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a b s t r a c t

Quasi-synoptic observations of the horizontal and vertical structure of a cold-core cyclonic mesoscale

eddy feature (Cyclone Noah) were conducted in the lee of Hawai’i from November 4–22, 2004 as part of

the E-Flux interdisciplinary collaborative research program. Cyclone Noah appears to have spun up to

the southwest of the ‘Alenuihaha Channel (between Maui and Hawai’i) as a result of strong and

persistent northeasterly trade winds through the channel. Shipboard hydrographic surveys 2.5 months

later suggest that Noah weakened and was in a hypothesized spin-down phase of its life cycle. Although

the initial surface expression of Noah was limited in scale to �40 km in diameter and, as evidenced by

surface temperatures, 2–3 1C cooler than the surrounding waters, depth profiles revealed a fully

developed semi-elliptical shallow feature (�200 m), �144 km long and �90 km wide (based on sigma-

t ¼ 23 kg m�3) with tangential speeds of 40–80 cm s�1, and substantial isopycnal doming. Potential

vorticity distribution of Noah suggests that radial horizontal flow of the core water was inhibited from

the surface to depths of �75 m, with high vorticity confined above the sigma-t ¼ 23.5 kg m�3 isopycnal

surface. Upward displacements of isopycnal surfaces in the eddy’s center (�50 m) were congruent with

enhanced pigment concentrations (0.50 mg m�3). Comparisons of the results obtained for E-Flux I

(Noah) and E-Flux III (Opal) suggest that translation characteristics of cyclonic Hawaiian lee eddies may

be important in establishing the biogeochemical and biological responses of the oligotrophic ocean to

cyclonic eddies.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Both cyclonic and anti-cyclonic mesoscale eddy features
regularly form to the west and southwest of the main Hawaiian
Islands and are ubiquitous features in this oligotrophic region.
They have been the focus of several studies whose primary focus
has been to understand how cyclonic eddies influence the
biogeochemistry and biology of the open ocean (Lobel and
Robinson, 1986; Falkowski et al., 1991; Allen et al., 1996; Lumpkin,
1998; Seki et al., 2001, 2002; Bidigare et al., 2003; Vaillancourt
et al., 2003). These previous studies characterized cyclonic
Hawaiian lee eddies as mesoscale surface features with a radius
of roughly 40–150 km that form to the southwest of the
‘Alenuihaha Channel almost year-round. They are wind-induced
through shear and wind-stress curl from winds funneled between
the islands of Maui and Hawai’i (Patzert, 1969; Lumpkin, 1998;

Chavanne et al., 2002; Calil et al., 2008; Dickey et al., 2008)
generally exhibit sustained maximum tangential currents of up to
�100 cm s�1 and can have life spans ranging from one to several
months (Lumpkin, 1998). They often propagate westward or
southward, often maintaining nominal current velocity, vorticity
and kinetic energy (Patzert, 1969; Lumpkin, 1998; Dickey et al.,
2008). Divergent surface flow near the eddy centers results in the
upward movement of deep cooler, macronutrient rich waters
into the relatively nutrient depleted euphotic zone (upper
�100–125 m based on depth of 1% light level). This subsequently
results in an increase in primary production rates, the succession
of larger phytoplankton species, and subsequent higher trophic-
level production (Seki et al., 2001; Vaillancourt et al., 2003).
Enhanced carbon export also has been shown to be associated
with these mesoscale features, due to the evolutions in commu-
nity structure and increased primary production rates (Bidigare
et al., 2003).

The visualization of the surface expression of eddies has
progressed with the utilization of remote sensing platforms; yet
our interpretation of the three-dimensional interior dynamics is
still limited due to relatively coarse in situ spatial surveys of these
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elusive ocean features. As a result, the dynamics associated
between the horizontal and vertical disturbances of a natural
system, the displacements of isopycnal layers in relation to the
surface expression and our understanding of the physical
processes linking the various life-cycle stages of mesoscale eddies
and succeeding effects to the biogeochemistry are also still limited
(Flierl and McGillicuddy, 2002; Sweeney et al., 2003). Eddy life-
cycle stages are often connected to biological evolutions, but high
resolution in situ observations of the physical transformations are
still required. Further, some Hawaiian eddies have a tendency to
become semi-elliptical in shape (Lumpkin, 1998; Vaillancourt et
al., 2003). In particular, we know very little about the internal
structure of elliptical eddies, the eddies’ structural relationship to
life-cycle stages and implications on biological evolutions.

The present study is part of the E-Flux interdisciplinary
program to investigate the specific physical, chemical and
biological characteristic of Hawaiian cyclonic eddies. Here we
report the detailed observations of the physical dynamics and the
biological implications of cyclonic eddy Noah during the first
E-Flux I field experiment, which occurred in November 2004. The
quantification of the horizontal and vertical anomaly structures,
interior dynamics, velocity field and biogeochemical–biological
distributions with respect to the physical gradients of the
observed eddy feature are examined and compared with Cyclone
Opal observed during E-Flux III (Nencioli et al., 2008) as well as
other reported field studies from this region. Particular attention
is given to the description of the quasi-elliptical structure of
Cyclone Noah; Noah’s life-cycle is compared with that of Cyclone
Opal. Nutrient-phytoplankton dynamics and particle export
associated with Noah are treated in detail by Rii et al. (2008).

2. Material and methods

The E-Flux experiments utilized satellite- and ship-based
observations as discussed in detail by Dickey et al. (2008).
Satellite data were used to help guide the field measurements.
For example, inspection of NOAA Geostationary Operational
Environmental Satellite (GOES) and the NASA Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite sea-surface
temperature (SST) imagery, which was obtained for August 2004
and prior to the E-Flux I research cruise, indicated that a cool SST
anomaly had formed to the west of the ‘Alenuihaha Channel.
Initial satellite-based estimates suggested that its surface mani-
festation was �40 km in diameter and 2–3 1C cooler than
surrounding waters. The surface feature, later named Cyclone
Noah, appears to have spun up due to increased northeasterly
trade wind gusts through the ‘Alenuihaha Channel. In the
following section, we present some of the salient aspects of the
E-Flux I field study.

2.1. Field observations

Shipboard hydrographic surveys and biological measurements
were performed within mesoscale Cyclone Noah and the
surrounding waters from November 4–22, 2004 aboard the R/V
Ka’imikai-O-Kanaloa (KOK) approximately 2.5 months after the
initial signature of the eddy was detected from remote sensing
satellites. The surface expression of Noah was less apparent from
satellite imagery a few days prior to the beginning of our
shipboard survey, limiting our ability to determine the optimal
sampling locations for the survey field. The weakness of the
surface expression of the eddy forced increased reliance upon
ship-based observations and also suggested that the eddy may
have begun to physically decay. However, weakness in SST
expression also can be caused by factors such as diurnal heating

effects and advection of adjacent near-surface waters (Chavanne
et al., 2002). The eddy center of Noah, based on tracking estimates
using GOES SST observations, appeared to have traversed from its
initial satellite-determined position at 20.11N, 156.41W during the
week between August 13–21, 2004 to 19.61N, 156.51W (�74 km to
the south), by the time of shipboard sampling. This position was
then maintained during the E-Flux I ship survey.

