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Abstract

An anticyclonic eddy, named Haida-2000, formed off the southern Queen Charlotte Islands early in the year 2000.

The eddy subsequently tracked northwest, transporting fresh, warm, and nutrient-rich water into the Northeast Pacific

Ocean. Based on total dissolved inorganic carbon (CT), total alkalinity (AT), and nutrients from six seasonal cruises

between February 2000 and September 2001, we found that the oceanic carbonate system of the surface waters in the

eddy changed significantly. The greatest loss of CT from the surface waters of Haida-2000 occurred during the first year,

between February and June 2000. Based on a concomitant loss in nitrate (NO3), the large CT loss we observed was

likely due to biological production of organic carbon and probably resulted in a large drawdown of atmospheric CO2,

as supported by the observed fugacity of carbon dioxide (fCO2) in the surface waters. During fall, CT, fCO2, and NO3

values increased, probably due to oxidation of organic matter and vertical entrainment of CT and nutrient-rich water

from below with fall mixing. As a result, the surface waters of the eddy were highly oversaturated in CO2 relative to the

atmosphere. Another Haida eddy (Haida-2001) had a significantly smaller nitrate drawdown than Haida-2000 during

its first spring, but the CT losses were similar in the two eddies. In early summer (mid-June) of the second year, the

surface and sub-surface waters in Haida-2000 gained CT, AT, and NO3, partly caused by a merging with another 2001

Haida eddy, showing that exchange with surrounding waters took place and was significant at times. The high nitrate/

low chlorophyll (HNLC) surface waters at Ocean Station Papa (OSP), showed less fCO2 undersaturation during

summer and less total nitrate and CT loss than Haida-2000, indicating that both eddies were larger sinks for carbon

than HNLC waters. The waters surrounding the eddies generally had concentrations of CT, AT, and NO3 that were
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similar to or slightly higher than the waters of both Haida eddies throughout the study. Also, the sub-surface waters in

these eddies showed no significant change in total carbon content, suggesting that at these depths eddies are recycling,

not exporting systems.

r 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Mesoscale eddies are found in most of the
worlds oceans (Robinson, 1983). They are im-
portant because they transport and distribute
chemical substances, particulate matter, heat, and
organisms (Ring Group, 1981; Krom et al., 1993).
Perhaps the most intensively studied eddies have
been the warm-core rings that form as outcrop-
pings from the Gulf Stream in the North Atlantic
(Nelson et al., 1985) and from the East Australian
Current off Australia (Tranter et al., 1980, 1983).
Although these rings stimulate biological produc-
tivity (e.g., Bradford et al., 1982; Tranter et al.,
1980), they also appear to be relatively short-lived.
In contrast, the Haida eddies formed in the Gulf of
Alaska can persist for several years and travel
thousands of kilometres from their formation site
at the coast (Crawford and Whitney, 1999;
Crawford et al., 2000; Whitney and Robert,
2002) and therefore have the potential to strongly
influence productivity and biogeochemistry over
long periods and large areas. The most long-lived
Haida eddy observed to date was formed in early
1998 and persisted for 3.5 years (Whitney and
Robert, 2002). These anticyclonic eddies have been
found in hydrographic data in the Gulf of Alaska
for several decades (Tabata, 1982; Thomson and
Gower, 1998) and contain warm, fresh cores of
water that depress isopycnals at depths greater
than 1000 m, typical for anticyclonic eddies found
in other oceanic regions (Nelson et al., 1985;
Zhang et al., 2001; Savidge and Williams, 2001).
Haida eddies slowly spin down after they detach
from the continental margin where they form.
Accompanying this spin-down is a slow rise in
depth of the depressed isopycnals in core waters.
Therefore, decaying Haida eddies actually upwell
core waters.

Transport of biological matter and iron-rich
coastal waters into the open ocean by these eddies
could be important processes in the Gulf of
Alaska, which is a high nitrate/low chlorophyll
(HNLC) region, where spring and summer biolo-
gical production is mainly limited by iron supply.
Several studies (Martin et al., 1989; Boyd et al.,
1998, 2004; Harrison et al., 1999) suggest that
iron-rich dust deposited from the atmosphere
is a cause of episodic, enhanced, downward
carbon flux in this region. Eddies could be another
possible source of iron to enhance the biological
activity of the oligotrophic Alaska Gyre. This
hypothesis is supported by the observation made
by Johnson et al. (2005) that Haida eddies
carry enhanced concentrations of iron which
remains high in the core waters for periods of
at least 16 months. (We define core waters to
lie between 150 and 600 m below surface in
eddy-centre.)

