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[1] Weekly satellite sea surface height (SSH) anomaly data are used to clarify the
mesoscale eddy characteristics in the lee of the island of Hawaii, the largest island in the
Hawaiian Island chain. The lee eddy variability can be separated into two geographical
regions. In the immediate lee southwest of Hawaii (Region E), eddy signals have a
predominant 60 day period and a short life-span, whereas in the region along 19°N west of
~160°W (Region W), the eddy variability is dominated by 100 day signals and extends
over a broad region. By applying a linear Ekman pumping model forced by the weekly
QuikSCAT wind data, we find that the observed 60 day eddy signals originate in the
southwest corner of Hawaii and are induced by the local 60 day wind stress curl variability
associated with the blocking of the trade wind by the island of Hawaii. The relationship
between the wind forcing and the observed SSH signals demonstrates the role of the
ocean as an integrator that responds more effectively to the low-frequency synoptic
atmospheric forcing (~60 days) than to the higher-frequency forcing (~30 days). Since the
large-amplitude 60 day SSH anomalies take 1-2 weeks to fully develop, it is possible that

real-time observed wind stress data can be used for the prediction of these anomalies. In
contrast to the wind-induced 60 day eddy signals in the lee of the island of Hawaii, the
100 day eddy signals in Region W are likely generated by the instability of the sheared North

Equatorial Current and Hawaii Lee Countercurrent.

Citation: Yoshida, S., B. Qiu, and P. Hacker (2010), Wind-generated eddy characteristics in the lee of the island of Hawaii,

J. Geophys. Res., 115, C03019, doi:10.1029/2009JC005417.

1. Introduction

[2] Located at the center of the North Pacific subtropical
gyre, the Hawaiian archipelago is considered to be a key
region for generating mesoscale eddies for the western
Pacific Ocean. Recent advances in the observation network
enable us to see unique features of both the atmospheric and
oceanic circulations within this region. Figure 1 shows the
drifter-derived mean velocity of Maximenko et al. [2008].
The large-scale surface currents indicate the eastward
flowing North Pacific Subtropical Countercurrent (STCC)
[Uda and Hasunuma, 1969; Hasunuma and Yoshida, 1978]
north of 24°N and the westward flowing North Equatorial
Current (NEC) to the south. The NEC bifurcates at the
island of Hawaii (also known as the Big Island) around
(20°N, 155°W), and its northern part flows northwestward
along the Hawaiian ridge as the North Hawaiian Ridge
Current (NHRC) [Firing, 1996; Firing et al., 1999]. An
important narrow eastward flow called the Hawaiian Lee
Countercurrent (HLCC) along 19.5°N was found in late
1990s by the analysis of surface drifter data [Qiu et al.,
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1997]. As the HLCC approaches the island of Hawaii, the
current separates into two branches. The northern branch
continues along the island chain and becomes the north-
westward flowing Hawaiian Lee Current (HLC) [Lumpkin,
1998], and the southern branch merges into the westward
flowing NEC. With the HLC to the north and the NEC to the
south, there exists a strong north-south horizontal shear
centered on the HLCC, and this unique zonal flow system
makes the lee region of the Hawaiian Islands abundant with
cyclonic and anticyclonic eddies.

[3] From the atmospheric circulation point of view, the
northeasterly trade wind throughout the year is obstructed
by the volcanic high mountains, and this generates positive
and negative wind stress curl anomalies on the western side
of each island (see Figure 2). The wind stress curl anomaly
produced by the islands of Maui and Hawaii has been shown
using both observational analysis and numerical modeling to
be the major cause for driving the HLCC [Xie ef al., 2001;
Sakamoto et al., 2004]. In addition, the warm water
advection by the eastward HLCC gives rise to a coupled
ocean—atmosphere response observable as a wake extending
over a great distance to the west of the Hawaiian Islands
[Xie et al., 2001; Sasaki and Nonaka, 2006].