Four transect lines averaging 150 km in length (in a star
configuration) with survey station spacing ca. 20 km were
completed over the course of about 4–5 days (Fig. 1). The initial
‘‘star’’ sampling pattern was centered on the best estimate of the
center of the eddy based on coarse satellite SST data. A total of 38
STAR-station hydrographic profiles (Casts 10–48) including the
collection of in situ water samples were performed across each
radiating transect line to determine the spatial extent of the
mesoscale feature. In addition, a total of 23 separate eddy
IN-station (Casts 49–71) hydrocasts were conducted as close to
the estimated center of the eddy as possible to conduct biological
experiments and to determine the anomalous structure of
the estimated center of the eddy with respect to 18 additional
OUT-stations (Casts 1–9, 72–80). The far-field OUT-stations were
deemed to be outside the influence of the eddy and were used as a
background reference for physical, chemical, and biological
conditions surveyed during the STAR- and IN-stations. None of
the STAR-stations were used for the analysis of the IN- and
OUT-stations and vice versa. Profiles were generally made to a
depth of +500 m and were utilized to measure temperature,
conductivity, dissolved oxygen and chlorophyll a fluorescence
using a SeaBird 9/11+ CTD, SeaPoint fluorometer and a rosette
equipped with 24 12-L sampling bottles. Downcast CTD data were
processed and binned into 1-m depth bins. Current velocity was
measured during the entire cruise using a ship-mounted VM-
150 kHz acoustic Doppler current profiler (ADCP). The ADCP
provided vertical profiles of the horizontal water velocity with
10-m vertical resolution from 30 to 450 m. Inorganic macronu-
trients and total chlorophyll a analyses were performed using in

situ water samples, which were collected during Transect 3 at 14
discrete depths (for details, see Rii et al., 2008). The sampling
depths were based on the vertical structure of the physical and
biological variables (i.e. mixed-layer depth, specific isopycnal
surfaces, euphotic layer depth, and depth of the deep chlorophyll
maximum depth (DCML)).

2.2. Analytical calculations

In order to characterize the properties of Cyclone Noah, we
computed differences between those properties within the
cyclone field (STAR-stations) with respect to those external to it
(OUT-stations). These differences are called differential property
anomalies or DPAs (following Simpson et al., 1984). The DPA
calculations of the temperature, salinity, density and other water
properties are used to quantify the magnitudes of the anomalies
of specific variable as functions of the radial distance from the
center of the eddy relative to typical measurements within the
surrounding oligotrophic waters (OUT-stations). Reference prop-
erties of surrounding waters may be considered far-field proper-
ties. The differential property anomaly (DPA) is defined
mathematically as:

DPAðr; zÞ ¼ STARCASTðr; zÞ � OUTAVGðzÞ, (1)

where STARCAST(r, z) is the vertical profile of a particular property
as measured at a given STAR-station at a specified radial distance r

from the eddy center, and OUTAVG(z) is the reference vertical
profile of the arithmetic average computed using the data
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collected from 9 of the total 18 eddy OUT-stations (selection
criteria explained in Section 3.1) and z is depth.

The ship’s ADCP data are reported as 10-m vertically binned
eastward (u in cm s�1) and northward (v in cm s�1) components.
Accurately resolving the geometric center of an eddy is critical.
Following a procedure outlined in Nencioli et al. (2008), a 20- by
20-point grid was defined around the area of minimum ADCP
velocities of each transect line. ADCP velocities were then
decomposed into tangential and radial components relative to
each point of the grid at each depth. The estimate of the eddy
center was defined at each depth as the grid point for which the
average value of tangential velocity was maximum. This method
proved to be extremely reliable as the geometric centers along
each transect could be determined quantitatively at respective
depths. Analysis of Noah data suggests that none of the line survey
transects went exactly through the center. For the purposes of
studying currents associated with the eddy, the horizontal current
components were decomposed into radial velocities (Vr) and
tangential (or azimuthal) velocities (Vy) using a cylindrical
coordinate system whose origin was at the best estimated
position of Noah’s center at each depth. Angular velocity (Vy)
was then calculated as Vo divided by the radial distance, r (km),
from the calculated center of the eddy (where VyE0).Important
dynamical properties such as the extent to which a mesoscale
eddy rotates as a solid body and potential for lateral exchange of
water between the inner and outer regions to occur can be
inferred from the analysis of its potential vorticity field. The
orders of magnitude of the various terms, which comprise the
equation for potential vorticity in a cylindrical coordinate system
(Pedlosky, 1979), were estimated using the ADCP data obtained

during the observations of Noah. For our case, the equation for
potential vorticity (z) can be reduced, to a first-order approxima-
tion according to the following equation (Olson, 1980; Joyce et al.,
1981):

z ¼
qr
qz

Vy

r
þ
qVy

qr
þ f

� �
(2)

where qr=qz is the vertical gradient of density, r is the radial
distance from the center and f is the Coriolis parameter as given
by f ¼ 2O sinf where O is the Earth’s rotation rate and f is
latitude. Detailed explanations of the calculations utilized here to
compute vertical and horizontal velocity shear (using partial
differential equations) and the first-order approximation of the
potential vorticity following Olson (1980) and Simpson et al.
(1984) are described extensively in Nencioli et al. (2008).

3. Observational field results

Truly synoptic observations of dynamic, evolving mesoscale
eddy features using ships and satellites are not possible. However,
the 5-day horizontal and vertical mapping campaign conducted
during E-Flux I (Fig. 1) appears to have been successful, in part
because Noah remained in virtually the same location during our
survey. The following results utilize the temperature, salinity,
density, velocity, and biological–biogeochemical measurements
from Transects 2 and 3 (Fig. 1). These two transects, although
not perpendicular to each other, were selected based on the fact
that they both cross Cyclone Noah relatively close to its best-
estimated geometric center. These transects were also conducted
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Fig. 1. The sequence of eddy survey stations during E-Flux I (November 6–11, 2004) indicated by the STAR-stations 1–38 (Casts 10–48). A total of four line-transects were

made and sampling stations were located at intervals of ca. 20 km. Green triangles represent Transects 2 and 3 described in detail. Red and blue circles represent OUT- and

IN-stations, respectively.
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in sequence (November 7–9, 2004), are reliable representations of
results from all four transects, and allowed for detailed biologi-
cal–biogeochemical analyses (Transect 3).

3.1. Physical properties of Noah

Depth contours to 250 m of the temperature, salinity and
density (sigma-t) along the south to north (Transect 2; STAR-
station 8–17; Cast 17–26) and northwest to southeast (Transect 3;
STAR-station; 18–27; Cast 27–37) transects are shown in
Fig. 2A–C. The vertical sections of physical properties show
eddy-induced uplifting of isothermal, isohaline and isopycnal
layers in the upper 250 m. Below this depth, physical properties
show less doming of isopleths, although all contours do show
some indications of minimal uplifting even at a depth of 300 m
(not shown). The DPA values, which were computed using Eq. (1),
support the conclusion that the respective elevated layers

spanned from the surface to �250 m depth within the sampled
500-m water column.