The warm-core rings off Australia and in the
Gulf Stream form strong temperature fronts at
their boundaries, and the temperature difference
with surrounding waters can be as high as 6 1C.
The surface temperature difference in the Haida
eddies is too small, typically p1 1C, for detection
by infrared sensors on satellites. Eddies are
remotely tracked with better success by the use
of satellite altimetry techniques. Guided by near-
real-time satellite altimetry maps, we can now
study Haida eddies in more detail, providing our
first opportunity to understand their biogeochem-
ical evolution. There have been few other reports
on inter-annual changes within individual eddies
(Krom et al., 1993). In this paper, we describe the
carbon dynamics in the waters of a mesoscale eddy
over a period of 18 months. The results are
compared with nearby surrounding waters and
HNLC waters (e.g., Ocean Station Papa, OSP)
and with another Haida eddy formed in 2001
(Whitney and Robert, 2002) to provide insight into
the seasonal variability in nutrients and the carbon
dioxide system of these eddies.
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2. Data and analytical methods

Haida-2000 was studied during six cruises
onboard the Canadian Coast Guard Ship (CCGS)
John P. Tully, starting in February 2000 and
continuing to September 2001. One station was
sampled inside Haida-2000 in February 2000, and
sampling expanded to include an edge and an
outside reference station during subsequent cruises
in June and September 2000. During the February
2001 cruise, we sampled a station in a region that
has been identified as the likely source of water for
the Haida-2001 eddy that formed that winter
(Johnson et al., 2005). During subsequent cruises
in June and September 2001, we sampled stations
at both the centre and the edge of Haida-2001, as
well as at outside reference stations.

Samples were drawn from a 24-place rosette
mounted with Niskin samplers and a SeaBird SBE
911Plus CTD and were analysed for chemical and
biological parameters. The standard sampling
depths in the upper 600 m were 2, 10, 25, 50, 75,
100, 150, 200, 300, 400, and 600 m. Total dissolved
inorganic carbon (CT) and total alkalinity (AT)
samples were collected in 500-mL glass bottles,
according to the DOE Handbook of Methods
(1994), poisoned with 100 mL of saturated HgCl2,
and kept at 4 1C during transport back to shore for
analysis at the Institute of Ocean Sciences. Total
dissolved inorganic carbon was determined by
coulometric titration with photometric detection
using a SOMMA (Johnson et al., 1985, 1987), and
AT was determined by potentiometric titration in
an open cell with 0.1 M HCl (Dickson et al., 2003;
Haraldsson et al., 1997). The average difference
between replicates for all cruises gave an analytical
precision of 71 mmol kg�1 (0.05%) for both CT

and AT. The accuracy was assured by calibrating
against certified reference materials (CRMs)
(DOE, 1994; Dickson, 2001; Dickson et al.,
2003) supplied by Andrew Dickson (Scripps
Institution of Oceanography, San Diego, USA)
analysed once a day. The measured and certified
values of the CRMs differed by 0.7–1.1 mmol kg�1

for CT and between 1 and 2.3 mmol kg�1 for AT.
Phosphate (PO4) and nitrate (NO3, although

actually nitrite+nitrate) were determined directly
onboard ship according to Barwell-Clarke and
Whitney (1996) using a Technicon II AutoAna-
lyser. Because the distribution of phosphate closely
follows that of nitrate (PO4 ¼ 0.0605NO3+0.44,
r2 ¼ 0:997 for all stations at all depths), it is not
discussed further. Based on 20 pairs of duplicate
samples on each cruise, the analytical precision
varied from 70.09 to 70.17 mM for nitrate.

Total organic carbon (TOC) samples were
collected with acid-cleaned GO-FLO samplers
deployed from a Kevlars line off the side of the
ship and stored frozen in 60-mL glass vials with
Teflons lined caps until analysis ashore. They
were analysed by high-temperature combustion
with a Tekmar-Dohrmann Apollo 9000 TOC
analyser, calibrated with potassium phthalate
solutions (Spyres et al., 2000). Analytical preci-
sion, based on analysis of replicate samples tapped
from the same GO-FLO bottle, was 2 mmol L�1,
and accuracy was assured by additional calibra-
tion against seawater TOC certified reference and
blank materials supplied by D. Hansell and W.
Chen, Rosenstiel School of Marine and Atmo-
spheric Science, University of Miami, USA.

We also collected total particulate carbon (PC)
and nitrogen (PN) samples from the GO-FLO
bottles into 5-L polyethylene carboys and filtered
1–2-L volumes under vacuum through precom-
busted (4 h at 450 1C) Whatman (GF75, 25 mm)
filters within 12 h of sampling (Knap et al., 1996).
The filter was then analysed on a Control
Equipment Corporation (CEC) 440 Elemental
Analyser standardized with acetanilide. Precisions,
based on replicate filtrations from each 5-L
sample, were 0.3–0.8 and 0.05–0.10 mmol L�1 for
PC and PN, respectively. The original data used in
this work are available either from the authors or
from the following website: http://www-sci.pac.d-
fo-mpo.gc.ca/dsr2/

