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ABSTRACT

Mesoscale features of the time mean flow for the Hawaiian Islands region are exam-
ined using a series of four 1/16° numerical simulations of the Pacific Ocean north of
20°S. Emphasis is placed on the North Hawaiian Ridge Current (NHRC), which the
numerical simulation depicts as a robust surface trapped feature of the mean flow in
the central Pacific Ocean. The NHRC manifests from a northern branch of the North
Equatorial Current (NEC). Upon impinging on the island of Hawaii, the northern
branch of the NEC bifurcates near 20°N separating into two main pathways north
and south of Hawaii. In the most realistic simulation, 4.5 Sv flows south of Hawaii
and joins the southern branch of the NEC, forming the southern boundary of the
subtropical gyre. The remaining 6.0 Sv forms the 100 Am wide NHRC. The NHRC
begins at the bifurcation point of the northern branch of the NEC, leaks 2.0 Sv
through the Alenuihaha channel to the lee of the islands, and continues along the
Hawaiian Island chain until it reaches Kaual. Past Kauai, the flow veers westward
towards the western boundary of the Pacific Ocean basin. The NHRC width scale
is consistent with that of an inertial boundary layer. The effects of Ekman pump-
ing/suction, vertical mixing, and the meridional overturning cell on the mean flow
are negligible. Averaged over the upper 1 km, the location of the northern branch of
the NEC bifurcation and the mean strength of the NHRC exhibit responses to upper
ocean-topographic coupling. Abyssal currents steer upper ocean currents resulting in
a northward migration of the bifurcation and enhanced transport north of Hawalii.

However, the upper ocean-topographic coupling is not evident in the upper layer cur-

a northward migration of the bifurcation and enhanced transport north of Hawalii.
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rents. Additionally, comparisons of numerical simulations with the islands and with

the islands removed reveals a direct impact of the islands on the regional wind field.
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1. INTRODUCTION

The existence and dynamics of a northwestward flowing current along the Hawaiian
Islands, the North Hawaiian Ridge Current (NHRC), has been a topic of research
since the early 1980’s. Mysak and Magaard (1983) excited initial interest in the
existence of such a boundary current by theorizing the interaction between baroclinic
Rossby waves and island ridges could produce narrow boundary currents. Whate
(1983) furthered this idea by noting the existence of such a boundary current in XBT
data in the vicinity of the Hawaiian Islands. The work of Mysak and Magaard (1983)
has been extended to include the effects of lateral friction (Oh and Magaard 1984)
and higher order nonlinear effects (Graef and Magaard 1994). The work has been
substantiated by it’s reasonable agreement with observations (Sun et al. 1988, Graef
and Magaard 1994), but Price et al. (1994) failed to provide evidence for the existence
of the NHRC in AXBT and AVHRR data.

More recently, the NHRC has been found in the long term mean circulation in
the region (Firing 1996, Qiu et al. 1997, Bingham 1998), but with high variability
and frequent interruptions. However, the dynamics leading up to the existence of
the current remain an unanswered question. Aside from the interaction of the ridge
with westward propagating Rosshy waves (Mysak and Magaard 1983, Oh and Maga-
ard 1984, Graef and Magaard 1994), there are two other hypotheses suggesting the
formation of the NHRC (Qiu et al. 1997, Bingham 1998).

One hypothesis suggests that the NHRC is a western boundary current for the
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One hypothesis suggests that the NHRC is a western boundary current for the

eastern Pacific Ocean subtropical gyre. Qiu et al. (1997) have examined the North



Hawaiian Ridge Current (NHRC) using available surface drifter data, a 2.5 layer

reduced gravity model of the North Pacific tropical and subtropical oceans, and by
applying the “Island Rule” (Godfrey 1989). Their work, along with the work of others
(Whate 1983, Talley and DeSzoeke 1986, Firing 1996, Munch 1996), provides clear
evidence for the existence of the NHRC. The use of the “Island Rule” and the reduced
gravity model provides information regarding the leading order dynamics associated
with the NHRC. Quu et al. (1997) suggest the NHRC to be an artifact of the mean
wind forcing in which the NHRC balances a mismatch between the interior Sverdrup
transport and the net southward transport of the gyre. Further, Quu et al. (1997)
indicate the improbability of the NHRC owing its presence to westward propagating,
baroclinic Rossby waves as suggested by Mysak and Magaard (1983).

Another hypothesis purports the NHRC to be a manifestation of a forking of the
North Equatorial Current (NEC) (Bingham 1998). A series of 227 drifters were
examined over a five year period from 1988-1992 to produce a distinct image of
the NHRC. Bingham (1998) concludes, in agreement with Firing (1996), that the
Reynolds stress dependent theory of Mysak and Magaard _(1983) may be an inadequate
explanation for the existence of the NHRC. Further, Bingham (1998) suggests that
although the NHRC exists in the long term mean, it is a highly variable structure
with dynamics that are not easily understood.

Clearly, the dynamics behind the formation of the NHRC are still not completely
understood. It is the focus of the current research to examine the dynamics of the
NHRC by utilizing a high resolution numerical ocean model. Unlike the limited area
model used by Qi et al. (1997), the model encompasses the Pacific Ocean basin north
of 20°N and includes the barotropic mode. Model results provide evidence suggesting

the NHRC to be a manifestation of a northern branch of the NEC. Upon reaching

of 20°N and includes the barotropic mode. Model results provide evidence suggesting
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Hawaii, the NEC splits into two main pathways with flow traveling south of Hawaii
to join the southern branch of the NEC and north of Hawaii forming the NHRC.
Time dependent fluctuations of the NHRC are not considered except in relation to
the mean flow.

This thesis is organized as follows. Section 2 describes the model and the exper-
iment design. Section 3 discusses the results of the model simulations, including a
comparison with observations, a stream fuuction analysis describing the pathways of
the flow, a breakdown of the flow through the Alenuihaha Channel and the predom-
inant width scale of the NHRC, the attenuated effects of Ekman pumping/suction,
effects of the islands on the wind field, and the influence of topography on the trans-
port of the NHRC. Finally, the conclusions of the study will be summarized in section

4.



2. MODEL AND EXPERIMENTS

2.1 The Model

The Naval Research Laboratory Layered Ocean Model (NLOM) is utilized. The
model is a primitive equation layered ocean model that is a descendent of the model
by Hurlburt and Thompson (1980) with enhanced processing and capability ( Wallcraft
1991). The vertically integrated equations used in the current version of the NLOM

n-layer, finite depth, hydrodynamic model are:

v . 4 S n
—a—;‘ + (V . Vk + V}; : V)JA + kaVk — -—/lk ZleV(hl - H[) + (1)
1=1
M + maz (0, —wy_1)vp_1 — [maz(0,wi_)) + maz(0, —wy)|vy +
Po

7'11(11’(0, wk)z);\.ﬂ + TTL(ZCC(O, ~C'Mw;\._1)('vk_1 — Uk) + AHVQVk

Ohy. .
”ét-kJrV'Vk:wk*wkq ' (2)

where, & = 1..n when referring to layers, and & = 0...n when referring to interfaces
between layers with & = 0 at the surface.

