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[1] Bathymetric influences of the Emperor Seamounts (ESs) on the local and large-scale
flow fields in the subarctic North Pacific were investigated by analyzing data of directly
measured velocity obtained using Argo floats, near-surface buoys, and moored current
meters. The local influences were evident in notable deflections of two relatively strong
(�0.05 m s�1) eastward flows over ESs. A Taylor cap induced by the eastward flow
impinging against the Nintoku Seamount (around 42.0�N, 170.5�E) was clearly identified
in the climatological flow field at 1000 m depth. This flow pattern was also identified in
the near-surface flow field (15 m depth) and dynamic height field at 200 dbar relative
to 2000 dbar, indicating the Taylor cap is stable or frequently generated and extends to the
surface. An anticyclonic flow was found over the Suiko Seamount (around 45.0�N,
170.5�E). The influences on the large-scale flow field were found in data obtained from
current meters moored over the southeastern flank of the Suiko Seamount and Argo
float trajectories. These data indicate for the first time from velocity observations that
there is a seasonally varying boundary current along the eastern side of ESs partially
compensating for the Sverdrup transport to the east of ESs, and hence, the seasonally
varying component of the subarctic gyre in the North Pacific is divided into two subgyres
by ESs.

Citation: Wagawa, T., Y. Yoshikawa, Y. Isoda, E. Oka, K. Uehara, T. Nakano, K. Kuma, and S. Takagi (2012), Flow fields
around the Emperor Seamounts detected from current data, J. Geophys. Res., 117, C06006, doi:10.1029/2011JC007530.

1. Introduction

[2] The subarctic North Pacific has been the subject of
recent climate studies because of its major role in the long-
term variability of the Earth’s climate [e.g., Mann and Park,
1996; White and Cayan, 1998]. This region has also been
studied extensively from a fisheries viewpoint because it is
known for high biological productivity supported by nutrient-
rich water [e.g., Saijo and Ichimura, 1960; Taniguchi and
Kawamura, 1972; Takahashi and Ichimura, 1972; Kasai

et al., 1997; Taniguchi, 1999]. To clearly understand the
mechanisms of climate variation or the habitat selectivity
of fisheries resources, we need detailed understanding of
the flow fields in the subarctic North Pacific, which con-
trols horizontal distributions of temperature and salinity
(T–S) and various other material properties.
[3] The flow field of the subarctic North Pacific is

thought to be strongly affected by bathymetry since density
stratification and hence the baroclinic component of the
circulation in that region is relatively weak over timescales
of a year [e.g., Levine and White, 1981; Roden, 1984; Kono
and Kawasaki, 1997; Ito et al., 2004; Kuragano and
Kamachi, 2004; Wagawa et al., 2006, 2010]. The Emperor
Seamounts (ESs) are notable bathymetric features in the
subarctic North Pacific [Dietz, 1954]. They range approxi-
mately from 35�N to 52�N along about 170�E and cross
almost the whole region of the subarctic North Pacific, as
shown in Figure 1. ESs are very high and steep; the top of the
highest seamount is at about 1300 m depth. Therefore, large
bathymetric influences of ESs on the flow field of the sub-
arctic North Pacific are expected.
[4] Bathymetric influences of ESs on a local flow field

and hydrographic structure have been debated by several
studies [Levine and White, 1981, 1983; Roden, 1984, 1987].
Using accumulated expendable bathythermograph data,
Levine and White [1983] showed that surface fronts are
sometimes deflected around the Shatsky Rise and Hess Rise
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(located near ESs; Figure 1) and bifurcated around ESs.
Roden [1984, 1987] analyzed three years of hydrographic
data and showed that surface fronts and corresponding bar-
oclinic flows are deflected around ESs. They suggested that
intense frontal meanders or eddies are associated with steep
bathymetries. Wagawa et al. [2006] analyzed six years of
hydrographic data and found that two surface fronts and
corresponding baroclinic flows approaching ESs merge
when passing over the narrow gap between the seamounts.
Note that these studies analyzed hydrographic data and dis-
cussed only the relative geostrophic current (i.e., baroclinic
components), although large barotropic components are
expected in this region. To better understand the flow field
affected by seamount topography, directly observed velocity
data including the barotropic components should be
analyzed.
[5] ESs are expected to affect not only a local flow field as