2.1. Fugacity of CO2 in the surface water and the

atmosphere

We were in the field for only short periods
during this investigation, providing brief snap-
shots of the carbon dioxide saturation and
potential sea–air CO2 fluxes in the Haida-2000
eddy. We do not attempt to calculate sea–air fluxes
in this paper, because net fluxes are highly

http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
http://www-sci.pac.dfo-mpo.gc.ca/dsr2/
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dependent on short-term variation in wind speeds,
and our sampling resolution (no more often than
every 3 months) was not adequate to generate
meaningful flux estimates. However, the sea–air
fugacity gradients we saw during our cruises can
provide some insight into the changes we observed
in surface CT. The fugacity of CO2 in the surface
water (fCO2sw) is closely related to the partial
pressure of CO2 (pCO2); fugacity takes into
account the non-ideal nature of the gas. The
disequilibrium between the fugacity of CO2 in
the atmosphere (fCO2air) and in the ocean
(fCO2sw), DfCO2, drives the flux of carbon dioxide
(FluxCO2), and is estimated using the following
formula: FluxCO2 ¼ VpK0 (fCO2sw�fCO2air),
where K0 is the solubility of CO2 at sea-surface
temperature (mol m�3 atm�1) (Weiss, 1974) and Vp

is the gas transfer velocity (cm h�1), which has
been described by a number of empirical equations
(e.g., Liss and Merlivat, 1986; Wanninkhof, 1992).

AT and CT data were used together with
appropriate equilibrium constants (Dickson and
Millero, 1987) and a CO2 system calculation
program (Lewis and Wallace, 1998) to calculate
the fCO2 in the surface mixed layer (from top
30–100 m, depending on stratification) of Haida-
2000 and at the reference stations. The estimated
error in the calculation of fCO2sw from AT and CT

with our analytical precision is about 5 matm
(Clayton et al., 1995).

The reported atmospheric CO2 values from
Point Barrow, Alaska and the Mauna Loa
Observatory, Hawaii (Keeling and Whorf, 2001,
2002) were both considered as representative of
atmospheric CO2 in the Gulf of Alaska, because
the Aleutian Low Pressure system dominates the
area in winter, while the Subtropical High
dominates during summer (e.g., Niebauer, 1998).
The reported annual means in atmospheric CO2

(in dry air) at the Mauna Loa and Point Barrow
Observatories for 2000 were 369.4 and 370.3 ppmv,
respectively. There is no strong evidence as to
which of the two locations gives the most
representative atmospheric CO2 value for the Gulf
of Alaska, and the mean difference (275 ppmv) is
less than or the same as the error in the calculated
fCO2sw. Consequently, we have chosen to report
the DfCO2 calculated using values from the Mauna
Loa Observatory, Hawaii, and we consider the
standard deviation of the mean difference in the
monthly values (5 ppmv) between Point Barrow
and Mauna Loa as the estimated uncertainty in
the atmospheric CO2 values.
3. Results

3.1. Description of the Haida-2000 and the Haida-

2001 eddies

Haida-2000 was formed in the region off the
southern tip of the Queen Charlotte Islands
(Haida Gwaii) early in the year 2000. Haida-2000
travelled to the northwest out into the open ocean,
as shown in Fig. 1. During its first 4 months, the
eddy travelled about 150 km at a speed of
1.2 km d�1 until it halted in May, in the Bowie
Seamount area (531N, 137.51W). The eddy moved
away from the seamount in September and finally
entered the HNLC region by October 2000
(Whitney and Welch, 2002). Between September
2000 and February 2001, Haida-2000 travelled
170 km. At the end of June 2001, after our
sampling, TOPEX/ERS-2 maps (Crawford et al.,
2005) showed Haida-2000 merging with a newer
Haida eddy.

The Haida-eddy core waters were defined as
those between 150 and 600 m at the centre stations.
The 600 m bottom depth roughly coincides with
the 33.9 salinity level, the maximum for eddy
source waters which derive from the British
Columbia continental shelf (Whitney and Robert,
2002). Typical for eddies formed in these waters,
the core waters were fresher than the surrounding
ocean by about 0.4 and warmer by around 1 1C
(Crawford, 2005). Central water isopycnals were
distorted downward at depths of 2000 m or more,
and the eddy Gaussian radius was about 60 km
(Crawford, 2005). Fig. 1 shows the path travelled
by Haida-2000 and the locations and sampling
dates of the eddy-centre during each cruise.
For more details regarding station locations see
Table 1. Included in Fig. 1 is the track of another
eddy that was formed the following winter, Haida-
2001, discovered by near-real-time satellite altime-
try during the February 2001 cruise, when we
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Fig. 1. Tracks followed by Haida-2000 (J) and Haida-2001 (W) during the study with centre sampling stations noted. The station

locations are labelled with the sampling date. Also shown are the locations of seamounts (1000-m depth contour) along the track of

Haida-2000.
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sampled one station at its approximate centre.
During subsequent cruises in June and September
2001, we sampled stations at both the centre and
the edge of Haida-2001. Haida-2001 had a more
southerly track than Haida-2000 (Fig. 1) and by
September 2001 the two eddies were about 440 km
apart. The centre stations in both eddies were
taken as the location where depressed isopycnals
were horizontal at the base of the eddy core (ca.
600 m, s�y ¼ 27:2), and the edge stations were
located where the isopycnals were sloping most
radically and orbital surface currents were strong
(Yelland and Crawford, 2005). Reference outside
stations were sampled at least 30–50 km beyond
the edge stations, where waters were assumed to be
unaffected by the passage of either Haida-2000 or
Haida-2001.

