted barometer response. 

In contrast, for processes with periods 

shorter than the natural period of the 

basin, about three days in the JES (Lyu 

et al., 2002), the interior sea level has 

insuffi cient time to adjust because the 

water mass exchange through the straits 

is restricted. For example, tidal currents 

through the straits are large, yet the diur-

nal and semidiurnal tide amplitudes in-

side the JES are quite small. Additionally, 

near the natural frequency, the sea-level 

response can resonate with atmospheric 

pressure forcing, called a Helmholtz res-

onance (Garrett, 1983; Lyu et al., 2002; 

Park and Watts, 2005a).

Our fi rst impression upon plotting 

the pressure records from the JES was 

that the same data fi le had accidentally 

been used repeatedly—all 23 time series 

looked nearly identical! The upper panel 

of Figure 2 shows records from fi ve sites 

spanning the Ulleung Basin. Correlation 

coeffi cients calculated between pairs of 

sites exceeded 0.95, even for sites sepa-

rated by distances up to 350 km. The 

bottom pressure records exhibited short-

period variations equivalent to 10–20 cm 

in sea level at time scales of 2–15 days. 

Their variance-preserving power spec-

tra peaked broadly near fi ve-day periods 

(red line in the lower panel of Figure 2), 

in the same band as the atmospheric 

“synoptic-scale” pressure forcing on the 

Ulleung Basin (green line). In contrast, 

note how different the bottom pres-

sure response is in the open North Pa-

cifi c Ocean at a nearby site (black line; 

35.6°N, 148.4°E, during 2004–2005). 

Although that open-ocean site has simi-

lar atmospheric pressure forcing, its 

bottom pressures exhibit virtually no 

response at periods shorter than 10 days 

(like the inverted barometer), whereas 

there is high energy at mesoscale periods 

of 20–50 days.

It simplifi es matters that the JES is 

deep, because the effective wavelength of 

oscillations with periods longer than two 

days greatly exceeds the basin dimen-

sions. Xu et al. (2006b) have shown that 

internal basin modes have periods of sev-

en hours or less. Hence, barotropic oscil-

lations of periods longer than two days 

are uniform and in phase throughout 

the basin; this uniformity accounts for 

the observed “common mode” among all 

the pressure records shown in Figure 2. 

Thus, we can easily determine the basin 

barotropic oscillations during our two-

year observational period. For example, 

Teague et al. (2005) remove the common 

mode from the bottom pressure records 

to map the deep circulation with highs 

and lows about a factor of ten smaller 

than the common mode.
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Using bottom pressure signals is the 

best way to identify and remove the ba-

sin oscillations from satellite altimetry 

in the JES. However, it would be of great 

interest to estimate and remove these 

oscillations for time periods other than 

1999–2001. Xu et al. (2006a) show that 

coastal tide gauges could be used for 

this purpose. Figure 1 shows 14 stations 

whose records are less affected by extra-

neous local fl uctuations in sea level such 

as wind setup. A common mode proxy 

is generated by averaging together these 

coastal tide-gauge records, subtracting 

the local atmospheric pressure at each 

tide-gauge station, and high-pass fi lter-

ing (70 days) to remove long-period 

warming or cooling effects on coastal 

sea level. These calculations show that 

78 percent of the basin oscillation vari-

ance could be estimated for removal 

from satellite SSH.

INTERNAL TIDES

Surface tides in the JES are about ten 

times smaller than those of the neigh-

boring Yellow and East China Seas. 

Figure 3 shows the M
2
 semi-diurnal tidal 

ellipses, superimposed on the co-tidal 

and co-range chart for the Korea Strait 

and Ulleung Basin regions. A model that 

assimilates measurements (Griffi n and 

Thompson, 1996) was used to create 

Figure 3. Compared to the other tidal 

constituents (not shown), the M
2 
is the 

dominant tide in the Korea Strait and the 

Ulleung Basin. In addition, tidal currents 

in the Korea Strait are about ten times 

larger than those inside the Ulleung 

Basin because the bottom depths dif-

fer greatly. Where the strong M
2
 tidal 

currents interact with the shelf break 

exiting the Korea Strait (see Figure 1), 

substantial semi-diurnal internal tides 

with vertical displacements of 20 m 

(13 percent of the mean thermocline 

depth of ~ 150 m) are generated. These 

tides propagate into the JES.