Temperature contours from Transect 2 confirm a subsurface
cold-core feature with a north–south horizontal length scale of
�130 km following the 25 1C isotherm at 100 m depth (Fig. 2A).
The center of the upward doming is located roughly 95 km along
the transect line of �167 km at 19.671N, 156.521W. The 25 1C
isotherm along Transect 3 shows a less prevalent, broader doming
feature, but with similar amplitude shifts starting at approxi-
mately 100 m depth, suggesting asymmetry of the feature. The
length scale of the eddy along this axis is 4140 km (using the
25 1C isotherm) with the estimated center based on this transect
at 19.671N, 156.531W. The distance to which the doming of the
251C isotherm horizontally flattens were, Transect 1: �80 km,
Transect 2: �130 km, Transect 3: �140 km and Transect 4:
�90 km. The radial distribution of the differential temperature
anomaly confirms a large region (90 km) of �1.5 1C water
occurring between 45 and 150 m depth in the center of Noah.

ARTICLE IN PRESS

Fig. 2. (A–C) Temperature (1C), salinity (practical salinity units) and density (kg m�3) depth contours to 250 m depth from representative Transects 2 (left; STAR-station

8–17; Cast 17–26) and 3 (right; STAR-station 18–27; Cast 27–37). Vertical lines represent sampling stations. Shown on the bottom panels are the differential anomalies for

respective physical properties (dashed lines indicate zero differential).
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Maximum absolute temperature anomalies reached �3.5 1C at
100 m depth during both transects. The horizontal extent of the
�1.5 1C anomaly for Transect 2 was �74 km. Conversely, �1.5 1C
anomalies measured along Transect 3 extended approximately
110 km at 100 m depth. Transects 1 and 4 (not shown) also show
perpendicular horizontal anomalies to the same depth and length
scales of 55 and 56 km, respectively. Results relating to the
symmetry of Noah are discussed in detail later in Section 3.5 when
all data from transect lines are considered.

Vertical sections of salinity (Fig. 2B) are characterized by
doming of isohalines similar to isotherms. The results show a
distinct �60 m deep layer peak of 435 psu water in the subsur-
face interior of the region during both transects. Both the upper
and lower 35 psu isohaline surface show horizontal and vertical
doming (Fig. 2A). Differential salinity anomalies show positive
differentials (40.15 psu) in a region between the surface and
100 m, extending horizontally in a manner similar to the core
temperature differential structure. However, unlike the tempera-
ture anomalies, which were relatively uniform with depth, the
salinity anomalies show doming of lower-salinity waters sur-
rounded by relatively high-salinity waters near the center.

Differences between the two anomaly fields can be attributed to
the different vertical profiles of temperature and salinity, the
latter being characterized by a deep salinity maximum around
150 m of depth (Fig. 3).

Vertical contours of the density structure are shown in Fig. 2C.
Comparison of density data with analogous temperature and
salinity data shows the density of the region is strongly controlled
by temperature variability. The actual and differential density
anomaly contours display features similar to temperature ob-
servations (Fig. 2A), confirming the horizontal and vertical
structure of a mesoscale baroclinic eddy feature. The distances
to which the sigma-t ¼ 23 kg m�3 isopycnal surfaces flatten
horizontally were, Transect 1: �95 km, Transect 2: �130 km,
Transect 3: �144 km, and Transect 4: �90 km. Vertical displace-
ments of isopycnal layers ranged from 25 to 60 m near the center
of Noah. Differential density anomalies were similar in form and
structure to temperature anomalies (Fig. 2A).

Mean vertical profiles to 500 m of temperature, salinity,
density and chlorophyll a for the select nine INAVG (Casts 49–57;
IN-1) and nine OUTAVG (Casts 72–80; OUT-2) stations are shown
in Fig. 3. These particular casts were selected from all IN- and
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OUT-stations due to the fact that they were conducted in close
sequence during optimal weather conditions. Further, from the
analysis of ADCP currents, we estimate that our select IN-stations
were located 725 km from the true geometric center and the
select OUT-station data were collected well away from the
influence of the STAR-station eddy field. Mixed-layer depths from
both stations were computed based on the depth at which
temperature decreased by 1 1C from 10 m depth and were
determined to be at 40 and 89 m at the INAVG and OUTAVG

stations, respectively. Mean temperature profiles show that the
seasonal thermocline below �100 m in the reference OUTAVG

station is shifted upwards starting from �275 m depth, with the
displacement increasing toward the surface until �45 m. A similar
subsurface baseline shift is shown in the mean density profile
(Fig. 3). The INAVG station salinity profiles show modification in
three depth zones relative to the OUTAVG station: upper 120 m
higher salinity, mid-layer (120–320 m) shallower permanent
isohaline, and lower layer (4350 m)-higher salinity. Thus, the
differences between salinity profiles reflect not only a vertical
uplift of water, but also more complicated water-mass variability.
The mean temperature and density profiles show a vertical shift of

�50 m of the thermocline layer. The mean vertical profile of
chlorophyll a (Fig. 3D) for the INAVG station shows that the
subsurface chlorophyll a maximum has greater chlorophyll a

concentration (0.30–0.35 mg m�3) than the OUTAVG station and is
shallower in depth (�110–90 m).

Fig. 4 shows water-mass properties (T–S diagram) of the survey
area (deep casts to 4000 m depth are included). The vertical
distribution of water masses in the region where Noah forms is
comprised generally of the moderate-salinity North Pacific
Bottom Water (NPBW; 434.5 psu; o4 1C;) at depths 42500 m
(Mantyla and Reid, 1983; Johnson and Toole, 1993; Reid, 2005),
the moderate to low-salinity North Pacific Deep Water (NPDW;
�34.5 psu; 4–6 1C) from �1000 to 2500 m, the low-salinity North
Pacific Intermediate Water (NPIW; o34.3 psu; 6–12 1C) from
�800 to 1000 m, the high-salinity Sub-Tropical Subsurface Water
(STSW; 434.5 psu; 412 1C), and the relatively fresher near-
surface water (o34.8 psu; 24–27 1C) from o100 m to the surface
influenced by a high degree of precipitation (Wyrtki and Kilonsky,
1984). The T–S characteristics show the waters within the
shallower region of Noah are cooler and saltier than the
surrounding waters, but similar to the STSW found at deeper
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depths (4250 m) where temperatures are o20 1C. As expected for
wind-generated surface features, there is apparently no entrain-
ment of the relatively deeper NPIW within the eddy. Thus, the
water mass of Hawaiian lee eddies consists mainly of STSW
waters that are uplifted into the surface. Although temperature is
the most significant parameter in controlling the interior density
of Noah, the T– S diagram shows that salinity also plays a major
role near the surface where uplifting of isopycnal layers is
pronounced.