[4] The combination of the ocean and atmosphere circu-
lation systems makes the region to the west of the island of
Hawaii more energetic in mesoscale eddy variability than
the surrounding areas, and the high eddy activity is closely
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Figure 1. Ensemble-mean drifter velocity calculated from the data of the Atlantic Oceanographic and
Meteorological Laboratory (NOAA), Miami, Florida [Maximenko et al., 2008]. Velocity vectors with
eastward and westward components are plotted in red and blue, respectively. HLC, Hawaiian Lee Current;
HLCC, Hawaiian Lee Countercurrent; NEC, North Equatorial Current (NEC); STCC, North Pacific

Subtropical Countercurrent.

related to the regional dipole-structured wind stress curl
anomalies. Using numerical simulations, Calil et al. [2008]
showed that the oceanic variability in the lee of the
Hawaiian Islands is sensitive to the temporal and spatial
resolutions of the regional surface wind forcing. Enhanced
oceanic eddy variability due to regional, orographic wind
forcing is not unique to the lee of the Hawaiian Islands. In
the gulfs of Tehuantepec and Papagayo in the eastern
tropical Pacific Ocean, isolated mesoscale eddies off the
Central American coast have been shown to be induced by
strong, intermittent, offshore winds during the boreal cold
season [Clarke, 1998; McCreary et al., 1989; Lavin et al.,
1992; Giese et al., 1994; Trasviria et al., 1995; Miiller-
Karger and Fuentes-Yaco, 2000]. On interannual time

Mean QuikSCAT wind stress curl (Pa/m)

scales, generation of Tehuantepec eddy signals has been
further shown to be modulated by incoming coastally
trapped waves associated with the El Nifo and La Nifia
events [e.g., Zamudio et al., 2006].

[5] Around the Hawaiian archipelago, the observed sea
surface height (SSH) anomalies show two high-eddy-
variability regions: one is north of the island chain centered
along 26°N, and the other is in the lee of the island of
Hawaii along ~20°N (Figure 3a). These two high-variability
regions are located over the broad and narrow eastward
flows of the STCC and the HLCC, respectively. The vari-
ability is generated not only by the wind forcing, but also by
the oceanic instabilities due to horizontal and vertical cur-
rent shears [Qiu, 1999]. For the seasonal eddy variation,
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Figure 2. Mean QuikSCAT wind stress

curl distribution over the period 1999-2008.
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Figure 3. (a) Root mean square sea surface height (SSH) anomaly (SSHA) and (b) mean eddy kinetic
energy around the Hawaiian Islands calculated from Archiving, Validation, and Interpretation of Satellite

Oceanographic merged satellite data.

Kobashi and Kawamura [2002] pointed out that the HLCC
becomes baroclinically more unstable during late fall to
winter as a result of a stronger vertical velocity shear and a
weaker stratification between the HLCC and the subsurface
westward flow. In addition to the physical processes, lee
eddy activity is also important for the regional biological
productivity [Nencioli et al., 2008; Kuwahara et al., 2008;
Dickey et al., 2008].

[6] In the lee of the island of Hawaii, satellite SSH
anomaly data have been used to explore the origin and
pathways of mesoscale eddies. Eddies formed in the lee of
the island of Hawaii are known to travel for long distances.
For example, Mitchum [1995] found 90 day signals from the
tide gauge record at Wake Island and indicated that
the origin of the observed oscillations started from the lee of
the island of Hawaii. By focusing on individual eddies,
Holland and Mitchum [2001] explored the eddy paths and
propagation characteristics on the basis of satellite data

analysis and discussed the interaction of mesoscale eddies
with the zonal flow of the NEC. Generation of the Hawaii
lee eddies has been hypothesized as being due to the NEC’s
impinging upon the Hawaiian Islands through the mecha-
nism of Karman vortex street [Lamb, 1945]. It is important
to note that a stable Karman vortex street is observable only
when oppositely signed eddies are generated alternately on
the two tips of an island. With the constricted Alenuihaha
Channel between Maui and Hawaii, generation of cyclonic
eddies at the northwestern tip of the island of Hawaii is rare.
Indeed, satellite SSH data to be presented in this study
reveal that both positive and negative SSH eddy signals are
generated southwest of the island of Hawaii. These obser-
vational results imply that the Karman vortex street is not a
viable eddy generation mechanism for the lee of Hawaii.
[7] Our present study has two objectives. The first
objective is to clarify the lee eddy characteristics through the
analysis of satellite altimeter data. We categorize the lee
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Figure 4. (a) SSHA and (b) eddy kinetic energy (EKE) time series at two locations along 19.5°N
calculated from altimetric SSH anomaly data. Blue and red curves represent variability at Region
W and Region E, respectively. AVISO, Archiving, Validation, and Interpretation of Satellite Ocean-

ographic data.