mentioned above but also the large-scale subarctic gyre of
the North Pacific. This gyre is a cyclonic circulation driven
by positive wind stress curl [e.g., Sekine, 1999], and the
effect of ESs on the gyre was first noted by Kono and
Kawasaki [1997]. From moored current meters, they esti-
mated the Oyashio (the western boundary current of the
subarctic gyre) volume transport and compared it with the
Sverdrup transport. They found that the Oyashio transport
corresponds well with the Sverdrup transport integrated
from ESs to the western boundary (the Japanese coast) rather
than from the eastern boundary of the subarctic gyre (the
west coast of North America). In addition, Ito et al. [2004]
analyzed moored current meter data and satellite altimetry
data; they showed that the Oyashio transport is better cor-
related with the Sverdrup transport integrated from ESs to
the western boundary for shorter period such as the seasonal
cycle. These findings imply that ESs act as a vertical wall
dividing the subarctic gyre into two subgyres, and that a
boundary current like the Oyashio flows along the eastern

side of ESs. In fact, Kuragano and Kamachi [2004] repre-
sented such a boundary current along the eastern side of ESs
in numerical experiments in which satellite and in situ T–S
data were assimilated. Wagawa et al. [2010] examined the
dependence of the boundary current on the seamount height
and width and the density stratification in a series of sim-
plified numerical experiments and suggested the high pos-
sibility of the presence of the boundary current along the
actual ESs. These studies have suggested bathymetric
influences of ESs on the large-scale subarctic gyre of the
North Pacific. However, some studies [Isoguchi et al., 1997;
Isoguchi and Kawamura, 2006] considered that these
bathymetric influences are negligible; they described that the
width of ESs is so small that their effects are unimportant for
the subarctic gyre. To confirm the bathymetric influences of
ESs, the presence of the boundary current along ESs should
be validated with in situ current measurements.
[6] One factor that has limited our understanding of the

bathymetric influences of ESs is a paucity of direct mea-
surements of velocity at middle and deep layers. Recently,
trajectory data obtained using Argo floats, which can be
used to estimate a mid-level or deep velocity field, have been
accumulated. We also moored current meters to measure
mid-level and deep velocities. This study aims to clarify the
bathymetric influences of ESs on the flow field of the sub-
arctic North Pacific using these directly measured velocity
data. The data and methods used in the following are
described in section 2. Results and a discussion are pre-
sented in sections 3–4. A summary is given in section 5.

2. Data Source and Field Observations

2.1. Argo Float Trajectories

[7] We used Argo float position data in the region
enclosed by red dashed lines in Figure 1 (35.0�N–55.0�N
and 160.0�E–180.0�E) from February 2000 through

Figure 1. Bottom topography around the Emperor Seamounts (ESs) in the subarctic North Pacific. The
red dashed line represents the area investigated for the local effects of the ESs (section 3), while the red
dotted line shows the area examined for large-scale effects of the ESs (section 4). The red cross indicates
the observation point for moored current meters.
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February 2010. A total of 7653 float position data were
obtained by 175 Argo floats with parking depths greater than
1000 m. The data were downloaded from the Web site of the
Argo Global Data Assembly Center.
[8] Velocities at the parking depth were evaluated from

the float ARGOS position fixes applying extrapolation [e.g.,
Park et al., 2005; Menna and Poulain, 2010]; the float
diving and resurfacing locations were first estimated by
extrapolating the ARGOS position fixes using the diving
and resurfacing times which are derived from the float’s
metadata and fitting a linear drift and an inertial oscillation
to the position fixes. Unfortunately, the diving and resurfa-
cing times were often inaccurate or not reported by the float.
In such cases, the times were inferred from the times of first
and last ARGOS position fixes for a given surface trajectory
and programmed residence time at the surface [Willis and
Fu, 2008]. The parking-depth velocities were then obtained
by dividing the distance between the diving and resurfacing
locations by the elapsed time. The velocity data larger than
0.7 m s�1 were regarded as error and removed manually
[Book et al., 2002]. In our analysis, the position and time of
the parking-depth velocities were defined as the middle of
the diving and resurfacing positions and times. The location
of data are indicated in Figure 2a.
[9] The velocity field on a regular grid (0.5� � 0.5�) was

estimated using a method of the optimal interpolation in
space for two-dimensional nondivergent vector field
[Papoulis, 1972; Bretherton et al., 1976]. Spatial means of
the horizontal velocities were first calculated by taking
arithmetic averages of the parking-depth velocities over the
whole region and the mean velocities were subtracted from
the parking-depth velocities. The optimal interpolation was
then applied to the resulting anomaly fields and the mean

velocities were finally added back into the interpolated
anomaly fields. Space covariance functions used in the
interpolation were
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where f (r) and g(r) are the longitudinal and transverse
covariance functions as a function of distance (r =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
),

respectively, C(r) is the covariance function of the corre-
sponding stream function field and U2 and F2 (=3U2Rc

