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Abstract

The oceanic circulation around the Hawaiian archipelago is characterized by a complex
circulation and the presence of mesoscale eddies west of the islands. These eddies
typically develop and persist for weeks to several months in the area during persistent
trade wind conditions. In order to find the best setup of a regional ocean model and
to better understand the role of the wind forcing in the eddy formation, we compare
numerical results obtained using two different wind stress databases: COADS and
QuikSCAT. A detailed comparative analysis of wind forcing, modeled kinetic energy
and eddy generation is proposed. Moreover, numerical cyclonic eddies are compared
with the ones observed during the cruises E-FLUX (Dickey et al., 2008).

The main features of the ocean circulation in the area are well reproduced by our
model forced by both COADS and QuickSCAT climatologies. Nevertheless, significant
differences appear in the levels of kinetic energy and vorticity. The wind-forcing spatial
resolution clearly affects the way in which the wind momentum feeds the mesoscale
phenomena, and, the higher the resolution, the more realistic the ocean circulation. In
particular, the simulation forced by QuikSCAT wind data reproduces well the observed
energetic mesoscale structures and their hydrological characteristics and behavior.

1 Introduction

The oceanic area around the Hawaiian archipelago exhibits a complex circulation char-
acterized by the presence of mesoscale eddies west of the islands. This circulation is
mainly due to the effects of the archipelago topographic forcing on both the North Equa-
torial Current (NEC) and the trade wind. The blocking effect of the Hawaiian islands
bathymetry on the oceanic flow is similar to the one of these islands’ topography on the
wind.

The NEC is a broad westward flow, constituting the southern part of the North Pacific
subtropical gyre. When the NEC encounters the island of Hawaii, it is deflected towards
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the south, but also generates a northern branch (Lumpkin, 1998). The northern branch
is known as the North Hawaiian Ridge Current (NHRC), flowing coherently along the
islands at an average speed of 0.10-0.15m s (Qiu et al., 1997). The wake generated
by the Hawaiian island is thought responsible for the formation of the Hawaiian Lee
Counter Current (HLCC). By a classical mechanism of formation of eddies in the lee
of an obstacle, the wake can also generate the mesoscale eddies, which are observed
west of the archipelago (Aristegui et al., 1994, 1997; Barton et al., 2000). South (North)
of the HLCC these eddies are typically anticyclonic (cyclonic).

A second mechanism could also explain the formation of the Hawaiian mesoscale
eddies. As explained by Smith and Grubisic (1993), the Hawaiian archipelago presents
a series of high vertical obstacles to the wind. The islands act as barriers to the trade
winds, which are confined below the tropopause and constrained to flow around the
topography (Chavanne et al., 2002). The wind stress variations in the lee of the Hawai-
ian Islands drive divergent and convergent Ekman transports in the upper layer of the
ocean. And, in particular, the acceleration of the persistent northeasterly trade winds
through the Alenuihaha Channel separating these islands is the second mechanism
generating mesoscale eddies (Patzert, 1969). This mechanism can create cyclonic
eddies south of the HLCC, in the region where the previous mechanism was favoring
anticyclonic eddies.

Historical hydrographic and satellite data sets (Patzert, 1969; Lumpkin, 1998; Cha-
vanne et al., 2002; Seki et al., 2001, 2002; Bidigare et al., 2003) indicate that mesoscale
eddies typically develop and persist for weeks to several months west of the Hawaiian
archipelago during persistent trade wind conditions. Moreover, interdisciplinary obser-
vations of mesoscale eddies were recently made west of the Big Island of Hawaii com-
bining different data from ships, surface drifters and satellite sensors (Dickey et al.,
2008, project E-FLUX). During the cruises E-Flux | and lll, two cold-core cyclonic
mesoscale eddies, Noah and Opal, respectively, have been found.

