
ARTICLE IN PRESS

Deep-Sea Research II 55 (2008) 1412– 1425
Contents lists available at ScienceDirect
Deep-Sea Research II
0967-06

doi:10.1

� Corr

E-m
journal homepage: www.elsevier.com/locate/dsr2
The carbon dioxide system and net community production within a cyclonic
eddy in the lee of Hawaii
Feizhou Chen a, Wei-Jun Cai a,�, Yongchen Wang a, Yoshimi M. Rii b,
Robert R. Bidigare b, Claudia R. Benitez-Nelson c

a Department of Marine Sciences, University of Georgia, Athens, GA 30602-3636, USA
b Department of Oceanography, University of Hawaii at Manoa, Honolulu, HI 96822, USA
c Department of Geological Sciences/Marine Sciences Program, University of South Carolina, Columbia, SC 29208, USA
a r t i c l e i n f o

Article history:
Accepted 18 January 2008

The dynamics of dissolved inorganic carbon (DIC) and processes controlling net community production

(NCP) were investigated within a mature cyclonic eddy, Cyclone Opal, which formed in the lee of the

Available online 7 May 2008

Keywords:

Mesoscale processes

Cyclonic eddies

Dissolved inorganic carbon (DIC)

Net community production (NCP)

Subtropical North Pacific Ocean

E-Flux
45/$ - see front matter & 2008 Elsevier Ltd. A

016/j.dsr2.2008.01.011

esponding author. Tel.: +1706 5421285; fax:

ail address: wcai@uga.edu (W.-J. Cai).
a b s t r a c t

main Hawaiian Islands in the subtropical North Pacific Gyre. Within the eddy core, physical and

biogeochemical properties suggested that nutrient- and DIC-rich deep waters were uplifted by �80 m

relative to surrounding waters, enhancing biological production. A salt budget indicates that the eddy

core was a mixture of deep water (68%) and surface water (32%). NCP was estimated from mass balances

of DIC, nitrate+nitrite, total organic carbon, and dissolved organic nitrogen, making rational inferences

about the unobserved initial conditions at the time of eddy formation. Results consistently suggest

that NCP in the center of the eddy was substantially enhanced relative to the surrounding waters,

ranging from 14.1710.6 (0–110 m: within the euphotic zone) to 14.279.2 (0–50 m: within the mixed

layer) to 18.5710.7 (0–75 m: within the deep chlorophyll-maximum layer) mmol C m�2 d�1 depending

on the depth of integration. NCP in the ambient waters outside the eddy averaged about

2.3774.24 mmol C m�2 d�1 in the mixed layer (�0–95 m). Most of the enhanced NCP inside the eddy

appears to have accumulated as dissolved organic carbon (DOC) rather than exported as particulate

organic carbon (POC) to the mesopelagic. Our results also suggest that the upper euphotic zone

(0–75 m) above the deep chlorophyll maximum is characterized by positive NCP, while NCP in the lower

layer (475 m) is close to zero or negative.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In the subtropical open ocean, both production and commu-
nity structure are controlled to a large extent by the limited
availability of macro and trace nutrients. As a result, much of the
primary production (PP) in these systems uses recycled nutrients
(i.e. regenerated production), and is dominated by a microbial
food web (Dugdale and Goering, 1967). New production (NP) is by
definition the portion of PP sustained by exogenous nutrients. At
steady state, it is often equated with net community production
(NCP, defined as net autotrophic production minus community
respiration, theoretically NCPpNP) and to be balanced by the
sinking of organic matter from the euphotic zone (Platt et al.,
1989; Williams, 1993; Allen et al., 1996; McGillicuddy and
Robinson, 1997; Williams and Follows, 1998). Within the oligo-
trophic subtropical ocean, however, basin-wide geochemical
ll rights reserved.
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estimates of NP are substantially higher than that which can be
explained by direct biological and physical estimates of PP
and nutrient supply (Shulenberger and Reid, 1981; Jenkins
and Goldman, 1985). As such, nitrogen fixation by cyanobacteria
and episodic nutrient injections by mesoscale eddies and
submesoscale processes, events easily missed by traditional
sampling methods, have been invoked to explain the discrepancy
(Falkowski et al., 1991; Capone et al., 1997; McGillicuddy and
Robinson, 1997; McGillicuddy et al., 1998; Siegel et al., 1999).

Eddies are ubiquitous features throughout the oceans, with
observations ranging from the Gulf of Alaska (Crawford and
Whitney, 1999) to the Arabian Sea (Dickey et al., 1998; Honjo et al.,
1999; Fischer et al., 2002). Although few in number, studies of
eddy biogeochemistry have shown that eddy-induced local
upwelling of new nutrients (e.g., nitrogen) into the euphotic zone,
increases PP and NCP, influences plankton community structure,
and enhances particle export to the mesopelagic (Falkowski
et al., 1991; Olaizola et al., 1993; Allen et al., 1996; Anderson
et al., 1996; McGillicuddy et al., 1998, 2003, 2007; Siegel et al.,
1999; Seki et al., 2001; Bidigare et al., 2003; Vaillancourt et al.,
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Fig. 1. Area map for the E-Flux III cruise in March 2005 in the lee of Hawaii:

(A) remote sensing of GOES SST image, red circle highlights the cold core of

Cyclone Opal, and (B) location of sampling stations, including Transect 3 stations,

IN-stations, and OUT-stations. Detail information is available in Table 1.
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2003; Benitez-Nelson et al., 2007). Yet, the global biogeochemical
significance of eddies remains enigmatic and controversial (e.g.,
Oschlies and Garcon, 1998; McGillicuddy et al., 1998; Oschlies,
2002). Current estimates suggest that 10–50% of annual PP is
due to eddy-induced nutrient fluxes (Falkowski et al., 1991;
McGillicuddy et al., 1998; Oschlies and Garcon, 1998; Siegel
et al., 1999; Letelier et al., 2000). This wide range reflects a paucity
of direct observations of the biological and biogeochemical
impacts of eddies, along with difficulties in placing the existing
observations into a broader context (Haury, 1984; McNeil et al.,
1999; Savidge and Williams, 2001; Bidigare et al., 2003).

The overall effect of episodic eddies on inorganic carbon
cycling also remains vague. Williams and Follows (1998) argued
that the eddy-pumping mechanism, i.e. eddy-mediated upwelling
of nutrient-replete deep water into otherwise oligotrophic surface
waters (Falkowski et al., 1991; McGillicuddy et al., 1998; Oschlies,
2002), does not necessarily lead to a corresponding decrease in
dissolved inorganic carbon (DIC). Rather, they suggested that
increased DIC consumption due to photosynthesis is balanced or
even surpassed by the upwelling of DIC-rich waters from below.
The biogeochemical evolution of the carbon dioxide system was
examined in long-lived anticyclonic Haida eddies in the subpolar
gyre of the North Pacific Ocean (Chierici et al., 2005). Dramatic
seasonal changes in DIC and nutrients inside Haida eddies (with
DIC losses during spring and gains during fall) highlight the
importance of sporadic events and their complicated influence on
the regional oceanic inorganic carbon biogeochemistry, although
Haida eddies occur in the subpolar gyre and are physically
different from subtropical mesoscale eddies (e.g., formation
mechanism and maintenance, scale and duration).

The E-Flux Program was a multidisciplinary effort to under-
stand the physical, chemical and biological characteristics of
subtropical cyclonic eddies that form in the lee of main Hawaiian
Islands (Benitez-Nelson et al., 2007; Dickey et al., 2008). In this
region, island topography and prevailing northeasterly trade
winds combine to generate mesoscale eddies in the ‘Alenuihaha
Channel between the islands of Maui and Hawaii. They are formed
at all times of the year (mean generation frequency ¼ 60 d), but
most frequently during periods of high trade wind activity (late
summer through winter). Spanning an average diameter of
180 km, these ephemeral features have typical life spans of 2–8
months (Patzert, 1969; Lumpkin, 1998; Chavanne et al., 2002;
Dickey et al., 2008). This area thus serves as an ideal natural
laboratory, providing excellent opportunities for examining eddy
biogeochemistry at various stages of eddy development and decay
(Falkowski et al., 1991; Seki et al., 2001; Bidigare et al., 2003;
Vaillancourt et al., 2003). In this study, we examined NCP and
inorganic carbon biogeochemistry in a first baroclinic-mode
cyclonic eddy, subsequently named Cyclone Opal, during the third
cruise of the E-Flux Program (E-Flux III). Data from an earlier
cruise (E-Flux II) prior to eddy formation are also used to assess
hydrographic changes through time and to make inferences about
initial conditions.
2. Methods