2) are
the variances of velocities and stream functions, respec-
tively. The characteristic length scale (Rc) was set to 100 km.
In the above, the data within 150 km from a cell center (L0 =
150 km) were used. Variances of velocities, stream functions
and measurement errors were calculated by extrapolating the
observed structure function [Mizuno, 1995]. The cells where
the ratios of the velocity estimation errors (that are also
obtained from the optimal estimation) to the estimated
velocities larger than 0.1 were regarded as missing. These
parameters and threshold values were used unless otherwise
noted. We adopted grid spacing (0.5� ≈ 40 km) smaller than
the width of ESs (100 � 200 km) and the short characteristic
length scale to investigate the effects of the seamounts on a
detailed velocity field.

Figure 2. Data locations (red open circles) of (a) parking-depth velocities obtained from Argo floats
and (b) drift velocities obtained from near surface buoys. The green cross indicates the location of moored
current meters. Symbols “S” and “N” denote the Suiko and Nintoku Seamounts, respectively.
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[10] Since the number of floats was not high enough to
illustrate the flow field at each parking depth (111 floats at
1000 m depth, 30 floats at 1500 m depth, 2 floats at 1650 m
depth and 32 floats at 2000 m depth), we calculated the
velocities at a depth of 1000 m from the velocities at the
other depths with climatological geostrophic shears [e.g.,
Lavender et al., 2005;Willis and Fu, 2008]. The geostrophic
shears were computed from T–S data of the World Ocean
Atlas 2001 climatology [Boyer et al., 2005].
[11] There are two sources of error in the estimates of the

parking-depth velocity. One is associated with estimating
either diving or resurfacing locations by extrapolating
ARGOS position fixes. To assess this uncertainty, we arti-
ficially predicted the last (n-th; n is the number of ARGOS
position fixes in the surface cycle) point fix by extrapolating
the previous (<n-th) point fixes and compared it with the
actual last fix (which is known) in the same way as described
by Park et al. [2005], Chen et al. [2007] and Menna and
Poulain [2010]. In the present data set with n ≥ 6, the dis-
tances between the predicted and the actual position fixes
had a median of about 740 m.
[12] The second error source is related to the velocity

shear above the parking depth. The velocity shear is
assumed to follow the shape of the first baroclinic mode and
is constructed from the difference in climatological geo-
strophic velocities between the surface and 2000 m depth
[e.g., Park et al., 2005; Willis and Fu, 2008; Menna and
Poulain, 2010] estimated using the T–S data of the World
Ocean Atlas 2001 climatology [Boyer et al., 2005]. The
ascent time (the time taken for ascent from the parking depth
to the surface) was not reported for about 31% of floats. In
such cases, a median ascent time of the remaining 69%
floats was used as an approximation [e.g., Willis and Fu,
2008]. In the present data set, the climatological velocity
difference was 0.011 m s�1 and the median ascent time was
4.6 hours. Assuming an ascent rate is constant, the com-
puted extra float drifts during ascent had a median of about
184 m. As argued by Park et al. [2005] and Chen et al.
[2007], we approximated the descending float drift with
the same distance (184 m).
[13] Since the estimation errors are uncorrelated, the total

uncertainty can be evaluated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 740mð Þ2þ 2� 184mð Þ2

q
≃

1078 m. Dividing by 182.0 hours, the average residence time
of the floats below the surface, the total drift uncertainty led
to an error estimate of about 0.002 m s�1 for the parking-
depth velocities. This error is small enough to allow detailed
analysis of the relationship between the mid/deep-layer flow
patterns and bathymetry.

2.2. Argo Float CTD Profiles

[14] We also used 4215 T–S profiles obtained by 145 Argo
floats from June 2001 to March 2010 in the same region and
period as those of the trajectory data (the region enclosed by
red dashed lines in Figure 1). Only profiles with a maximum
profiling depth greater than 2000 dbar were used in the
present analysis to investigate the mid/deep hydrographic
feature. In addition, we used only the profiles evaluated as
“good” in the delayed quality controlled data of the Argo
Global Data Assembly Center to avoid pressure bias errors.

The T–S profiles were vertically averaged in 100 layers from
20 dbar to 2000 dbar at 20 dbar intervals. They were then
horizontally interpolated for each cell as was done for the
parking-depth velocities (section 2.1) except using the space
covariance function for dynamic height field whose func-
tional form is given by equation (3).