As shown in Fig. 2, temperature versus salinity
properties (T2S) showed little temporal change in
the waters below 100 m (s�y�26:2) in the centre of
Haida-2000 during its first year. T2S properties
are also shown for the oceanic OSP (501N, 1451W)
and the coastal station P4 (48.671N, 126.671W).

For a more detailed study of the current
structure and speeds of the eddies we studied, see
Yelland and Crawford (2005), and for more
general physical characteristics of Haida Eddies,
see Crawford (2002). A detailed analysis of the
nutrient dynamics in Haida-2000 is described by
Peterson et al. (2005), and Crawford et al. (2005)
present SeaWiFS images showing how chlorophyll
a (Chl-a) levels are often elevated within Haida
eddies.

3.2. Seasonal changes in CT, AT, and NO3 in

Haida-2000

Water properties in the surface mixed layer from
six cruises are shown in Table 1 as averages of
salinity (S), potential temperature (y), CT, AT, and
NO3 from the surface to the base of the surface
mixed layer and the core waters. The base of the
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surface mixed layer was defined as the depth where
the density stratification exceeded surface density
by 0:125s�y units or more. Average values in core
waters were taken from the depth range
150–600 m. Since the Haida eddies eventually drift
into surrounding HNLC surface waters, we found
it relevant to compare the results with the HNLC
waters at OSP and nearby surrounding waters and
Table 1

(a) Surface water characteristics, sampling months, and locations of t

Month/year Station Location (Lon.

1W, Lat. 1N)

MLD

(m)

Salinity

H-2000 Feb 2000 Centre 134 40, 52 20 110 32.44270.0

Feb 2000 Reference 132 00, 52 20 50 32.10570.0

OSPa 145 00, 50 00 100 32.82770.0

H-2000 June 2000 Centre 135 50, 52 45 30 32.27170.0

Edge 135 50, 52 15 30 32.38970.0

June 2000 Reference 135 50, 51 45 10 32.44670.0

OSP 145 00, 50 00 30 32.64370.0

H-2000 Sep 2000 Centre 136 10, 52 45 30 32.25670.0

Edge 136 10, 52 15 30 32.31370.0

Sep 2000 Reference 136 10, 51 45 30 32.43870.0

OSP 145 00, 50 00 30 32.63270.0

H-2000 Feb 2001 Centre 138 00, 53 48 80 32.65970.0

H-2001 Feb 2001 Centre 132 48, 52 52 85 32.38370.0

Feb 2001 Reference 139 30, 52 48 75 32.68470.0

OSP 145 00, 50 00 100 32.60370.0

H-2000 June 2001 Centre 138 10, 54 25 20 32.54170.0

Edge 138 10, 54 55 20 32.51870.0

H-2001 June 2001 Centre 134 00, 51 15 35 32.34970.0

June 2001 Reference 137 00, 52 45 10 32.580

OSP 145 00, 50 00 30 32.56170.0

H-2000 Sep 2001 Centre 138 20, 54 30 30 32.28170.0

Edge 138 45, 54 00 20 32.29170.0

H-2001 Sep 2001 Centre 135 20, 51 00 30 32.30370.0

Edge 134 45, 50 45 30 32.30170.0

Sep 2001 Reference 138 45, 54 30 30 32.41670.0

Note: Also included are the corresponding surface properties for the re

Ocean Station Papa (OSP). Average values and standard deviations a

defined as the depth where the density was less than 0:125s�y units g

deviations between all samples collected from the mixed layer at the

February; Sep, September; nd, not determined.
we have included the characteristics for the outside
stations (reference) and at OSP.

Seasonal changes in the surface, core, and
surrounding waters were studied by dividing
the year into three periods, based on the timing
of the individual cruises: February–June (spring),
June–September (summer), and September–
February (fall). The observed CT, AT, and NO3
he centre and edge stations of Haida-2000 (H-2000)

y (1C) CT

(mmol kg�1)

AT

(mmol kg�1)

NO3

(mmol kg�1)

05 7.2070.01 204271 218274 14.870.2

09 7.2070.02 nd nd 13.770.1

07 5.1770.01 2066719 2148718 14.170.08

01 10.3970.02 198571 217371 4.170.1

16 10.4870.08 198573 218273 3.670.1

01 10.5570.03 199473 217573 4.170.0

34 7.6970.03 203570 219870 12.770.0

05 12.8671.0 194872 217176 1.072.0

31 12.9570.28 194972 2164715 1.070.7

03 13.9870.18 1949712 218674 0.770.2

00 13.4770.04 202970 220170 5.470.0

22 6.2070.07 205078 2182723 14.370.7

16 7.5470.02 203372 218572 11.870.4

01 5.3670.005 205772 2179711 15.270.4

13 5.3870.07 204575 2138720 14.970.3

21 8.2370.70 201273 218771 8.870.4

12 9.1770.47 200772 216678 8.270.1

04 9.0070.19 199171 217376 5.770.0

8.43 2012 2179 9.9

01 7.3470.05 2016711 218671 1370.0

01 12.0070.02 196771 218075 3.470.1

02 11.7870.07 196674 2173710 4.070.1

04 11.5670.01 198271 2195711 4.970.1

00 11.5270.01 198875 2165712 4.770.1

01 11.9270.04 199078 219876 8.870.0

ference stations, the centre station of Haida-2001 (H-2001), and

re calculated in the waters above the mixed-layer depth (MLD),

reater than the surface density. Uncertainties are the standard

given station, where at least three samples were analysed. Feb,
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Table 1 (continued )