An explanation of the parameters and notation used here is given in the appendix.
The model has no-slip and kinematic boundary conditions and is solved on a C-grid
(Messinger and Arakowa 1976) using a semi-implicit scheme for the finite depth
simulations, and an explicit scheme for the reduced gravity experiments. The model
includes a free surface and the barotropic mode. A more detailed description of the

model is given by Wallcraft (1991).

includes a free surface and the barotropic mode. A more detailed description of the

model is given by Wallcraft (1991).



Although the versions of tlie model used here are purely hydrodynamic, ther-
modynamic versions exist (Metzger et al. 1992, Metzger and Hurlburt 1996). In
the hydrodynamic version of the model, thermal forcing and steric anomalies arising
from seasonal heating and cooling are neglected. The model does allow the interfaces
between model layers to ventilate (isopycnal outcropping).

Isopycnal outcropping occurs when diapycnal mixing is active and the layer thick-
ness (hy) is less than the layer thickness at which entrainment begins (hy "), i.e. when
he < hi". Non-positive layer thickness is prevented by entraining water from a layer
below a region of outcropping at a rate necessary to maintain positive layer thickness.
In this hydromixing process ( Wallcraft 1991), momentum and mass are mixed while
the density structure remains unchanged.

Mass is conserved within the layers. This is achieved by balancing the accu-
mulation of entrained mass into a region of outcropping by a detrainment of mass
elsewhere in the model domain, or via ports in the mocdel boundary. For a more
thorough description of the model entrainment/detrainment scheme see Shriver and
Hurlburt (1997).

The finite depth simulations with realistic bottom topography utilized a modi-
fied version of the 1/12° ETOP05 (NOAA 1986) bottom topography with extensive
corrections to the Hawaiian Islands geometry (figure 1). The ETOPO05 data set was
interpolated to the model grid and twice smoothed using a 9-point smoother. The
smoothing is designed to reduce energy generation at smaller scales which are poorly
resolved by the model.

The maximum depth of the model is 6500 in. In the finite depth simulations,
seamounts and other rough bottom topography are confined to the lowest layer. As a

result, numerical difficulties arising when moving interfaces and sloping topography

seamounts and other rough bottom topography are confined to the lowest layer. As a

result, numerical difficulties arising when moving interfaces and sloping topography



Hawaiian Islands Topography

Traniel

160W [55W

Figure 1: 1/16° model topography of the Hawaiian Islands and major channels. The topography
is a modified version of the 1/12° ETOP05 (NOAA 1986) bottom topography.

intersect are removed (Hurlburt and Thompson 1980). The two primary reasons for
including topographic features are to force the lowest layer (abyssal) flow to follow the
f/h contours and to regulate baroclinic instability. The confinement of topography
to the lowest layer has negligible effect on these. Additionally, flow through straits
and shallow sills is constrained to small values below the sill depth.

The model includes realistic coastline geometry with extensive modifications to

the Hawaiian Islands compared to ETOP05. The 200 m isobath is used to determine
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the Hawaiian Islands compared to ETOP05. The 200 m isobath is used to determine

the model boundary and represents the shelf break as well as the minimum depth in



the model. The only exceptions to this are regions where shallower depths are needed
to connect semi-enclosed seas to the Pacific Ocean (e.g. the Tsugaru, Tsushima and
Soya Straits connecting the Sea of Japan to the Pacific Ocean).

The model domain is the Pacific Ocean from 20°S to 62°N and 109.125°E to
77.203135°W with a horizontal resolution of 1/16°x45/512° (latitude x longitudle,
hereafter referred to as 1/16°). Since the model boundaries at 20°S and Indonesia
are treated as closed, there is no Indonesian throughflow and no contribution from
the global thermohaline circulation. This reduces the vertical mixing between lower
layers and allows separate calculation of a transport streamn function over the upper

ocean (upper 1 km) and the abyssal layer.

2.2 Experimental Design

Two configurations of the hydrodynamic model are utilized in this study: 1.5 layer

linear reduced gravity and six-layer non-linear finite depth with realistic topography.
The linear reduced gravity configuration is used to provide a base case identifying
the leading order dynamics associated with the first baroclinic mode, mainly interior
Sverdrup (1947) flow with Munk (1950) style viscous western boundary layers. The
six-layer finite depth version then adds dynamics associated with non-linearity, the
higher baroclinic modes, the barotropic mode, vertical mixing, and the effects of bot-
tom topography. These dynamics include inertial jets, flow instabilities, topographic
steering of currents, isopycnal outcropping, and closed circulations in the vertical.
The only forcing in the simulations used here are the winds. There are no thermal
ocean data assimilated in the model except that the density of the model layers are
chosen to be consistent with the Lewvitus (1982) oceanic climatology. The simulations

were spun up from rest to statistical equilibrium at progressively higher resolution
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were spun up from rest to statistical equilibrium at progressively higher resolution

using the Hellerman and Rosenstein (1983) (HR) monthly mean wind stress clima-



tology. Summaries of the experiments and mocdel parameters used in this thesis are

given in tables 1 and 2.

2.3 Model Phenomenology

A discussion of the model results at the basin-scale is essential to uncderstand the
dynamics of the Hawaiian circulation. Most of the basic features of the near surface

circulation are present in all of the simulations. Detailed comparisons of the modeled

Table 1: Pacific Ocean simulations north of 20°S. * A horizontal grid resolution of
1/16° (1/16° in latitude by 45/512° in longitude) is used for each prognostic variable.
Simulations RG'1 and RG2 have 2 layers in the vertical with the lowest layer being
infinitely deep and quiescent (commonly referred to as 1.5 layers). Simulations N L1
and NL2 have 6 layers in the vertical and realistic bottom topography. The 200 m
isobath near the shelf break is used as the model boundary in most locations and is the
shallowest topography in the model domain. The topography reaches a maximum of
6500 m and is multiplied by 0.8 to confine it to the lowest layer. " A is the coefficient
of isopycnal eddy viscosity. © The seasonal wind forcing is provided by the Hellerman
and Rosenstein (1983) (HR) monthly wind stress climatology. ¢ Simulation NL1 is
an extension of an existing 1/16° simulation. Simulation RG1 is an extension of a
comparable 1/8° simulation. Simulations NL2 and RG2 are extensions of VL1 and
RG1 respectively with the Hawaiian Islands removed. All simulations are spun-up to
near statistical equilibrium. ¢ See table 2 for additional information regarding fixed
parameters.

Simulation® | AP Wind¢ Years? Comments®
m?s! | forcing
RG1 30 Monthly | 110 — 125 | 1.5 Layer, linear, reduced gravity,
Winds reduced by a factor of 100.
RG2 30 Monthly | 160 — 173 | 1.5 Layer, linear, reduced gravity,

Winds reduced by a factor of 100,
Hawaiian Islands removed.

NL1 30 Monthly | 178 — 183 | 6-layer, nonlinear, finite depth.
NL2 30 Monthly | 184 — 193 | 6-layer, nonlinear, finite depth.
Hawaiian Islands removed.