2.3. Surface Drift Buoys

[15] To examine the bathymetric influences on the near-
surface flows, drift velocities of near-surface buoys (at 15 m
depth) were used. We used 152,240 drift velocity (304,480
float position) data obtained by 286 buoys in the same region
as that of the Argo float data (the region enclosed by red
dashed lines in Figure 1) from November 1990 to September
2009. The data were downloaded from the Web site of the
Atlantic Oceanographic and Meteorological Laboratory of
the National Oceanic and Atmospheric Administration
(NOAA/AOML). Preliminary quality control of the velocity
data was carried out by NOAA/AOML. Near-surface drift
velocities of each buoy are calculated from the buoy posi-
tions transmitted to satellites every 1.2–1.5 hours, and they
are interpolated via kriging to regular six-hour intervals
[Hansen and Poulain, 1996]. We computed the wind-driven
(Ekman) velocity at 6-hourly intervals along the drifter track
using the empirical formula of Niiler et al. [2003]

uE ¼ a f �1=2W exp ibð Þ; ð4Þ

where uE = uE + ivE is the Ekman current at 15 m depth,
a = 7 � 10�7 s�1/2 relates to the speed factor of the wind-
driven flow with respect to the wind speed, i is the imaginary
unit, f is the Coriolis parameter and W = Wx + iWy is 10 m
height wind of the National Centers for Environmental Pre-
diction (NCEP) reanalysis interpolated to each drifter track
and b = �54� represents the deflection angle of the wind-
driven flow relative to the wind. The Ekman velocity (uE)
was subtracted from the drift velocities. These velocity data
were then averaged every 10 day (over 40 samples) in order
for its timescale to be matched with that of the parking-depth
velocities of Argo floats. The velocity data were then gridded
using the same optimal interpolation as used for the parking-
depth velocities (section 2.1). The location of data are indi-
cated in Figure 2b.

2.4. Moored Current Meters

[16] To investigate the vertical structure and the temporal
variation of flows near ESs, the velocities obtained from
moored current meters were investigated. The observations
of the current velocity with moored current meters (RCM8;
Aanderaa Data Instruments) were conducted for about one
year from July 26 in 2006 to July 7 in 2007 on the south-
eastern slope of the Suiko Seamount (44.0�N, 170.5�E and
water depth of 3552 m; red cross in Figure 1). The mooring
was deployed on the 169-th cruise of the T/S Oshoro-Maru
(Hokkaido University) and recovered on the 180-th cruise. At
the mooring, three current meters at about 1000 m, 2000 m
and 3000 m depths were set and hourly velocity data were
obtained. Tidal harmonic analysis was then performed to
remove 49 tidal components: 48 tidal components that can
be decomposed from the M2 tidal component in our
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observational period of 345 days (from M2 to q1) and the
Mf tidal component (which had high energy).

3. Bathymetric Influences of Emperor Seamounts
on the Local Flow Field

[17] Figure 3 shows the horizontal distributions of the
climatological velocity vector at 1000 m depth estimated
from the Argo float trajectories. There were two relatively
strong (�0.05 m s�1) eastward flows at 42�N and 45�N to
the west of the ESs (170�E), and these flows were deflected
over the ESs and other major bathymetric features. This
result clearly indicates the bathymetric influences of ESs on
the flow field in the mid/deep layer, which were not obvious
in previous large-scale circulation studies such as Reid
[1997]. Similar features are found in summer hydrographic
data sets of Roden [1984, 1987]. The present analysis (of the
data including all seasons) clarifies that these features are
deep and stable or frequently generated over timescales of a
year.
[18] A more detailed examination of Figure 3 reveals an

anticyclonic flow pattern over the Nintoku Seamount. A
similar flow pattern was found in the climatological surface
flow field derived from surface drift buoys (Figure 4), in
which the anticyclonic flow pattern was embedded in a

northern part of the S-shaped meandering of the eastward
flow-passing over the Nintoku Seamount. The S-shaped
flow pattern can also be identified in the climatological
dynamic height field at 200 dbar relative to 2000 dbar esti-
mated from Argo float T–S profiles (Figure 5). These results
show that the bathymetric influences of the Nintoku Sea-
mount extend to the surface.
[19] A similar flow pattern is found in the summer