eddy signals based on their temporal and spatial scales in
order to better understand the strong SSH variability over
the relatively large area in the lee region, including the 90
day signal discussed by Mitchum [1995]. The second
objective is to quantify the effect of wind forcing in inducing
the lee eddy variability. As reviewed above, Hawaii lee
eddies can be formed by both wind forcing and barotropic
and/or baroclinic instabilities of the background mean flow.
The relative importance of these forcing mechanisms
depends on the signals in the specific regions of interest. For
example, it is possible that the wind forcing has a greater
impact upon the variability in the immediate lee region than
in the upstream region of the HLCC. Although it has been
argued that the anomalous wind forcing is important to the
SSH signals in the lee of the Hawaiian Islands, a clear
relationship between the wind forcing and the surface vari-
ability is yet to be established. Specifically, there remain
questions such as how much of the SSH anomalies is directly
caused by the wind forcing, where the eddy is formed, how
far the eddy can travel, and if and where the eddy path ter-
minates in the lee of the island of Hawaii.

[8] The paper is organized as follows. Mesoscale eddy
features are first discussed using the spatial and temporal
distributions of the observed SSH variability and eddy

kinetic energy (EKE) fields in section 2. The relationship
between the lee eddy and the wind forcing is explored in
section 3 on the basis of the QuikSCAT wind stress forcing
analysis and a simple Ekman pumping model applied to the
immediate lee region. In section 4, details about the for-
mation and propagation of the wind-induced eddy signals
are investigated through a composite analysis. We summa-
rize the results in section 5.

2. Sea Level Variability Characteristic Over
the Hawaiian Lee Countercurrent

[9] For this study, we use the global SSH anomaly data
set provided by the Collecte Localisation Satellites Space
Oceanographic Division of Toulouse, France (http://www.
aviso.oceanobs.com/). This is a merged data set with
TOPEX/Poseidon, European Remote Sensing Satellite, Geo-
sat Follow-On, and Jason 1 along-track SSH measurements. It
covers the period from October 1992 to January 2008 with a
weekly interval and a 1/3° x 1/3° spatial resolution.

[10] Using more than 15 years of the altimetric data, we
plot the root mean square (RMS) SSH anomaly distribution
as well as that of the eddy kinetic energy in Figure 3. The
eddy kinetic energy is estimated from the gridded SSH
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Figure 5. Power spectra of SSH anomalies in Region W (blue) and Region E (red) plotted in variance-
preserving form. Shaded curves indicate 99% significance levels from the Monte Carlo simulations at

Region E (solid line) and Region W (dashed line).

anomaly data by assuming geostrophy. Two distinct areas
emerge with the RMS amplitude exceeding 9.5 cm over the
HLCC region. One is close to the island of Hawaii around
159°W-157°W, and the other extends over a broader region
around 169°W-162°W with a continuous high-variability
band. In contrast, the large eddy kinetic energy is concen-
trated only in the immediate lee of Hawaii centered around
157°W. The mean eddy kinetic energy level in this east
HLCC region exceeds 400 (cm/s)’, and the energy level
weakens to the west, with the mean eddy kinetic energy
level dropping below 300 (cm/s)* west of 160°W. The dif-
ferent ratio between the RMS SSH variability and the EKE
level in the east and west parts of HLCC implies that the
eddy variability in these two geographical regions has dif-
ferent dominant spatial scales. Specifically, let the SSH
anomaly variance be (7?); then

2

EKE = (k2+12)<172>%, (1)
where f is the Coriolis parameter, g is the gravitational
constant, and £ and / are horizontal wave numbers in the
longitude and latitude directions, respectively. With the
observed (77?) being of similar amplitudes, the high EKE
level in the east HLCC region indicates that the local eddy
signals have smaller spatial scales (larger &, / values) than
those in the west HLCC. Since the temporal and spatial
scales are commonly proportionally related, this also sug-
gests that the temporal scales near 157°W are shorter. This is

indeed the case, as will be confirmed in Figure 5.
[11] Figure 4 shows the time series of the area average
SSH anomaly and eddy kinetic energy in the two regions of
interest: the immediate lee region (18.9°N—-20°N, 158°W—

156.7°W) and the west HLCC region (18.7°N-20.5°N,
165.6°W—-162°W). For brevity, we refer to these two regions
hereafter as Region E and Region W, respectively (see
Figure 3). For both regions, the amplitudes of SSH anomaly
are in the same range of about 20 cm, and the time series are
correlated at the annual and interannual time scales. A closer
look at the time series reveals that the eddy temporal scale in
Region E has a higher frequency, which is consistent with
equation (1). Unlike the SSH anomaly time series, eddy
kinetic energy calculated from the SSH anomalies in the
same areas shows prominent differences between these two
regions. The amplitude in Region E, shown by the red curve
in Figure 4b, is nearly double that in Region W, shown by
the blue curve in Figure 4b. The mean EKE values are
0.0251 and 0.0436 (m/s)*> for Region W and Region E,
respectively, and these values are consistent with the mean
EKE spatial distribution (Figure 3b).