Until now, most internal-tide stud-

ies from observations have focused on 

two-dimensional propagation of waves 

in (x, z) space, where the x-axis is along 

the propagation direction and the z-axis 

is vertical. Usually, variations along the 
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Figure 2. (Upper panel) Time series of bottom pressure (red lines) 

measured at fi ve sites in the Ulleung Basin appear remarkably simi-

lar during the two-year experiment from June 1999 to June 2001. 

Additionally, the mean subsurface pressure (blue line) calculated 

from 14 coastal tide-gauge stations closely resembles the bottom 

pressures. (Lower panel) Variance-preserving power spectra of 

mean bottom pressure of the fi ve sites (P
bot

, red line) and mean 

subsurface pressure (P
ss
, blue line) within the JES exhibit high en-

ergy in the 5–10 day period band. In contrast, little energy occurs 

in that same period band for a one-year bottom pressure record 

collected in the North Pacifi c near 35.6°N, 148.4°E (P
bot

@NP, black 

line). Also shown is the power spectrum for atmospheric pressure 

averaged over the Ulleung Basin (P
atm

, green line). Th e 95 percent 

confi dence factors are (0.69, 1.60) for P
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, P
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, and P
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, and (0.60, 
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y-axis, across the propagation direction, 

have been neglected. However, horizon-

tal propagation of internal tides may be 

altered signifi cantly through interactions 

with background currents and eddies.

The PIES array provided a means to 

study internal-tide propagation in all 

three dimensions. Because acoustic echo-

time variations are mainly caused by 

vertical displacements of the main ther-

mocline (Watts and Rossby, 1977), verti-

cal thermocline displacements caused 

by internal tides can be detected by PIES 

instruments. However, for acoustic echo 

times to be used for this purpose, it is 

necessary to accurately measure and re-

move the surface tides from them (Cart-

wright, 1982). Bottom pressures mea-

sured by the PIES provided the required 

surface tide signals.

Using the echo times measured by the 

PIES array in the JES, Park and Watts 

(2006) observed the propagation of the 

fi rst-mode internal tides in the Ulleung 

Basin. They found that the internal tides 

propagated from the shelf break near the 

Korea Strait into the central Ulleung Ba-

sin as a laterally restricted “beam.” Most 

interesting was the fact that the beams 

were steered and focused in a predictable 

manner by the background currents and 

eddies that they encountered.

Figure 4 shows how the internal tide 

energy distribution changes when the 

mesoscale circulation changes. Two 

different time periods are illustrated. 

Lunar-monthly (29.5 days) averages of 

the circulation, indicated by mean 5°C 

isotherm depth Z
5
, are mapped in the 

upper row. In the middle row, the inter-

nal tide amplitude η
5
 within the semi-

diurnal band (11.50–12.92 hours) is 

mapped over the lunar month. The two 

time intervals compare two complete 

cycles of spring neap-tide modulation.

During 9/13/99–10/12/99 (Figure 4, 

left column), the Ulleung Warm Eddy, 

centered near 36°N, strengthens and 

starts to merge with a warm eddy to its 

north, whose southern part appears near 

38°N in the Z
5
 map. The semi-diurnal 

internal-tide beam (dark red and orange 

in the middle panel of Figure 4) refracts 

signifi cantly eastward as the internal 
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Strait are strong due to height diff erences 

between the Yellow Sea and the JES. Th e cur-

rents decrease dramatically to the north of 

the shelf break, corresponding to the great 

increase in water depth. Note that the black 

ellipses within the Ulleung Basin are drawn 

at a scale ten times larger than blue ellipses 

within the Korea Strait. Model-predicted 

tidal-current ellipses for the M
2
 tide are super-

imposed on a model-predicted co-tidal (solid 

lines) and co-range (dashed lines together 

with colored map) chart in the Korea Strait 

and Ulleung Basin. Th e co-tidal lines are in 

increments of 15 degrees (counter-clockwise 

rotation around the amphidromic point). Th e 

co-range lines and color bar are in increments 

of 0.1 m. Th e 0.05-m contour is also drawn.
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tides encounter the developed Ulleung 

Warm Eddy during this month.