3.2. Biogeochemical properties

Concentrations of chlorophyll a, oxygen and inorganic macro-
nutrients (NO2+NO3, PO4 and Si(OH)4) from representative
Transects 2 and 3 are shown in Figs. 5 and 6 (also see Rii et al.,
2008). The DPA’s are shown in these same figures. The contours

superimposed on the DPA sections are isolines of density anomaly.
Bio-optically derived fluorometric chlorophyll a data were
calibrated using a regression curve determined by using total
chlorophyll a concentrations measured from water samples
(Benitez-Nelson et al., 2008). One percent light level depths were
computed based on the empirical relationship between vertically
integrated chlorophyll a concentrations and sub-surface down-
welling irradiance (Morel, 1988; Dickey et al., 2008; Nencioli et al.,
2008). Chlorophyll a measurements show enhanced concentra-
tions roughly following the sigma-t ¼ 24 kg m�3 isopycnal, which
domes toward the center for both transects (Fig. 5A). One percent
light level depths across both transects are found at �118 m and
do not show any significant light attenuation effects from
increased chlorophyll a concentrations. Although subsurface
maximum concentrations of chlorophyll a, dissolved oxygen, and
nutrients were relatively higher near the center of Cyclone Noah,
the horizontal displacements were not as prominent as observed

ARTICLE IN PRESS

Fig. 3. Mean (bold lines) and standard deviation (thin lines) depth profiles to 500 m depth of temperature (1C), salinity (psu), density (kg m�3) and bio-optically derived

chlorophyll a fluorescence (mg m�3) from INAVG (blue) and OUTAVG (red) stations. Mixed-layer depths were derived from the depth at which temperature decreased by 1 1C

from 10 m depth and found at 40 and 89 m, respectively.

V.S. Kuwahara et al. / Deep-Sea Research II 55 (2008) 1231–1251 1237



Author's personal copy

in the hydrography. However, significant positive differential
chlorophyll a anomalies were centered at �75 m depth and
spanned 50 km horizontally (Fig. 5A; Transect 2).

Dissolved-oxygen concentrations from both transect lines
showed enhanced concentrations well above the DCML and
sigma-t ¼ 24 kg m�3 isopycnal layer (Fig. 5B). Relatively elevated
oxygen concentrations followed the sigma-t ¼ 23 kg m�3 isopyc-
nal at depths between 50 and 75 m, spanning �80 km horizontally
near the center. Differential oxygen anomalies (Fig. 5B) confirm
concentrations were enhanced in the surface layer at �50 m,
above the differential density anomaly and subsurface chlorophyll
a maximum, while negative DPA’s were found deeper (�125 m).
Just below the positive differential density anomaly near the eddy
center, negative oxygen anomalies (�0.40 mg L�1) spanning
�60 km are present (Fig. 5B). The negative oxygen anomalies are
similar in magnitude and location to the negative chlorophyll a

anomalies shown in Fig. 5A.
The northwest to southeast (Transect 3) vertical sections of

dissolved inorganic nitrate+nitrite (NO3+NO2), phosphate (PO4)
and silicic acid (Si(OH)4) are shown in Fig. 6 along with their
respective differential anomalies. Comprehensive biological–
biogeochemical sampling was conducted only during Transect 3.
These vertical sections were not derived from the same high-
resolution profiles as for chlorophyll a and oxygen concentrations,
since nutrient concentrations were measured from water samples
collected at discrete depths. Relatively deep nutrient doming was
evident at 175 m depth (below the euphotic zone and DCML).
Doming was roughly congruent with the sigma-t ¼ 24.5 kg m�3

density layer (Fig. 2C). Differential nitrate+nitrite and phosphate
anomaly contour plots show enhanced concentrations near the
center of Noah just below the positive differential density
anomalies at 150 m depth. Silicic acid contours also show nutrient
enrichment on isopycnal surfaces similar to those for nitrate+ni-
trite and phosphate, but these are skewed slightly to the
northwest region of the transect line. STAR-station 20 (Cast 29)
shows that enhanced silicic acid concentrations extended up to
depths of 50 m. The differential silicate anomaly confirms that
enhanced concentrations are present to the northwest of the eddy
center below the euphotic layer. High DPA values above the 1%

light level at 40 km along Transect 3 reflect the presence of high
concentrations at shallower depths observed during STAR-station
20. Silicic acid-to-nitrate+nitrite ratios within the eddy feature
(Si(OH)4:N+N) did show decreases at o250 m depths relative to
the OUTAVG stations. The lack of positive macronutrient anomalies
above the 1% light level near the sub-surface core of Noah

indicates that nutrient depletion and possibly nutrient limitation
may have occurred or was still occurring.

Mean vertical profiles of nitrate+nitrite, phosphate, silicic acid,
and oxygen to 1000 m depth for the INAVG and OUTAVG stations are
shown in Fig. 7. Although concentrations of inorganic nutrients
are slightly higher at respective depths in the euphotic layer
(4100 m), large deviations relative to the OUTAVG stations are not
prevalent until depths below 200 m; thus, the profile figures are
expanded to include deeper depths (Figs. 6 and 7). This trend is
particularly evident in the silicic acid profile where INAVG versus
OUTAVG stations show relatively small differences to 250 m depth.
The vertical displacements of physical properties found in Fig. 3
are more dramatic than the shifts of biogeochemical properties
suggesting that the nutrients may have already been utilized
within the euphotic layer during the survey. This difference could
be another indication that the eddy, from a biological–biogeo-
chemical perspective, may have been in a decay phase (similarly
reported for Cyclone Opal by Rii et al., 2008). INAVG and OUTAVG

oxygen profiles reveal that the oxygen maximum shoals from
below 100 m to depths of about 75 m. The perturbation in the
oxygen profile extends only to 500 m depth, indicating that the
uplift associated with Noah was moderate during the E-Flux I
experiment. Despite the relatively shallow shoaling of isopleths,
the nutrient data suggest that the chemical structure is manifest
at much greater depths of between �250 and 1000 m. The largest
deviation between INAVG and OUTAVG stations occurs between the
depths of 500–700 m and converges at a depth of 1000 m. Based
on these chemical structure results, it is highly plausible that
Noah’s physical isopycnal doming may have occurred to much
greater depths during an earlier phase of its life cycle.

3.3. Velocity distributions

ADCP horizontal current velocity vectors at 40 m depth
(shallowest ADCP depth record) are shown in Fig. 8 for all
transects. The figure was generated by translating the transects
into a reference frame with a common eddy center as determined
for Transect 3. Current vector data clearly reaffirm the presence of
the mesoscale cyclonic feature Noah west of the island of Hawai’i.
Velocities associated with the eddy of up to 80 cm s�1 were
observed along the northern and southern section of Transect 2
(Fig. 8; top). The velocity vector fields show currents that
gradually decrease in magnitude to about 200 m depth (not
shown), indicating that the vertical influence of the velocity field
associated with the cyclonic feature is much shallower than the
eddy-induced perturbations observed in the hydrographic and
biogeochemical data. Current velocities are generally slower
nearer the coastline of Hawai’i (southeastern section of Transect
3). In addition, a small anti-cyclonic pattern is evident in the case
of the northeastern section of Transect 4, likely resulting from
channel and coastal island effects.