hydrographic data of Roden [1984] (see his Figure 14) and
Roden and Taft [1985]. They suggested that the flow is a
part of the Taylor cap formed by the impinging flow on
the Nintoku Seamount. The S-shaped flow pattern found
in the present results is similar to the theoretical pattern of
the Taylor cap [e.g., Verron and LeProvost, 1985]. Note that
the Taylor cap can be identified even in the climatological
surface flow field; it is stable or frequently generated and
extends to the surface. This result is consistent with results of
Chapman and Haidvogel [1992], who performed a series of
idealized numerical experiments for Taylor caps. For strati-
fied flows over a tall seamount (Burger number NH/fL ≥ 1
and Hm/H ≃ 0.8, which are typical around the Nintoku Sea-
mount, where N, H, f, L and Hm are the Brunt-Väisälä fre-
quency (≈0.002 s�1), water depth (≈6000 m), the Coriolis
parameter (≈10�4 s�1), seamount width (≈105 m) and sea-
mount height (≈5000 m)), steady Taylor caps can be gen-
erated if the Rossby number (Ro = U/fL, where U is the
impinging flow velocity) is below the critical Rossby
number (Roc = 0.15) [Chapman and Haidvogel, 1992].
Around the Nintoku Seamount, the characteristic flow
velocity (U) was smaller than 0.3 m s�1 (Figures 3 and 4),

Figure 4. Same as Figure 3 except for data of the drift
velocities obtained from near-surface (15 m depth) buoys.

Figure 3. Climatological velocity vector at 1000 m depth
estimated from Argo float trajectories. In the cells where
the ratios of the velocity estimation errors to the estimated
velocities are larger than 0.1, the vectors are not depicted
regarding as missing. Both color and length of the arrow rep-
resent the velocity magnitude. Black cross indicates the posi-
tion of the moored current meters. Symbols “S” and “N”
denote the Suiko and Nintoku Seamounts, respectively.
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and hence, the Rossby number was well below the critical
value (Ro < 0.03 < Roc).
[20] The other eastward flow at 45�N appeared to be

steered southward near 167�E–168�E along the northeastern
slope of the Shatsky Rise. The flow then flowed to the east
over the gap between Suiko and Nintoku Seamounts and
then flowed to the north over the eastern flank of the Suiko
Seamount. The climatological surface velocity field
(Figure 4) and dynamic height field (Figure 5) also show this
flow pattern. Although the eastward flow at 45�N does not
seem to impinge on the Suiko Seamount in the climatolog-
ical flow fields, close examination of the flow field over the
Suiko Seamount reveals anticyclonic flow over the Suiko
Seamount. This was clear in the high-resolution horizontal
distributions (0.25� � 0.25� grid) of the velocity vectors
(Figure 6). The anticyclonic flow was also evident in the
trajectory paths (Figure 7), which show trapping of several
floats over the seamount.
[21] Roden [1984] and Roden and Taft [1985] found the

flow patterns of Taylor caps over the Suiko Seamount and
described the caps as being more predominant than the cap
over the Nintoku Seamount. However, such features were
not clearly found in the climatological flow fields; the flow
patterns of Taylor caps was more predominant over the
Nintoku Seamount than over the Suiko Seamount
(Figures 3–5). One possible explanation for the discrepancy
is that the flow does not always impinge against the Suiko
Seamount and the Taylor cap is thus transient; therefore, the

Taylor cap over the Suiko Seamount is less clear than that
over the Nintoku Seamount in the climatological field
(Figures 3–5). However, the anticyclonic flow was identified
over the Suiko Seamount in the climatological flow field
(Figures 3 and 4). The trajectory paths show that some of the
floats trapped over the Suiko Seamount are not traced back
to the eastward impinging flow (Figure 7). Different sce-
nario is required for the generation of the anticyclonic eddy.
[22] Current variability over the Suiko Seamount can be

investigated in detail using the velocity data obtained from
moored current meters. The daily means of the processed
hourly velocity data were calculated by taking the 25-hour
running mean and subsampling at intervals of 1 day.
Figure 8 shows the daily current velocities during our
observation. Noticeable temporal variations are evident, and
they were larger at greater depths; root-mean square velocity
fluctuations were 0.014 m s�1 at 1000 m depth, 0.019 m s�1

at 2000 m depth and 0.021 m s�1 at 3000 m depth. Figure 9
represents the rotary spectrum of the current velocity. Sig-
nificant peak in the spectrum was found at 10–12-day (240–
288-hour) period at 3000 m depth, and power spectra were
larger at greater depths; total rotary spectra at 10-day (240-
hour) period were 6.1 � 10�7 (m s�1)2 cph�1 at 1000 m
depth, 6.1� 10�6 (m s�1)2 cph�1 at 2000 m depth and 1.6�
10�5 (m s�1)2 cph�1 at 3000 m depth. Sources of these
bottom-intensified disturbances are unknown; they might be
excited by barotropic flows induced by the meandering of
the oceanic frontal jet or atmospheric disturbances and
propagate as bottom-trapped waves. Energetic eddies shown
in Figure 7 seem related to those variations. In fact, Isoda
and Fukai [2004] reported that there were often eddy-like
motions over the Suiko Seamount from analysis of satellite
altimetry data.
[23] These data allow us to speculate that the anticyclonic