2.1. Description of Cyclone Opal and sampling strategy

Cyclone Opal first appeared in sea-surface temperature (SST)
imagery obtained from Geostationary Operational Environmental
Satellite (GOES) to the southwest of the Alenuihaha Channel
between February 18 and 25, 2005, as a result of strong and
persistent trade winds in early February (Fig. 1A) (Benitez-Nelson
et al., 2007; Dickey et al., 2008). Sampling occurred during the
E-Flux III field experiment from March 10 to 28, 2005 aboard the
R/V Wecoma, approximately 4–6 weeks after Opal’s first appear-
ance. During the first week of sample collection (March 10–15), a
series of five �180-km-long transects were conducted across
the eddy center to define Cyclone Opal’s physical and initial
biological characteristics (Dickey et al., 2008; Nencioli et al.,
2008). Transects 1, 2, 4, and 5 were characterized by repeat
CTD casts. Transect 3 was intensively sampled for a suite of
biological parameters including nutrients and carbon parameters
(see Section 2.2). Results suggested that Opal’s diameter was
�160–180 km wide and circular in shape (Nencioli et al., 2008).
A deep chlorophyll maximum layer (DCML) occurred between
the st ¼ 24.2 and 24.4 kg m�3 isopycnal surfaces (Rii et al.,
2008), shoaling from 110 m at the eddy edge to 70–90 m at the
eddy center with 42-fold increase in chlorophyll concentrations
(Rii et al., 2008). These preliminary measurements suggested that
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Cyclone Opal was in a physically and biologically mature phase of
eddy development (Sweeney et al., 2003).

A 7-day time-series of process studies were then conducted at
the eddy center (IN-stations) from March 16 to 22 to describe the
temporal biogeochemical evolution of Cyclone Opal during the
course of a decaying diatom bloom (Benitez-Nelson et al., 2007).
During this period, Cyclone Opal moved rapidly to the south
(average translational speed of 0.33 km h�1) by �160 km from its
initial location (e.g., traveled from IN1 to IN7, Table 1 and Fig. 1B)
(Nencioli et al., 2008). Acoustic Doppler current profiler (ADCP)
data, SST, and satellite observations were used to evaluate if each
hydrographic cast was positioned close enough to the eddy center
(velocity p25 cm s�1 as a threshold value) to be considered as an
IN-station (Nencioli et al., 2008). As a result, nine out of the
51 CTD casts were excluded, including cast 49 (i.e., IN1 in Table 1
and Fig. 1B). Once completed, a series of three control stations
(OUT-stations) were sampled during March 24–27 at a location
well removed from the eddy flow field (4200 km north of IN7,
Fig. 1B), but still within the lee of the Hawaiian Islands (Dickey
et al., 2008).

Approximately 6 weeks prior to E-Flux III, the E-Flux II field
campaign was conducted during January 10–28, 2005 aboard the
R/V Wecoma. No mesoscale eddies were observed due to the lack
of northeasterly trade winds during the sampling period (Dickey
et al., 2008). Thus, the data from this cruise, considered to be
some what representative of the initial waters from which
Cyclone Opal is derived, are used for comparison purposes with
E-Flux III as needed and for making inferences about initial
conditions.
2.2. Sample collection and analyses

Discrete water samples were collected over the upper 350 m
for pH, total alkalinity (TAlk), DIC, inorganic nutrients (including
nitrate and nitrite (N+N)), total organic carbon (TOC), and
dissolved organic nitrogen (DON) using a SeaBird SBE 9/11+CTD
system with rosette sampler (Table 1 and Fig. 1B). Samples were
collected during Transect 3 (stations 26–36 in Fig. 1B) and each
Table 1
Stations and casts information for E-Flux III cruise

Station no. Longitude (1W) Latitude (1N) Sampling time

Sampled transect

26 156.22.40 20.11.32 3/13/2005

28 156.37.46 19.57.22 3/13/2005

29 156.44.98 19.50.14 3/13/2005

30 156.52.47 19.43.04 3/13/2005

31 156.59.98 19.36.00 3/13/2005

32 157.4.92 19.31.38 3/13/2005

34 157.22.46 19.14.78 3/13/2005

36 157.37.44 19.00.70 3/13/2005

IN-stations and OUT-stations

IN0a 157.4.92 19.31.38 3/13/2005

IN1b 157.4.77 19.21.37 3/16/2005

IN2 157.6.00 19.10.00 3/17/2005

IN3 157.02.70 19.06.70 3/18/2005

IN4 157.01.53 19.01.80 3/19/2005

IN5 156.53.8 18.56.19 3/20/2005

IN6 156.51.59 18.55.78 3/21/2005

IN7 156.51.57 18.55.83 3/22/2005

OUT1 157.35.36 20.37.33 3/24/2005

OUT2 157.35.42 20.37.33 3/25/2005

OUT3 157.35.43 20.37.32 3/26/2005

a IN0 is cast 19a at station 32. We call it IN0 since it has the characteristics of IN-s
b IN1 is not considered as IN-station from velocity analysis by using ADCP data.
IN- and OUT-station (equivalent to once per day) (Table 1 and
Fig. 1B). A large range of additional measurements were also
conducted by other researchers (e.g., Benitez-Nelson et al., 2007;
Dickey et al., 2008; Rii et al., 2008). Here, only the hydrographic
data and biogeochemical parameters related to this paper are
described.

Inorganic carbon parameters were measured using standard
protocols. pH was measured at a constant temperature (25 1C)
with a Ross combination glass pH electrode (Orion Research). The
calibration was conducted by using three NBS pH buffers (pH ¼ 4,
7, 10) to calculate its response slope and a tris buffer at salinity 35
to derive a seawater pH scale. The accuracy was 70.01 pH units.
TAlk was determined by Gran titration using 0.1 M HCl on board
ship (Cai and Wang, 1998; Wang and Cai, 2004). The titration was
calibrated with a certified reference material (CRM) from A.G.
Dickson. Under constant temperature condition (25 1C), the
precision and accuracy of the titration were 0.1%. On shipboard
condition, the fluctuation of laboratory temperature (1 1C or more)
resulted in these values to be 0.3% or 77mmol kg�1. Water
samples for DIC analysis were collected in 20-ml vials and
preserved with 10 ml saturated mercuric chloride. The samples
were stored refrigerated prior to analysis (Cai and Wang, 1998;
Wang and Cai, 2004). Based on replicate analysis, DIC precision
was determined to be within 72 mmol kg�1. The accuracy of
the analysis is assured by the calibration against the CRM. pCO2 in
Fig. 2H was calculated (to within 710–15 matm of the underway
pCO2 data) from measured pH and DIC data under 25 1C and 1-atm
conditions by using the carbonic acid dissociation constants of
Mehrbach et al. (1973) as refitted by Dickson and Millero (1987)
(Mehrbach et al., 1973; Dickson and Millero, 1987). Underway sea-
surface pCO2 measurements were conducted along all transects
and at process stations. Estimates of CO2 air–sea fluxes are
described in detail by Chen et al. (2007).

Water samples for inorganic nutrients (including N+N) and
DON were frozen immediately and stored frozen at ��20 1C until
analysis (see Rii et al. (2008) and Mahaffey et al. (2008), for more
detail). Samples for inorganic nitrogen were analyzed by Joe
Jennings at Oregon State University using a continuous segmented
flow system consisting of components of both a Technicon
Cast no. (DIC) Cast no. (NUTS) Cast no. (TOC/DON)

13 13 N/A

15 15 N/A

16 16 N/A

17 17 N/A

18 18 N/A

19a 19a N/A

23 23 N/A

25 25 N/A

19a 19a N/A

49 N/A N/A

63 63 59

67 67 67

74 73 73

86 82 82

93 88 88

N/A 94 94

111 111 111

119 119 119

127 127 127

tations.
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Autoanalyzer IITM and an Alpkem RFA 300TM (Gordon et al., 1994).
Inorganic nitrogen precision was estimated to be 0.2 mM. DON was
calculated as the difference between total dissolved nitrogen
(TDN) and inorganic nitrogen. TDN was measured at Craig
Carlson’s laboratory at the University of California, Santa Barbara
(Mahaffey et al., 2008). The precision for TDN and DON is
70.5mM. Samples for TOC (unfiltered water samples frozen until
measurement) were analyzed via high-temperature combustion
using a Shimadzu TOC-V at Carlson’s laboratory as well. The
operating conditions of the Shimadzu TOC-V were slightly
modified from the manufacturer’s model system (Carlson et al.,
2004). The precision for TOC measurement is 71mM.
3. Observations

3.1. Hydrology and carbonate chemistry across Cyclone Opal

Vertical sections of Cyclone Opal from Transect 3 were
characterized by intense uplift of isothermal, isohaline, and
isopycnal surfaces in the upper 250 m across the 40-km eddy
core (Figs. 2A–C) (Dickey et al., 2008; Nencioli et al., 2008).
Differential anomalies of temperature and density were confined
between 40 and 160 m depth (Nencioli et al., 2008). In contrast,
salinity had a subsurface maxima within the eddy core character-
ized by a positive salinity differential anomaly (�0.2) above a
region of high negative salinity differential anomaly (about �0.4)
(Fig. 2B) (Nencioli et al., 2008).