Nz QU
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Table 2: Additional parameters used in simulations VL1 and NL2.

‘ Parameter ‘ Definition | Value
Ch Bottom Drag Coefficient 2%x1073 |
Ch kth interfacial stress coeflicient 0
| g Gravitational acceleration 9.80 m 51
h Thickness of layer k at which | 50 m (b =1,2)
entrainment begins 40m (k=3 -0)
hy Thickness of laver k at which Unused by setting
non-compensating detrainment begins | to a large value
pri1 — pre | Stratification between layers 1.97 kg m=2 (h=1)
kand k+1 0.91 kg m=3 (k = 2)
0.35 kg m=> (k= 3)
0.21 kg m™> (k = 4)
| 0.38 kg m™* (k =5)
S¥  H; | Mean depth at base of layer & 135 m (k=1)
3)0 m (k= 2)
550 m (k= 3)
800 m (k=4)
1050 m (k = 5)
bottom (A = 6)
W) kth interface reference vertical 0.04 m s~*
mixing velocity

basin scale features with altimeter data are given by Hogan et al. (1992), Hurlburt
et al. (1992, 1996), Jacobs et al. (1996), and Mitchell et al. (1996). A brief review of
the basic large-scale model features will be discussed in the remainder of this section.
A more thorough discussion of the Pacific models is given by Hurlburt et al. (1996).
Model-data comparisons of the Hawaiian Islands circulation will be discussed later.
The negligible diapycnal mixing of mass between layers 5 and 6 in the model allow
for the calculation of a mean transport stream function over the top 5 layers of the

6-layer model. The mean transport stream functions for the 1/16° simulations exhibit

LUL LUE CALCUIGLION 0L & 1leall Tralsport streamn IUNCtlon over the top o layers of the
6-layer model. The mean transport stream functions for the 1/16° simulations exhibit

most of the basic, large-scale upper ocean features of the Pacific Ocean circulation.
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The strongly nonlinear simulation (figure 2) exhibits more sharply defined currents
and fronts due to the more inertial nature of the currents and the large amplitude
variations in interface depth. Using realistic geometry and winds, the linear simulation
(figure 3) is essentially the numerically calculated linear Munk (1950) solution with a
Sverdrup (1947) interior.

The circulation is dominated by two large features, the cyclonic subpolar gyre
and the anticyclonic subtropical gyre. Separating the two, at ~42-45"N| is the North
Pacific Current/subarctic front. The strongest part of the subtropical gyre is bounded
on the north by the Kuroshio Extension at ~34-35°N and on the south by a northern
branch of the North Equatorial Current (NEC) at ~10-18°N. Part of the northern
branch of the NEC is diverted southward at Hawaii, joins the southern branch of
the NEC, and extends to the western boundary bifurcating at ~14°N to form the
northward Kuroshio and the southward Mindanao Current. The Kuroshio is the
western boundary current of the subtropical gyre, while the Mindanao Current is the
western boundary current of the northern tropical gyre. The northern tropical gyre is
bounded on the north by the NEC and on the south by the North Equatorial Counter
Current (NECC) at ~5-7°N. Between the NEC and NECC, the center of the northern
tropical gyre exhibits a broad region of weak northward flow.

The multi-layered design and vertical mixing capabilities of the 6-layer model
allow for the formation of an eastward Equatorial Undercurrent (EUC) (centered on
the equator) and westward South Equatorial Current (SEC) (centered at ~2°S) in
layers 1 and 2 respectively (not shown). However, the EUC is manifested in the
stream function for the nonlinear model as eastward flow along the equator which
is not present in the linear model which doesn’t reproduce the EUC. Further south,

at ~7-9°S, the eastward South Equatorial Counter Current (SECC) shows up. The

is not present in the linear model which doesn’t reproduce the EUC. Further south,

at ~7-9°S, the eastward South Equatorial Counter Current (SECC) shows up. The
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SECC is much weaker than the NECC and is confined west of the date line in the

nonlinear stiimulation.
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3. RESULTS

3.1 Model Data Comparisons

The numerically calculated flow field (figure 4) compares extremely well with obser-

vations. The modeled velocity of the NHRC (~ 10-15 cm s~ ') is in close agreement

170W 165V 160V . 155W 150W

Figure 4: NL1 upper layer current vectors superimposed on the mean u velocity (color shading).
Note the zonality of the incoming flow, the existence of the North Hawaiian Ridge Current, and the
flow reversal in the lee of the islands, the Hawaiian Lee Counter Current. Units are m s~!. Contour
intervals are given along the right side of the figure. Vector magnitudes are denoted by the arrow
on the top right.

INOTE Tne zonallty oI the 1ncoming now, the existence ot the INorth Hawanan Kidge Current, and the
flow reversal in the lee of the islands, the Hawaiian Lee Counter Current. Units are m s~!. Contour
intervals are given along the right side of the figure. Vector magnitudes are denoted by the arrow
on the top right.
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with velocities obtained from both drifters (~ 15 ¢m s7!, figure 5) and from acoustic
Doppler current profiler (ADCP) measurements (~ 10 em s ', Firing (1996)). Con-
currently, the modeled width of the mean NHRC resembles that obtained from both
ADCP (Firing 1996) and large scale drifter data (Qiu et al. (1997) figure 6). Each
produces a mean NHRC with a width of ~ 100 km. The weakness of the flow field
north of the NHRC is evident in the modeled flow as well as the data. Additionally,
the model adequately represents the flow reversal seen in the lee of the Hawaiian
Islands, the Hawaiian Lee Counter Current (HLCC).

On the basin scale, the model replicates the northward displacement of the sub-
tropical gyre with depth discussed by Wyrtki (1974) (figure 7). Thus, the subtropical
gyre impacts the Hawaiian Islands in the upper most layers of model, while providing
less impact with increasing depth. This produces a unique situation for the flow in the
Hawaiian Islands region which has the subtropical gyre dominating the upper ocean
flow structure and the bottom topography dominating the flow structure below a few

hundred meters depth. This will be discussed in more detail in section 3.6.

3.2 Stream Function Analysis

Cross isopycnal mixing between layers 5 and 6 in the nonlinear, 6-layer, finite depth
simulation (hereafter NL1) is negligible. As such, an upper ocean (layers 1-5) trans-
port stream function can be calculated. Comparisons can then be made with the
linear reduced gravity simulation (hereafter RG1). The dynamics of the linear model
are essentially those of the Munk (1950) viscous western boundary layer with a Sver-
drup (1947) interior, which have been numerically calculated using realistic geometry
and wind forcing. Deviations between NL1 and RG1 are explainable by higher order

dynamics added in NL1. Stream functions for NL1 and RG1 are presented together

few Leiieen O o e m it mi e m e e eesmanswan wy aeageeva e A

dynamics added in NL1. Stream functions for NL1 and RG1 are presented together

in figure 8.
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On the regional scale (bottom panel of figure 8) a broad band of westward flow
(spanning approximately 18°-22°N) at 150°W is seen heading towards Hawaii. This

flow represents the northern branch of the North Equatorial Current (NEC) stemming

23N

22N

21N

20N

19N

13N 5 —— e = .
170W 165W 160W 155W 1S0W

Figure 8: NLI upper ocean (~ 1 km) transport stream function (black contowrs) and RG1
transport stream function (red contours). Contour values are in Sverdrups (Sv), where 1 Sv =
10%m3s~1. Contour interval is 0.5 Sv.