eddy over the Suiko Seamount is generated by eddy-

Figure 5. Climatological dynamic height at 200 dbar rela-
tive to 2000 dbar estimated from Argo float T–S profiles.
White thick and thin contours indicate 3000 m depth and
5000 m depth, respectively. Black cross indicates the posi-
tion of the moored current meters. Symbols “S” and “N”
denote the Suiko and Nintoku Seamounts, respectively.

Figure 6. Same as Figure 3 except for a high-resolution
grid (0.25� � 0.25�) cells with Rc = 50 km and L0 = 75 km
in order to show the anticyclonic circulation over the Suiko
Seamount.
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topography interaction. It is well known that the mean cur-
rent can be generated if these perturbations mix the potential
vorticity of water across the slope [e.g., Holloway, 1987;
Adcock and Marshall, 2000]. Such current is anticyclonic
over a seamount. Thus, eddies may be cause of the formation
of anticyclonic flow over the Suiko Seamount found in the
climatological flow fields.

4. Bathymetric Influences of Emperor Seamounts
on the Subarctic Gyre of the North Pacific

[24] Kuragano and Kamachi [2004] simulated the
boundary current along the eastern side of ESs in their
numerical assimilation. Wagawa et al. [2010] suggested the
high possibility of the presence of the boundary current
along the ESs. If the boundary current actually exists, it
should covary with the interior Sverdrup flows to the east of
ESs on shorter time-scales. This is because in the subarctic
North Pacific where the density stratification is weak, the
barotropic Rossby waves excited at the eastern boundary
(the west coast of North America) propagate to ESs within a

week whereas the baroclinic Rossby waves take more time
(>10 years) to reach ESs and hence are damped to a larger
degree before arriving at the ESs. The short baroclinic
Rossby waves excited at the ESs due to incident long baro-
tropic waves from the eastern boundary and the local wind
forcing [e.g., Wang and Koblinsky, 1994] are expected to be
damped quickly because of its large wave number and small
group velocity [Wagawa et al., 2010]. Thus, the phase of
shorter fluctuations such as a seasonal variation in the
boundary current is expected to be less affected by the bar-
oclinic waves as found by Qiu [2002] and Wagawa et al.
[2010]. This section focuses on the seasonal variations in
the boundary current along ESs and the interior Sverdrup
transport to the east.
[25] Figure 10 shows the horizontal distribution of the

climatological monthly wind stress curl in winter (February)
and summer (August) estimated from the daily wind stress
data set of the NCEP reanalysis data set [Kalnay et al.,
1996]. Prominent seasonal variation in the wind stress curl
field can be seen in the subarctic North Pacific; the wind
stress curl was largest (smallest) in winter (summer).

Figure 7. Trajectory paths of Argo floats around the Nintoku and Suiko Seamounts illustrated by
connecting the locations of the parking-depth velocities.
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Figure 11 shows the climatological seasonally varying
component (which is defined as anomaly from the annual
mean component) of the Sverdrup transport estimated by
integrating the wind stress curl over 171.6�E–229.7�E and
averaging meridionally over 41.9�N–51.4�N. It is found that
the seasonally varying component of the Sverdrup transport
was northward (southward) from December to April (from
May to November). If there is a boundary current along the
eastern side of ESs, its direction should be opposite to that of
the Sverdrup transport.
[26] The current meters moored on the southeastern slope

of the Suiko Seamount were used again to investigate sea-
sonal variations in the current along the eastern side of ESs.
Figure 12 shows low-pass filtered daily current velocity
anomalies relative to the annual mean obtained by taking the
40-day running mean to remove shorter fluctuations. Note
that the amplitude (≃0.010 m s�1) and direction (71.8�
clockwise from the north) of the annual mean velocity at
1000 m depth (denoted by blue vector on the left side of
each panel in Figure 12) almost corresponded to the ampli-
tude (0.017 m s�1) and direction (81.8� clockwise from the
north) of the Argo float parking depth velocity at the cell of
44.0�N, 170.5�E on the mooring point (Figure 3). It is found
that the seasonally varying component of the velocity