[12] To examine the dominant eddy frequency along the
HLCC band, we calculate power spectra using the 15.5-year
altimetric SSH anomaly time series. Figure 5 shows the area
average power spectral density distributions in Region E and
Region W. Mesoscale eddy variability has a predominant
peak close to 60 days (the exact spectral peak is at 60.74
days) in Region E, as shown by the red curve in Figure 5. In
Region W, the largest spectral peak exists close to 100 days
(the exact spectral peak is at 98.19 days). The fact that the
sharp SSH peak in Region E emerges at a frequency band
higher than that of Region W supports our scale estimation
put forth in equation (1). The 100 day signal in Region W
likely corresponds to the 90 day oscillations observed in the
Wake Island sea level record reported by Mitchum [1995].

[13] To investigate the spatial independence of these two
frequency bands of variability, we extract 60 and 100 day
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Figure 6. Horizontal maps of (a, c) the root mean square (RMS) SSH anomaly standard deviation and
(b, d) EKE. The SSH anomalies were band-pass-filtered around 60 days in Figures 6a and 6b and around

100 days in Figures 6¢ and 6d.

signals from the original SSH anomaly time series using
band-pass filters with bandwidths between 30 and 70 days
and between 80 and 110 days, respectively. We plot in
Figure 6 the RMS SSH anomaly and the eddy kinetic energy
distributions based on the band-pass-filtered SSH anomaly
time series. For the 60 day variability, similar patterns are
obtained between the RMS SSH and EKE distributions:
large-amplitude 60 day signals are confined to the lee of the
island of Hawaii and extend northwest and southwest in a
horseshoe pattern. For the 100 day variability, the RMS
SSH and EKE signals exhibit different spatial patterns:
while the 100 day SSH variability is largely coherent along
the entire HLCC band, the 100 day EKE signals have a local
maximum in Region E with an amplitude smaller than that
of the 60 day EKE signals. The constancy in the 100 day
SSH signals along the HLCC band likely reflects the
westward wave propagation of the 100 day signals, as noted
by Mitchum [1995].

[14] The 60 day signals in Region E were not recognized
as independent of the 100 day variability in past research. In
other words, compared to the 100 day signals detected along
the HLCC band in Region W, less is known about the 60
day signals observed in the immediate lee of the island of

Hawaii. In the following, mechanisms responsible for gen-
erating the 60 day signals in Region E are explored.

3. The 60 Day Signal Mechanism

[15] The oceanic variability in the lee of the Hawaiian
Islands is intimately related to the surface wind forcing
modified by the presence of the islands’ high mountains.
The orographic impact upon the regional wind stress curl
field and its consequence on the lee circulation of the
Hawaiian Islands have been discussed in several recent
papers [see Qiu and Durland, 2002, and references therein].
The meridional sea surface temperature (SST) gradients
show the warm water supply by the eastward HLCC over a
surprisingly long distance, and strong interactions between
SST and surface wind convergence are detected in this area
[Xie et al., 2001]. However, the eddy active region does not
show such a far-reaching effect compared to that of SST. As
discussed in the previous section, the 60 day variability is
restricted to the immediate lee region. Numerical model
simulations driven by different wind products show differ-
ent EKE distributions in Region E, indicating that the eddy
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Figure 7. (a) QuikSCAT wind stress curl anomaly time series and (b) power spectra density in Region E
and Region W. Gray curve in Figure 7b indicates 99% significance levels from the Monte Carlo simula-

tions at Region E.

activity is likely controlled by the regional wind forcing
[Calil et al., 2008]. In this section, we examine the details of
the wind stress curl data and estimate the extent to which the
wind stress curl forcing explains the observed SSH anomaly
data in Region E.

3.1. Wind Stress Curl Characteristics

[16] We use the gridded QuikSCAT surface wind stress
product from the Asia-Pacific Data-Research Center at the
University of Hawaii (http://apdrc.soest.hawaii.edu/) to in-
vestigate the relationship between the local wind stress and
SSH anomalies. The data are provided with a weekly
interval and a 1/4° resolution in both longitude and latitude
and are available from 21 July 1999 to 23 January 2008 for
445 weeks. For this period, a few missing points are filled
using a linear interpolation to get a continuous time series.