Figure 8: NLI1 upper ocean (~ 1 km) transport stream function (black contours) and RG1
transport stream function (red contours). Contour values are in Sverdrups (Sv), where 1 Sv =
10%m3s~1. Contour interval is 0.5 Sv.



from the subtropical gyre. Upon impinging on Hawaii, the NEC bifurcates at 20.3°N
to form two main pathways, one north of the Hawaiian Islands, the other south of
the Hawaiian Islands.

The domain of influence of the incoming flow is taken to range from 18.5°N to
21.5°N. This corresponds to the 4 Sv (4 Sv) and 14.5 Sv (14.7 Sv) streamlines for
NL1 (RG1). The domain choice was made so that the incoming flow is essentially
the same in both the linear and non-linear simulations. A more rigorous examination
using boundary layer scaling can be made, but the results are analogous. Even with
the convenient domain definition, discrepancies in the pathways of the flow exist. A
breakdown of the incoming flow and pathways is given in table 3.

The transport south of Hawaii (4.5 Sw) is reduced in NL1 compared with RG1
(5.5 Sv). The excess flow is diverted northward by a ridge in the streamline. This
featured will be discussed in more detail in section 3.6. Once past the Hawaiian
Islands, the transport south of Hawaii continues westward and eventually joins the
southern branch of the NEC associated with the boundary between the subtropical
and northern tropical gyres (figure 2).

From a dynamical and modeling perspective, the flow branching north at Hawaii
has two options, either it can pass through the Alenuihaha Channel (hereafter CHA)
between Hawaii and Maui (see figure 1), or it can continue along the island chain as
part of the NHRC. This is significant because the transport stream function analysis
indicates that some of the flow passes through the Alenuihaha Channel. However,
vector arrow plots of the mean current (figure 4) indicate a continuous NHRC begin-
ning at the NEC bifurcation point and continuing past Kauai. As such, the NHRC
will be considered to begin at the NEC bifurcation point.

The NHRC is stronger in NL1 (4.0 Sv) than in RG1 (2.5 Sw). Approximately

will be considered to begin at the NEC bifurcation point.

The NHRC is stronger in NL1 (4.0 Sv) than in RG1 (2.5 Sv). Approximately
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66% of this difference is accounted for by more flow passing north of Hawaii and
less flowing south of Hawaii at the NEC bifurcation point. The remaining increase
is due to a reduction of flow through CHA in NLI1 (2.0 Sv) compared with RG1
(2.7 Sw). This allows for an additional 0.7 Sv to continue on with the NHRC towards
Kauai. A simple theoretical explanation for the decrease in transport through CHA
will be explained in the following section. Additionally, it should be noted that 1.2 Sv
(0.8 Swv) passes through the I{aiwi (between Molokai and Oahu) and Kaual (between

Oahu and Kauai) channels in NL1 (RG1), with most of the flow passing through the

Table 3: Breakdown and transport of the incoming flow.

in Sverdrups (1 Sv = 10%m3s™1).

Transport values are given

South of Hawaii (SOH)
: Streamfunction (Sv) | Trausport (Sv)
Locat
ocation Nonlinear | Linear | Nonlinear | Linear
Current Southern Boundary 4.0 4.0 45 55
South Coast 8.5 9.5 ' '
| Alenuihaha Channel (CHA)
: Streamfunction (Sv) | Transport (Sv)
Locat : ’
ecation Nonlinear | Linear | Nonlinear | Linear
South 8.5 9.5
2.0 2.
North 10.5 12.2 7
North Hawaiian Ridge Current (NHRC) North of CHA
Location Streamfunction (Sv) | Transport (Sv)
" ' Nonlinear | Linear | Nonlinear | Linear
At Coast 10.5 12.2 10 9 5
Off Shore 14.5 14.7
| Total (SOH+CHA+NHRC) | | | 105 [ 107
Kauai + Kaiwi Channels
: Streamfunction (Sv) | Transport (Sv)
Locat
oeation Nonlinear | Linear | Nonlinear | Linear
South 10.5 12.2
North 11.7 13.0 1.2 0.8
| Nonlinear | Linear | Nonlinear | Linear
South 10.5 12.2 '
1. .
North 11.7 13.0 2 0.8
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latter.

3.3 Alenuihaha Channel Flow

As mentioned in the previous section, the flow through CHA is reduced substantially
(by ~ 26%) in NL1 when compared with RG1. At the same time, the NHRC is
broadened in NL1 compared to RG1. A simple boundary layver scaling analysis will
shed light on the transport discrepancy in CHA while simultaneously discussing the
NHRC broadening exhibited in NL1.

NL1 is dominated by an inertial boundary layer scaling, L;, while RG1 is domi-
nated by a frictional (Munk 1950) boundary layer scale, L,;. Both boundary layer

scales depend on the f-effect as follows:

27 AHl
Ly = = (=513
v =550 (3)

Ve
L;= (55)1/2

where, V. and Ay represent the velocity at the core of the current in question, and the
coefficient of horizontal viscosity respectively. Fy represents the variation in coriolis
parameter ([-effect) for a given latitude, 8y. Taking the mean latitude of the NHRC
to be 21.5°N, By ~ 2.1x 107 mtsL.

In order to have a dynamically relevant value of 3y for our purposes, the angle

of the Hawaiian Ridge relative to true north must be taken into account. Following

Hurlburt and Thompson (1984), By can be divided into:
[ = [osina (4)
By = 3 cos a,

where 3, B,, and « represent the across ridge component of 3y, the along ridge

component of f, and angle of the ridge counter-clockwise of true north (90°N) re-

where [, 3,, and « represent the across ridge component of 3, the along ridge
component of 3y, and angle of the ridge counter-clockwise of true north (90°N) re-

spectively.
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Since we are interested in the boundary layer width scale, the appropriate choice
of 3 corresponds to the along ridge component of /3, or i,. Choosing a representa-
tive angle of 60° for «, the variation in coriolis becomes, 4, >~ 1.05x 107 m~'s™1
The velocity at the core of the NHRC is roughly 15 ¢m s~! while the coefficient of

', corresponding to boundary layer width scales of

horizontal viscosity is 30 m? s~
Ly ~ 120 km and Lja; >~ 51 km respectively. Clearly, the inertial boundary layer
width scale is much greater than the frictional boundary layer width scale.

Using the 14.5 Sv (14.25 Sv, not shown) streamfunction from figure 8 as an outer
bounds for the boundary layer width for NL1 (RG1) reveals boundary layer scales
of ~ 115 &m and ~ 50 km for the nonlinear and linear simulations respectively.
The modeled boundary layer width scales and theoretical scales agree extremely well.
Like the theory, the inertial boundary layer width associated with the nonlinear model
is much greater than the frictional boundary layer width of the linear model. The
quantitative agreement between model and theoretical boundary layers width scales
suggests a definitive conclusion regarding the spreading of the NHRC, namely, that
the width of the NHRC is dictated by the inertial boundary layer scale.

