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Figure 1: Bottom topography east of Japan and locations of CTD stations (black open
circles) and tide gauges (red triangles) at Hakodate (41.78◦N, 140.72◦E) and Fukaura
(40.65◦N, 139.93◦E)). The names of the zonal observation lines are, from north to south,
Kurosaki, Todogasaki, Osaki, and Tsubakishima. Arrows depict climatological velocity
vectors at the sea surface from AVISO satellite altimetry data. The color and length of
the arrows represent the velocity magnitudes. Schematic ocean currents are also depicted
(OY, Oyashio; TWC, Tsugaru Warm Current; KE, Kuroshio Extension). Lower panel
shows the coastline in the Sanriku coastal area. Red circles indicate locations of water
temperature gauges at Noda Bay, Yamada Bay, Funakoshi Bay, Kamaishi Bay, Ofunato
Bay, and Hirota Bay, from north to south.
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Figure 3: Vertical sections of potential temperature (contours) and salinity (colors) along
Kurosaki observation line for (a) February 24–25, 2006 and (b) September 12, 2012. (c)
and (d) are the same as (a) and (b), except for the anomalies from climatological monthly
values (Fig. 6)).
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前線域の流速シアーと内部波分散関係

前線域での強乱流観測（D’Asaro et al. 2011; Kaneko et al. 2012; 

Johnston et al. 2011; Nagai et al. 2009, 2012)

渦・前線域で内部波伝播特性変化が強乱流に影響？（Lee and Niiler 

1998; Inoue et al. 2010; Nagai et al. 2012; Whitt and Thomas 2013)

津軽暖流-親潮前線ではどうなっている？

➡ 前線のシアーを十分解像できる観測なし

津軽暖流̶親潮前線の詳細な密度・流層、
および乱流強度の構造を明らかにする

目的
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フロント域で最低周波数ωminが大幅に低下
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Fine-scale structure and mixing across the front between the Tsugaru Warm and Oyashio…

1 3

tide, TWC or OY) and topography. The amplitudes of some 
of these streaks exceeded 0.01 s−1 (the upper bound of the 
color scale for Fig. 9 is limited to 0.005 s−1 for visibility). 
The slope of the strongest shear band along the front was 
less steep than internal waves with a semidiurnal frequency 
(green lines), indicating a lower intrinsic frequency. As 
seen in Fig. 8, internal waves with a frequency substantially 
lower than the inertial frequency could exist only within 
this shear band along the front. However, specifying the 
frequency of internal waves that were possibly reflected 
and trapped within these layers is difficult. The frontal dis-
turbances observed in the temperature and salinity profiles 
(Fig. 2) were not evident in Fig. 9, indicating the greater 
contribution of internal waves to the shear field.

Turbulent energy dissipation rates ε and vertical diffu-
sivity Kρ are shown in Fig. 10. For most profiles below the 
shallow pycnocline, values of ε were below 10−9 W kg−1 
(Fig. 10a, c, e). Nevertheless, patches of elevated ε with 
typical magnitudes of 3 × 10−9 to 3 × 10−8 W kg−1were 
observed even within water columns below the surface pyc-
nocline. Although distributions of the elevated ε were not 
continuous, they were frequently observed along the front 
and its eastern (OY) side: along the 26.2–26.4σθ isopycnals 
for the MY line (70–120 m, Fig. 10a), the 26.2–26.4σθ isop-
ycnals for the TD line (80–170 m, Fig. 10c) and the 26.0–
26.4σθ isopycnals for the OH line (80–180 m, Fig. 10e).

An exceptionally strong ε was observed closest to the 
coast in the VMP deployment along the OH line. The 
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values were above 10−7 W kg−1 from 50 to 80 m, with the 
maximum exceeding 10−6 W kg−1 at 80 m (Fig. 10c). Note 
that three VMP casts were made at this station, yielding 
similar estimates of ε (only the results of the first cast are 
shown in Fig. 9).

Vertical diffusivity mostly ranged from 3 × 10−6 
to 1 × 10−4 m2 s−1 (Fig. 10b, d, f). The highest level 
of ~10−4 m2 s−1 occurred partly along the front where 
ε was also strong, but the distribution was not coincident 
because of the contribution of N2. The exceptionally strong 
ε right at the coastal end of the OH line yielded a vertical 
diffusivity >10−3 m2 s−1, with a maximum >10−2 m2 s−1 
(Fig. 10f).