[17] Figure 2 represents the mean wind stress curl distri-
bution calculated from the QuikSCAT data around the
Hawaiian Islands. It shows the well-known pattern in which
the northeasterly trade wind throughout a year sustains
negative and positive pairs of wind stress curl structures in
the lee of each island. Notice that the orographically induced
wind stress curl forcing has a zonally elongated pattern and
its influence is limited to <300 km west of the islands. As

the 60 day signals are collocated with the dipolar wind stress
curl forcing in the lee of the island of Hawaii, it makes sense
to explore the connection between the observed SSH
anomaly and those induced by the local wind forcing.

[18] To do so, we first look into whether the wind stress
curl forcing in the lee of the island of Hawaii has a spectral
peak close to the 60 day period. An investigation into the
wind stress curl time series can also be useful in clarifying
the relationship between the observed 60 versus 100 day
signals. Figure 7 shows the wind stress curl time series and
their power spectral density distributions in Region E and
Region W. The wind stress curl time series in Region E
and Region W are poorly correlated. The Region W wind
stress curl has a low RMS amplitude of 0.91 x 1077 Pa/m
and contains no dominant frequencies. This implies that the
local wind forcing has little influence upon the 100 day eddy
signals observed in Region W. The Region E forcing, on the
other hand, has energy concentrated at the monthly to
intraseasonal frequency band. While the strongest spectral
peaks appear near 29 and 35 days, a distinct energy peak
does exist around 60 days and has a variance amplitude of
2.3 x 107'* (Pa/m)* over a relatively broad width. Since the
time series and the spectrum do not show a conclusive
connection between the 60 day SSH variability and the wind
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Figure 8. (a) Time series and (b) power spectral density of 4’k and observed SSH anomaly at 18.6°N,
156.7°W. Solid and dashed gray curves in Figure 8b indicate 99% and 95% significance levels of the /'gx
SSH anomaly from the Monte Carlo simulations, respectively.

forcing, our next step is to try to adopt the linear Ekman
pumping model to relate the SSH signals to the time-varying
wind stress curl forcing in a quantitative way.

3.2. Linear Ekman Pumping Model

[19] The linear Ekman pumping model can be derived
from the shallow-water vorticity equation [e.g., Qiu, 2002].
Since the domain of interest is located close to the island
boundary and the 60 day variability is confined to the lee of
the island, the 3 term in the vorticity equation can be ne-
glected. Given that baroclinic Rossby radii of deformation in
the lee of Hawaii are shorter than 60 km [e.g., Chelton et al.,
1998] (Figure 6), the long-wave approximation is justified.
Under these conditions, the linear Ekman pumping model
can be written as

Oy _ g Q) :
= ———curl| = | — ehgy, 2
ot 2o EK ( )

where A'gx denotes the SSH changes due to the conver-
gence/divergence of the surface Ekman fluxes, g’ is the
reduced gravity (~0.03 m/s), py is the reference density of
seawater, and 7 is the weekly QuikSCAT wind stress vector.
As the wind-induced SSH variability is subject to eddy
dissipation, this process is parameterized in equation (2) by
inclusion of the Newtonian damping term. For this study,
we set € = 1/180 day, and this € value is chosen such that the
eddy dissipation weakens the wind-induced, low-frequency
SSH signals but has little impact upon the A'gx signals with
the intraseasonal frequencies that are of interest to this
study.

[20] To quantify the 60 day variability in the lee of the
island of Hawaii, we compare in Figure 8a the observed
SSH anomaly time series at 18.6°N, 156.65°W to the A'gk
time series derived from equation (2). For consistency in
comparison, a 180 day high-pass filter has been applied to
both time series in order to remove the low-frequency signals.
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Figure 9. Longitude-time section of observed SSH anomaly band-passed around (a) 100 days and

(b) 60 days along 19.5°N.

Overall, there exists a favorable correspondence between
the two time series, and the A'gx time series is able to
capture many of the observed 60 day mesoscale eddy
events, in particular after the year 2003. For signals with
high frequencies, the 4'gx time series has larger amplitude
than that of the observations. The linear correlation coef-
ficient between the two time series shown in Figure 8a is
0.26.