changed from northward to southward in December at all
three depths; the flow was southward (northward) from
December to June (from August to November). The timing
of this directional change corresponded well to the timing of
the directional change in the interior Sverdrup transport from
southward to northward (Figure 11). The period of the
northward velocity component (August to November;
Figure 12) was not inconsistent with that of the southward
Sverdrup transport (Figure 11) although the opposite direc-
tional change from southward to northward in the daily
moored velocity time series could not be confirmed owing to
the lack of sampling from late June to early August
(Figure 12). The weakening of the southward flow in March
and April seemed to be due to eddies with periods less than
90 days. The coefficients of correlation between the merid-
ional components of the daily moored velocities (Figure 12)
and the interior Sverdrup transport obtained from the NCEP
reanalysis data set in the same period were �0.60 at 1000 m
depth, �0.54 at 2000 m depth and �0.70 at 3000 m depth.
Therefore, the phase of the seasonally varying component of
the velocities obtained from the current meters moored for
345 days (Figure 12) corresponded well to that of the cli-
matological interior Sverdrup transport (Figure 11).

Figure 8. Time series of daily current velocities during our observation of current meters moored on the
southern slope of the Suiko Seamount.
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Figure 9. Rotary spectra (m2 s�2 (cycle per hour)�1) of the current velocity from current meters moored
on the Suiko Seamount at (a) 1000 m, (b) 2000 m and (c) 3000 m depths. The total rotary spectra (solid
thick lines) are shown in each diagram, as well as the clockwise (dotted lines) and anticlockwise (dashed
lines) rotary components. Vertical bar is 95% confidence interval. The upper horizontal axis shows periods
(unit: hour) whereas the lower horizontal axis represents frequency (unit: cycles per hour).
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[27] The vertical structure of the low-pass filtered veloci-
ties (Figure 12) was highly barotropic; root-mean square
velocity fluctuations were about 0.010 m s�1, 0.013 m s�1

and 0.012 m s�1 at 1000 m, 2000 m and 3000 m depth,
respectively. These velocity amplitudes were of the same
order (O (10�2 m s�1)) as those in Kuragano and Kamachi
[2004] and Wagawa et al. [2010]. All the results strongly
suggest the existence of boundary current along ESs, indi-
cating that ESs divide the subarctic gyre of the North Pacific
for shorter period fluctuations.
[28] To determine the horizontal structure of the boundary

current, we attempted to extract the seasonal variation in the
parking-depth velocities from the Argo float trajectories. We
here adopted larger parameter and threshold (Rc = 2000 km
and L0 = 2500 km) and used the data in the extended region
enclosed by red dotted lines in Figure 1 (35.0�N–55.0�N and
142.0�E–210.0�E) to extract the flow field of large-scale
subarctic gyre of the North Pacific. Figures 13a and 13b
show the velocity field at 1000 m depth in the 6-month
mean (December to May (uI) and June to November (uII)).
The mean periods were determined on the basis of the
magnitude of the climatological interior Sverdrup transport
to the east of ESs (Figure 11). Although eastward flows
dominate as suggested by Reid [1997] in both periods, there
are also differences in these two velocity fields. In order to
decompose the flow field into annual mean component and
seasonally varying component, we also show (uI + uII)/2
(which corresponds to the annual mean component) and
(uI � uII)/2 (which corresponds to the seasonally varying
component) in Figures 13c and 13d, respectively. The
annual mean field shows eastward flow as a whole, which
corresponds to climatological flow field by Reid [1997].
Note that annual mean field is nontopographic because of

the baroclinic Rossby wave adjustment. The seasonally
varying component shows the southward current of a few
cm s�1 along the eastern side of the ESs when the wind
stress curl was positive (December to May; Figure 13d).
Although the current was less clear in 45.5�N–47.5�N, we
consider that it is caused by eddies which contaminate sea-
sonally varying flow field. The seasonal change in current
direction was consistent with that expected from the
Sverdrup transport and its velocity amplitude was of the
same order (O (10�2 m s�1)) as those in the moored current
meters (Figure 12), Kuragano and Kamachi [2004] and
Wagawa et al. [2010]. These results indicate that ESs divide

Figure 10. Horizontal distribution of the climatological monthly wind stress curl estimated from the
NCEP reanalysis data set: (a) February and (b) August. Contour interval is 10�7 N m�3.

Figure 11. Seasonally varying component (anomaly from
the annual mean component) of the interior Sverdrup trans-
port to the east of the Emperor Seamounts (ESs) calculated
from the climatological wind stress curl integrated from the
eastern boundary to the ESs (171.6�E–229.7�E) and aver-
aged meridionally over the region of 41.9�N–51.4�N.
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the seasonally varying component of the subarctic gyre into
two subgyres.