Vertical sections of carbonate parameters (Figs. 2E, G, and H)
and N+N (Fig. 2D) all showed substantial vertical displacements
across the eddy center. For example, DIC concentrations of
1990mmol kg�1 shoaled from 130–160 m at the eddy edge to
40–60 m at the eddy center, following the st ¼ 24 kg m�3

isopycnal surface (Fig. 2C and Nencioli et al. (2008)). Hydro-
graphic data (Figs. 2A–C), DIC (Fig. 2G), and calculated pCO2

(Fig. 2H) all suggest an intrusion of cold, salty, DIC-rich deep water
into the upper water that outcropped at the surface at the eddy
center. In contrast, although isopleth uplift also occurred at the
eddy center, no significant increase in N+N or decrease in pH in
the upper 50 m was observed (Figs. 2D and E). The same
conclusions can be derived from corresponding depth profiles of
the above properties (Fig. 3).

The lack of a substantial concentration increase in N+N (or
positive N+N anomalies) in the upper 50 m at the eddy core is
likely due to the enhanced biological consumption there (see
Section 3.2). This enhanced biological production also serves to
increase pH, thus partially ameliorating the influence of uplifted
low pH deep water. Finally, TAlk vertical section shows little
variation in the upper 200 m as may be expected (Fig. 2F).
Variation is within the uncertainties of the measurement, and
therefore, hindered further discussion.

3.2. IN- versus OUT-stations

In order to understand the biogeochemistry of Cyclone Opal, it
is first necessary to describe typical water mass distributions in
the North Pacific subtropical gyre. The temperature–salinity (T–S)
relationships observed throughout the study are typical for the
subtropical waters surrounding Hawaii, and are similar to Station
ALOHA, site of the Hawaii Ocean time-series program (HOT),
located 100 km due north of Oahu (Figs. 1A and 4A) (Sabine et al.,
1995; Li et al., 2000). The water column is comprised of
subtropical surface water, subtropical salinity maximum water
(150730 m), and shallow salinity minimum water (320730 m)
(Wyrtki and Kilonsky, 1984; Sabine et al., 1995; Li et al., 2000).
IN- and OUT-stations in E-Flux II and E-Flux III have similar T–S

relationships in the upper water column (Fig. 4A). Depth profiles
of T and S reveal how subtropical salinity maximum water was



ARTICLE IN PRESS

0

50

100

150

200

250

300

1935

DIC (μmol∗kg-1)

D
ep

th
 (m

)

IN1
IN2
IN3
IN4
IN5
IN6
OUT1
OUT2
OUT3

0

50

100

150

200

250

300

0

N+N (μM)

IN0
IN2
IN3
IN4
IN5
IN6
IN7
OUT1
OUT2
OUT3

0

50

100

150

200

250

300

40

TOC (μM)

D
ep

th
 (m

)

IN2
IN3
IN4
IN5
IN6
IN7
OUT1
OUT2
OUT3

0

50

100

150

200

250

300

1

DON (μM)

IN2
IN3
IN4
IN5
IN6
IN7
OUT1
OUT2
OUT3

0

50

100

150

200

250

300

10

Temperature (°C)
D

ep
th

 (m
)

IN1
IN2
IN3
IN4
IN5
IN6
OUT1
OUT2
OUT3
ST1-II
ST2-II

0

50

100

150

200

250

300

34.0

Salinity

IN1
IN2
IN3
IN4
IN5
IN6
OUT1
OUT2
OUT3
ST1-II
ST2-II

12 14 16 18 20 22 24 26

2 3 4 5 6

4 6 108 12 14 16 182

6050 70 80

1975 2015 2055 2095

34.2 34.4 34.6 34.8 35.0 35.2 35.4

Fig. 3. Vertical profiles of (A) temperature, (B) salinity, (C) DIC, (D) nitrate+nitrite (N+N), (E) TOC, and (F) DON vs. depth at IN- and OUT-stations during E-Flux III. Please

note that for (A) and (B), ST1-II and ST2-II are two stations from E-Flux II cruise in January 2005.

F. Chen et al. / Deep-Sea Research II 55 (2008) 1412–14251416
uplifted from 150 m at OUT-stations to �60–90 m at IN-stations at
the eddy center (Figs. 3A and B). Mixed-layer depths averaged
5178 m at IN-stations and 9577 m at OUT-stations, respectively.
Here, we define the mixed-layer depth (MLD) as the depth at
which seawater temperature is 1 1C less than the temperature
at 10 m, following the convention established by Benitez-Nelson
et al. (2007) and Nencioli et al. (2008).

Surface water at the center of Cyclone Opal was 0.160–0.171
saltier and 1.076–1.817 1C colder than the surrounding ocean
depending on the depth of integration (Table 2 and Figs. 3A, B).
Here, the concept of ‘surface water’ generally refers to the water
mass in the mixed layer, i.e., 0–50 m at the eddy center and
0–95 m in ambient waters outside the eddy. However, for the
purpose of this study, in addition to the MLD, we also define two
other depth horizons at the eddy center: 0–75 m (the depth of the
DCML) and 0–110 m (just below the 1% light level). Cooler and
saltier surface waters at IN-stations suggest that they had been
influenced by the intrusion and mixing of deeper subtropical
salinity maximum water from below (Figs. 3B, 4A and Table 2).
Below the salinity maximum, the linear decrease in salinity
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Table 2
Average observed depth– integrated temperature and salinity over three depth

horizons (0– 50, 0– 75, and 0– 110 m) at IN- and OUT-stations during E-Flux III

Stations Temperatureobs (1C) Salinityobs

INavg (0– 50 m) 23.64770.056 35.04470.013

OUTavg (0– 50 m) 24.72370.056 34.88270.030

INavg (0– 75 m) 23.23470.081 35.07170.016

OUTavg (0– 75 m) 24.62770.016 34.90070.041

INavg (0– 110 m) 22.63170.100 35.08970.012

OUTavg (0– 110 m) 24.44870.057 34.92970.038

OUTdeep (150 m) 21.73870.179 35.12270.009
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reflects mixing between the subtropical salinity maximum water
and the shallow salinity minimum water (Sabine et al., 1995).

At OUT-stations, surface water salinity and temperature were
34.90070.041 and 24.62770.016 1C, respectively (Table 2). These
are comparable to the 14-year mean salinity and temperature in
March at Station ALOHA, 35.038 and 24.74 1C (Keeling et al.,
2004). Lower salinities in the lee of Hawaii relative to station
ALOHA suggest a greater intrusion of tropical surface water from
lower latitudes. Average DIC and nDIC (salinity 35 normalized
DIC) in spring 2005 were 1956.874.4 and 1962.474.5mmol kg�1,
respectively (Table 3). At Station ALOHA, spring 2005 average
nDIC was �1984 mmol kg�1, using DIC values measured in 2002
(from Keeling et al., 2004) and considering seasonal and long-
term changes (DIC reaches its peak in April and nDIC increased on
average by 1.2270.08 mmol kg�1 yr�1, Keeling et al. (2004)). The
nDIC at our OUT-stations was �22 mmol kg�1 lower than that at
Station ALOHA. This difference is likely due to the influence of
lower DIC surface water from the south, as suggested previously
by other studies (Winn et al., 1994; Quay and Stutsman, 2003;
Keeling et al., 2004).