To simulate the oceanic circulation around the Hawaiian islands, we used a version
of the model ROMS (Regional Oceanic Modeling System) provided with the following
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ROMSTOOLS (http://roms.mpl.ird.fr). This modeling system is increasingly used, since
its functionality and robustness have been demonstrated. Different databases can be
used to provide atmospheric forcing to ROMS model, such as COADS (Comprehen-
sive Ocean-Atmosphere Data Set Project) and data collected by NASA’s SeaWinds
Scatterometer aboard QuikSCAT. Monthly mean values from COADS was compared
to monthly mean wind speed and direction from Canadian weather buoys in the north-
east Pacific (Cherniawsky and Crawford, 1996). Wind speed measurements from
QuikSCAT scatterometer were validated by comparison with independent data. For
instance, they were compared with meteorological analyses (Renfrew et al., 2009)
over the Denmark Strait, or with wind speeds computed from RADARSAT-1 synthetic
aperture radar (SAR) in the Gulf of Alaska (Monaldo et al., 2004). Concerning ocean
modeling, the influence of COADS versus QuikSCAT wind data on oceanic circulation
was analysed in the California Current System (Penven et al., 2002). On the North
equatorial central Pacific, an ocean model forced by COADS wind versus one forced
by the NCEP-NCAR (National Centers for Environmental Prediction - National Center
for Atmospheric Research) reanalysis wind were used to compare the observations of
ocean heat content (Wu and Xie, 2003). Independent observations of oceanic circula-
tion was investigated with an ocean model forced by QuikSCAT wind data in different
regions: Hawaiian Islands (Xie et al., 2001) and Southern Benguela coastal upwelling
system (Blanke et al., 2005).

The main purpose of this study is to compare the oceanic circulation around Hawaii
simulated with both COADS and QuikSCAT wind data, with particular attention to wind-
driven mesoscale eddy generation. A similar work has been done recently (Calil et al.,
2008) but was not known to us at the beginning of our work. The fact that the model
setup is very similar to ours confirms our numerical methodology. Similarities and
differences will be treated in the discussion section.

The paper is organized as follows: Sect. 2 introduces briefly the numerical model,
the main simulation and eddy tracking parameters before discussing the variability in
the surface wind stress in both situations. Section 3 presents the model sensitivity. This
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part will allow us to analyze whether the model reproduces the generation of mesoscale
eddies to the west of the Hawaiian archipelago. In Sect. 4, we analyse which simulation
is the more realistic. Our conclusions are drawn in Sect. 6.

2 Materials and methods
2.1 Ocean model

Our circulation model is based on the IRD (Institut de Recherche pour le Développe-
ment) version of the Regional Ocean Modeling System (ROMS). The reader is referred
to Shchepetkin and McWilliams (2003, 2005) for a more complete description of the
numerical code. The model domain extends from 154° W to 161° W and from 18°N to
23°N (Fig. 1).

Its grid, forcing, initial and boundary conditions were built with the ROMSTOOLS
package (Penven, 2003). The model grid is 69 x 53 points with a resolution of 11—0° cor-
responding to about 10 km in mean grid spacing, which allows a correct sampling of the
first baroclinic Rossby radius of deformation throughout the whole area (about 60 km
according to Chelton et al., 1998). The horizontal grid is isotropic with no introduction
of asymmetry in the horizontal dissipation of turbulence. It therefore provides a fair rep-
resentation of mesoscale dynamics. The model has 32 vertical levels, and the vertical
s-coordinate is stretched for boundary layer resolution. The bottom topography is de-
rived from a 2’ resolution database (Smith and Sandwell, 1997). Although a numerical
scheme associated with a specific equation of state limits errors in the computation of
the horizontal pressure gradient (Shchepetkin and McWilliams, 2003), the bathymetry

field, A, must be filtered to keep the slope parameter, r, as r = % <0.25 (Beckmann
and Haidvogel, 1993). Respecting the CFL criterion, the external (internal) timestep
has been fixed equal to 12s (720s).

At the four lateral boundaries facing the open ocean, the model solution is connected

to the surroundings by an active, implicit and upstream-biased radiation condition
481
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(Marchesiello et al., 2001). Under inflow conditions, the solution at the boundary is
nudged toward temperature-, salinity- and geostrophic velocity-fields calculated from
Levitus 1998 climatology (NODCWOA98 data provided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA, from their Web site at http://www.cdc.noaa.gov/), which is
also used for the initial state of the model. The geostrophic velocity is referenced to the
2000 m level. The width of the nudging border is 100 km, and the maximum viscosity
value for the sponge layer is set to 800 m?s™".