5. Summary and Discussion

[29] Bathymetric influences of Emperor Seamounts (ESs)
on the flow fields in the subarctic North Pacific were
investigated by analyzing data of the directly measured
velocity. The influences were examined from two view-
points: influences on the local flow field in the vicinity of
ESs and influences on the large-scale subarctic gyre of the
North Pacific. Climatological mean velocity fields were
investigated for the former influences while seasonal varia-
tion in the current along the eastern side of ESs was exam-
ined for the latter influences. Our findings are:
[30] 1. Two relatively strong (�0.05 m s�1) eastward

flows were found at 1000 m depth. Notable deflections of
these flows over ESs or the Shatsky Rise were identified.
Eddies were also evident at 1000 m depth.
[31] 2. A Taylor cap that causes anticyclonic deflection

induced by the eastward flow impinging against the Nintoku
Seamount (42.0�N) was clearly identified in the climato-
logical flow field. This feature was also identified in the

near-surface flow field (15 m depth) and dynamic height
field at 200 dbar relative to 2000 dbar. These results eluci-
date that the Taylor cap over the Nintoku seamount is stable
or frequently generated and extends to the surface layer.
[32] 3. An anticyclonic flow was found over the Suiko

Seamount (45.0�N). It was difficult to explain the generation
of this flow using only the Taylor cap theory.
[33] 4. Data obtained from the current meter moored over

the southeastern flank of the Suiko Seamount suggest that
the boundary current partially compensates for the Sverdrup
transport to the east of ESs. This boundary current was also
detected in the Argo float trajectories.
[34] Although anticyclonic flows were found over both the

Nintoku and Suiko Seamounts, their generation mechanisms
seem different. The different mechanisms result in different
distributions of water properties and nutrients; the Taylor
cap induces continuous upwelling to the left of the imping-
ing flow (looking downstream) [Chapman and Haidvogel,
1992], while eddy-induced flows are not accompanied by
such organized vertical motions since they are not generated
by the impinging flow. Thus, continuous upwelling to the
near-surface layer, which can contribute to local biological
activity, is expected over the northwestern flank of the

Figure 12. Same as Figure 8 except that shorter fluctuations are subtracted by taking the 40-day running
mean and that the annual mean is removed. Blue vector on the left side of each panel indicates the annual
component of the velocity at each depth.
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Figure 13. Velocity field of the 6-month mean ((a) December to May (uI) and (b) June to November (uII)),
(c) the annual mean component ((uI + uII)/2) and (d) the seasonally varying component ((uI � uII)/2)
(the ratios of the velocity estimation errors to the estimated velocities are less than 0.1). Here, larger
parameter and threshold (Rc = 2000 km and L0 = 2500 km) and the data in the large region enclosed by
red dotted lines in Figure 1 (35.0�N–55.0�N and 142.0�E–210.0�E) are used. Both color and length of
the arrow represent the velocity magnitude.

WAGAWA ET AL.: FLOW FIELDS AROUND THE EMPEROR SEAMOUNTS C06006C06006

12 of 14



Nintoku Seamount, while such continuous upwelling may
be transient or weak in terms of the climatological mean
around the Suiko Seamount.
[35] The boundary current along the eastern side of ESs, as

a result of the bathymetric influences of ESs on the large-
scale subarctic gyre of the North Pacific, was found for the
first time from velocity observations. This result is contrary
to some previous studies [Isoguchi et al., 1997; Isoguchi and
Kawamura, 2006] regarding the bathymetric influences of
ESs on the subarctic gyre as negligible. Note that bathy-
metric influences on the subarctic gyre will be reduced on a
longer timescale [e.g., Wagawa et al. 2010]. Bathymetric
influences on the subarctic gyres in the North Pacific should,
thus, be separately discussed in terms of the timescale of
circulation variations.
[36] To directly support the generation mechanisms of the

anticyclonic flows found over the Nintoku and Suiko Sea-
mounts, extensive observations for velocity and density field
with detailed levels of precision and resolution are required.
Numerical experiments will also be useful to investigate
such dynamics. The observation period of the moored cur-
rent meters was less than one year (345 days) in the present
study. In addition, there were few moorings. To obtain the
horizontal structure of the boundary current along ESs,
several velocity observations along the eastern side of ESs
with a high level of precision are needed; these observations
would need to be sufficiently precise to estimate the volume
transport and examine the spatial patterns of the transport,
and sufficiently long to analyze their seasonal variation
through harmonic or spectral analyses. In addition, a greater
number of Argo float data would help clarify the bathy-
metric influences of ESs. We will carry out such work in
future studies.
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