In order to represent better the entirety of the eddy feature,
ADCP transect data were interpolated (Kriging method) at 40 m
depth (Fig. 8; bottom). The horizontal interpolation of current
vectors shows the individual transect lines of a well-developed
cyclonic circulation feature with pronounced jet-like regions in
the northern (near the channel) and southwestern (furthest from
the channel) portions. Maximum velocity of 86 cm s�1 was
recorded in the southwestern region during Transect 1 at 40 m
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Fig. 4. Temperature–salinity (T–S) relationship for all IN- (blue), OUT- (red), and

STAR- stations (green).

V.S. Kuwahara et al. / Deep-Sea Research II 55 (2008) 1231–12511238



Author's personal copy

depth. Velocities were reduced near the coastline, suggesting
portions of cyclonic Hawaiian lee eddies lying near the island are
likely affected by land mass, perhaps resulting from a combination
of weakening wind-stress curl and coastal island boundary effects.
Influence of the island also may induce periodic ellipticity and
perturbation of geostrophic balance. The sigma-t ¼ 23 kg m�3

isopycnal at 40 m depth is also overlain on the velocity map,
indicating that the isopycnal doming induced by Cyclone Noah

was maximum near the center of the eddy (Fig. 8; bottom).
Information regarding the accuracy with which the position of

the center was estimated can be inferred from the analysis of the
radial distribution of radial and tangential velocity components.
Symmetry in the distribution of tangential velocities across the
near-center, small radial velocities, and decrease of tangential
velocity to near-zero close to the center are all indicators of a good
estimate of the eddy’s center position. The radial distribution of
tangential velocities also can be used to determine the horizontal
extent to which Noah rotated as a solid-body fluid. Radial
distribution of radial, tangential and angular velocities were

obtained using the 40-m ADCP data for all transects; representa-
tive Transects 2 and 3 are shown in Fig. 9.

The results from the 40 m depth analysis show that velocity
speeds on STAR-transects are not symmetric (again, consistent
with hydrography), and exhibit erratic radial distribution from the
near-center region of the eddy. The approximation of the location
of Noah’s center likely accounts for some of the scatter in the
radial distribution of velocity components. However, perturba-
tions in the velocity field due to island effects also may be
important factors in determining the observed radial distribution.
Fig. 9 shows that the radial currents are smaller than their
tangential counterparts. Radial current components for Transect 3
increase to values less than �60 cm s�1 at �45 km distance from
the center to the outer edge. Further outward, uniform radial
velocities of p22 cm s�1 were observed (Fig. 9; top). Tangential
velocity analysis of the northern line from Transects 2 and 3
shows the maximum tangential eddy velocity was p80 cm s�1

and extended 20–40 km distance from the radial center at 40 m
depth (Fig. 9; middle-top). Tangential velocity measurements
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Fig. 5. (A, B) Chlorophyll a fluorescence (mg m�3) and oxygen (mg L�1) depth gradients overlaid with density (kg m�3) depth contours to 250 m from representative

Transects 2 (top) and 3 (bottom). Vertical lines represent sampling stations. Shown on the bottom are the differential anomalies for respective properties. Solid line (yellow

and red) represents the 1% light level depth. Isopycnals also are overlaid as depth contours.
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along southern transect lines displayed speeds of p53 cm s�1. The
fact that tangential velocities never decrease to near-zero values
along any of the transects confirms that none of the line surveys
went through the true geometric center of the nearly stationary
eddy. Analysis of angular velocity (Vy/r, where r is the radial
distance from the estimated center of the eddy) at the same depth
shows that velocity jets gradually decrease from near the center of
Noah to a radius of 40–50 km, suggesting sustained lateral shear
(Fig. 9; middle-bottom). None of the radial sections of the angular
velocity showed sustained angular velocity to significant dis-
tances from the center indicating that solid-body rotation was not
occurring beyond �10 km of the estimated geometric center.

The relationships between the normalized radial distributions
and the normalized radial tangential velocity from 40 m depth are
shown in Fig. 9 (bottom). Maximum velocity (VMAX) and radius
from center (RMAX) used for normalization (Olson, 1980) of two
transects show the decrease of angular velocity from its
maximum values at RMAX toward near-zero values toward the
center of the eddy is not linear. The only exception seems to be for
the northern section of transect, confirming that the portion of
Noah in solid body rotation is characterized by a radius smaller

than RMAX. Fig. 9 also shows significant effects from lateral shear
and gradual decay of tangential velocity beyond the maximum
surface velocity jets.

Vertical-radial sections of perpendicular (to line transect),
tangential and angular velocities from Transects 2 and 3 are
shown in Fig. 10 to illustrate the depth-extent of rotation. The
purpose in presenting the perpendicular velocity is to clearly
illustrate the magnitude of current speeds in relation to the
transect lines, show where the relative zero velocity is positioned
(dashed line to establish the relative center of the eddy at specific
depths) and show the general distribution of currents with depth.
The results from the perpendicular velocity component analysis
demonstrate that Noah exhibited relatively high velocity (X20
cm s�1) to a depth of �175 m depth. The location of near-zero
velocity shows an increase in magnitude with depth and indicates
that the location of the eddy’s center was depth-dependent within
a �20 km radius. Similar depth-dependent variability was identi-
fied during the analysis to determine the geometric center of each
transect line at each depth (not shown). Two jet-like regions near
the surface are clearly present to depths of �50 m for Transect 2.
Contour plots of the tangential velocity further confirm the
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Fig. 5. (Continued)
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Fig. 6. NO3+NO2 (N+N; mM L�1), PO4 (mM L�1), and Si(OH)4 (mM L�1) gradients overlaid with density (kg m�3) depth contours to 250 m from Transect 3. Vertical dots

represent discrete sampling depth and stations. Shown on the right are the differential anomalies for respective chemical properties. Dashed line (red) represents the 1%

light level depth. Isopycnals also are overlaid as depth contours.
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asymmetric nature of Noah along both transects where higher
velocity measurements were recorded towards the northern
section of the feature as seen in Fig. 8. Angular velocity contours
show that the maximum is at the center of the eddy and extends
to depths of about 150 m, although its horizontal extent is
significantly reduced with depth. Lateral effects of horizontal
shear are evidenced by the gradual decrease in angular velocity
from the center.

3.4. Potential vorticity

The vertical shear and potential vorticity distributions are
illustrated in Fig. 11 based on computational methods described in
Nencioli et al. (2008). Contour lines of density are superimposed
on each section. The results show that the highest shear zones
occur around the sigma-t ¼ 23 kg m�3 isopycnal surface at �75 m
depth and at �40 km from the center. These shear zones are

roughly coincident with the regions of high tangential velocity
and steep isopycnal doming. This section is characterized by a
shallow portion of extremely high values of potential vorticity
located around the center of Noah. It extends up to depths of
�75 m with a radius of �15 km. Potential vorticity decreases with
depth and radial distance from this region. Two lobes character-
ized by moderate potential vorticity values extend on both sides
and are confined within the s23 and s24 isopycnals. These vorticity
lobes result from the contribution of the density gradient, which
dominates the potential vorticity equation in regions character-
ized by small velocity values.