Another possible explanation for the NHRC spreading is the occurrence of pref-
erential eddies, anticyclonic or cyclonic, in the vicinity of the NHRC. Cyclonic (anti-
cyclonic) eddies of the same diameter tend to widen (narrow) the NHRC. However,
snapshots of the time dependent flow (two of which are shown in figure 9) do not
indicate the preference of either anticyclonic or cyclonic eddies in the vicinity of the
NHRC. Thus, it is unlikely that eddy diameters of cyclonic eddies or eddy radii of
anticyclonic eddies are setting the width scale of the NHRC.

The snapshots of the time dependent flow (figure 9) also indicate the fact that the

NHRC is not a spatially and temporally continuously defined current. The amplitude

The snapshots of the time dependent flow (figure 9) also indicate the fact that the

NHRC is not a spatially and temporally continuously defined current. The amplitude
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and variability of the flow field is on the order of the NHRC magnitude. As such, the
NHRC may be interrupted or even reversed at times. Thus, nonlinear interactions in
the flow field must be accounted for when discussing the dynamics of the NHRC.

The boundary layer scaling analysis can also be used to explain why the flow
through CHA is reduced in NL1. The Alenuihaha Channel is ~ 37 Am wide in the
model. Offshore of the island of Hawaii, all of the contours contained within 37 Amn of
the coastline flow through the channel, capturing virtually all of the NHRC transport
south of the northern edge of the channel. In NL1, the incoming stream function is
nearly parallel to CHA and the stream function contours within the latitude range
of the channel pass through it. However, because the NHRC is greater than 2 times
wider in NL1, the transport stream function contours are farther apart than in RG1
and as a result, the transport through CHA is reduced and the NHRC transport to
the north is increased in NL1.

This is a very simple explanation for the reduction in flow through CHA. In order
to better understand the phenomenon, it is necessary to examine (1) the influence of
the viscous and inertial westward bending space scales for free jets with a meridional
component separating from a coastline, and (2) the effect of any quadratic hydraulic
flow arising from a pressure head in the channel.

For a northward or southward flowing current, there will be a space scale on which
the flow will begin to bend westward. This westward bending space scale depends on
the boundary layer scale set by the model. A westward current will have a minimum
westward bending space scale, while an eastward flowing current will have a maximum
bending space scale. The westward bending space scales for NL1 (denoted as b;) and

RG1 (bps) can be approximated by:

1 T I . NN =\

RG1 (bys) can be approximated by:
by = Ly (14 cosb) (5)
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bM = LM (1 + COs 9[), (6)

where, L; and L,; are the inertial and frictional boundary layer scales as previously
defined, and @, is the inflow angle (measured from the positive z-axis) of the core
of the current at the southernmost latitude of the Alenuihaha Channel, in this case
f; ~ 150", Numerical verification of the westward bending space scale can be found in
Hurlburt et al. (1996) (their figure 2(e)). Using the values of L; and L,; determined
above, the maximum penetration of the NHRC in the process of westward bending
after separating from the northeast coast of Hawaii is b; =~ 16 km anud by =~ 7 km
for the inertial and frictional boundary layer scales respectively.

Thus, upon reaching CHA, the flow will begin to bend westward and the core
of the current will only reacli the maximum northward penetration distance before
being completely diverted westward. This may be crucial in RG1 since some of the
flow passes along the coast of Hawaii before reaching CHA. However, the more zonal
approach of the NHRC to CHA in NL1 shows that the westward bending scale is not
a significant issue in determining the flow through the channel in NL1.

However, we need to consider the contributions from the linear geostrophic flow
and the quadratic hydraulic flow through CHA. Metzger and Hurlburt (1996) adapted
the theory of Mattsson (1995) to examine the relative contributions of the two flow
regimes to the flow through a strait in a 1.5-layer reduced gravity model. The specifics
of the calculation are left to the conscientious reader. Here, it suffices to say that
given the characteristic scales for CHA and the flow through it, the contribution from
linear geostrophic flow is at least an order of magnitude greater than that from the
quadratic hydraulic flow and thus, the transport through CHA is not significantly

reduced by a hydraulically induced pressure head.
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reduced by a hydraulically induced pressure head.

The magnitude of flow through CHA in NL1 is dependent upon the fact that a
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ridge in the streamline diverts the flow northward. This disallows the possibility of
the upper ocean (depth averaged) flow being affected by the westward bending space
scale. Instead, the reduction in transport through CHA (and subsequent NHRC
enhancement) crucially depends on the width of the NHRC in relation to the width
of CHA and the location and direction of the inflow in relation to the orientation of
CHA. The location and direction of the inflow are governed by the topography as will
be discussed in section 3.6.

Finally, the boundary layer analysis of flow through CHA can also be used to
investigate the increase in NHRC magnitucde from RG1 to NL1 in a very simple
fashion. An examination of table 3 sheds some light on the subject. The mass
transport budget indicates that 1 Sv extra transport is diverted north of Hawaii while
simultaneously the flow through CHA is reduced by 0.7 Sv in NL1. The difference,
1.7 Sv, matches the difference in NHRC strength between NL1 and RG1, 1.5 Sv, to

within 12%.
3.4 Ekman Flow

The direct wind forcing is limited to the topmost layer. However, the wind stress
can influence the subsurface flow through a pressure gradient set up by the Ekiman
pumping or suction at the base of the upper layer. The geographical location of the
Hawaiian Islands suggests that Ekman pumping associated with negative wind stress
curl over the subtropical gyre may produce a substantial contribution to the overall
flow. Therefore, it is necessary to examine the relative contribution from Ekiman
pumping/suction to the long term mean circulation (in this case, five years).

The most useful tool for understanding the contribution from Ekman pump-

ing/suction for the long term mean is the vorticity equation. The vorticity equation

B T T T e T e T e R et E N SR
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ing/suction for the long term mean is the vorticity equation. The vorticity equation
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for the reduced gravity model is:

S X Ou ov - T )
Bvv.overcr )+3u-—wV><( )+ Ay Vi, (7)
ot BJ h
where, ( = % — %Z is the relative vorticity, 7, the surface stress, 7; the interfacial

stress, and the remaining terms are as previously defined.

The vorticity equatiou represents the balance of vorticity sources and sinks (right
hand side of equation (7)) with the local time rate of change in relative vorticity
(first term, left hand side), the relative vorticity advection (second term, left hand
side), the stretching/compression of the fluid column (third term, left hand side),
the planetary vorticity advection (fourth term, left hand side), frictional effects in
the vertical including the wind forcing (first term, right hand side), and the lateral
dissipation by viscous friction (second term, right hand side).