(b) Core water characteristics (150–600m), sampling months, and locations of the centre stations in Haida-2000 and Haida-2001 and

average values for the same depth range at the reference stations and Ocean Station Papa (OSP)

Month/year Station Location

(Lon. 1W, Lat. 1N)

Salinity y (1C) CT

(mmol kg�1)

AT

(mmol kg�1)

NO3

(mmol kg�1)

H-2000 Feb 2000 Centre 134 40, 52 20 33.8070.34 6.171.2 2240760 2280740 3377

Feb 2000 Reference 132 00, 52 20 33.7670.42 6.271.2 nd nd 3278

OSPb 145 00, 50 00 nd nd 2278752 2300740 3875

H-2000 June 2000 Centre 135 50, 52 45 33.8170.29 6.270.9 2240750 2270730 3376

June 2000 Reference 135 50, 51 45 34.0070.11 5.471.1 2270750 2290730 3775

OSP 145 00, 50 00 33.9470.18 4.170.3 229370.2 2301722 4073

H-2000 Sep 2000 Centre 136 10, 52 45 33.8470.17 6.471.0 2230730 2270720 3374

Sep 2000 Reference 136 10, 51 45 33.9770.09 5.370.9 2260740 2290720 3775

OSP 145 00, 50 00 33.8870.30 4.570.5 228470.4 2298727 3976

H-2000 Feb 2001 Centre 138 00, 53 48 33.9370.15 5.771.1 2260750 2280730 3675

H-2001 Feb 2001 Centre 132 48, 52 52 33.7470.43 6.271.4 2230780 2270740 3278

Feb 2001 Reference 139 30, 52 48 33.9970.16 4.170.4 2310735 2280730 4272

OSP 145 00, 50 00 33.8870.30 4.070.3 2270760 2300740 3975

H-2000 June 2001 Centre 138 10, 54 25 33.9370.13 5.571.1 2260750 2280720 3775

H-2001 June 2001 Centre 134 00, 51 15 33.9770.10 6.171.0 2250740 2280720 3974

June 2001 Reference 137 00, 52 45 33.9770.15 4.770.6 2280750 2300730 3974

OSP 145 00, 50 00 33.9170.28 4.070.4 2280770 2290740 4174

H-2000 Sep 2001 Centre 138 20, 54 30 33.9070.15 5.871.0 2250740 2280720 3674

H-2001 Sep 2001 Centre 135 20, 51 00 33.9870.09 6.071.1 2270750 2290730 3774

Sep 2001 Reference 138 45, 54 30 33.8870.25 4.270.3 2280760 2300730 3974

Note: Average values and standard deviations are calculated in the waters between 150 and 600m. Feb, February; Sep, September; nd,

not determined.

aFebruary 1999 data are used to represent Feb 2000.
bFeb 1999 data were used to represent Feb 2000 at OSP.
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concentrations in Haida-2000 were corrected for
evaporation/dilution effects by normalization to a
salinity of 33, and the changes in the normalized
concentrations (mmol kg�1) of CT (DCT), nitrate
(DNO3), and AT (DAT) were calculated for each
period and plotted in Fig. 3.

3.2.1. Surface waters

The most dramatic loss in surface CT and NO3

occurred between February and September of
both years in both Haida-2000 and Haida-2001.
The first spring in the centre of Haida-2000 saw
the largest losses, while the net CT and NO3

consumption was less at both the edge and the
centre stations during the summer and the follow-
ing spring, 2001. By September 2000, surface NO3

values were completely depleted in Haida-2000
(Fig. 4B), after only a slight additional loss in
summer. The scenario in Haida-2001 was slightly
different during its first spring, with less of a NO3
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Fig. 2. Temperature (T) versus salinity characteristics below 100m (st�26:2) in Haida-2000, during the first year (filled symbols). Also

shown are the properties for the oceanic (OSP, black cross) and coastal waters (P4, grey cross). Feb, Jun, and Sep represents February,

June, and September, respectively, during 2000 (00) and 2001 (01).
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loss but a CT loss that was similar to what was seen
in Haida-2000. During fall 2000, increasing values
of CT and NO3 in the surface waters in the eddy-
centre (negative DNO3 and DCT, in Haida-2000,
Figs. 3A and B) imply remineralization and
possibly vertical entrainment of nutrient-rich
water from below as the surface mixed layer
deepened. Interestingly, this gain was not observed
in surface AT concentrations (Fig. 3C). Also,
the following spring (2001), AT increased at the
same time that NO3 and CT decreased in the
surface waters. The only observed loss in surface
AT was during summer 2000, possibly caused by
calcium carbonate formation. CT and NO3 con-
centrations in the surface waters of both Haida
eddies were generally lower than or at the same
level as the surrounding surface waters and OSP
(Table 1).