The uplift of isopycnal surfaces at the core of Cyclone Opal

influenced biogeochemical parameters relative to surrounding
waters (Figs. 3C–F), a conclusion further supported by the close
relationship between N+N concentration and density at both
IN- and OUT-stations (e.g., Fig. 4C). These uplifted deeper waters
were generally rich in nutrients and DIC, but poor in total and
dissolved organic matter (Figs. 3C–F) (Benitez-Nelson et al., 2007).
Mixed layer DIC at IN-stations averaged 1983.873.2 mmol kg�1

and nDIC 1986.373.3 mmol kg�1 (Table 5, mM*1.1241 kg dm�3

(density) ¼ mmol kg�1). Surface water DIC at the eddy center
was therefore �25 mmol kg�1 higher than surrounding waters at
OUT-stations. This difference is comparable to the seasonal
variability (715mmol kg�1) at Station ALOHA (Keeling et al.,
2004). In contrast, TOC was much lower than that at OUT-stations
at every depth horizon. There was no obvious difference in DON
between IN- and OUT-stations, mainly due to substantially lower
DON concentrations and larger relative uncertainties.

Unlike TOC and DIC, N+N concentrations within the MLD at
IN-stations (Fig. 3D) were the same, within error, as that observed
at OUT-stations and also were similar to those found from
Transect 3 (see Section 3.1). The lack of a substantial concentra-
tion increase (or positive N+N anomalies, Nencioli et al. (2008)) in
the mixed layer could have been a result of rapid biological
consumption immediately after the initial eddy-pumping
event (Rii et al., 2008). This is further evident by the much
shallower layer of available N+N and sharper nutricline at
IN-stations (Figs. 3D and 4B). This conclusion is also supported
by enhanced growth and production rates of the Prochlorococcus

spp.-dominated ambient community at IN-stations, although
there is little compositional or biomass response in the mixed
layer (Landry et al., 2008).
4. Mass balance models for NCP estimation

The hydrological characteristics and physical processes at OUT-
and IN-stations were very different. OUT-stations were dominated
by mixing across a stable pycnocline, whereas IN-stations were
influenced by the doming of isopycnal surfaces across the eddy
feature. Thus, different mass balance models are required for
estimating NCP.

4.1. Mixed layer model for NCP estimation at OUT-stations

The mass balance approach used in the mixed layer outside the
eddy is a classical approach in the subtropical open ocean. The
mixed-layer DIC budget typically incorporates the following
processes: (1) air–sea gas exchange, (2) vertical diffusion from
below, (3) entrainment of DIC from the thermocline during
mixed-layer deepening, (4) horizontal transport, and (5) NCP
(Gruber et al., 1998; Lee, 2001; Quay and Stutsman, 2003; Keeling
et al., 2004). Here, we apply this model to OUT-stations using the
following general equation and solving for NCP:

dDICInventory

dt
¼ Fair2sea þ FDiff þ FAdv þ FEntrain � NCPDIC (1)

where NCP is NCP in the mixed layer, dDICInventory/dt is the change
in DIC inventory in the mixed layer over time, and Fair�sea is the air
to sea CO2 flux at the surface with the direction from air to sea,
which averaged 2.971.8 mmol C m�2 day�1 outside Cyclone Opal

during E-Flux III (Chen et al., 2007). FDiff for DIC is the vertical
diffusive flux of DIC from below and is estimated from the vertical
diffusion coefficient (Kz) and vertical gradient of DIC versus depth
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Table 3
Average observed concentrations over three depth horizons (0– 50, 0– 75, and 0– 110 m) at OUT-stations during E-Flux II and E-Flux III cruises

DIC (mmol kg�1) Salinity N+N (mM) TOC (mM) DON (mM)

E-Flux II

(n ¼ 8)

E-Flux III

(n ¼ 3)

E-Flux II

(n ¼ 6)

E-Flux III

(n ¼ 3)

E-Flux II

(n ¼ 6)

E-Flux III

(n ¼ 3)

E-Flux II

(n ¼ 6)

E-Flux III

(n ¼ 3)

E-Flux II

(n ¼ 6)

E-Flux III

(n ¼ 3)

OUTavg (0–50 m) 1950.375.1 1956.073.2 34.85870.015 34.88270.030 0.0470.03 0.2870.08 72.4070.42 73.1970.38 4.5670.34 4.1170.05

OUTavg (0–75 m) 1952.075.7 1956.874.4 34.87570.024 34.90070.041 0.0470.03 0.2570.07 72.0870.79 72.8070.28 4.5170.32 4.0970.11

OUTavg (0–110 m) 1960.976.3 1960.673.4 34.92670.026 34.92970.038 0.1370.07 0.2270.05 70.3570.78 71.8870.35 4.4570.33 4.1670.13

OUTdeep 2025.374.8 2019.473.2 35.13170.010 35.12270.009 1.8570.33 1.5170.26 59.1771.64 58.7471.01 3.9170.39 3.7870.56

OUTdeep represents the subtropical salinity maximum water between 125 and 150 m at OUT-stations. E-Flux II data in this table were collected between January 16 and 26,

2005. E-Flux III data were collected between March 24 and 26, 2005.
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below the mixed layer. FAdv is the DIC flux from horizontal and
vertical advection and is calculated from the horizontal or vertical
velocity and the DIC gradient. Advection is assumed to be zero for
OUT-stations. The uncertainty introduced by this assumption is
discussed in Section 5.1. Fentrain is the entrainment flux of DIC from
the thermocline whenever the mixed-layer deepens, and is also
assumed to be zero since the MLD at OUT-stations during E-Flux II
(January 10–28, 2005) and E-Flux III (March 10–28, 2005) was,
within error, identical (Dickey et al., 2008). All flux units are in
mmol C m�2 day�1. Steady state (dCinventory/dt ¼ 0) is assumed
since DIC as well as salinity, N+N, TOC, and DON between E-Flux II
and III at OUT-stations showed little variability in the upper water
column (Table 3) (see Section 5.1). Thus, this mixed-layer model is
only applied to the winter season.

Similar mass balance equations can be written to estimate NCP
from N+N, TOC, and DON. For example, the mass balance for ‘‘new
nitrogen’’ (N+N) is described by the following equation (note the
absence of the air–sea gas exchange term):

NCPNþN ¼ FDiff þ FAdv �
dðNþ NÞInventory

dt

� �

�ðC=NÞOM (2)

where d(N+N)Inventory/dt is the change of N+N over time in the
mixed layer, the Redfield ratio of carbon (C) to nitrogen (N) in
organic matter ((C/N)OM) is �6.6 (Redfield, 1958). For the mass
balance equation of TOC, an additional term, FExport, must be added,
which represents the particulate organic carbon (POC) flux exported
out of a defined layer (averaged 1.2570.51 mmol C m�2 day�1 at
150 m at OUT-stations using sediment traps and 234Th-derived
fluxes (Benitez-Nelson et al., 2007)):

NCPTOC ¼
dTOCInventory

dt
þ FExport � FDiff � FAdv (3)

where dTOCInventory/dt is the change of TOC over time in the mixed
layer. For TOC, suspended and sinking particles are a minor
component (p5%), such that it is mainly comprised of dissolved
organic carbon (DOC) (Landry et al., 2008; Mahaffey et al., 2008).
Thus, the diffusive flux (FDiff) can still be estimated by Kz and a
vertical gradient. The DON mass balance does not include a particle
flux term since we only consider the dissolved phase:

NCPDON ¼
dDONInventory

dt
� FDiff � FAdv

� �

�ðC=NÞDOM (4)

where dDONInventory/dt is the change of DON over time in the mixed
layer. Note that DON is converted to C units using a C:N ratio for
dissolved organic matter (�13.6, (C/N)DOM) (Benner et al., 1992).

The vertical diffusion coefficient, Kz, was determined according
to (Denman and Gargett, 1983):

Kz ¼ 0:25� �dnN�2 (5)
where ed denotes the rate of turbulent energy dissipation and N is
the Brunt Väisälä frequency, computed from the vertical density
gradient below the mixed layer (Denman and Gargett, 1983).
Turbulent energy dissipation may range between 10�9 and
10�7 m2 s�3; here we use 2�10�8 m2 s�3 as representative of
the upper ocean thermocline at times of low wind speeds (Gruber
et al., 1998; Quay and Stutsman, 2003). This value was applied by
Gruber et al. (1998) for the seasonal inorganic carbon budget at
the BATS site in the northwestern Sargasso Sea and was also used
to determine Kz between 1994 and 1999 at Station ALOHA by
Quay and Stutsman (2003). Using Eq. (5), we calculated a Kz of
0.3–0.5 (or 0.4270.05) cm2 s�1 for the OUT stations, which is
within the range of that determined at Station ALOHA, where Kz

ranged from 41 cm2 s�1 during the winter to a minimum of
�0.2 cm2 s�1 in late summer (Quay and Stutsman, 2003). We
should note that uncertainties in the Kz are typically 7100% or
greater (Quay and Stutsman, 2003).