The relative orientation of isopycnals and isopleths of potential
vorticity is an important indicator of whether lateral exchanges of
water can occur. Since potential vorticity is approximately
conserved as a parcel of water moves across the eddy, lateral
exchange is inhibited where isopycnals and isopleths of potential
vorticity cross each other (i.e. totally inhibiting if perpendicular to
each other). For this reason, the region of high potential vorticity
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Fig. 7. Duplicate sample depth profiles to 1000 m depth of NO3+NO2 (N+N; mM L�1), PO4 (mM L�1), oxygen (mg L�1) and Si(OH)4 (mM L�1) from INAVG (blue) and OUTAVG (red)

stations. Mixed-layer depth for mean IN- and OUT-stations based on temperature gradient change were 40 and 89 m, respectively.
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(roughly upper �75 m) is likely isolated from the surrounding
water. On the other hand, the lateral exchange of water between
the center of the eddy and outer regions seems to be deeper along
isopycnal surfaces between s23.5 and s24. Potential vorticity values
from Transect 3 show a less symmetrical structure. Only the

northern portion shows high values of potential vorticity at
shallower depths. This region is much deeper than the one
observed during Transect 2, since it extends to the sigma-
t ¼ 24 kg m�3 isopycnal. Thus, lateral exchange of water on the
northwest side of the transect line might be inhibited whereas

ARTICLE IN PRESS

Fig. 8. Measured (top) and interpolated ADCP current vectors from the 40 m horizontal depth layer measured during the eddy survey. Superimposed in bold (bottom panel)

is the sigma-t ¼ 23 kg m�3 isopycnal layer from Fig. 2C.
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sections closer to the island may have been influenced by lateral
exchange. The southeast transect section shows moderate values
of potential vorticity, which extend from 40 to 100 m. This region
most likely results from the reduced velocities due to the island
effect, as suggested by the tangential velocity section in Fig. 10.

3.5. Shape of Cyclone Noah

By considering results from both the hydrographic survey and
velocity data, we have synthesized the available information to
describe the geometric shape of Noah. Interpretation of eddy
symmetry is highly dependent on the parameter and depth used

to define it, i.e. isothermal layer, isopycnal layer, vector currents,
vorticity, etc. Although the hydrographic survey data suggest that
the feature was elongated along the northwest to southeast
transect (Transect 3), it is difficult establish that Noah was indeed
semi-elliptical in shape based solely on the data collected from
the four STAR-transect surveys. Again, a major problem was
exactly finding and sampling the exact center of the eddy. Further,
remote sensing SST imagery did not reveal a surface manifestation
of an eddy feature during the ship survey. However, time-series
images of SST obtained by GOES satellite prior to the ship survey
(October 4–15, 2004) did show that Noah had been rotating as an
elliptically shaped eddy on occasion (Fig. 12). In order to estimate
the shape of Noah based on the hydrography, surface contours of

ARTICLE IN PRESS

Fig. 9. Radial distribution of the radial (m s�1; top), tangential (m s�1; middle-top) and angular (rad s�1; middle-bottom) velocity from representative Transects 2 (left) and

3 (right). Radial distributions of normalized gradient velocity (V/VMAX) as a function of normalized radial distance (R/RMAX) from the center of the eddy (bottom) from

representative Transects 2 and 3. Filled circles and open square symbols represent the distance from the center to the northern and southern sections, respectively.
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Fig. 10. Depth contour sections of the perpendicular (m s�1; top), tangential (m s�1; middle) and angular (rad s�1; bottom) velocity to 250 m depth from representative

Transects 2 (left) and 3 (right). Overlaid are the isopycnal layers. Dashed line in top panel represents zero velocity.
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the 40 and 100 m differential density anomalies and the depth of
the sigma-t ¼ 23 and 24 kg m�3 isopycnal layers are shown in
Fig. 13. The results reveal two distinct views: (1) Noah’s center
shifts slightly northward with increasing depth and (2) degree of
ellipticity appears to be dependent on the isopycnal layer
observed. For example, when observing the depth of the sigma-
t ¼ 23 kg m�3 isopycnal layer in the upper 100 m, it appears as
though Noah was indeed nearly elliptical (major axis: �144 km,
minor axis:�90 km). This elongated shape is mainly influenced by
the hydrography along Transect 3 (Fig. 2). However, when the
depth of the sigma-t ¼ 24 kg m�3 isopycnal layer is examined at
deeper depths (100–140 m), it appears that Noah is more circular
and nearly symmetric in shape. Isothermal and isohaline surface
plots were similar to density plots at depth. Similar depth-
dependent, elongated features were not as obvious in the analysis
of the horizontal ADCP data although the relative center did shift
with depth (Fig. 10). The resulting paradox is that both semi-
elliptic and symmetric features are observed within the same
water column at different depths. The results suggest that the
physical and dynamical structure associated with Cyclone Noah

within its upper layer may have been in the process of physically
decaying and beginning to depart from near geostrophic balance
while deeper layers may have been still maintaining quasi-
geostrophic balance.

In order to further understand the complexity relating to
symmetry and rotation, we next report direct Lagrangian
measurements, which were made with two surface drifters
(Fig. 14; also see Dickey et al., 2008). The two drifters were
surface floats; one was deployed during the cruise from
November 11–17, 2004 (OPL drifter) while the other was deployed
toward the end of the shipboard survey and subsequently left in
the eddy from November 17 to December 8, 2004 (METOCEAN
drifter). The drifter measurements based on GPS positioning,
show that rotational speeds averaged �60 cm s�1 and indi-
cate that Noah moved northward preceding the field survey
after initially migrating southward, but then stayed relatively
stationary during the survey. Although the data do not clearly
indicate an elliptical shape for the eddy, the GPS position data do
confirm water-mass rotation at relatively high velocities near the
center.
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Fig. 11. Depth contour sections of the vertical shear (s�1; top) and potential vorticity (kg m�4 s�1
�10�7 s�1; middle) velocity to 250 m depth from representative Transects

2 (left) and 3 (right). Overlaid lines in respective panels are isopycnal contours.
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4. Discussion

The E-Flux I field experiment, which was conducted from
November 4–22, 2004, focused on relatively stationary mesoscale
cyclonic eddy feature Noah. In this first of three field experiments,
we were able to capture the physical and biogeochemical

characteristics of a wind-induced eddy feature. In the following
sections, we provide information concerning the evolution of
Cyclone Noah as it experienced surface episodic forcing during our
field experiment, and compare the similarities and differences in
the physics and biogeochemistry of Cyclone Noah with Cyclone
Opal, which was observed during the E-Flux III field survey.
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Fig. 12. Time sequence of sea-surface temperature (SST) from the NOAA Geostationary Operational Environmental Satellite (GOES) from October 4–15, 2004, courtesy of

NOAA OceanWatch-Central Pacific (NOAA NESDIS). Note: SST imagery during the in situ survey did not reveal a surface feature.
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4.1. Spatial and temporal evolution

Noah appears to have been relatively stationary in geographic
location compared to other previously studied eddies in the
region as well as Cyclone Opal (Dickey et al., 2008; Nencioli
et al., 2008). Two days after the initiation of Transect 1 (November
8, 2004), a strong low-pressure system brought a 3 h rain squall
into the survey area causing surface salinity to diminish from
34.54 to 34.28 psu. On another occasion, 2 days after the
completion of Transect 4 (November 14, 2004) during IN-station
surveys, wind gusts increased substantially as a front passed,
necessitating the cessation of shipboard station sampling (see
Dickey et al., 2008). The effects of this storm are apparent in the
CTD data (not shown) obtained from the preceding IN-station
surveys (Cast 66–72; IN-4); these data show a deepening of
isothermal, isohaline and isopycnal surfaces relative to a previous
IN-station survey (Casts 49–57; IN-1). The data suggest that at the
site there may have been a surface-induced mixing event above
the subsurface dome of a larger mesoscale feature. This event may
explain in part the change in shape of the vertical profile of

salinity above the deep salinity maximum between INAVG and
OUTAVG (Fig. 3).

