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ABSTRACT

Available surface drifter data are analyzed to determine the characteristics of the North Hawaiian Ridge
Current (NHRC) and its relation to the ocean circulation around the Hawaiian waters. The NHRC is found to
exist as a mean entity along the coasts of the Hawaiian Islands. It originates as a northern branch of westward
moving interior flow and flows coherently along the islands at an average speed of 0.10-0.15 m s~'. The NHRC
veers westward at the northern tip of the Hawaiian Islands, and its subsequent path is not influenced by the
presence of the submerged Hawaiian Ridge. This finding does not support the theory that the NHRC is forced
by westward propagating, baroclinic Rossby waves reflecting off the Hawaiian Ridge. Using a 2%-layer reduced
gravity model of the North Pacific, it is shown that the mean NHRC is due primarily to the mean rather than
the time-varying wind forcing. The NHRC exists due to the imbalance between the interior Sverdrup transport
and the net southward transport, constrained by the presence of the Hawaiian Islands. The path and transport
of the observed NHRC are found to be consistent with the flow pattern proposed by this theory.

1. Introduction

The Hawaiian Islands are part of the mostly sub-
merged Hawaiian Ridge located in the center of the
subtropical gyre of the North Pacific Ocean (Fig. 1).
The Hawaiian Ridge is oriented in a nearly zonal di-
rection and extends northwestward for more than 2000
km from the island of Hawaii (20°N, 156°E) to the Mid-
way Islands (30°N, 180°). While a nearly continuous
barrier below 2000 m, the Hawaiian ridge is extremely
porous above the 500-m depth (Roden 1991). As de-
picted in Fig. 2, it is only around the Hawaiian Islands,
including the islands of Hawaii, Maui, Molokai, Oahu,
and Kauai, that the ridge extends near and above the
sea surface. Studies using historical hydrographic data
(e.g., Emery and Dewar 1982) show that the main ther-
mocline around the Hawaiian Ridge is typically 300—
400 m deep, suggesting that the Hawaiian Islands are
the only closely connected islands likely to interact di-
rectly with the wind-driven subtropical gyre of the North
Pacific.

One interesting feature observed around the Hawaiian
Islands is the existence of a northward flowing boundary
current. The possible existence of such a boundary cur-
rent was first suggested by Mysak and Magaard (1983)
in their theory on the interaction between baroclinic
Rossby waves and island ridges. In accordance with this

Corresponding author address: Dr. Bo Qiu, Department of Ocean-
ography, School of Ocean and Earth Science and Technology, Uni-
versity of Hawaii at Manoa, 1000 Pope Road, Honolulu, HI 96822.
E-mail: bo@lunarmax.soest.hawaii.edu

© 1997 American Meteorological Society

theory and by using Transpac XBT data in the vicinity
of the Hawaiian Islands, White (1983) noted a narrow
band of northwestward shear flow extending along the
ridge from 19.5° to 21.5°N. The band had a width of
75-100 km and a relatively near-surface (100/400 dbar)
speed of about 0.45 m s~!. Mysak and Magaard (1983)
and White (1983) named this northwestward current the
North Hawaiian Ridge Current (NHRC).

The existence of this sheared northwestward bound-
ary current was also observed by Roden (1980) and by
Talley and deSzoeke (1986) based on closely spaced
hydrographic casts. In the Talley and deSzoeke study,
they found that the maximum calculated geostrophic
speeds were about 0.60 m s~!. Because the hydrographic
surveys lacked alongridge information, it is not clear
whether the observed oscillations in dynamic topogra-
phy are associated with closed eddy circulations or with
boundary currents flowing along the ridge. Talley and
deSzoeke (1986) argued for the latter on the basis of
water mass properties.