During 1/9/00–2/7/00 (Figure 4, right 

column), the Ulleung Warm Eddy is even 

more strongly developed, centered in the 

Z
5
 map near 37.5°N, 131°E. However, the 

internal tide beam fi rst encounters a cold 

eddy (Dok Cold Eddy) that is located 

to its southwest (Mitchell et al., 2005b). 

The semi-diurnal internal-tide beam re-

fracts westward during this lunar month 

when the cold eddy is located to the 

west of the beam (middle panel). Note 

that at locations like 37.5°N, 132.5°E or 

along the shelf break off Korea, internal 

tide amplitude η
5
 varies by a factor of 

two from one lunar month to the other 

in response to these refraction pattern 

changes. The monthly average Z
5
 and η

5
 

maps in Figure 4 demonstrate that me-

soscale eddies located in the path of the 

propagating internal tides cause eastward 

or westward refraction.

The green and red lines in the lower 

row of panels in Figure 4 are superim-

posed on the phase-speed fi eld of the 

fi rst-mode baroclinic semi-diurnal in-
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Figure 4. Mesoscale features 

refract beams emanating from 

the shelf break at the mouth 

of the Korea Strait. Depending 

on how the beam is steered, 

the internal-tide amplitude 

at any given location can 

vary from one lunar month 

to another by a factor of two. 

(Upper and middle rows) 

Lunar monthly maps of mean 

5°C depth (Z
5
), and root mean 

square (rms) semi-diurnal 

internal tide amplitude (η
5
) 

during 9/13/99–10/12/99 

and 1/9/00–2/7/00. Con-

tour intervals are 20 m and 

0.5 m for Z
5
 and η

5
 maps, 

respectively. (Lower row) 

Phase speed of the fi rst-mode 

semi-diurnal internal tides 

(contour interval 0.1 m s-1) 

and the velocity fi eld of mean 

upper-level (0–500 dbar) 

circulation during the same 

two lunar months. Green and 

red lines, superimposed on 

the fi rst-mode phase speed 

and current velocity fi elds, 

are simulations of wave-crest 

propagation, excluding cur-

rent velocity and including 

it, respectively, in a simple 

two-dimensional wave-propa-

gation model. Th ick lines are 

wave fronts drawn every three 

hours. Solid triangles on each 

map indicate PIES sites.
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ternal tides and the velocity fi eld of me-

soscale circulation. They illustrate the 

propagating wave fronts and rays simu-

lated in two ways. A simple geometric 

optics model (Sherwin et al., 2002) was 

used to simulate the propagation of the 

internal wave fronts. First, the simulation 

was conducted without including the 

current fi eld in the simulation to isolate 

the effect of stratifi cation on the refrac-

tion (green lines). Second, the simulation 

included both the fi rst-mode internal 

tide phase speed and the current fi eld to 

illustrate the additional effect of current 

shear (red lines). The simulated results 

for both model versions capture quali-

tatively the observed refraction patterns 

of the internal tide beam for the two lu-

nar months (middle panels in Figure 4). 

More examples are discussed in Park 

and Watts (2006). These simulation re-

sults illustrate the essential roles of both 

mesoscale circulation stratifi cation and 

horizontal current shear on internal tide 

energy propagation.

NEARINERTIAL OSCILL ATIONS

In the northern hemisphere on a rotat-

ing Earth (and in the absence of other 

forces), a current of water set into mo-

tion would feel the Coriolis force per-

pendicular to the fl ow, ever turning it 

to the right. This effect creates circu-

lar motions called inertial oscillations. 