Also important to note is that Haida-2000
merged with a new Haida eddy in spring and
early summer of 2001 (Crawford et al., 2005). The
0.26 decrease in surface salinity between June and
September 2001 (Table 1a), as well as at least part
of the changes in the carbon and nutrients, is likely
a result of this merging of the two eddies.

3.2.2. Core waters

The average values of CT and NO3 in the core
waters (150–600 m) did not change significantly
during our study (Table 1b), but interesting
patterns emerge, nonetheless, when changes at
individual sampling depths are considered (Fig. 3).
The greatest losses of CT from sub-surface waters
were in summer 2000 (at 300 m, Fig. 3B), while
NO3 concentrations remained relatively constant,
except in fall 2000. The changes in AT were
indistinct, and clear patterns with depth are not
evident. At 150–600 m, the CT, NO3, and AT

concentrations in the surrounding waters and at
OSP were generally higher than in the eddies
throughout the study, as was also the case for the
surface waters.
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Fig. 3. Changes in concentrations of (A) NO3 (DNO3), (B) total dissolved inorganic carbon (DCT), and (C) total alkalinity (DAT) in the

upper 600m are shown for Haida-2000. Changes are calculated for periods between February–June (spring), June–September

(summer), and September–February (fall). The centre stations for 2000 and 2001 are denoted 00 and 01, respectively. Positive D means

that there has been net consumption of NO3, CT, and/or AT, and a negative sign shows an increase in NO3, CT, or AT.

M. Chierici et al. / Deep-Sea Research II 52 (2005) 955–974 963
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Fig. 4. Concentrations of (A) total dissolved inorganic carbon

(CT) and (B) nitrate (NO3) in the upper 100m in the centre of

Haida-2000 in September 2000.

M. Chierici et al. / Deep-Sea Research II 52 (2005) 955–974964
4. Discussion: drivers of the seasonal changes within

the eddies

4.1. Vertical and horizontal diffusion and mixing

Several factors indicate that the central surface
waters of the eddy were not isolated during the
study and that horizontal advection could have
had significant, although poorly quantified, influ-
ences on the carbon distributions we observed.
Most dramatically, Haida-2000 merged with an-
other eddy during early summer of 2001 and
gained a new influx of heat and fresh water and
also might have gained additional macro- and
micronutrients. Storm-induced mixing and advec-
tion could also cause exchange of surface eddy
waters with the outside, especially during winter
(Mackas et al., 2005). Crawford et al. (2005) report
that by February 2001, the Haida-2000 eddy had
lost 75% of its initial freshwater volume in the top
500 m, while Haida-2001 had lost most of its
freshwater after only 4 months, indicating sig-
nificant mixing with the surrounding waters even
in spring. Although we expect that horizontal
advective processes were less important in the eddy
core waters than at the surface, we have even fewer
data about horizontal exchange at depth than at
the surface.

The strength of vertical and horizontal diffu-
sion, as well as advection, varies throughout the
year. We expect that effects of vertical diffusion
were weak in the surface waters during the
productive periods of spring and summer, when
low winds and increasing surface temperatures
increased stratification. However, vertical mixing
into the surface layer is normally high in fall and
winter, when the mixed layer is actively deepening
from about 30 to 100 m, and this process likely
dominated the increasing surface-water CT and
NO3 concentrations we observed between Septem-
ber and February (Table 1a). In September 2000,
the average CT and nitrate concentrations were
higher in the 30–80 m depth interval than at the
surface (upper 30 m) by 90 and 12 mmol kg�1 (Figs.
4A and B), respectively. Completely mixing the
waters down to 80 m, in the absence of biological
productivity, would increase the surface CT con-
centration by 56 mmol kg�1 and nitrate by
8 mmol kg�1. These quantities represent 50–70%
of the observed changes in surface nitrate and CT

over the fall period (Figs. 3A and B).
For waters in the centre of the eddy, we

estimated the highest likely effect of vertical
diffusion on surface eddy nitrate and CT concen-
trations based on the sub-surface gradients in June
2000, the largest gradients observed during our
study. Diffusion between the core and surface
waters DD (mol m�2 s�1) was calculated from the
following equation:

DD ¼ Kv
qCðhÞ

qz
ðDenman and Gargett; 1983Þ,

(1)

where Kv is the vertical diffusivity (m2 s�1), and
qCðhÞ=qz (mol dm�3 m�1) is the vertical gradient in
either NO3 or CT between the surface layer (�top
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30 m in summer, Table 1) and 125 m. Denman and
Gargett (1983) report summer values for Kv within
the thermocline of between 4� 10�6 m2 s�1 in low
winds and 2� 10�5 m2 s�1 in high winds. Using
these values, we estimated that vertical diffusion
added between 0.2 and 1 mmol kg�1 of NO3 and
1–5 mmol kg�1 of CT to the upper 50 m (or
0.01–0.06 mol m�2 NO3 and 0.06–0.3 mol m�2

CT) between June and September 2000 (100 days).
The supply would be 3–5 times less if we used the
vertical gradient across the mixed-layer depth
(30 m). Although, these numbers are insignificant
relative to the changes we observed between our
sampling periods, vertical diffusion could concei-
vably be an important supply of nitrate and CT to
the surface waters for short periods in summer if
the shallow mixed layer is coupled with strong
nitrate and CT gradients due to surface depletion.