4.2. Two end-member mixing model for eddy-induced NCP

at IN-station

Due to the uplift of deep subtropical salinity maximum water
at IN-stations (Fig. 3B), our assumptions of steady state and no
vertical advection used in the mixed-layer model for the OUT-
stations (see Section 4.1) are likely invalid. As such, a mass balance
approach based on a two end-member mixing model is used to
determine the average NCP rate over the time period between
Cyclone Opal’s formation and sample collection. Due to sampling
constraints, we have no direct measurement of nutrient and other
biogeochemical parameters at the exact time of eddy formation.
We would expect that by the time of sampling, a significant
fraction of the nutrients and DIC upwelled into surface waters had
already been consumed and organic matter accumulated due to
biological activity. Thus, an estimate of the initial conditions
following isopycnal uplift is necessary to determine the magni-
tude of biologically active components consumed or produced by
the biological community.

We emphasize that it is not appropriate to make direct
comparisons of chemical constituents between IN- and OUT-
stations since OUT-stations do not represent the initial conditions
at the eddy center, i.e. the chemical composition of the water
immediately following uplift, but prior to the start of biological
activity. The fact that cooler and saltier surface water at
IN-stations is located near the T–S line between the two water
masses, the subtropical surface water and subtropical salinity
maximum water (Fig. 4A), suggests that the surface water in
the center of the eddy can be interpreted as a mixture of two
end members. This assumption is further supported by the fact
that a portion of Cyclone Opal, about 50 km in diameter and up to
70 m deep located at the eddy center, is isolated from the
surrounding waters (well within the solid body rotation) (Nencioli
et al., 2008).
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A conceptual salt budget model
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Fig. 5. Conceptual salt budget model for the eddy case: (A) before subsurface

salinity maximum water intruding the surface layer inventory; and (B) after the

eddy-induced intrusion of salinity maximum deep water in the surface layer

inventory. There are two balances here: (1) water mass balance: VT ¼ Vs+Vd; and

(2) salt mass balance: VsSOUT+VdSd ¼ (Vs+Vd)SIN.
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Use of a two end-member mixing strategy is not unique. The
theory of two end-member mixing and its use in estuarine mixing
is discussed in detail by Officer (1980). Although specific physical
mechanisms are not explicitly described during two end-member
mixing, net results of open-ocean vertical advection and mixing
are quantitatively incorporated by using a salt budget. Li et al.
(2000) applied this method to water-column remineralization at
Station ALOHA, and similar models based on salt budget have been
applied to a range of upwelling regimes, e.g., Costa Rica Dome in
the Eastern Tropical Pacific Ocean, Peru current, NW Africa, and the
SW Africa upwelling systems (Broenkow, 1965; Minas et al., 1986).

In applying the two end-member mixing model, we choose
salinity as the conservative tracer. It should be noted that
temperature is not strictly conservative in the upper ocean due
to heat exchange, and there are changes in overall heat content
between E-Flux II and E-Flux III OUT stations that cannot be
explained by air–sea interaction (Fig. 3A). During our cruises, SST
cooled by �0.5 1C from late January (E-Flux II) to mid-March (OUT
stations in E-Flux III) (Fig. 3A). The concave upward shape of the
**italic ndash**T–S diagram in the upper water column, on the
other hand, indicates warming of the eddy surface water (Fig. 4A).
Salinity, however, remained relatively constant from January to
March (Fig. 3B). We thus assume that there is no change in salinity
and DIC outside the eddy during this period. We will discuss the
uncertainties introduced by this simplification in Section 5.2.1.

Here, it is assumed that the surface water within the core of
Cyclone Opal (with salinity SIN) is a mixture of the deep subtropical
salinity maximum water (with salinity Sd) and the original surface
water, i.e. surface water at OUT-stations (with salinity SOUT). The
fraction of each water type in the mixture is a direct function of
salinity. Therefore a salt budget model can be formulated as

SIN ¼ fnSd þ ð1� f ÞnSOUT (6)

with

f ¼ ðSIN � SOUTÞ=ðSd � SOUTÞ

and

1� f ¼ ðSd � SINÞ=ðSd � SOUTÞ (7)

where f is the fraction of deep salinity maximum water and (1�f) is
the fraction of the original surface waters. To convert this fraction
to volume, we use:

SINnVT ¼ VdnSd þ VsnSOUT (8)

where VT is the total volume, Vd ¼ VT * f, the volume of deep water
in the mixture, and Vs ¼ VT *(1�f), the volume of surface water in
the mixture (Fig. 5).

Thus, the expected initial DIC concentration (DICIN(exp)) in the
center of the eddy due to two end-member mixing in the absence
of biological process can be determined as

DICINðexpÞ ¼ ðVdnDICd þ VsnDICOUTÞ=VT (9)

or,

DICINðexpÞ ¼ fnDICd þ ð1� f ÞnDICOUT

¼ DICdn
ðSIN � SOUTÞ

ðSd � SOUTÞ

þ DICOUTn
ðSd � SINÞ

ðSd � SOUTÞ
(10)

where the subscripts of DICOUT and DICd describe the concentra-
tions of DIC measured in OUT-station surface water with salinity
SIN and in deep salinity maximum water with salinity Sd,
respectively (also see explanation to Eq. (7)). Similarly, the
expected initial concentrations of other desired biogeochemical
parameters, such as N+N, TOC, and DON, in the IN-station surface
waters can also be calculated as a function of salinity.
Let us now examine the meaning of DICIN(exp) further. The
change in DIC inventory in a surface layer over the course of eddy
development can be represented by the following mass balance
equation:

dDICInventory

dt
¼
X

DICInput �
X

DICOutput

þ Fair2sea �NCPDIC (11)

where DICinput and DICoutput are the total input and output rate of
DIC, respectively. Fair�sea is the average flux of CO2 air–sea
exchange at the eddy center. During E-Flux III, this flux was
estimated to be 2.4 (71.8) mmol C m�2 day�1 (with the direction
from air to sea) (Chen et al., 2007). Applying the same salt budget
model concept to DIC (Fig. 5), we have,

dDICInventory

dt
¼ VTnðDICINðobsÞ � DICOUTÞn

H

VTnT
(12)

and
X

DICInput �
X

DICOutput

¼ VdnðDICd � DICOUTÞn
H

VTnT
(13)

where H is the height of the relevant surface water column in the
center of the eddy, and T is the elapsed time, i.e., time period
between Cyclone Opal’s formation and sample collection, approxi-
mately 35 days (average �5 weeks) (Dickey et al., 2008). DICIN(obs)

is the observed (i.e. measured) average DIC in IN-station surface
water column. By dividing all DIC inventory terms with area (H/VT)
and time (T), the unit for NCP becomes mmol C m�2 d�1. This is the
unit for all the fluxes and inventory change terms in this paper.

Inserting Eqs. (12) and (13) into Eq. (11), we obtain

NCPDIC ¼
X

DICInput �
X

DICOutput

�
dDICInventory

dt
þ Fair�sea

¼ fVdnðDICd � DICOUTÞ

� VTnðDICINðobsÞ � DICOUTÞg

�
H

VTnT
þ Fair�sea

¼ fVdnDICd þ ðVT � VdÞnDICOUT
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� VTnDICINðobsÞgn
H

VTnT
þ Fair�sea

¼ f½VdnDICd þ VsnDICOUT�=VT

� DICINðobsÞgn
H

T
þ Fair�sea

By comparing with Eq. (9), we have

NCPDIC ¼ ðDICINðexpÞ � DICINðobsÞÞn
H

T
þ Fair�sea (14)

Hence, the difference (DDIC) between the expected initial DIC at
IN-stations, DICIN(exp), and that actually measured, DICIN(obs), once
corrected for air–sea gas exchange of CO2, results in the average
rate of net biological uptake over the time period since eddy
formation.

This approach was also applied to N+N, TOC and DON data to
derive NCP. The equations are as follows:

NCPNþN ¼ ððNþ NÞINðexpÞ � ðNþ NÞINðobsÞÞ

n
H

T
nðC=NÞOM (15)

NCPTOC ¼ ðTOCINðobsÞ � TOCINðexpÞÞ

�
H

T
þ FExport (16)

NCPDON ¼ ððDONÞINðobsÞ � ðDONÞINðexpÞÞ

H

T
nðC=NÞDOM (17)

where all the subscripts above have the same meaning as those in
Eq. (14). For the N+N model, there is no air–sea exchange and
nitrogen is converted to carbon assuming a C/N Redfield ratio of 6.6
(Redfield, 1958). For TOC, we must add an additional term, the POC
export flux (FExport) at the base of the defined water column
(Williams, 1993). This flux was estimated for the eddy core using the
average of the sediment trap and 234Th-derived fluxes by Benitez-
Nelson et al. (2007). For DON, N is converted into C assuming a
much higher C/N ratio of 13.6 in dissolved organic matter (Benner
et al., 1992). Please note that NCP from the DON mass balance does
not include particle export at the bottom of the euphotic zone.