[21] Figure 8b shows the power spectral density dis-
tributions of the A'gx and observed SSH anomaly time
series. The observed SSH anomaly has the dommant 60 day
variability, with a variance amplitude of 6.77 cm?, and the
hik time series has a relatively smaller amplitude, 2 84 cm
at the corresponding frequency. At the frequency band
around 40-50 days, the A'gx time series has a spectral
amplitude comparable to that at 60 days, and the 40-50 day
forcing peaks can be detected in the wind stress curl spec-
trum shown in Figure 7. Although the 30 day variability is
most noticeable in the wind stress curl time series, its
corresponding peak in the A'gx spectrum in Figure 8b is
hardly distinguishable.

3.3. Validation of the 60 Day Signal

[22] In order to understand why the %'k variability has a
larger amplitude in the 60 day period than in the 30 day
period (even though the wind stress forcing has a greater
power in the latter period), it is instructive to examine the

frequency-dependent SSH signals as a result of the Ekman
pumping process. For simplicity, we rewrite equation (2) as

oh, .
G]EK =F —ehg,

3)

where F' denotes the convergent Ekman flux. Using the
inverse Fourier transforms for A'gk (f) and F(?),

1 [*. )
=_— / F(w)e"' dw,

2 ) o

’ 1

hg (1) = ﬂ/ h(w)e™ dw and F(7)

we can rewrite equation (3) as

iwh(w) = F(w) — eh(w).

By multiplying the complex conjugates and rearranging, we
have [Hasselmann, 1976]

()| = |F2 )|/ (& +€2). )

[23] In equation (4), 14> (w)l and |F? (w)! are spectra for
the h'gx () and F(t) time series, respectlvely As w
approaches zero, |47l approaches IF%1/e?, and for w > ¢
(high-frequency signals), 147l approaches IF%1/e*. The
latter result indicates that under the same strength of the
forcing at different frequencies, we can expect a greater
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Figure 10. Correlation map between A’k and the observed SSH anomaly (color shading) and the mean
wind stress curl (black contour) (values given as x10~® Pa/m).

SSH spectral power |/42| at lower-frequency bands than at
higher-frequency bands.

[24] For the high-frequency signals at 30 versus 60 days,
the spectral ratio between the 30 and 60 day forcing in
Figure 7 is |F30l/IFg,| = 2.6. Since w > ¢, equation (4)
indicates that

o] o [Fo] _ 1

o] o [F&] 4

75|

30l 65,
Pl

This ratio corresponds well to the spectrum analysis shown
in Figure 8. With the same approach, it is possible to show
that the strong 50 day signal in A'gk is also consistent with
the surface wind stress forcing. This relationship between
the wind stress curl forcing and the observed SSH signals
demonstrates the role of the ocean as an integrator that
responds more effectively to the lower-frequency synoptic
atmospheric forcing (i.e., the 60 day forcing) than to other,
higher-frequency forcing (e.g., at 30 days).

4. Wind-Induced Eddy Formation Mechanism

[25] The analysis in the previous section leads to the
conclusion that the 60 day variability observed in the lee of
the island of Hawaii is attributable to the local wind stress
curl forcing. Figure 9 shows the longitude-time section of
the observed, band-pass-filtered 100 and 60 day SSH
anomalies along 19.5°N. Signals with an amplitude less than
2.5 cm are shown in white. The line at 155°W corresponds
to the longitude of the island of Hawaii. It is significant that
the 60 day signals are predominantly generated west of

Hawaii and propagate westward with a phase speed of about
7.5 cm/s. Although some of the 60 day signals persist farther
to the west (e.g., the ones formed at the end of year 2003
reach to 175°W), most of the observed 60 day signals tend
to enhance the amplitude only between 158°W and 157°W
and then weaken near 160°W. This could be the reason why
there exists a small gap around 160°W in the SSH anomaly
standard deviation distribution shown in Figure 3. Compared
to the 60 day signals, the 100 day signals are continuously
formed and propagate further west. The fact that the 60 day
signals are mostly confined to the lee of the island of Hawaii
implies that the wind-induced eddies have a relatively short
life span and that they are independent of the 100 day signals
in Region W discussed by Mitchum [1995]. Although the
60 day signals are generated continuously in the lee of
Hawaii, Figure 9b reveals that there is an interannual
modulation in their amplitude: relatively weak signals are
detected from 2000 to 2002, in the year between mid 2004
and mid 2005, and in 2007.