In addition to the enhanced energy dissipation caused 
by turbulence, water columns near the front are also 
susceptible to double diffusion (Fig. 11). The water 

columns inshore of the front, mainly consisting of 
TWC water, generally had upward gradients in salin-
ity and temperature, and were, thus, preferred sites for 
salt-finger convection as indicated by the Turner angle 
(Tu > 45°) (Fig. 11a, c, e). Along the eastern side of the 
front, however, layers favoring salt-finger convection 
and those favoring diffusive convection (Tu < −45°) 
occurred close together within a thickness of several 
tens of meters, due to the interleaving structure of tem-
perature and salinity (Fig. 2). Note that the magnitude 
of Tu in these layers frequently exceeded 60°, indicating 
strong preferences for either salt-finger or diffusive con-
vection. Further offshore, water columns mostly favored 
double diffusive convection; however, the strong prefer-
ence for |Tu| > 60° was not as marked as in the frontal 
area.
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As seen in Fig. 8, substantial decreases in the mini-
mum frequency ωmin (increases in the maximum periods) 
for internal waves were observed around the front. In par-
ticular, markedly high period patches exceeding 24 h were 
observed in the coastal side and the lower parts of the 
front along the TD and OH lines, which was caused by the 
high Ri−1 of O(1). The effect of the shear on the disper-
sion relation of internal waves, however, depends on the 
propagation direction of the waves. According to Whitt and 
Thomas (2013), the dispersion relation in a strong eastward 
baroclinic current is derived as (their Eq. 42)

where the effective inertial frequency F = [f × (f + ζg)]
1/2 

(their Eq. 18) and α = l/m is the ratio of the northward and 
upward components of the wave number vector. Rotating 
the frame of reference by 90° clockwise for the present 
study, we have

where k is the eastward component of the wave number 
vector. Since ∂vg/∂z was generally negative around the front 
(Fig. 6), a negative k/m will decrease ω. This condition is 
satisfied for upward offshore energy radiation from the 

(9)ω =

√

F2 + 2f (∂ug/∂z)α + N2α2

(10)ω =

√

F2−2f (∂vg/∂z)(k/m)+ N2(k2/m2),

shelf break, which can follow the strong geostrophic shear 
band of the front. The minimum frequency, as in Eq. (1), is 
obtained when k/m = f/N2(∂vg/∂z).

Unlike wind stress that has a relatively wide frequency 
range, major tidal forcing generally has either a semi-
diurnal or diurnal frequency. Consequently, the energy 
of internal tides is primarily concentrated around semi-
diurnal and diurnal frequencies. In the present study, at 
39°30′N, the semidiurnal tide is superinertial but the diur-
nal tide is sub-inertial. The internal tide with diurnal fre-
quency can propagate vertically only when ωmin < ωdiurnal. 
As seen in Fig. 8, internal waves with diurnal frequency 
could exist within the lower part of the strong shear band 
of the front, which may have enhanced the turbulence. We 
term this effective energy transfer from the tidal forcing 
to the upper layer the “internal tide chimney”, by anal-
ogy with the inertial chimney that transfers atmospheric 
energy to the deep layer as proposed by Lee and Niiler 
(1998).

Interaction between tide and high topography can gen-
erate internal waves with a frequency not identical to tidal 
frequencies but that are scaled with the shape of the topog-
raphy and the stratification (Klymak et al. 2010; Itoh et al. 
2014). This suggests that even a layer with a minimum 
frequency of ωdiurnal < ωmin < f, as the frontal layer along 
the MY line, can potentially trap energy generated by tide, 
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twice as high as those of the inshore profile at 142°10′E 
(1.6 mg m−3 at 32 m) and the offshore profile at 142°50′E 
(1.9 mg m−3 at 11 m). It is suggested that enhanced turbu-
lence in the lower layer of the front supplied nutrients to 
the subsurface layer.