The inertial period varies with latitude 

such that inertial oscillations at higher 

latitudes have shorter periods. At 37°N, 

roughly the middle latitude of the PIES 

array in the JES, the inertial period is 

19.9 hours. The spectral energy peak 

calculated for measured currents is very 

close to the local inertial frequency, but 

differs slightly and generally occurs at 

slightly higher frequencies. Because of 

this very small frequency shift, they are 

usually referred to as near-inertial oscil-

lations. The energy associated with near-

inertial oscillations propagates from the 

sea surface to the ocean bottom, and it 

also travels equatorward of the source 

region (Garrett, 2001).

Inertial-oscillation currents are 

nearly horizontal. Thus, we did not at 

fi rst expect to observe them with our 

PIES instruments, because changes in 

acoustic echo time arise from vertical 

displacements of the thermocline. Yet, 

near-inertial motions have frequencies 

slightly higher than the local inertial fre-

quency, which tilts the oscillations very 

slightly from horizontal (on the order of 

10-3 rad). A near-inertial motion several 

kilometers in diameter tilted by this tiny 

angle produces a vertical thermocline 

displacement of several meters, readily 

measurable by the PIES. Park and Watts 

(2005b) demonstrated that acoustic-

echo-time measurements could be used 

to analyze motions in the inertial fre-

quency band. They demonstrated that 

time series of band-pass-fi ltered acoustic 

echo time at the local inertial frequency 

band have higher energy during winter-

time associated with the stronger winter 

winds. In addition, they found that the 

near-inertial energy differed among the 

sites and demonstrated how the meso-

scale current fi eld governed its distribu-

tion, as follows.

Mesoscale currents affect the distribu-

tion of near-inertial wave energy because 

their lateral shear modifi es the local iner-

tial frequency. The current shear can trap 

and refract near-inertial wave energy, 

as has been described in several studies. 

Kunze (1985) shows, for example, that 

near-inertial wave energy can be trapped 

in a northern-hemisphere region of 

negative relative vorticity, which creates a 

waveguide by shifting the lowest internal 

wave frequency from the exact local iner-

tial frequency to a lower effective inertial 

frequency. This region functions like a 

near-inertial waveguide because oscil-

lations at slightly subinertial frequency 

are supported as internal waves within 

it but not outside it—hence they cannot 

propagate out of the region. Examples of 

negative relative vorticity regions in the 

ocean are clockwise rotating eddies and 

the right-hand side of a current core. We 

have the unique opportunity to test these 

ideas because the PIES data map both 

mesoscale circulation and inertial energy 

distribution in the Ulleung Basin.

Figure 5 illustrates the near-inertial 

oscillation energy distribution affected 

by mesoscale circulations in the Ulleung 

Basin during wintertime. (Watts et al. 

[this issue] discuss the mesoscale circula-

tion.) The upper row of panels exhibits 

maps of wintertime-mean circulation 

(5°C depth Z
5
). The middle row of pan-

els maps the corresponding rms am-

plitudes of band-pass-fi ltered acoustic 

echo time within the inertial frequency 

band. The cutoff of the band-pass fi lter 

is ±1.75 hours from the local inertial pe-

riod. The combined middle and upper 

maps exhibit the relationship between 

the near-inertial energy distribution and 

the mesoscale current fi eld, as follows.

In the Winter-1 maps, the Ulleung 

Warm Eddy is strongly developed and 

a current (the Tsushima Warm Current 

or “Offshore Branch”) fl ows along the 

southern edge. Correspondingly, strong 

near-inertial oscillations (Figure 5, red 

regions in the left middle panel) oc-
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cur along the northwestern part of the 

eddy near the Subpolar Front. Another 

high-energy spot occurs at the south-

ern edge near 131°E along the eastward 

fl owing current.