The vortex stretching/compression response to changes in the wind stress curl is
known as Ekman pumping/suction. We can rewrite the vortex stretching term using

the continuity equation,

Ju  Ov 1 dh

I T - 8
dz * Jdy hdt (8)

Substituting equation (8) info equation (7), the vorticity equation becomes

a¢ Ldh | . 1o T
e A R (R SV

)+ AV, (9)

Viewing the vorticity equation in this form illuminates the relationship between Ek-
man pumping/suction and the wind stress curl, namely, that for a positive (negative)
wind stress curl, the layer thickness will decrease (increase).

During the spin-up process, changes in the wind and interfacial stresses produce

fluctuations in the layer thickness (as small perturbations in a linear model). Rossby

purig the spin-up process, changes m the wind and intertacial stresses produce
fluctuations in the layer thickness (as small perturbations in a linear model). Rossby

waves and Kelvin waves assist in the adjustment to a quasi-steady state as described

29



by Cane (1979). In a linear model, the end result is interior Sverdrup (1947) flow
with a Munk (1950) viscous western boundary layer represented by:

| —_— |
p )

Similar analysis holds true for the nonlinear, multi-layer results, except that as the
circulation reaches equilibrium, the Munk (1950) viscous western boundary layer is
replaced with an inertial boundary layer. For the long term mean, this is represented
by:

/ Ts — Ty

V-VC—(CJrf)K-V/z—%JV: EVX(i). (11)
h P h

Unlike the linear case which utilizes lateral diffusion, the advection of relative vorticity
plays a crucial role in maintaining the vorticity balance in the nonlinear model. Thus,
Ekman pumping/suction and Rossby waves are an adjustment process leading to
interior Sverdrup (1947) flow with an inertial (viscous) western boundary layer in
NL1 (RG1).

There are two main areas where strong diapycnal mixing occurs in the model, the
subpolar gyre and along the equator. The subpolar g).fre exhibits strong diapycnal
mixing as a result of intense Ekman suction occurring in the gyre. The equator, on
the other hand, exhibits strong diapycnal mixing as a consequence of the thermocline
tilting along the equator. In both cases, the diapycnal mixing transfers mass from
lower layers to upper layers.

Conservation of volume within a layer in the model requires the diapycnal mixing
occurring in the subpolar gyre and along the equator to be compensated by downward
diapycnal mixing elsewhere in the model domain. In some regions, this diapycnal mix-

ing can lead to large changes in the modeled circulation. Therefore, it is important to

cdiapycnal mixing elsewhere in the model domain. In some regions, this diapycnal mix-
ing can lead to large changes in the modeled circulation. Therefore, it is important to

examine the contribution to the flow resulting from diapycnal mixing for the Hawaiian
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Islands region. This is accomplished by examining the net transport of mass into/out
of each layer.

The transports through cach transect and their sums are given in table 4. The
transports are calculated by simming the U (V') transports across north-south (east-
west) transects for the eastern (TRE), southern (TRS), western (TRW), and northern
(TRN) sides of the box and mmnltiplying by the length of the side. The transports and
sums are calculated so that the transports are positive northward and eastward. The
transports are then summed so that the total transport into the box for each layer is
obtained.

A small amount of mass is transferred from layer 1 to layer 2 indicating that the
region participates in the meridional overturning circulation associated with diapycnal
mixing in the subpolar gyre and the equatorial region. Upward diapycnal mixing in
the subpolar gyre and along the equator results in an equatorward (poleward) flow
towards the subtropical gyre from the subpolar gyre (equator). The subtropical gyre

then compensates for the excess mass by mixing it to the layers below. Some of this

Table 4: Transports through transects north (TRN), south (TRS), east (TRE), and
west (TRW) of the Hawaiian Islands. Positive (negative) transports represent east-
ward and northward (westward and southward) flows. The net transport into the
boxed region is given by BOX = TRS+TRW —TRFE—TRN. Thus, a positive (neg-
ative) transport for the boxed region denotes an influx (outflux) of mass over the layer
for the boxed region. Transports are given in units of Sverdrups (1 Sv = 105m3s~1).

| Transect ‘ Layer 1 ‘ Layer 2 ‘ Layer 3 [ Layer 4J Layer 5 ’ Layer 6 ‘ TotM

TRE -0.38 -4.96 -1.26 -0.42 -0.01 0.48 | -11.55
TRS -1.69 -2.45 -0.44 -0.11 0.10 4.40 | -0.19
TRW -1.95 -2.50 -0.79 -0.29 -0.09 -5.62 | -11.25
TRN 1.60 0.22 0.04 0.01 -0.01 -1.75 0.11
BOX | 0.14 -0.21 -0.01 0.01 0.03 0.05 0.00
L RW -1.90 -2.0U -U.7Y -U.2Y -U.0Y -0.62 | -11.25
TRN 1.60 0.22 0.04 0.01 -0.01 -1.75 0.11
. BOX 0.14 -0.21 -0.01 0.01 0.03 0.05 0.00
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mixing occurs over the Hawaiian Islands region. The net effect of the mixing is fo
increase (decrease) the upper layer (layer 2) thickness in the vicinity of the Hawaiian
Islands. The effect is not large enough to greatly affect the circulation, but is a
noteworthy addition to the modeled dynamics of the circulation in the region.

For both the nonlinear and linear cases, Ekman pumping/suction plays a criti-
cal role in defining the dynamics of the bhasin scale circulation. On the short time
scales, Ekman pumping/suction provides a great deal of communication between the
surface and lower layers via diapycnal mixing. In the absence of layer outcropping in
the region, Ekman pumping/suction plays no direct role in the mean layer averaged
circulation, although it could be included in the long term mean by adding a thin
top layer (~ 40 m) with a fixed depth (Cane 1979). Therefore, the contributions to
NHRC dynamics arising from Ekman pumping/suction are important in establishing
the layer thicknesses and interface locations on the basin scale, and in time varying

flow, but are not a significant contributor to the dynamics of the mean NHRC.

3.5 Hawaiian Islands and Wind

An interesting side note gleaned from this research involves the effect the islands
have on the wind field. The wind stress curl and magnitude for the Hawaiian Islands
region are presented in figure 10. The results of RG1 are compared with results
from a tandem simulation with the Hawaiian Islands removed (RG2). The transport
stream functions (figure 10 (c¢) and (d)) indicate the incoming flow is identical in
the two simulations. However, downstream there are distinct differences as would be
expected. The net effect of the islands is to produce a large gradient in the wind stress
curl field leading to spreading of the flow in the direct lee of the islands and bunching

north and south of the islands downstream. The effect is probably underestimated by
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north and south of the islands downstream. The effect is probably underestimated by

the Hellerman and Rosenstein (1983) wind set but even so produces a clearly visible
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Figure 10:



impact on the flow in RG2.

3.6 Topographical Influences

As mentioned previously, a ridge in the incoming westward flow diverts flow northward
while reducing the flow traveling south of Hawaii. An examination of the flow at depth
(figure 11(b)) does not indicate that the ridge and subsequent displacenient of flow
are directly related to topographic steering via the abvssal laver flow. Simultaneously.
the upper layer current field (figure 4) and zonality of the flow in RG1 (not shown)
suggest the ridge is not a wind driven feature. The question is, then, why is the ridge
evident in the upper ocean streamfunction and not in the upper layer flow?