One caveat that we have yet to consider in the NCP determina-
tion based on DIC mass balance is possible carbonate removal due to
biogenic calcium carbonate formation (CaCO3 precipitation). There
was no evidence of any significant growth of these types of
organisms within Cyclone Opal (Brown et al., 2008; Landry et al.,
2008; Rii et al., 2008). This was further supported by calculating a
budget for dissolved calcium (data not shown) that indicated little to
no difference between observed and expected calcium concentra-
tions, �0.02 mmol kg�1, well within the measurement error, and
only minor changes in TAlk between surface water and depth
(Fig. 2F). We should also note that we did not include data from
station IN1, as cast 49 at station IN1 was determined to be outside of
the eddy core using ADCP data (Section 2.1).
5. Model results and discussion

5.1. NCP at OUT-stations

The average NCP and other net flux terms at three OUT-stations
were estimated from the mass balances of DIC, N+N, TOC, and
DON by using the mixed-layer model described in Section 4.1.
Assuming negligible entrainment and horizontal advection and
steady state (i.e. negligible time rate of change), mixed-layer NCP
estimates from these mass balances are 5.6371.88, 0.8470.16,
1.8970.51, and 0.7870.35 mmol C m�2 d�1, respectively (Table 4).
Significant uncertainties may be introduced to the individual flux
terms due to our model assumptions. For example, horizontal
advection was ignored. In order to assess the magnitude of the
horizontal advection term, we use DIC data collected during
E-Flux II, across a southeast to northwest transect that included a
region close in proximity to the OUT-stations (roughly the
same location for E-Flux II and III). This transect showed a
northwestward nDIC gradient of 0.0170.02 mmol C m�3 km�1.
Assuming a net horizontal velocity of �2 cm s�1 (Quay
and Stutsman, 2003) results in a horizontal flux term of
1.6473.30 mmol C m�2 d�1, which is about 30% of our initial
estimate of NCP (Table 4). No similar measurements were
conducted for TOC and DON. We should mention that for N+N,
since it is always depleted in the mixed layer, likely has limited
concentration gradients and thus significant horizontal advection
is not expected.

The temporal stability of the biogeochemical properties in the
absence of an eddy (OUT-stations) can be assessed by comparing
the average DIC, salinity, N+N, TOC, and DON between E-Flux II
and III cruises (Table 3). Since no mesoscale eddies were observed
during E-Flux II (Dickey et al., 2008), all station data from this
cruise, including stations collected in the eddy generation region,
were compared to the data at E-Flux III OUT-stations. Overall,
there are a p0.03 increase in salinity and p5mmol kg�1 increase
in DIC in the mixed layer between E-Flux II and III. This increase is
within the uncertainties of our measurement (Table 3). Further-
more, average nDIC values over the upper 0–75 m (well within the
mixed layer) during E-Flux II and E-Flux III are also the same
within error (1959.075.8 and 1962.474.5mmol kg�1, respec-
tively). These results suggest that surface waters without the
influence of eddies in the lee of Hawaiian Islands are quite stable
within the winter season, which further justified our choice of
E-Flux III OUT-stations as truly representative of the background,
non-eddy impacted biogeochemistry of Hawaiian lee waters
during E-Flux III. In order to assess the temporal impact on NCP
budgets, we used an elapse time between the two cruises as �2
months, and applied a small NCP correction factor (see Table 4).

After the adjustments of spatial and temporal change, NCP
from the mass balance of DIC decreases from 5.6371.88 to
4.4978.39 mmol C m�2 d�1. TOC-derived NCP, however, increases
from 2.4471.00 to 3.3771.11 mmol C m�2 d�1. Combined, the
revised TOC and DIC estimates and the initial NCP estimates
derived from N+N and DON, resulted in an average NCP of
2.3774.24 mmol C m�2 d�1 at OUT-stations. In comparison, NCP at
Station ALOHA, approximately 300 km north of our study area,
ranges from 4.170.8 to 7.474.7 mmol C m�2 d�1 over the mixed
layer or euphotic zone (as summarized by Keeling et al. (2004)).
Please note that NCP within the mixed layer is roughly 80% of NCP
over the entire euphotic zone at Station ALOHA (Keeling et al.,
2004). Our lower results appear reasonable given that the NCP
estimates here are during the winter season (Quay and Stutsman,
2003; Keeling et al., 2004).

We did not conduct similar estimates for N+N and DON
because mixed-layer N+N was depleted in both cruises and DON
data were more complicated due to changes in composition, for
example, preferential loss of specific nitrogen compounds during
organic matter degradation (Benner et al., 1992). In addition, the
results for N+N and DON must be converted to C by using C/N
ratios (6.6 for N+N and 13.6 for DON), amplifying the errors
significantly.
5.2. NCP at IN-stations

5.2.1. NCP calculations and the associated errors

To estimate NCP at IN-stations, we first applied the two end-
member mixing model (described in Section 4.2) to calculate the
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Table 4
OUT-stations (n ¼ 3) NCP and other net carbon flux terms in the mixed layer (9577 m) from the budgets of DIC, N+N, TOC, and DON by using the mixed-layer model during

E-Flux III

Term Flux (mmol C m�2 d�1)

DIC N+N TOC DON

Air–sea CO2 exchangea 2.9071.84 NA NA NA

Horizontal advectionb 0 (1.6473.30) 0 0 0

Vertical diffusion 2.7370.34 0.8470.16 0.6470.07 0.7870.35

POC exportc NA NA 1.2570.51 NA

Time rate of changed 0 (2.7877.48) 0 0 (1.4470.98) 0

NCP 5.6371.88 (4.4978.39) 0.8470.16 1.8970.51 (3.3371.11) 0.7870.35

a Only for the mixed layer DIC budget. This flux is from Chen et al. (2007).
b Estimate only available for DIC budget.
c Only for the mixed layer TOC budget. POC flux is from Benitez-Nelson et al. (2007).
d The values in the brackets are estimated by using the difference of nDIC between E-Flux II and II.

Table 5
Average observed and expected initial concentrations as well as the fraction of subtropical salinity maximum water (fdeep) over three depth horizons (0–50, 0–75, and

0–110 m) from two end-member mixing model at IN-stations and OUT-stations during E-Flux III

Stations f(deep) (%) DICIN(obs)

(mM)

DICIN(exp)

(mM)

N+NIN(obs)

(mM)

N+NIN(exp)

(mM)

TOCIN(obs)

(mM)

TOCIN(exp)

(mM)

DONIN(obs)

(mM)

DONIN(exp)

(mM)

INavg (0–50 m) 67.673.9 2031.673.2 2046.974.1 0.1770.12 1.1470.30 70.772.3 63.173.3 4.4370.40 3.8870.86

OUTavg (0–50 m) – 2002.973.3 – 0.2870.08 – 73.270.4 – 4.1170.05 –

INavg (0–75 m) 77.075.7 2041.073.1 2053.375.3 0.3170.14 1.2670.37 68.972.5 61.674.0 4.3470.38 3.8570.84

OUTavg (0–75 m) – 2003.874.6 – 0.2570.07 – 72.870.3 – 4.0970.11 –

INavg (0–110 m) 83.173.8 2053.572.6 2056.874.1 0.8370.14 1.3370.45 66.072 60.573.6 4.1670.24 3.8470.53

OUTavg (0–110 m) – 2007.673.5 – 0.2270.05 – 71.970.3 – 4.1670.13 –

OUTdeep (150 m) – 2068.073.3 – 1.51 70.26 – 58.771 – 3.7870.56 –
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expected initial concentrations of DIC, N+N, TOC, and DON over
three different depth horizons (0–50 m (the average MLD), 0–75 m
(surface to DCML), and 0–110 m (the average euphotic zone)). In
the mixed layer, uniform concentrations enable a simple mass
balance of inputs and outputs. For the other two depth horizons
above (0–75 and 0–110 m), however, non-uniform hydrographic
and biogeochemical distributions complicate the calculation as
different processes may affect distributions depending on their
position in the water column. Nonetheless, we argue that a one-
box, two end-member mixing model is still valid for determining
the average and total NCP over a given depth horizon as long as
the mixing components of a specific biogeochemical quantity are
constrained using a salt budget. While this is likely true for the
mixed layer and the 0–75 m depth horizon given the physics of
Cyclone Opal (e.g., Nencioli et al., 2008), the 0–110 m depth
integration at IN-stations should be viewed with caution as it
includes the depth to which subtropical salinity maximum water
extends (Nencioli et al., 2008).