The horizontal gradients of CT and nitrate
between the eddy-centres and the surrounding
waters were generally small (Table 1), but in
September 2001 CT and NO3 in the surface waters
in Haida-2000 were lower by 23 and 5.4 mmol kg�1,
respectively, than in surrounding waters. These
centre-to-outside gradients (0.12 and
0.03 mmol kg�1 km�1 for CT and NO3, respec-
tively) were the largest we observed throughout
our study, perhaps because the eddy had moved
well into the open ocean by this time, which
increased the contrast between the coastal eddy
waters and the surrounding HNLC waters. Using
these gradients and the horizontal diffusivity
coefficient of 22 m2 s�1 obtained from the PRIME
eddy (an anticyclonic eddy in the North Atlantic;
Martin et al., 2001) in an equation analogous to
(1), we find that horizontal diffusion could have
added 0.0003 mol m�2 of NO3 and 0.002 mol m�2

of CT to surface waters of the eddy during
summer. These are small numbers in comparison
to the uncertainties in the average values for the
eddy waters and thus horizontal diffusion was
probably also insignificant to our observed varia-
tions in NO3 and CT in late spring and summer.

4.2. Variability of DfCO2 in the surface mixed layer

The atmospheric CO2 values (in dry air) for the
same months as the Haida-eddy cruises were
recalculated to fugacity of CO2 in wet air (fCO2air)
in matm (Weiss, 1974; Beer, 1983). For this
calculation, we used our cruise data for sea-surface
temperature and sea-surface salinity, while we used
air pressure and humidity data obtained from the
NCEP Reanalysis data provided by the US
Climate Diagnostics Center (CDC) in the area
within 2.51 boxes around Haida-2000. The average
difference between the wet-air corrected fCO2 air
and dry-air CO2 values was 472 matm. The values
for fCO2 air during each cruise are presented in
Table 2, along with the values of fCO2sw
calculated from measured CT and AT.

The evolution of DfCO2 in Haida-2000, as well
as at OSP (June and September) and the reference
stations until September 2001, is illustrated in
Fig. 5, where average DfCO2 values and standard
deviations are shown in the surface mixed layer
(also see Table 2). Between February and June
2000, the initially oversaturated surface water
decreased in DfCO2 and reached clearly under-
saturated values relative the atmospheric concen-
tration at both the centre and edge stations. This
undersaturation in June 2000 provided the means
for uptake of atmospheric carbon dioxide during
spring and summer. At the same time, warming of
the surface water by 3.2 1C during spring 2000
(Table 1) raised the fCO2sw by around 48 matm
(Lewis and Wallace, 1998). Including this warm-
ing, the total decrease was 113 matm since we
observed a net decrease of 65 matm between
February and June 2000. The DfCO2 in the centre
of the eddy increased 15 matm between June and
September 2000, and the surface waters ap-
proached equilibrium with the atmosphere by
September 2000. This coincided with the AT loss
at surface we observed throughout the study (Figs.
3C and 6). An increase in calcification between
spring and summer might explain parts of the
increase in fCO2sw during summer together with
seasonal warming (see Section 4.3). However, the
observed increase was only 15 matm and calcifica-
tion would have contributed with an increase of
around 13 matm, and a warming of 2.5 1C would
have contributed with another 37 matm (totally
50 matm), implying that either biological produc-
tion or CO2 outgassing to the atmosphere are
responsible for the observed difference of 35 matm.
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Table 2

Average concentration of fCO2 in the surface mixed layer

(fCO2sw) at the Haida-2000 centre and edge stations calculated

from measured CT and AT (Lewis and Wallace, 1998)

Station Month-year fCO2sw (matm) fCO2air (matm)

H-2000 centre Feb-00 41776 372.5

Jun-00 352716 377.8

Sep-00 367763 369.1

Feb-01 438732 375.4

Jun-01 35778 379.8

Sep-01 34178 374.2

H-2000edge Jun-00 343715

Sep-00 337730

Jun-01 393712

Sep-01 357715

H-2001 centre Feb-01 422712

Jun-01 337712

Sep-01 334717

OSP Feb-00a 587743

Jun-00 372710

Sep-00 452721

Feb-01 534731

Jun-00 36671

Reference Sep-00 334734

Feb-01 436730

Jun-01 372715

Sep-01 359727

Note: Also shown are wet-corrected air fugacities (fCO2air),

recalculated from dry-air CO2 values measured at Mauna Loa,

Hawaii (Keeling and Whorf, 2001). Uncertainties are based on

the standard deviations of all fCO2sw values in the surface

mixed layer (Table 1).
aFebruary 1999 data were used to represent February 2000.
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The summertime DfCO2 increase was not
evident at the edge (Haida-2000), where the
surface water was undersaturated during the whole
summer. Other investigators report higher Chl-a
(Crawford et al., 2005) concentrations at the edge,
based on satellite ocean-colour measurements,
suggesting enhanced biological production, which
could explain the persistently undersaturated
waters at the edge. However, the fCO2sw evolution
at the edge is difficult to assess, since fCO2sw data
are available neither in February 2000 nor in
February 2001. We also see large variability in the
average fCO2sw concentrations in September at
both the centre and edge, probably a signal of the
beginning of the winter-induced vertical mixing. In
contrast to September 2000, the surface waters in
Haida-2000 were strongly undersaturated in Sep-
tember 2001, perhaps due to a delay in the advent
of mixed-layer deepening.