At the surface, the heat and fresh water fluxes introduced in the model are extracted
from the Comprehensive Ocean-Atmosphere Data Set (COADS, Da Silva et al., 1994).
As regards wind stress, two different database are used in this work. Firstly, we used
a monthly mean climatology computed from COADS dataset (1945-1989) giving data
with spatial resolution of % (hereinafter C-run). Secondly, we used a monthly mean
climatology computed from satellite-based QuikSCAT dataset (2000-2007, Callahan
and Lungu, 2006) gridded at %" resolution (hereinafter Q-run).

In both cases, we run 10-year simulations with model outputs averaged and stored
every 3 days of simulation.

2.2 Eddy tracking and characterization

In this paper we focus particularly on the tenth year of simulation, ensuring a good
stability of the model. To detect eddies, we selected a threshold value of the sea sur-
face height (ssh) of I15lcm. We choose to set this value to one third of the typical ssh
anomaly generated by anticyclonic eddies in the Hawaii region (i.e. 15cm, according
to Firing and Merrifield, 2004). Each cyclone (anticyclone) is then listed by the letter
C (A) followed by the number corresponding to their temporal appearance. To indicate
if eddies are observed in the C-run (Q-run), the letter designating them is in capital
(lowercase) letters. In the following we focus particularly on C5 (C-run) and c¢1 (Q-run),
that both last seven months in the tenth year of the two simulations. C5 (c7) appears
in April (January) and disappears in October (July). Both numerical cyclones are cho-
sen because they are spatially and temporally representative of cyclone Opal studied
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during the cruise E-FLUX Ill (10-28 March, 2005) and observed on SST satellite im-
ages from February to April of that year (Nencioli et al., 2008). The numerical eddies
resembles the most Opal on 14 April for C5 and 29 March for c1.

Following Dickey et al. (2008), we define the radial extent of the eddy as the distance
between the locations where isopycnal and isotherm surfaces became nearly horizon-
tal. Indeed, according to these authors, the o—1,, (i.e. 0 —t = 24kg m’3) isopycnal
surface proved to be an important reference in determining the general characteristics
of cyclones in this area. Moreover, we calculated the East-West (North-South) com-
ponents of the horizontal velocity vector along a North-South (East-West) transect for
each numerical eddy. In this way we can both (i) estimate the position of the eddy
center, as the location where the components of the horizontal velocity are very small
and (ii) calculate the eddy radius, as the maximum distance until which, starting at the
center, the intensity of the velocity increases linearly (i.e. solid body rotation, e.g. Nen-
cioli et al., 2008). This latter distance allows us to also check the previous evaluation
of the eddy extent.

2.3 Wind forcing comparison

As foreseen, the monthly averaged values of the two wind stress datasets have signifi-
cant differences. The difference between the QuikSCAT and COADS values calculated
at each grid point shows interesting spatial patterns (Fig. 2). Far from the archipelago,
the difference is small during the whole year. Instead, near the islands, the QuikSCAT
values are generally stronger than the COADS ones. From April to September, strong
differences are observed southwest of the Alenuihaha Channel and south of the Big
Island. In particular, the difference reaches values up to +0.1 Nm~2 southwest of the
Alenuihaha Channel.

To summarize the occurrence of winds in this area, we plot wind roses for each
database at the point (20°N, 156°W). Figure 3 shows that an unidirectional wind
regime, stemming from the north-east (i.e. trade wind), is predominant in both datasets.
In COADS, approximately 15% of the time the wind comes from the east and 85% from
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the north-east (Fig. 3a); while, in QuikSCAT, the wind always corresponds to the north-
easterly trade winds (Fig. 3b). Moreover, in COADS, the prevailing wind stress intensity
is in the range 0.06-0.08 Nm'z; while, in QuikSCAT, the values are much more intense

and the prevailing range is 0.10-0.12 Nm™2.

3 Results

In general, our model, both in Q-run and C-run, reproduces well the ocean circulation of
the study area described in Sect. 1: the NEC split in two branches when it encounters
the Hawaii Archipelago. In the wake of the islands the HLCC and the mesoscale eddies
form. For a more detailed comparison between the two runs, in the following section,
we analyze the kinetic energy, the eddies’ generation and spread and the cyclones’
characteristics.