The distribution of anomalous pressure with depth provides some insight to this
question. As is expected, the upper layer pressure anomaly (figure 11(a)) represents
the mean sea surface height signature. This coincides with the zonal flow structure
provided by the layer 1 currents (figure 4). Similarly, the abyssal layer pressure
anomaly (figure 11(b)) indicates the correlation with the abyssal layer flow which is
forced to follow the f/h contours of the bottomn topography. However, the mid depth
pressure anomalies (figure 11(c)-(f)) reveal the influence of the abyssal layer flow on
the upper ocean circulation.

The influence begins as an intense low pressure anomaly residing over a topo-
graphical depression, resulting in a cyclonic vortex in the abyssal layer. The pressure
anomaly is carried into the upper ocean at mid-depth before succumbing to the wind
driven flow in layer 1. Interestingly, the pressure anomaly is shifted southwestward
with decreasing depth. The vertically integrated effect is to first accelerate the flow
northward via the topographically steered abyssal layer flow, and then steer it south-

ward, producing the ridge. Therefore, although the barotropic signal is not evident
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ward, producing the ridge. Therefore, although the barotropic signal is not evident

in the upper layer current field, the upper ocean recognizes the influence ot the topo-
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Figure 11: zure 11: Five year mean upper ocean transport stream function (black contours. in Sv) superimposed on the layers (a) 1, (b) 6, (¢) 2,
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graphically steered abyssal laver flow in the mean transport.
Following Hurlburt and Thompson (1980, 1982, 1934) the continuity equation can
be examined to show how the upper ocean currents can be steered by the abyssal

layer flow. In a 2-layer model it can be shown that:
Vig - Vi =V, - Vh, (12)

where ng is the geostrophic velocity of laver A. The left hand side of (12) represents
the contribution to the advection term in the continuity equation (equation (2))
brought about by geostrophy for layver 1. Additionally, the geostrophic balance for

the internal mode in a 2-layer model is given by:
kx f(Viy — Vag) = ¢'Vi, (13)

Va,|. Therefore,

where ¢' = g(ps — p1)/po. In a typical 2-laver ocean model, 11719\ =
(13) indicates that VA, is a good approximation to 1710. For the given circumstances,
this indicates that lower layer currents can advect gradients in the upper layer thick-
ness, which in turn steers the upper ocean currents. In the case of a transport
streamfunction, the direction of the streamline is not a.lAterecl, but the curvature is.

The above discussion holds true for a 2-layer model. Hurlburt et al. (1996) ex-
tended the theory of Hurlburt and Thompson (1980, 1982, 1984) to the multilayer
case. They show that although the theory is degenerate in multilayer (> 2) models,
the steering effect remains in situations in which the first baroclinic and the barotropic
modes dominate.

The strength of the first baroclinic mode and the barotropic mode is obtained by
adding the pressure anomalies from layers 1 and 6 together and superimposing the

results on the upper ocean (layer 1-5) transport stream function (figure 12). The

adding the pressure anomalies tfrom layers 1 and 6 together and superimposing the
results on the upper ocean (layer 1-5) transport stream function (figure 12). The

results show the close agreement between the transport stream function and the first
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baroclinic and the barotropic mode. Therefore, it is apparent that the first baroclinic

and the barotropic mode are in fact dominating the flow in the Hawaiian Islands

region and that there is strong upper ocean-topographic coupling involved in the

dynamics of the NHRC.
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Figure 12:

Superposition of the five year mean upper ocean transport streamfunction (black

contour, in Sv) and the combined layer 1 and 6 pressure anomaly (red contours, in m). Contour
intervals are 0.5 Sv for the transport streamfunction and 0.1 7n for the layer 146 pressure anomaly.

Figure 12:

Superposition of the five year mean upper ocean transport streamfunction (black

contour, in Sv) and the combined layer 1 and 6 pressure anomaly (red contours, in m). Contour
intervals are 0.5 Sv for the transport streamfunction and 0.1 n for the layer 146 pressure anomaly.
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4. SUMMARY AND CONCLUSIONS

The dynamics of the North Hawaiian Ridge Current (NHRC) have been examined
using high resolution (1/16° in latitude) results from the Naval Rescarch Laboratory
Layered Ocean Model (NLOM). The ability of the model to reproduce observational
cdata helps make it a useful tool to investigate the dynamics. Nonlinear six-layer
finite depth results were compared with linear reduced gravity results in an effort to
dissect the fundamental processes necessary for the formation of the NHRC and to
understand the dynamics of the flow. Time dependent variations in the NHRC were
not considered aside from their impact on the five year mean.

Two seasonally robust branches of the North Equatorial Current (NEC) are found
to exist in the modeled circulation. The southern branch, associated with the northern
tropical gyre, spans the basin between 10-15°N latitude. T'he northern branch stems
from the subtropical gyre to feed ~ 10.5 Sverdrups (Sv) of flow into the Hawaiian
region. Once the NEC reaches Hawalii, it bifurcates at ~ 20°N into two main pathways
with 4.5 Sv going south of Hawaii and 6.0 Swv forming the NHRC. Of the northward
flowing NHRC, 2.0 Sv leaks through the Alenuihaha Channel between Hawaii and
Maui. The remaining 4.0 Sv continues on with the NHRC until reaching Kauai where
it veers westward and continues to the western boundary of the Pacific Ocean. The
flow traveling south of Hawaii eventually joins the southern branch of the NEC and
continues to the western boundary.

The NHRC is not found to be a western boundary current in the sense that it

CuULlLLIIUED LU LIIE wEdLelll lJULlllkl(l‘ly.
The NHRC is not found to be a western boundary current in the sense that it

does not close any contours to the east except as a modification of the wind field. The
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NHRC is a surface trapped feature existing in the top 3 layers which are dominatecd
by the subtropical gyre. Below layer 3, the subtropical gyre is alniost entirely north
of the Hawaiian Islands allowing topographical influences to dominate which cause
the flow to reverse with deprh.

Individual snapshots of the flow indicate the ubiquitous eddy nature and extreme
nonlinearity of the mesoscale oceanic flow of the region. As such, the NHRC can not
be thought of as a purely lincar feature dominating the overall flow structure. The
NHRC is a highly variable fecature that exists as a robust low latitude current in the
five year niean, but may not cxist at any given time, even with climatological forcing.

Nonlinear results indicate a reduction in flow through the Alenuihaha Channel.
Simultaneously, there is a broadening of the NHRC. Both are attributed to nonlin-
earity associated with a change from a viscous (Munk 1950) boundary layer width
in the linear model to an inertial boundary layer width in the nonlinear model. The
Alenuihaha Channel is wide cnough to accommodate all of the incoming flow in the
linear model, while it is too narrow to accommodate all of the nonlinear flow.

The effects of Ekman pumping/suction and vertical mixing were examined through
a mass transport budget. The absence of isopycnal outcropping in the region indicates
that vertical mixing does not provide a substantial impact on the flow. The effects
of Ekman pumping/suction are negligible in the five year mean.