4.1. Time Lag Between the Forcing and the Ocean
Response

[26] In order to further clarify the relationship between the
eddy formation processes and the dipole-structured trade
wind forcing, we apply the Ekman pumping model equation
(2) to the areas surrounding the Hawaiian Islands. Figure 10
shows the map of the linear correlation coefficient between
the observed SSH anomaly data and /' interpolated to the
Archiving, Validation, and Interpretation of Satellite
Oceanographic data altimetry grid points. Here, the corre-
lation is calculated for the period from 1 January 2003 to 4
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Figure 11. Lagged correlation map between the observed SSH anomalies at the center of Region E
(i.e., 19.5°N) and the surrounding grid points. The contour interval is 0.2, and the areas where the corre-
lation coefficient is larger than 0.4 are shown in color.

October 2006, during which the observed 60 day variability
is relatively prominent (see Figure 9). The contour in
Figure 10 indicates the mean wind forcing distribution
(same as Figure 3). One area where the correlation is posi-
tive and significant (with the length of the time series at
1370 days, the number of degrees of freedom for the 60 day
signals is about 23; in this case, the 90% confidence level
corresponds to a correlation coefficient at 0.35) is southwest
of the island of Hawaii, where the mean wind stress curl
forcing is negative. Although the correlation is also positive
to the northwest of Hawaii, where the mean wind stress curl
forcing is positive, its magnitude is much smaller. This
result implies that it is the anomalous wind stress curl
forcing to the southwest of Hawaii that is responsible for
initiating the 60 day eddy signals detected in Region E.
[27] To further verify the above suggestion that the SSH
anomalies in Region E originate at southwest of the island of
Hawaii, we calculate the correlation between the observed
SSH anomaly time series (<180 day periods) at the center of
Region E and those at surrounding grid points with a lag
from 0-5 weeks. Note that the area where the correlation

coefficient is larger than 0.4 is given in color in Figure 11.
By tracking the high-correlation area, we can see that the
SSH anomalies at the center of Region E start from the west
of the island of Hawaii with a lag of 2-3 weeks, and they
show no clear relation with the SSH anomalies existing
farther to the east of the island of Hawaii. To provide a
direct comparison, we superimpose in Figure 12a the SSH
anomaly time series at 18.6°N, 156.7°W (southwest of
island of Hawaii) and at 19.5°N, 157.3°W at the center of
Region E. The correspondence between the two time series
is visually obvious, and the lagged correlation (Figure 12b),
with a maximum coefficient at the 2 week lag, is consistent
with the spatial correlation map of Figure 11. The above
results confirm that the strong 60 day variability responsible
for the enhanced EKE signals in Region E has its origin in
the wind-induced SSH anomalies southwest of the island of
Hawaii.

4.2. Initial Phases Between the Forcing and the Sea
Surface Height Anomaly

[28] In order to obtain an evolving two-dimensional pat-
tern between the wind forcing and phases of the 60 day
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Figure 12. (a) SSH anomaly time series at 19.5°N, 157.3°W (blue curves) and southwest of the island of
Hawaii at 18.6°N, 156.7°W (red curves). (b) Lag correlation between the two time series.

variability in the vicinity of the Hawaiian Islands, we con-
duct a composite analysis based on the observed SSH
anomaly data. Figure 13 (left) illustrates the composite SSH
anomaly maps, which track the cold-core eddy formation on
a weekly basis. Here, the composites are formed from 33
negative SSH anomaly events southwest of the island of
Hawaii, whose amplitudes exceed 1.5 times the local SSH
standard deviation from 21 July 1999 to 23 January 2008.
Prior to the composite, we removed the low-frequency SSH
signals with periods >180 days, and “week 0” (Figure 13,
bottom left) is defined as when the SSH anomaly southwest
of Hawaii exceeds the standard deviation criterion. Figure 13
(right) shows the wind stress curl composites concurrent to
the negative SSH composites.

[29] From Figure 13, it is clear that the positive wind
stress curl responsible for generating large negative SSH
anomalies southwest of Hawaii tends to appear 2 weeks
earlier and has maximum amplitude at 1 week earlier. By the
time the wind-induced negative SSH anomalies are fully
developed at “week 0,” the local wind forcing has already
weakened. Similar results are also obtained for the positive
SSH composites and their connections to the local negative
wind stress curl forcing (not shown). Since the large-
amplitude, 60 day SSH anomalies take 1-2 weeks to fully
grow, it is important to stress that the real-time observed
wind stress data could be used for the prediction of the
SSH anomalies in the lee of Hawaii.