Mixing around the front may occur not only vertically 
but also horizontally, and also through double diffusion. In 
particular, the disturbances widely observed in the 26.0–
26.6σθ layers (Figs. 2, 3) may enhance effective horizon-
tal and vertical mixing, resulting in modification of water 
masses. It was observed that salinity of the core TWC 
water has a southward decreasing trend (Fig. 3). It is likely 
that the core of the TWC becomes cold, fresh and eutrophic 
due to horizontal and vertical mixing as it flows southward.

The disturbances and mixing around the front may also 
influence the migration of demersal species on the shelf. It is 
known that North Pacific giant octopuses migrate into shal-
low shelf areas off the Sanriku Coast in summer. Since they 
are mainly found in coastal areas of Hokkaido where the 
water is colder, their seasonal southward migration should 
occur first along the southward extension of the cold OY 
water. The disturbances and mixing around the front may 
encourage the North Pacific giant octopus and other cold-
water species to follow the shallow shelf. It is also likely 
that enhanced primary production along the front causes 
aggregations of various demersal and pelagic species.

Although the present study focuses on the front between 
the TWC and the OY, modification of the TWC can also 
impact the inner bays. While there are many bays along the 
Sanriku Coast (Fig. 1b), the southward gradient in water 

properties of the TWC influencing the circulation of the 
bays (e.g., Ishizu et al. 2015; Sakamoto et al. 2015) should 
cause a gradient in biota and productivity in the bays. Inter-
actions between waters of the TWC, the OY and the inner 
bays will be examined in future studies through ongoing 
observations and numerical experiments for this area.
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3.3  Shear and microstructure

The geostrophic velocity shear structure of the TWC and 
the OY was revealed by the UCTD observations (Fig. 6). 
Narrow bands of enhanced negative shear with magnitudes 
exceeding 5 × 10−3 s−1 were observed along the front char-
acterized by sharp horizontal gradients in potential temper-
ature and salinity (Fig. 2). The magnitude of the shear was 
strongest along the OH line where the southward flow of 
the TWC was most prominent (Figs. 4, 5). Strong negative 
shear was also found near the coast on the shelf, especially 
along the OH line. Offshore of the front, the magnitude 
of the geostrophic velocity shear was relatively moderate; 
however, negative values of ~10−3 s−1 were observed along 
the bottom slope on the OH line, corresponding to the slope 
of the isopycnals (Fig. 6c).

Distributions of the signed Rossby number Ro and the 
inverse Richardson number Ri−1 are shown in Fig. 7. The 
values of Ro along the three lines mostly ranged from 
−0.32 (−10−0.5) to 0.32 (100.5), except in coastal areas 
where tidal flows might have substantial contribution to 
the depth-averaged ADCP flow (Fig. 7a–c). Magnitudes 
of Ro were generally high around the front where flows 
of the TWC and the OY were observed, whereas the signs 
changed across the flow. As both of the TWC and the OY 
flowed southward, Ro became negative (positive) due to 
the anticyclonic (cyclonic) relative vorticity in the western 
(eastern) side of the flow axis (Fig. 7a–c, see also Fig. 4): 
negative and positive values of Ro in the inshore flank of 
the front corresponded to the flow of the TWC, and those 
from the front to the offshore flank of the front (nega-
tive values in intermediate and lower layers from 142°15′ 
to 142°30′E and positive values in wide areas east of 
142°30′E) were caused by the flow of the OY.

Distributions of the inverse Richardson Ri−1 indicate 
that the strong negative shear of the geostrophic velocity 
observed along the front of the three lines and on the shelf 
of the OH line was comparable to the buoyancy frequency 
(Fig. 7d–f). The values of Ri−1 ranged from approximately 
0.1–1 along the front, and was mostly O(1) along the OH 
line (Fig. 7c). High Ri−1 was also estimated on the shelf 
for all three lines, again O(1) along the OH line (Fig. 7c), 
and 0.1–0.3 near the bottom slope of the OH line offshore 
of the front. For water columns above the bottom layer 
in the offshore area, Ri−1 was relatively low compared to 
that for the inshore side of the front, with a typical range 
of 0.001–0.01, although slight elevations were observed in 
some parts of water columns west of 142°45′E.