3.1 Kinetic energy

The temporal evolutions of the volume-averaged and surface-averaged kinetic energies
for both simulations are reported in Fig. 4.

The Q-run results are generally more energetic than the C-run ones. Indeed, the
10-year mean value of volume-(surface-) averaged kinetic energy for the C-run is 26
(200) cm?s~2, while being 30 (400) cm?s2 for the Q-run. Moreover, the kinetic energy
has a lower temporal variability in the C-run than in the Q-run.

In order to analyze the ergodicity, we calculate the total kinetic energy (TKE) at
10-m depth and then the eddy kinetic energy (EKE) in two different ways: EKEg,; is
the difference between TKE and its surface average < TKE > = %[STKE(x,y,t)dxdy,
while EKE;,. is the difference between TKE and its monthly time average

TKE = %[gTKE(X,y,t)dt. In this latter calculation, a monthly variability is considered
sufficient because in the study area there is no significant seasonal variability. For
the C-run, the higher values of TKE are far from the island, in meanders of the HLCC
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(Fig. 5a). Moreover, EKEg,,; and EKE;;,,, have very similar patterns. For the Q-run, in-
stead, the highest values of TKE are concentrated in eddies near the islands (Fig. 5b)
but again EKEg,; and EKEy,,, have similar patterns.

3.2 Eddies’ generation and spread

In Fig. 6 we show the relative vorticity field at 10-m depth on the first day of March,
April and May for both C-run and Q-run. Several eddies, both cyclonic and anticyclonic
are present in the two simulations. Nevertheless, structures from the C-run are less
intense and defined than the ones from the Q-run. The cyclonic minimum value of
relative vorticity is equal to —2.46 107° [s]‘1 in May for the C-run and to —3,48 107°
[s]”" in March for the Q-run. The anticyclonic maximum value of relative vorticity is
equal to +2,36 107° [s]'1 in May for the C-run and to +3,96 107° [s]‘1 in May for the
Q-run. Moreover, the anticyclonic relative vorticity values are generally twice higher
for Q-run than C-run. Two sites of wind genesis of cyclonic eddies are observed: the
channel between the Kauai and Oahu islands and the Alenuihaha Channel. In the
first location C4, C6 (C-run) and c2 (Q-run) form, while in the second one C5 (C-run)
and c1 (Q-run). The northern location (Kauai-Oahu) is located on the cyclonic edge
of the HLCC, while the southern location (Alenuihaha) on the anticyclonic one. Then
it is not surprising that, in the latter site, wind-generated cyclones are associated with
anticyclones.

After their formation, the eddies generally move westward. In general, we observed
that the cyclones move toward the north-west and anticyclones to the south-west. This
fact has been explained by Cushman-Roisin (1994) in terms of potential vorticity con-
servation on a @-plane and then observed in satellite data by Morrow et al. (2004).
Nevertheless, in the Alenuihaha Channel, the funneling of the wind can push the cy-
clones to the south (April to May for C5 Fig. 6a) or to the south-east (March to April for
c1 Fig. 6b). This movement is then blocked by the Big Island, where the topographical
friction generates additional anticyclonic vorticity. That process is well observed in the
Q-run results, where the anticyclones are better defined than in the C-run.
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The presence of the eddies in the model domain ranges from 2 to 7 months, without
notable differences neither between anticyclones and cyclones, nor between C-run and
Q-run.

3.3 Cyclones’ characteristics

Depth profiles of temperature with 0 —t,3¢4, 0 —ts35, 0 — 15, iSOpycnals are shown in
Fig.7.

The sections reveal an intense doming of isothermal and isopycnal surfaces with
outcropping at the surface. Following the method used by Dickey et al. (2008), we
obtain an estimate of the diameter of C5 (c1) of about 180 (220) km.

We report zonal and meridional components of the 40-m depth horizontal velocity
along meridional and zonal transect, respectively, for eddies C5 and c1 in Fig. 8. We
choose this depth for a direct comparison with in situ measurement performed by Nen-
cioli et al. (2008) inside the cyclone Opal. The position of an eddy’s center can be
located at the point of minimal velocity, i.e. in this case near 19.5° N, 156.6° W for both
eddies.