The shape of Noah suggests that the eddy was approximately
elliptical at shallower depths whereas it appeared to be circular at
relatively deeper depths. This hints that Noah may have begun to
decay as it possibly began to exhibit ageostrophic effects at
shallower depths. Elliptical eddies are often associated with ring
formation along meandering jets and fronts such as in the Gulf
Stream and Kuroshio currents where shallow-water instability of
rotation result from the release of potential energy through
baroclinic instability mechanisms. Some theoretical explanations
of the departure from perfect circularity (axisymmetry) have
invoked asymmetric vortex formation or the influence of large-
scale shear flow (Cushman-Roisin et al., 1985; Cushman-Roisin
and Merchant-Both, 1995). The shear-flow generated through the
‘Alenuihaha Channel may be one such perturbation source for
eddies forming in the lee of Hawai’i. Alternatively, the observation
that Noah was semi-elliptical in the upper layer also could
indicate that it was in a physical spin-down phase. Theoretical
studies dealing with eddy instabilities show that baroclinic
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Fig. 13. Surface contour plots of the 40 and 100 m differential density anomaly overlaid with the sigma-t ¼ 23 and 24 kg m�3 isopycnals (in white), respectively (left

panels). Right panels show the depth of the sigma-t ¼ 23 and 24 kg m�3 isopycnal layers.
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instability and elliptical instability may indicate that an eddy is
decaying (Ikeda, 1981; Horton and Baylor, 1991). Another indica-
tion of possible physical spin-down in the core of an eddy would
be the subsidence of isopleths within the eddy core. However, our
allotted time for the field survey was insufficient to observe such
vertical displacements of isopleths.

The geometric center of Noah varies with depth (Figs. 10 and
12), as evidenced by a tilted axis of rotation of the eddy. Surface
contour plots of the differential density anomalies and sigma-
t ¼ 23 and 24 kg m�3 isopycnal layers show that the eddy center is
shifted slightly northward at 100 m depth (Fig. 12). Similar
variability of the position of the eddy’s center was evident in
the ADCP vector analysis. It is possible that this tilt may vary in
time and could result in an effective ‘nutation’ or ‘wobble’ effect
causing significant variability in the physical–biological–biogeo-
chemical coupling within the mesoscale feature.

Another suggestion of temporal variability in the physical
characteristics of Noah can be seen in the vertical temperature
profiles (Fig. 3) of the INAVG and OUTAVG stations as well as the
temperature–salinity curve (Fig. 4). It appears that the near-
surface salinity is similar to that of the subtropical surface waters
typically (STSW) found at �150 m, indicating surface waters near
the center of the eddy were dominated by STSW upwelled waters.
However, the surface waters close to the eddy’s center are
relatively warm suggesting that this water mass may have
been isolated long enough to absorb significant shortwave
radiation resulting in enhanced surface heating. This pattern is
consistent with the disappearance of the eddy feature from SST
remote sensing satellite imagery. If Cyclone Noah were actively
upwelling, we would expect to see cooler surface waters in
addition to higher salinity. The observed thermodynamic and
water property evolution supports the conjecture that Noah was a
physically mature mesoscale feature. The inference that the
physical characteristics of Noah were in a decaying phase is
difficult to verify based on hydrography and velocity data alone as
much longer time series observations for the eddy would be
needed.

4.2. Tale of two eddies: Noah and Opal

Both Cyclone Noah and Cyclone Opal developed during strong,
persistent northeasterly trade wind conditions. The production
mechanism for both mesoscale features involved wind stress curl-
induced upwelling (Dickey et al., 2008). Here we compare and
contrast the physical differences observed for Noah and those
observed during the third field experiment (E-Flux III; March
10–28, 2005) when a larger eddy (Opal) was surveyed (Nencioli
et al., 2008). Comparison of the two eddies, which developed in
the same region under similar wind induced conditions, is helpful
for inferring the respective life-cycle stages and subsequent
biological–biogeochemical impacts.

Vertical contours of the density (sigma-t ¼ 24 kg m�3 structure
suggest that Opal was conservatively estimated to be �180 km in
diameter, whereas Noah was �100 km along its estimated major
axis based on the same isopycnal layer. When the sigma-t ¼

23 kg m�3 isopycnal layer is utilized as a reference (which was
more relevant for Noah) to determine the size of each respective
eddy, Opal and Noah would have been on the order of �200 and
�144 km in diameter, respectively. In the case of Opal, the sigma-
t ¼ 23 kg m�3 isopycnal doming would have penetrated the water
surface with a diameter of �100 km whereas Noah’s sigma-
t ¼ 23 kg m�3 layer was submerged at approximately 50 m
depth. The most significant difference between the hydrography
of Cyclones Opal and Noah was the contrast in the vertical
displacements of isopycnal layers. Opal’s isopycnal displacements
were from �150 m to the surface. Noah showed shallower vertical
displacements of �50 m. These differences in doming of isopycnal
layers (roughly indicative of nutricline displacements) proved to
be significant for the respective coupling of physical–biogeo-
chemical–biological processes (Rii et al., 2008). Differential
property anomalies (DPAs) for temperature, salinity and density
did not show substantial differences between the two eddies. Both
eddies showed similar DPA depth ranges (�50–150 m) and
horizontal extents (�60–100 km). The contrasting legacy of each
cyclonic eddy suggests that mesoscale features are uniquely
dependent on spatial and temporal evolutionary conditions and
their interactions with surrounding waters.

Maximum measurements of near-surface (40 m) tangential
velocities were higher during Noah (�80 cm s�1) than during Opal

(�60 cm s�1). STAR-stations for Noah revealed fluctuating tangen-
tial velocity including some jet-like regions as well as reduced
currents near the coast. On the other hand, Opal displayed
relatively similar radial sections of velocity and more symmetric
property and velocity distributions as expected for eddies that are
in near geostrophic balance. Analyses show that Opal was further
offshore than Noah; thus, coastal island effects could have been
important for the latter. Another distinction between the two
eddies is the differences between the vertical distribution of
tangential and angular velocities. Cyclone Opal displayed max-
imum currents �25 km from the center to depths of �100 m,
whereas Noah showed maximum currents at �20 km from the
center to depths of roughly �75 m. Comparisons of the vertical
sections of angular velocity show that the portions of each eddy in
approximate solid body rotation are quite similar.