According to Eq. (1), the minimum frequency of inter-
nal waves ωmin is estimated from Ro and Ri−1 (Fig. 8). The 
values of Ro–Ri−1 became negative for wide areas around 
the front along the MY line (Fig. 8a) and for coastal sides 
and lower parts of the front along the TD and OH lines 

(Fig. 8b, c). This caused decreases in ωmin from the inertial 
frequency and, hence, increases in the maximum periods of 
the internal waves to exist, from the inertial period of 18.9 h 
(Fig. 8d–f). The maximum period widely exceeded 20 h in 
the frontal area along the MY line with the maximum values 
above 22 h in a 50–150 m layer (Fig. 8a). Along the TD and 
OH lines, increases in the maximum period did not occur 
widely in the frontal area but markedly high patches were 
observed in the coastal sides and lower pars of the front. It is 
noted that these values exceeded 24 h, suggesting that inter-
nal waves with a diurnal frequency could locally exist.

The vertical shear of ADCP horizontal velocity reflected 
not only the synoptic structure of the TWC and the OY but 
also the smaller-scale disturbances (Fig. 9). Besides the 
bands of negative shear corresponding to the TWC (Fig. 6), 
streaks of strong positive and negative shear were observed 
running upward and downward from the shelf break around 
200 m. Considering that similar streak patterns observed 
around the Kuroshio flowing along a shelf margin were 
attributed to internal waves (Rainville and Pinkel 2004), 
we assumed that these patterns were caused by the propa-
gation of internal waves that were possibly excited at the 
shelf break through interactions between currents (either 
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twice as high as those of the inshore profile at 142°10′E 
(1.6 mg m−3 at 32 m) and the offshore profile at 142°50′E 
(1.9 mg m−3 at 11 m). It is suggested that enhanced turbu-
lence in the lower layer of the front supplied nutrients to 
the subsurface layer.

Mixing around the front may occur not only vertically 
but also horizontally, and also through double diffusion. In 
particular, the disturbances widely observed in the 26.0–
26.6σθ layers (Figs. 2, 3) may enhance effective horizon-
tal and vertical mixing, resulting in modification of water 
masses. It was observed that salinity of the core TWC 
water has a southward decreasing trend (Fig. 3). It is likely 
that the core of the TWC becomes cold, fresh and eutrophic 
due to horizontal and vertical mixing as it flows southward.

The disturbances and mixing around the front may also 
influence the migration of demersal species on the shelf. It is 
known that North Pacific giant octopuses migrate into shal-
low shelf areas off the Sanriku Coast in summer. Since they 
are mainly found in coastal areas of Hokkaido where the 
water is colder, their seasonal southward migration should 
occur first along the southward extension of the cold OY 
water. The disturbances and mixing around the front may 
encourage the North Pacific giant octopus and other cold-
water species to follow the shallow shelf. It is also likely 
that enhanced primary production along the front causes 
aggregations of various demersal and pelagic species.

Although the present study focuses on the front between 
the TWC and the OY, modification of the TWC can also 
impact the inner bays. While there are many bays along the 
Sanriku Coast (Fig. 1b), the southward gradient in water 

properties of the TWC influencing the circulation of the 
bays (e.g., Ishizu et al. 2015; Sakamoto et al. 2015) should 
cause a gradient in biota and productivity in the bays. Inter-
actions between waters of the TWC, the OY and the inner 
bays will be examined in future studies through ongoing 
observations and numerical experiments for this area.
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3.3  Shear and microstructure

The geostrophic velocity shear structure of the TWC and 
the OY was revealed by the UCTD observations (Fig. 6). 
Narrow bands of enhanced negative shear with magnitudes 
exceeding 5 × 10−3 s−1 were observed along the front char-
acterized by sharp horizontal gradients in potential temper-
ature and salinity (Fig. 2). The magnitude of the shear was 
strongest along the OH line where the southward flow of 
the TWC was most prominent (Figs. 4, 5). Strong negative 
shear was also found near the coast on the shelf, especially 
along the OH line. Offshore of the front, the magnitude 
of the geostrophic velocity shear was relatively moderate; 
however, negative values of ~10−3 s−1 were observed along 
the bottom slope on the OH line, corresponding to the slope 
of the isopycnals (Fig. 6c).