Observed average concentrations at IN-stations, OUT-stations,
and in the deep subtropical salinity maximum water are given
in Table 5. These data, as well as the salinity data in Table 2,
are used to calculate the expected IN-station initial concentrations
and the fraction of the subtropical salinity maximum water
within the desired depth horizons. Results are also presented
in Table 5.

Using the two end-member mixing model described in Section
4.2, we determined average NCPs with uncertainty over three
depth horizons. Specifics of the calculation of DICIN(exp) in the
mixed layer are given below as an example. According to Eq. (10),
we first must determine the DIC concentration and salinity in the
deep salinity maximum water, i.e. DICd and Sd, which are
2068.073.3mM (converted from mmol kg�1) and 35.12270.009,
respectively (Tables 2 and 5). DICOUT and SOUT are 2002.973.3 mM
and 34.88270.030, respectively, while SIN is 35.04470.013. Thus,
f-value and DICIN(exp) are calculated to be 68% and 2046.974.1mM,
respectively (Table 5).

The error (1 SD uncertainty) of DICIN(exp) depends on the errors
in all the terms in Eq. (10). Sensitivity analyses suggest that
changes of 1 SD uncertainty in the individual terms in Eq. (10)
resulted in a DICIN(exp) range of 1.1–3.5mM. If the individual error
terms are independent, an accumulated error of 75.2 mM is
estimated. This results in an average difference between DICIN(exp)

and DICIN(obs) (DDIC) of 15.375.2mM. Thus, although the error is
large, the DDIC is still significant. Using this calculated change in
DIC and the error in Fair�sea in Eq. (14), we determined a NCPDIC of
24.379.5 mmol C m�2 d�1 for the mixed layer (Table 6A). We
should mention that the NCP estimates here do not include the
errors in terms of H and T in Eq. (14). The same strategy was used
to determine differences between other observed and expected
values (DDIC, D(N+N), DTOC, and DDON over different depth
horizons) and NCP from Eqs. (14) to (17) (Fig. 6 and Table 6).

Overall, the average differences between observed and ex-
pected values of the various biogeochemical constituents (DDIC,
D(N+N), DTOC, and DDON) decreased with increasing integration
depths from 0–50 to 0–110 m, especially from 0–75 to 0–110 m.
This trend suggests that the depletion of DIC and N+N and the
accumulation of TOC and DON occurred mostly in the upper
euphotic zone (above the DCML). Among these four biogeochem-
ical parameters, the DDON has the greatest uncertainties over all
the depth horizons. A major reason is that the decrease in DON
with depth is relatively small and varies widely (Fig. 3F and
Table 3). For the other three parameters, the differences between
observed and expected values within the 0–50 and 0–75 m depth
horizons are much larger than the calculated uncertainties. Over
the 0–110 m depth horizon, however, smaller differences between
observed and expected values resulted in significant relative
errors (Fig. 6). Thus, the relative errors on the NCP calculation also
increase with increasing depth integration (Table 6A–C). Please
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Table 6
The average as well as individual IN-station NCP estimates over three depth horizons ((A): 0– 50 m; (B): 0– 75 m; and (C): 0– 110 m) from two end-member mixing model

and mass balances of DIC, N+N, TOC, and DON during E-Flux III

Stations NCPDIC (mmol C m�2 d�1) NCPN+N (mmol C m�2 d�1) NCPTOC (mmol C m�2 d�1) NCPDON (mmol C m�2 d�1)

(A) 0– 50 m

IN0 35.6719.6 10.477.5 – –

IN1 7.7712.2 – – –

IN2 30.5710.3 10.877.6 19.6710.2 23.9711.5

IN3 27.479.8 9.877.4 12.379 5.0710.4

IN4 27.278.4 9.877.4 11.478.8 8.1710.6

IN5 44.2737.2 9.477.4 10.978.7 8.0710.6

IN6 18.376.9 7.076.9 11.178.8 5.4710.4

IN7 – 8.877.3 10.178.6 11.9710.9

INavg 24.379.5 9.177.2 12.679 10.7710.8

(B) 0– 75 m

IN0 36.3719.8 15.678.4 – –

IN1 3.9711.6 – – –

IN2 42.1714.4 15.178.3 28.4711.7 33.3711.8

IN3 34.7711.8 12.677.9 15.979.6 5.8710.4

IN4 31.3711.2 15.778.4 15.679.5 15.3711.1

IN5 58.1717.8 14.278.2 14.279.3 9.7710.7

IN6 22.0710.3 11.177.6 15.479.5 6.9710.5

IN7 – 15.678.9 15.479.5 12.8710.9

INavg 28.6713.3 13.477.9 17.679.9 14.4711

(C) 0– 110 m

IN0 1.8711.2 11.577.7 – –

IN1 �14.7 – – –

IN2 26.4715.3 12.477.8 31.1712.1 32.4711.8

IN3 24.4715 9.877.4 15.879.6 6.6710.5

IN4 19.4714.1 8.377.2 13.379.1 12.6710.9

IN5 58.8720.7 10.577.5 15.179.4 9.7710.7

IN6 7.3710.7 12.377.8 19.5710.2 10.7710.8

IN7 – 14.478.2 18.1710 12.0710.9

INavg 12.8713.1 10.577.4 19.0710.1 14.1711
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Fig. 6. Difference between average observed and expected concentrations of four

biogeochemical parameters (DDIC, D(N+N), DTOC, and DDON) at IN-stations over

three depth horizons (0–50, 0–75, and 0–110 m) from two end-member mixing
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note that there is no substantial decrease in NCP estimates when
integrated to deeper depths (0–110 m) as smaller values of DDIC,
D(N+N), DTOC, and DDON are multiplied by a larger depth interval
to obtain depth-integrated NCP.

NCP at individual IN-stations also was determined over the
three depth horizons (0–50, 0–75, and 0–110) in order to assess
the temporal variability and stability of estimates (Table 6A–C).
Results suggest that NCP calculated by using N+N and TOC is
substantially less variable than that by using DIC. This likely
reflects the fact that the difference between observed and
expected DIC values is small relative to their background
concentrations and associated uncertainties, especially with the
increase of depth horizon. For example, DDIC over the 0–110 m
depth horizon is 3.374.9 mM. It is therefore difficult to distinguish
the biological change in the DIC signal above the large background
of DIC (Table 5). This problem is further confounded by the small
salinity difference between surface and deep waters (Table 2).
For example, sensitivity analyses suggest that a change of 0.01 in
IN-station salinity (SIN) or a 4 mM change in IN-station DIC
(DICIN(obs)) over the upper 0-110 m results in a significant
difference in the estimated NCP of �100%. In contrast, the same
change in SIN only causes �20–30% change in estimated NCP from
N+N and TOC. Nevertheless, the in depth error analysis provided
above, as well as the consistency in results using the various
biogeochemical parameters, suggests that the NCP determined at
the IN-stations reflects the general trend of enhanced NCP in the
center of Cyclone Opal, especially within the mixed layer (0–50 m)
and DCML (0–75 m) (Tables 6A–C).

We should mention that evaporation and precipitation were
not explicitly included in the above calculations. Assuming a
typical net evaporation rate of 435 mm yr�1 between 201N and
301N in the ocean (Peixoto and Oort, 1992) and an average mixed-
layer depth of 50 m at IN-stations, the net influence of evaporation
would result in an increase of 0.025 in salinity over the upper
50 m over a 1-month period. This is comparable to the observed
increase in salinity between E-Flux II and E-Flux III OUT stations
(Table 3). Applying this salinity adjustment to the IN and OUT
stations in Eq. (7), the f-value would be reduced by 9% to 0.60.
When this is applied to Eq. (10), however, DICOUT should equally
be reduced to a lower pre-evaporation value. The resulting
DICIN(exp) would be 4.7 mM lower. However, for an appropriate
comparison with the DICIN(obs), this initial DICIN(exp) should also be
subjected to evaporative concentration. Thus the final DICIN(exp) is
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only 3.2mM lower than the earlier calculation, which is significant,
implying a 20% overestimation of our DIC-based NCP, but is still
within the overall uncertainty due to other terms estimated
earlier (75.2 mM). The above exercise is equivalent to the use of
E-Flux II as the initial surface water end-member that has lower
salinity and DIC values.