Opal appears to have been in a relatively biologically
productive phase whereas Noah is thought to have been in a
declining phase (Bibby et al., 2008; McAndrew et al., 2008; Rii et
al., 2008). The DCML in the Hawaiian region is generally found at a
depth between 100 and 125 m for the region (i.e. Falkowski et al.,
1991). Vertical comparisons of INAVG and OUTAVG stations showed
Opal’s subsurface chlorophyll a reached 0.70 mg m�3 at �75 m
depth whereas Noah displayed a maximum of 0.35 mg m�3 at
�100 m depth, which was not significantly different from the
OUTAVG station. Inorganic macronutrients observed during Opal
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Fig. 14. ARGOS positions of the surface temperature-string Drifter 1 (black circles)

and the METOCEAN bio-optical Drifter 2 (colored circles) during E-Flux I. Results

suggest that both surface drifters made multiple revolutions around the eddy’s

center as it slowly moved north after the shipboard survey.
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showed substantial increases above the euphotic depth whereas
nutrient increases above this depth were not apparent in Noah.
One similar attribute of the two eddies is the distribution of
dissolved oxygen within the water column. Both eddies exhibited
enhanced dissolved oxygen above the euphotic zone and
differential anomalies of negative values just below the subsur-
face DCML. Negative oxygen anomalies located at similar depths
of negative chlorophyll anomalies (below the euphotic zone and
positive density core) may be associated with enhanced microbial
remineralization processes and zooplankton below the subsurface
chlorophyll a maximum. The positive oxygen anomalies above the
subsurface chlorophyll a maximum could be associated with
remnants from earlier oxygen increases and phytoplankton
productivity prior to hypothesized eddy relaxation (spin-down)
phase.

The strongest nutrient enrichment within Noah occurs be-
tween 250 and 700 m depth (Fig. 7). Moderately enhanced
dissolved inorganic macronutrient concentrations above 150 m
reaching the euphotic layer (�110 m) supported increases in
biological activity as well (Bibby et al., 2008; McAndrew et al.,
2008; Rii et al., 2008). Although enhancements of nutrients
appear minimal in the euphotic layer, even small increases of
nutrients can enable phytoplankton to bloom. The hydrography
and ADCP velocity observations correlate well with these results.
However, enhancements below 250 m suggest that the physical
interior of Noah may have affected much greater depths prior to
the in situ survey conducted during this study. Current velocity
and hydrographic measurements did not reveal anomalous
doming layers below �300 m, suggesting that post-relaxation of
isopycnal layers does not necessitate reduction of injected
nutrients to the upper layer. Seki et al. (2001) describe isothermal
doming and enhanced macronutrient signatures between the
layers of 200 and 500 m depth during their survey of Cyclones
Mikalele and Loretta, while Nencioli et al. (2008) present upward
shifts of isopycnal layers to �700 m depth during the survey of
Opal. The combined results suggest that wind-induced cyclonic
eddies in Hawai’i have relatively deep physical perturbations
reaching depths below 300 m during mature phases with the
potential for steady nutrient enhancement effects (Lewis, 2002).
Noah displayed �50 m doming of isopycnal layers across a
90–144 km horizontal plane with modest increases in nutrients
and phytoplankton. The correlation between the distributions of
physical and biogeochemical properties indicates moderate
physical–biogeochemical–biological coupling within Noah.

A major difference between the two eddies was their
translations. Opal moved rapidly southward by about 165 km
from the beginning of the tracking period to the end of the field
survey (approximately 2.5 weeks), whereas Noah was relatively
stationary during the entire in situ survey (Dickey et al., 2008;
Nencioli et al., 2008). One hypothesis is that a fast moving eddy
system like Cyclone Opal could partially distribute initially
entrained upper layer biogeochemical-biological processes
(open-bottom hypothesis; Nencioli et al., 2008) during migration,
while a relatively stationary eddy may exert less lateral exchange
below the most dynamic layers of rotation (also see Rii et al., 2008
for alternate hypothesis). The near-stationary position of Noah

may have significantly influenced the biological and biogeochem-
ical characteristics observed within the eddy. According to the
hypothesis proposed by Nencioli et al. (2008), nutrient injections
within mesoscale eddies might not be limited to a single injection
at the time of an eddy’s physical spin-up phase, but rather
multiple or continuous injections could take place during an
eddy’s lifetime. The eddy velocity field and the eddy translation
speed are likely two of the main factors controlling nutrient fluxes
within mesoscale features. Potential vorticity sections derived
from Noah’s velocity field are quite similar to the ones observed

for Cyclone Opal. However, in the case of Noah, contributions of
nutrients to the eddy core via lateral exchange of water are most
likely limited because of the relatively stationary position of the
eddy. This juxtaposition might in part explain the much more
moderate phytoplankton bloom, which characterized Cyclone
Noah relative to that of Opal (Rii et al., 2008).

5. Summary and conclusions

Surveys of the physical and biogeochemical features of a cold-
core cyclonic eddy, Noah, were examined using several inter-
disciplinary observational methods during E-Flux I in an effort to
understand the effects of frequently occurring mesoscale eddies
that are spawned in the lee of the Hawai’ian archipelago. Our
in situ observations revealed that vertical shifts of isopleths of
physical, chemical and biological properties occurred within the
radial distance (with respect to eddy’s center) of maximum
velocity jets. Vertical contours of the density (sigma-t ¼ 23 kg m�3

isopycnal surface) structure suggest that Noah was �144 km along
its estimated major axis. The eddy-induced uplift of isopycnals
resulted in relatively minimal enhancements of nutrients and
chlorophyll a in the euphotic zone. Noah was likely nearly elliptic
in shape at depths shallower than �100 m, but nearly circular at
greater depths and perhaps in near geostrophic balance. The
nearly elliptic shape may result in part from shear effects through
flow interaction with the coastline of Hawai’i. Perhaps wind
forcing caused a major perturbation of the upper layer as well. In
either case, it appears that Noah may have begun to physically
spin-down with the upper layer shifting away from geostrophic
balance. Our investigations of Cyclone Noah show that wind-
induced upper ocean perturbations that act to spawn cyclonic
eddies can cause significant changes to the physical, biogeochem-
ical, and biological structure of the water column. The importance
of mesoscale eddies regulating biogeochemical processes in other
oligotrophic regions is under continuing debate (McGillicuddy
and Robinson, 1997; McGillicuddy et al., 1998, 1999; McNeil et al.,
1999). The difference in biogeochemical-biological response
between ‘pinched’ jet-stream generated eddies and wind-stress
curl generated Hawaiian lee eddies remains to be fully under-
stood. Of particular future interest are the differences in physical
induction parameters that regulate and sustain the doming of
isopleths, the resolution of closed-system (encapsulated) eddies
versus hypothesized shallow-water quasi-open-bottom system
eddies (see Nencioli et al., 2008) and the decoupling of
physical–biogeochemical–biological parameters as they relate to
eddy life-cycle phases.
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