A renewed interest in the NHRC has emerged in re-
cent years. Based on four densely spaced XBT surveys
northeast of the Hawaiian Islands, Price et al. (1994)
showed that the flow along the Hawaiian Ridge is dom-
inated by an energetic field of mesoscale eddies, with
no clear evidence for a steady ridge current. A similar
conclusion is also reached by Bingham (1997) in his
analysis of high-resolution XBT sections from Honolulu
to San Fransisco; of eight available sections, only two
indicated the northwestward flow along the Hawaiian
Islands. Interpreting dynamic slopes from individual
XBT transects, however, requires caution. Using re-
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FiG. 1. Bottom topography in the vicinity of the Hawaiian Ridge (based on NOAA's ETOPOS
dataset). Dashed contours denote the 2000-m and 4000-m isobaths, and solid contours, the 500-m
isobaths. The Hawaiian Islands include (denoted in the map from west to east) the islands of
Kauai, Oahu, Molokai, Maui, and Hawaii (a.k.a. the Big Island). The solid line north of Oahu

denotes the ADCP transect of the HOT cruises.

peated hydrographic casts obtained at station ALOHA
(22°45'N, 158°0' W) from the Hawaii Ocean Time-series
(HOT) cruises, Chiswell (1994) showed that within a
36-hour time period, the near-surface dynamic height
values can vary up to 8 dyn cm due to energetic internal
tides. This value is about 30% of the annual range of
the dynamic height values at this station. Chiswell’s
result demonstrates that long-term averaging of obser-
vational data are needed in order to avoid aliasing by
the internal tide signals.

One long-term observation that reveals the NHRC
existing as a mean current is recently made by Firing
(1996) based on repeated shipboard ADCP measure-
ments from 32 HOT cruises over a 5-yr period (see Fig.

U TR NN R T EE I EEEESS B

(haaa

1500
1000

500

L 1 AL BB

-500

—1000

—-1500

NI WA S B

BRI AL L L

T T
28°N

d | -‘:I A L I': ke ;
22°N 23N 24°N 25°N

-2000 —
218

27°N 28°N 29°N

FIG. 2. Height profile (in meters) of the Hawaiian Ridge as a func-
tion of latitude from 20.5° to 29.0°N. Here the height is defined as
the highest point along the ridge. The dashed line at 300-400 m
indicates the typical thermocline depth in this region.

1 for the location of the repeat section). Figure 3 shows
the vertical profile of the averaged alongridge velocity
profile from the ADCP measurements. The mean NHRC
has a maximum core of 0.16 m s~! and its magnitude
decreases significantly at 280 m, the level of the regional
sharp thermocline. The northwestward transport across
this section (down to 340 m) is 3.24 Sv (Sv = 10° m’
s~1) and the alongsection transport is 0.42 Sv shoreward.
As from the XBT observations, the velocity vectors
from the individual cruises are usually very noisy, ob-
scuring the presence of the mean NHRC (Firing 1996).

An early attempt to explain the existence of the
NHRC, as we noted above, was put forth by Mysak and
Magaard (1983). Using the potential vorticity equation,
they showed that baroclinic planetary waves, with west-
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FiG. 3. Cross-track velocity profile averaged from E. Firing’s 5-year
ADCP measurements (1988-93). The transect is located north of the
island of Oahu, as indicated in Fig. 1. Positive velocity represents
northwestward flow. Numbers of independent measurements used in
deriving this profile are 50-70 above the 250-m depth but decrease
to 10-20 at the 340-m depth.
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ward propagating energy, would reflect on the northeast
side of the ridge, rectify with short reflected Rossby
waves, and give rise to a mean transport, in the form
of bands of currents flowing in alternate directions par-
allel to the ridge. This theory was later extended by Oh
and Magaard (1984) to include the effect of lateral fric-
tion and by Graef and Magaard (1994) to include higher-
order nonlinear effects. In all these theoretical studies,
the ridge has been assumed to extend above the sea
surface and to be infinitely long. As most of the Ha-
waiian Ridge, as we noted in Fig. 2, exists below the
permanent thermocline, the validity of this theory of
wave interaction in explaining the presence of the
NHRC needs further investigation.

White and Walker (1985), on the other hand, postu-
lated that the Hawaiian Ridge provides a western bound-
ary for the eastern Pacific basin, which intercepts the
wind-driven circulation by forming western-boundary-
current-like flows along its northern side. As the focus
of their study was on the ridge’s influence upon the
western North Pacific, they provided no discussion to
substantiate this postulation.