4.3. Eddy Propagation and Decay Process

[30] To explore how the wind-induced SSH anomalies
southwest of island of Hawaii behave after they reach their
maximum amplitude, we plot in Figure 14 the negative SSH
anomaly composites after they reach maximum amplitudes.
The asterisks show the center of the weekly eddy trajecto-
ries. Here, the composite maps are presented on a biweekly
basis using the same data set as in the previous subsection.

[31] After the SSH anomalies are fully developed, they
tend to detach from southwest of the island of Hawaii and
travel to the west while gradually decaying in amplitude.
This decay reflects the lack of continued wind stress curl
forcing to maintain the anomalies’ strength against the
background dissipation. After 6 weeks or so, the negative
SSH anomalies tend to change propagation direction to the
northwest. This northwestward drift by the cyclonic eddies
is consistent with theories for nonlinear vortices caused by
the ( effect and self-advection [Chelton et al., 2007]. With
the phase speed of the long baroclinic Rossby wave esti-
mated at 7- 8 cm/s at the HLCC, the SSH anomalies are
expected to move westward about 5° in 10 weeks. This is
comparable to the distance revealed in our composite anal-
ysis. After the center of the negative SSH anomalies reaches
160°W, their amplitudes drop further, and there exists a
tendency for the site of the SSH anomalies to expand lat-
erally. This decay process further confirms that the wind-
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induced 60 day signals in the lee of the island of Hawaii
are not directly connected to the 100 day variability in
Region W.

5. Summary and Discussion

[32] By analyzing the weekly altimeter SSH anomaly data
accumulated over the last 15 years, we identified two
dynamically distinct regions in the lee of the island of Hawaii:
a maximum EKE region to the immediate southwest of
Hawaii (Region E) and a maximum RMS SSH variability
region along 19°N extending westward from ~160°W
(Region W). The eddy variability in Region E and Region W
has distinguishable time scales at 60 and 100 days, respec-
tively. Reflecting the different governing dynamics in these
two regions, the spatial scales of the eddy variability in these
two regions are also different. In Region E, the spatial scale
of the 60 day variability is relatively small (<200 km) and is
governed by the regional wind stress curl anomalies. On the

other hand, the 100 day eddy signals in Region W are likely
due to the combined barotropic and baroclinic instability of
the horizontally and vertically sheared HLCC/NEC system.
Their spatial scales are of order 300-400 km and are gov-
erned by the propagating baroclinic Rossby waves.

[33] The linear Ekman pumping model was adopted in
this study to quantify the 60 day eddy signals in Region E in
response to the regional wind stress curl anomalies due to
the blocking of the trade wind by the island of Hawaii. We
identified the role of the ocean as an integrator that responds
more effectively to the lower-frequency synoptic atmo-
spheric forcing than to other, higher-frequency forcing. This
is in spite of the fact that the latter forcing has higher var-
iance than that of the 60 day forcing.

[34] In addition to the dynamic analysis based on the
Ekman pumping model, this study also used statistical
analysis methods to study the formation and evolution of the
SSH anomalies. The lagged correlation analysis revealed
that the 60 day eddy signals observed in Region E began at
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the southwest of the island of Hawaii with a lag of 2 weeks.
The composite analysis further revealed that the 60 day
signals have short life span and are confined to the lee of the
island of Hawaii. This result confirms that the 60 day signals
are generated by processes different from those responsible
for the 100 day signals in Region W.

[35] Clarifying the cause for the observed 60 day signals
has implications for the prediction of mesoscale eddy sig-
nals in Region E. Because the 60 day eddies are wind-
induced, it is possible to use the real-time, observational
wind stress data to predict the eddy development with a lead
time of 1-2 weeks. If the cause for the 60 day signals was
the NEC’s instability, there would be no predictability, as
eddy shedding associated with instability of a mean current
is intrinsically unpredictable.

[36] We have not addressed the large-scale wind varia-
tions in this study. These variations could be important to
the interannually varying 60 day signals, which were
detected in the satellite altimeter SSH data (see Figure 9b).
The large-scale wind variability could change the large-
scale mean current systems of the NEC/HLCC, which, in
turn, could influence the 60 day eddy signals through
changes in regional stratification and dissipative process.
Future investigations are needed to unravel the relationship
between the interannually varying large-scale wind vari-
ability and its influence on the 60 day variability.
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