Distributions of the signed Rossby number Ro and the 
inverse Richardson number Ri−1 are shown in Fig. 7. The 
values of Ro along the three lines mostly ranged from 
−0.32 (−10−0.5) to 0.32 (100.5), except in coastal areas 
where tidal flows might have substantial contribution to 
the depth-averaged ADCP flow (Fig. 7a–c). Magnitudes 
of Ro were generally high around the front where flows 
of the TWC and the OY were observed, whereas the signs 
changed across the flow. As both of the TWC and the OY 
flowed southward, Ro became negative (positive) due to 
the anticyclonic (cyclonic) relative vorticity in the western 
(eastern) side of the flow axis (Fig. 7a–c, see also Fig. 4): 
negative and positive values of Ro in the inshore flank of 
the front corresponded to the flow of the TWC, and those 
from the front to the offshore flank of the front (nega-
tive values in intermediate and lower layers from 142°15′ 
to 142°30′E and positive values in wide areas east of 
142°30′E) were caused by the flow of the OY.

Distributions of the inverse Richardson Ri−1 indicate 
that the strong negative shear of the geostrophic velocity 
observed along the front of the three lines and on the shelf 
of the OH line was comparable to the buoyancy frequency 
(Fig. 7d–f). The values of Ri−1 ranged from approximately 
0.1–1 along the front, and was mostly O(1) along the OH 
line (Fig. 7c). High Ri−1 was also estimated on the shelf 
for all three lines, again O(1) along the OH line (Fig. 7c), 
and 0.1–0.3 near the bottom slope of the OH line offshore 
of the front. For water columns above the bottom layer 
in the offshore area, Ri−1 was relatively low compared to 
that for the inshore side of the front, with a typical range 
of 0.001–0.01, although slight elevations were observed in 
some parts of water columns west of 142°45′E.

According to Eq. (1), the minimum frequency of inter-
nal waves ωmin is estimated from Ro and Ri−1 (Fig. 8). The 
values of Ro–Ri−1 became negative for wide areas around 
the front along the MY line (Fig. 8a) and for coastal sides 
and lower parts of the front along the TD and OH lines 

(Fig. 8b, c). This caused decreases in ωmin from the inertial 
frequency and, hence, increases in the maximum periods of 
the internal waves to exist, from the inertial period of 18.9 h 
(Fig. 8d–f). The maximum period widely exceeded 20 h in 
the frontal area along the MY line with the maximum values 
above 22 h in a 50–150 m layer (Fig. 8a). Along the TD and 
OH lines, increases in the maximum period did not occur 
widely in the frontal area but markedly high patches were 
observed in the coastal sides and lower pars of the front. It is 
noted that these values exceeded 24 h, suggesting that inter-
nal waves with a diurnal frequency could locally exist.

The vertical shear of ADCP horizontal velocity reflected 
not only the synoptic structure of the TWC and the OY but 
also the smaller-scale disturbances (Fig. 9). Besides the 
bands of negative shear corresponding to the TWC (Fig. 6), 
streaks of strong positive and negative shear were observed 
running upward and downward from the shelf break around 
200 m. Considering that similar streak patterns observed 
around the Kuroshio flowing along a shelf margin were 
attributed to internal waves (Rainville and Pinkel 2004), 
we assumed that these patterns were caused by the propa-
gation of internal waves that were possibly excited at the 
shelf break through interactions between currents (either 
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• 陸棚縁辺の海底から亜表層まで
• フロントに沿った強乱流。二重拡散にも好適な条件



議論
夏季の津軽暖流-親潮フロント構造

• 貫入構造を伴う複雑な水温・塩分フロント
• 陸棚縁辺の海底から亜表層まで
• フロントに沿った強乱流。二重拡散にも好適な条件
乱流励起メカニズム

• Whitt & Thomas (2013)の定式では内部波スケール < 地衡流ス
ケールを仮定（津軽暖流-親潮域では絶対ではない）

• ω < f 内部波の捕捉・砕波があれば強乱流を説明
• Internal tide chimney（仮説）は他の海域には？
例えば宗谷暖流、ルーウィン海流、アリューシャン北部斜面流、
ベーリング斜面流、ノルウェー海流？
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ADCPシアー＆特性曲線
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