5.2.2. Vertical distribution of NCP

In the center of Cyclone Opal, higher carbon export is expected
due to enhanced NCP and a shift in community structure from
small pico-phytoplankton to large diatoms (Rii et al., 2008). The
average NCPs (averaged from the mass balances of DIC, N+N, TOC,
and DON) over the three depth horizons are 14.279.2 (0–50 m),
18.5710.7 (0–75 m) and 14.1710.6 mmol C m�2 d�1 (0–110 m),
respectively (Table 6). These values are significantly higher than
the average NCP at OUT-stations in the mixed layer (�0–95 m),
2.3774.24 mmol C m�2 d�1. However, less than 15% of the average
NCP in the euphotic zone was exported as POC below 150 m
(1.870.9 mmol C m�2 d�1, Benitez-Nelson et al. (2007)). The rest
of the organic carbon production must either accumulate in the
upper water column (0–110 m) as DOC or exported laterally.
Contemporaneous measurements of suspended particulate C and
particulate N indicate that TOC is mainly comprised of DOC (Landry
et al., 2008; Mahaffey et al., 2008). Using the two end-member salt
budget approach (Section 4.2), average observed TOC (66.072.0mM)
is 5.5mM higher than the expected initial value (60.573.6mM) over
the upper 110 m (Table 5). Such a difference is equivalent, within
error, to our average NCP estimates, suggesting that enhanced NCP
was indeed stored in the upper water column as DOC.

To better understand the NCP throughout the water column,
we plotted NCP over several different depth intervals (Fig. 7). Note
that the NCP within the 50–75 m depth interval is actually the
difference between the NCP over 0–75 m and that over 0–50 m.
The same strategy is used to obtain NCP over the 75–110-m
interval. Most of the NCP took place within the mixed layer (over
0–50 m depth horizon, Fig. 7). This is supported by the positive
dissolved oxygen anomaly in the shallow euphotic zone of the
eddy center (Nencioli et al., 2008). We should mention that no
dissolved oxygen (DO) data from bottle samples were available for
calibration. However, the intercomparison can still be done by
using individual profiles (Nencioli et al., 2008).
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Fig. 7. Net community production (NCP) based on DIC, N+N, TOC, and DON mass balanc

75–110 m, respectively: (A) average NCP estimate at IN-stations; and (B–H) NCP estima
In general, the upper two layers (0–50 and 50–75 m) main-
tained a positive NCP. The positive NCP within the mixed layer is
consistent with modest increases in Prochlorococcus spp. and
diatom abundance as well as the growth rates of Prochlorococcus

spp. and other small phytoplankton, such as prymnesiophytes and
pelagophytes (Landry et al., 2008; Rii et al., 2008). Positive NCP
rates from 50 to 75 m is coincident with increased biomass and a
shift in community structure from Prochlorococcus spp. to large
(420 mm) diatoms (Landry et al., 2008). Above the DCML, in the
upper 50–60 m, the diatom community was comprised of
physiologically unhealthy diatoms with significantly depressed
growth rates and proportionately greater grazing losses relative to
the mixed layer and the DCML (Landry et al., 2008). Such an
elevated biomass of diatoms between 50 m and the DCML
confirms the intrusion of the deep nutrient-rich water and
enhanced biological production after the initial isopycnal uplift
of Cyclone Opal. It is further consistent with the positive NCP from
50 to 75 m, although there was no obvious growth rate enhance-
ment due to Si limitation at the time of sample collection
(Rii et al., 2008).

In contrast, the lower layer (75–110 m) had close to zero NCP.
While diatom biomass and growth rates were still significant,
large (450mm) ciliates and dinoflagellates, the most likely
protistan grazers of diatoms, were also �3 times higher than
ambient biomass levels (Brown et al., 2008). These consumers
capture and process their food as individual prey items and
produce individual empty frustules as a by-product of grazing
(Jacobson and Anderson, 1996; Jeong et al., 2004; Landry et al.,
2008). As such, they tend to produce smaller suspended particles
and dissolved organic matter rather than large organically dense
fecal pellets. These are consistent with the higher rates of
remineralization implied below the DCML using 234Th/238U
disequilibria and low rates of particle export (Maiti et al., 2008;
Rii et al., 2008). Nonetheless, NCP may still be underestimated
within 75–110 m. As mentioned in Section 4.2, there is solid body
rotation down to �70 m at the eddy center, essentially isolating
this water mass from the surrounding waters. Below 70 m, mixing
along isopycnal surfaces may have occurred, allowing the
horizontal intrusion of deep nutrient-rich water at the eddy
center. Thus the age of water mass within the lower layer
(75–110 m) may have been much younger than the assumed
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elapse time, which is �35 days (Dickey et al., 2008; Nencioli et al.,
2008).

NCP from TOC mass balance is likely a conservative estimate
(Eq. (16); Tables 6A–C and Fig. 7) in that we applied the carbon
export flux at 150 m to shallower depth intervals (0–50, 0–75, and
0–110 m). However, we would expect higher carbon export fluxes
at shallower depths since carbon export fluxes generally decrease
with depth as well (Cochran et al., 1993; Amiel et al., 2002). Please
note that NCP estimated from TOC mass balance in the lower
layers (75–110 m) shows small positive values at IN-stations (IN2:
Fig. 7C, IN5: Fig. 7F, IN6: Fig. 7G, IN7: Fig. 7H, and the average NCP
in Fig. 7A).
6. Conclusions and significance

This study examined how a wind-driven cyclonic eddy, Cyclone
Opal, influenced NCP. NCP estimates from mass balances of
salt, DIC, N+N, TOC, and DON consistently suggest that on
average, there was substantially enhanced NCP in the center
of the eddy relative to that in the surrounding waters. In the
average mixed layer (0–50 m) of the eddy center, NCP was
14.279.2 mmol C m�2 d�1; within the DCML (�0–75 m), NCP
was 18.5710.7 mmol C m�2 d�1; and for the euphotic zone, NCP
was 14.1710.6 mmol C m�2 d�1. In contrast, NCP for the mixed
layer was 2.3774.24 mmol C m�2 d�1 outside the eddy. Enhanced
NCP in the center of Cyclone Opal is consistent with earlier studies
that NP depends on mixing and vertical advection processes
(Eppley and Peterson, 1979; Mourino and McGillicuddy, 2006).
Our models may involve significant uncertainties due to the lack
of knowledge of initial conditions and future efforts should strive
to incorporate additional biogeochemical constraints wherever
possible. For example, NCP using a DIC budget would have been
better estimated with the additional d13C-DIC estimates. In
addition, efforts should be made to include all of the mass
balance terms with better error control, even if less significant
(see values in the brackets, Table 4).

Subtropical gyres show seasonal metabolic variation in the
upper water column (Williams et al., 2004; Juranek and Quay,
2005). In situ NCP on four cruises to the Hawaii Ocean Time series
(HOT) Station ALOHA during 2002–2003 was estimated to
�10 mmol C m�2 d�1 in the summer (Juranek and Quay, 2005).
However, a neutral or net heterotrophic state was indicated by the
winter data. Quay and Stutsman (2003) also determined much
higher NCP at Station ALOHA during the summer, which is
7.272.9 mmol C m�2 d�1. Such net autotrophy in summer and net
heterotrophy in winter was also suggested during a series of HOT
cruises between May 2001 and May 2002 (Williams et al., 2004).
Our NCP estimates in the center of the eddy are higher than the
above NCP results in the subtropical Pacific Ocean in summer.
Considering that our March cruise occurred during the winter, this
comparison also indirectly supports the view that NCP is
substantially enhanced due to mesoscale eddies, although
mechanisms of NCP enhancement may differ from those at
Station ALOHA over the summer. Such an enhanced NCP is also
consistent with studies that mesoscale eddy-driven events are
likely major mechanisms for supplying new nutrient to the upper
ocean and hence, increased PP (McGillicuddy and Robinson, 1997;
McGillicuddy et al., 1998).

Our results suggest that the euphotic zone can be further
divided into two layers: an upper layer (0–75 m) that is
characterized with positive NCP and a lower layer (75–110 m)
with NCP rates not significantly different from zero. Inside
Cyclone Opal, enhanced NCP and shifting community structure
(from pico-phytoplankton to diatoms) suggested that a higher
carbon export would be observed. Surprisingly, most of the
enhanced NCP was stored in the surface water as DOC rather than
exported as POC to the deep ocean. This suggests that eddies are
not necessarily more efficient in exporting particulate organic
matter to deep waters.
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