In the Winter-2 maps, the Ulleung 

Warm Eddy is small, the Offshore 

Branch diverts northward along the Oki 

Spur on the eastern edge of the domain, 

and the Subpolar Front meanders south 

of 38°N. Correspondingly, the strong 

near-inertial oscillations shift southward 

near the center of the Ulleung Warm 

Eddy (Figure 5, red region near 37°N in 

the middle panel) and are large where it 

neighbors the Subpolar Front. Another 

high-energy spot occurs along 132.5°E 

along the northward-fl owing current.

When compared with ocean circula-

tion patterns, the energy “hotspots” tend 

to occur in regions with negative relative 

vorticity. This observation is confi rmed 

by scatter plots of monthly-rms near-

inertial band-pass fi ltered acoustic echo 

Figure 5. Near-inertial oscillations 

driven by winter winds are four 

times more energetic around 

negative-vorticity features of the 

mesoscale circulation. (Upper 

row) Wintertime-mean maps of 

5°C depth Z
5
 (contour interval 

10 m). (Middle row) Wintertime 

rms amplitude maps of band-pass 

fi ltered acoustic echo time in the 

near-inertial frequency bands (τ
i
) 

(contour interval 10-5 s). Solid tri-

angles on each map indicate PIES 

sites. (Lower row) Scatter plots of 

monthly rms (τ
i
 vs. monthly mean 

ζ at nine PIES sites (red triangles 

in map) during Winter-1 and 

Winter-2. Th ick solid lines are fi t-

ted by least squares; gray-shaded 

zones indicate error bounds which 

contain at least 50 percent of the 

predictions. Th e correlation coef-

fi cients are -0.465 and -0.236 for 

Winter-1 and Winter- 2, respec-

tively. Winter-1 is from November 

1, 1999 to March 31, 2000 (fi rst 

column); Winter-2 is from No-

vember 1, 2000 to March 31, 2001 

(second column). Both monthly 

rms τ
i
 and monthly mean ζ are 

computed using 30-day segments 

of time series with 50 percent (15 

days) of overlapping.
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time versus monthly mean relative vor-

ticity at nine PIES sites (see inset map) 

during Winter-1 and Winter-2 (lower 

row of panels in Figure 5). Winter-1 

exhibits signifi cant correlation between 

the two estimates with correlation coeffi -

cient r = -0.465, while Winter-2 exhibits 

smaller but still signifi cant correlation 

with r = -0.236. The higher-magnitude 

correlation observed during Winter-1 

may be explained by the strongly devel-

oped Ulleung Warm Eddy, which pro-

duces a broad negative relative vorticity 

region in the Ulleung Basin. This calcu-

lation supports Kunze’s (1985) interpre-

tation because in such locations, the ef-

fective inertial frequency is smaller than 

the local inertial frequency, and hence 

those regions can trap near-inertial ener-

gy. Figure 5 demonstrates that the meso-

scale circulation patterns in the Ulleung 

Basin govern the energy level of near-

inertial oscillations in the thermocline.

SUMMARY

Short-period fl uctuations such as basin 

oscillations, internal tides, and near-

inertial oscillations are usually investigat-

ed as isolated processes. The PIES mea-

sured deep pressures and thermocline 

depth hourly in a two-dimensional array 

for two years. From these data we could 

study mesoscale and short-period pro-

cesses simultaneously. These measure-

ments show that the low-frequency en-

vironment in which the high-frequency 

events occur can drastically alter them. 

Specifi cally, in a marginal sea, the in-

verted barometer approximation is far 

from perfect and whole-basin oscillations 

forced by atmospheric and open-ocean 

pressures cannot be ignored. In addition, 

horizontal beams of internal tides are 

steered and modulated by mesoscale cur-

rents and eddy stratifi cation. Moreover, 

the mesoscale vorticity structure of the 

eddies can trap and intensify near-iner-

tial oscillations. It is important to under-

stand the coupling of these short- and 

long-period processes because this cou-

pling should also be prevalent in most 

other marginal seas.
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