Our present study has two objectives. The first ob-
jective is to clarify the horizontal pattern of the mean
NHRC through analysis of available surface drifter data.
Although many of the measurements mentioned above
detected the NHRC along several cross-ridge sections,
a comprehensive picture of the mean NHRC, such as
where it originates, how coherent it is along the Ha-
waiian Ridge, and where it terminates, is still lacking.
Such a picture, as we will show in subsequent sections,
is crucial to verifying the formation mechanism for the
NHRC proposed in this study. The second objective of
this study is to understand the formation mechanism of
the mean NHRC. By carrying out a series of numerical
experiments, we will address questions of what deter-
mines the transport of the mean NHRC and how im-
portant the incident planetary waves are in forming the
mean NHRC.

It is worth emphasizing that the interaction between
the large-scale ocean circulation and the isolated islands
is not unique to the Hawaiian Islands. New Zealand in
the South Pacific Ocean and Madagascar in the Indian
Ocean are other locations where this interaction is likely
to be important. Thus, a solid understanding of the
NHRC in the North Pacific Ocean will help to shed light
on how this interaction works in the other oceans as
well.

The presentation of this study is organized as follows.
In section 2, we will start with a brief description of
the analysis of surface drifter data. This is followed by
the presentation of a detailed horizontal picture of the
mean circulation around the Hawaiian Islands. Section
3 describes the North Pacific model used in this study.
Details of the model results will be presented in section
4, with their verification being made through compar-
isons with available observations. In section 5, we pro-
pose a formation mechanism for the NHRC within a
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simple theoretical framework. This mechanism is found
to be consistent with the available observations and the
model results. We will summarize the results from the
present study in section 6.

2. Analysis of surface drifter data

As part of the WOCE Surface Velocity Program and
NOAA the Pelagic Fisheries Research Program, a large
number of surface drifters were deployed in the tropical
and subtropical Pacific Ocean (Niiler et al. 1995). These
Lagrangian drifters consist of a fiberglass surface float
containing a satellite (ARGOS) transmitter, a subsurface
float, and a drogue of diameter 1 m and length 7 m,
centered at 15-m depth. In this study, we compiled all
available satellite fixes in the region from 10° to 30°N,
180° to 130°W (see Fig. 4).

Quality evaluation of the fixes was performed using
the two-step scheme described by Hansen and Poulain
(1996) in which raw velocities are calculated by finite
differencing between each fix and ““bad” values are de-
fined as those outside a predetermined range. For our
study, we flagged fixes as ‘‘bad,”” which resulted in a
velocity beyond four standard deviations from the me-
dian. Following this quality check procedure, the irreg-
ularly spaced fixes were interpolated to 1/4-day intervals
using the kriging method (Hansen and Herman 1989).
A detailed description on applying this method to our
drifter dataset is included in the appendix.

The set of interpolated positions in the Hawaiian Is-
land region spanned the period from 1986 to 1996 and
contained a total of 165.7 drifter-years. Currents half-
way between each pair of positions were estimated by
finite differencing. The mean and variance of the cur-
rents were then calculated on a 0.5° by 0.5° grid, with
all observations equally weighted in a smoothing win-
dow of size 3° zonally by 1° meridionally centered at
each grid point. To reduce the noise in poorly sampled
areas, currents were not estimated at grid points where
less than 100 drifter-days of data fell within the smooth-
ing window. Mean currents were also not estimated
where the median zonal and meridional currents were
not significantly different from zero at the 90% confi-
dence level, assuming a Student’s ¢ distribution to the
drifter-derived velocities.

Figure 5 shows the drifter-derived mean flow field.
Currents exceeding 0.25 m s~' are found in the North
Equatorial Current (NEC) south of the Hawaiian Islands.
At 13°N, the average speed of the NEC is 0.17 m s™.
Between 18° and 22°N, the NEC is strongly influenced
by the Hawaiian Islands. In this region, southwestward
propagating anticyclonic eddies, clearly visible in in-
dividual drifter tracks, intensify the NEC and increase
the variance (Mitchum 1995). In the lee of the islands,
two elongated gyres appear, separated by a countercur-
rent at 19°N extending from 170° to 158°W, which we
call the Hawaiian Lee Counter Current (HLCC). By
inspecting individual drifter tracks, this cyclonic/anti-