Topographical influences in the approach current are exhibited in the transport of
the NHRC. A strong low pressure anomaly in the abyssal layer east of Hawaii produces
aridge in the incoming flow resulting in increased transport north of Hawaii. Although
the upper ocean recognizes the influence of the topographically steered abyssal layer
flow, it is not evident in the How field of the topmost layer.

A side note obtained through the study shows the effect of the Hawaiian Istands

flow, it is not evident in the How field of the topmost layer.

A side note obtained through the study shows the effect of the Hawaiian Islands
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on the wind field and the effects of the atmospheric perturbations on the oceanic

response. The effects were examined by comparing two linear recuced gravity simu-
lations, one with the Hawaiian Islands included, the other with the islands removed.
The islands produce strong gradients in the wind stress curl field that are probably
underestimated by the Hellerman and Rosenstein (1983) winds, but which produce a
visible impact on the flow in the simulation without the islands, including spreading

of the NEC downstream of the location where the silands were removed.
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Appendix A. Symbols

Symbol Definition

a radius of the Earrh (6371 km);
Ay coefficient of isopvenal eddy viscosity;
’ Cy coefficient of botiom friction;
Cl. coefficient of interfacial friction;
l Chay coeflicient of additional interfacial friction associated with entrainment;

D(¢,0) ocean depth af rest;

f coriolis parameter;

g acceleration due to gravity;

Gu=yg [ =k

sz:g—gﬁ,;f,ﬂ [ k;

hy, kth layer thickness;

/zZT kth layer thickness at which entrainment starts;
hy, kth layer thickness at which detrainment starts;

H, kth layer thickness at rest;

n—1
Hn:D(gé)e)* l; Hl )

i, j,k unit vectors positive eastward, northward, and upward respectively;
t fime;
U, kth layer velocity:
Vi h;
A latitude:
Vi hyvi;
latitude;
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¢ longitude;

o kth layer density (constant for space and time);
o reference density (constant);

T wind stress;

Th = Tw k= 0;

T = Chrpoltp — v [0 — v y) k=1.n—1;

71 = Copoluy |V, k=mn;

wp =10 k=20,n;

wk:w;’—w; — Qpwp, k=1.n—1;

i - rmaxz(0,h —hy) 2,
wk_ :w!x h+ } ]

k
o~ rmax(0,hy—h; )9,
Wy — Wi PR } i
[ Jwi o

_—_ . {w, —wy)
Wi = fJ 0
Wy, kth interface reference diapycnal mixing velocity;

Qip(é,0)  kth interface weighting factor for mass conservation.
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BIOGRAPHICAL SKETCH

The year was 1972, the day was December 10th. Aside from it being the day the
Apollo 17 Spacecraft was injected into lunar orbit before landing on the moon on
December 11th, it was also the day on which [ was brought into this world by a
wonderful physician in a small town (Crystal Falls) in northern Michigan. It was
exactly 31 years after the Japanese invasion of the Philippines and 22 years after
William Faulkner accepted the Nobel prize.

I was born unto two wonderfully caring parents, Gregory Alan (my namesake) and
Hollis Marie (Haun). It has been said that I was an unusually quiet baby. My parents
have been wondering what may have changed this since I began to talk. Growing
up in Sturtevant, a small town in southeastern Wisconsin, was eventful to say the
least. I managed to get into all sorts of mischief while still being able to learn a great
appreciation for all of the wonders of nature that surr_ounded me. All through the
course of my formative years I was into trouble and caused many headaches for my
parents and my brother Scott.

As a preteen I took my first stab at a job, I became a paper boy. What a fun
experience. I had the thrill of seeing the town, the ability to make money, and the
time to think. You could say it was the beginning of my more philosophical side. As
soon as the teenage years rolled around, the thrill of making money and playing by
the rules had subsided. It was that time in every boys life where he feels he needs to
stick it to THE MAN. Needless to say, my parents were not pleased with me, and I

now realize the trouble that I was.

stick it to THE MAN. Needless to say, my parents were not pleased with me, and I

now realize the trouble that I was.
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Such as it may be, that phase soon passed, much to the chagrin of my parents,
and I once again dove into the working world. Aah, capitalism, the only system in
which a 15 year old can get hired on as slave labor at the local fast food place and
have to fork over money to the government in taxes. Funny how in this democratic
country of ours, you must begin to pay taxes into the system before you are allowed
to vote on the system in which you are trapped.

Soon began a new chapter in my life, the onset of both high school and puberty.
Being a person who likes variety and excitement, I of course chose activities in high
school that didn’t really place me in any one particular social category. As such, I
had a wide variety of friends and many open minded lessons in life. I cherish them
to this day. Academically, I took classes as every other kid did. T did well in them,
but never excellent. Sure, the potential was there, and did I hear it from everyone
and their brother, but I was generally bored with school and chose to try to entertain
myself (and others). In retrospect, this was not a wise thing to do since it led to
all sorts of trouble and trips to the principles office, but then again, I really had no
control over my boredom. I was the product of a system that strived to produce a
heterogeneous pool of mediocre individuals that all had the same talents, same faults,
and same ambitions. The social programming which I despise began long ago.

I also took my shot at sports in high school participating in both football and golf.
Football was something I was destined for being a big kid, but something I would
never be greaf at due to my passive nature and fear of pain. I was good, but not
great. [ also lacked the ambition to improve myself muscularly due to the sudden
onset of boredom imposed by lifting weights. Golf, on the other hand, was a game
I had never played and decided to try just so I could learn it. I began as a horrible

golfer, got better, but was never destined to be great due to my complete frustration

I had never played and decided to try just so I could learn it. I began as a horrible

golfer, got better, but was never destined to be great due to iy complete frustration
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and lack of control of the golf ball. Golf, such as it was, remains to be an entertaining
but ever frustrating sport.

I was also in the high school band and jazz band, playing the tenor saxophone. A
lovely instrument, I cherished the moments in Jazz when my classnates and myself
would be able to just sit around and jam with the instructor. Our teacher was one of
the best I ever had. He taught us the true meaning of letting go through music and
implanted into our hearts and souls the love for rhythm, variation, and spoutaneity.

After high school, I decided to attend the University of Wisconsin in Madison. It
was close enough to home to see my parents, yet far enough away to feel independent
and get a taste for life. In Madison, I excelled in my meteorology program while
maintaining a healthy (sometimes not too healthy) social life and participating in
a university club sport, rugby. The mix between learning, socializing, and athletics
proved to be the perfect recipe for my happiness. After four years of undergraduate
education and off season construction work, I graduated with a Bachelor of Science
in Meteorology.

In the final year of my undergraduate training, I began to sense the need for
something more. I needed soniething higher and harder to motivate me. [ needed
more education in a highly disciplined field. I decided to attend The Florida State
University and pursue a career in Physical Oceanography. [ accepted a Naval Research
laboratory fellowship and moved to Tallahassee, Florida, in the summer of 1995. 1

have been here ever since.
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