In Fig.9 we show the distribution of the zonal and meridional component of the
40-m depth horizontal velocity with respect to the distance from the eddy center for
both C5 (C-run, 14 April) and c¢1 (Q-run, 29 March). Both eddies are characterized
by values that increase linearly with distance from the center until peaking and then
slowly decaying. For C5, the peak value is about 0.35ms™", while it nearly reaches
0.60ms™" for ¢1. The linear part corresponds to the solid-body rotation core of the
eddy. Otherwise, both eddies appear quite asymmetric and stretched. Hence it is
difficult to define with precision an eddy radius. Nonetheless, it appears clearly that the
part in solid body rotation has a diameter smaller than the one estimated above on the
basis of the isopycnal outcropping.
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4 Discussion

The ocean circulation generated by the model forced by both COADS and QuickSCAT
climatologies comply with the pattern of the regional oceanic circulation by Lumpkin
(1998), but significant differences appears between the C-run and the Q-run. A higher
temporal variability of the kinetic energy appears clearly in the Q-run with respect to
the C-run. Since both simulations seem to satisfy the ergodic hypothesis, we think that
this temporal variability is induced by the higher spatial variability of the QuickSCAT
wind forcing. Indeed, the similarity between EKE and TKE, in both C-run and Q-run,
indicates that most of the wind forcing momentum feed the mesoscale phenomena and
that the high values of TKE in the lee of the islands is locally generated. In agreement
with Calil et al. (2008), our model results show that having good spatial resolution sur-
face momentum forcing is vital to produce realistic levels of kinetic energy and vorticity
in the ocean circulation. The COADS data resolution do not provide sufficient infor-
mation to well reproduce both mechanisms that are thought to be responsible for the
presence of mesoscale eddies adjacent to islands. Indeed, the C-run seems to simu-
late better the eddies due to instabilities associated with current flow past the islands
than the ones due to the funneling of the wind between the islands. With respect the
{ QuickSCAT climatology, the % COADS one does not produce the wind accelera-
tion through the Alenuihaha Channel and other passages between islands. Then, the
eddies from the C-run are less intense and defined than the ones from the Q-run.

The detailed comparison between cold-core eddies has been performed to validate
the model with respect to the observations of the eddy Opal (Dickey et al., 2008). In the
same area, period and conditions of the E- Flux Il field campaigns, i.e. in March and
April, downwind of the Alenuihaha Channel and during strong, persistent northeasterly
trade winds, our model generates cyclonic eddies in both C-run and Q-run. Moreover,
the model reproduces well the intense doming of isothermal and isopycnal associated
with the cyclonic structures. Nevertheless, the C-run cyclones appear smaller in di-
ameter and less energetic than the Q-run ones and Opal. Moreover the maximum
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velocity in the Q-run cyclones are higher than the C-run ones and closer in amplitude
to the maximum velocities measured in Opal (Nencioli et al., 2008). Permanence in
the model domain of the cyclonic eddy is similar to that observed, but the southward
drift of Opal is well reproduced only by c1. This fact suggests that this phenomenon is
also due to the funneling of the wind in the Alenuihaha Channel area.

5 Conclusions

The Hawaiian archipelago has a strong influence on both the atmospheric and the
oceanic circulations. In order to well reproduce the oceanic circulation in the area, it
is then necessary to have, not only a high spatial resolution of the circulation model,
but also a wind stress forcing data that reproduces the complexity of the atmospheric
flow between the islands. In this study, we compare the oceanic circulations around
Hawaii forced by COADS and QuikSCAT wind data. We obtain significant differences
between the simulations using specific databases. In agreement with previous numer-
ical studies such as the one performed by Calil et al. (2008) in the same area, but also
as other ones done in different areas (e.g. Penven et al., 2002), our results suggest that
higher spatial variability allows to reproduce more realistic circulation. In particular, the
simulation forced by QuikSCAT wind data reproduces well the energetic mesoscale
structures observed during the E-Flux field experiments (Dickey et al., 2008), including
their hydrological characteristics and behavior. This setup will allow future studies that
are needed to better understand the role of temporal variability and bottom friction on
the behavior of mesoscale eddies and the role of these structures in the distribution of
biogeochemical properties.
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