The surface waters at OSP showed a slightly
different annual cycle than the Haida eddies,
especially during summer when OSP was less
undersaturated most likely as a consequence of
the surface water warming of nearly 6 1C (Table
1a) between June and September, twice as high as
the warming that Haida-2000 experienced. In
February 2000, fCO2sw concentrations were high
at OSP, rapidly decreasing to slightly under-
saturated waters by June 2000 (Table 2); but the
temperature increase during summer (Table 1)
resulted in clearly oversaturated waters in Septem-
ber (Fig. 5), when the Haida-2000 showed fCO2

undersaturation relative the atmosphere.
Surface water at reference stations (sampled at

least 30–50 km beyond the edge stations), showed
higher fCO2sw values in beginning of summer
(e.g., June) than Haida-2000 but was clearly
undersaturated by September and actually had
lower values than observed at the centre of Haida-
2000. In February 2001, the surrounding surface
water was clearly oversaturated relative the atmo-
sphere and had similar fCO2sw values as both
Haida eddies.

Our estimates of the seasonality in the satura-
tion of CO2 in the Haida-2000 eddy are compared
with the DpCO2 cycle in Gulf of Alaska, reported
by Zeng et al. (2002), who used underway pCO2

measured in the upper surface waters (top 10 m).
They report a seasonal range of 30 matm (Zeng
et al., 2002) in 1995–1999 over a large area around
OSP. The annual cycle of DpCO2 in this HNLC
area displayed undersaturated seawater pCO2

(negative DpCO2), by around 15 matm in February,
and gradually increased, becoming nearly zero in
June, due to warming cancelling out biological
drawdown in summer (Takahashi et al., 2002). In
Haida-2000, we see the opposite trend, with
oversaturated surface water in winter (February)
decreasing to undersaturation by around 25 matm
in June 2000. However, calculated fCO2 in the
surface water (approximately upper 100 m, Table
1a) at both OSP (February 1999 data represent
February 2000 at OSP) and the reference outside
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Fig. 5. Evolution of DfCO2 (fCO2sw–fCO2air) for Haida-2000 from February 2000 until September 2001. Representative error bars

are shown only on the data for the centre stations and are based on standard deviations calculated from all values in the surface layer.

Filled circles represent the centre stations and filled triangles the edge stations of Haida-2000. For comparison the Haida-2001 DfCO2

values are also included (J), as well as values at OSP (&) and values at reference outside stations (X). Positive DfCO2 denotes

oversaturated surface waters while negative values mean that the surface waters had lower fCO2 relative to the atmospheric fCO2.

Fig. 6. Seasonal cycle of salinity-normalized (n) total alkalinity (nAT, filled squares) and CT (nCT, filled triangles) and the sum of AT

and nitrate (nAT+nNO3, filled circles) in the surface mixed layer at the centre station of Haida-2000 from February 2000 to September

2001. Open squares represent nAT at the reference stations.
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station in February 2001 were clearly oversatu-
rated (Table 2 and Fig. 5). Several factors might
account for the differences in the February DfCO2
values at OSP in our estimates and the ones
reported by Zeng et al. (2002). The years 2000 and
2001 may have had a different annual CO2 cycle
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Table 3

Average ratios of particulate carbon and particulate nitrogen

(C:N) in the upper 50m (approximately the depth of the 1%

light level, T. Peterson, unpublished data) in June and

September 2000 for the Haida-2000 (H-00) and Haida-2001

(H-01) eddies

Station June 2000 September

2000

June 2001 September

2001

H-00 centre 6.270.3 7.370.9 5.170.3 7.270.7

H-00 edge 6.270.2 6.470.4 5.170.1 6.670.5

H-01 centre 5.670.4 6.670.7

H-01 edge 5.770.3 6.7

Averages 6.070.4 6.571.0 5.470.6 6.871.1

Total

average

6.271.7
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from the previous 5-year period. Secondly, our
estimates are averages in the surface mixed layer
which varied from 20 m in summer to 100 m in
February, whereas Zeng et al. (2002) based their
estimates on the upper 10 m. A third factor could
be the difference in spatial resolution between the
two studies.

4.3. Biological carbon utilization and

remineralization

In temperate waters, the oceanic drawdown of
atmospheric CO2 in the surface waters is mainly
caused by biological production and subsequent
export of carbon and nutrients as dissolved and
particulate organic matter to the deep ocean,
where they are oxidized or sequestered. The
intensity of the biological carbon drawdown,
DCbio, can be estimated from the sum of the
production of soft organic matter and the produc-
tion of hard parts (mainly CaCO3):

DCbio
¼ DCbio

soft þ DCbio
CaCO3

, (2a)

DCbio
CaCO3

¼ 0:5ðDAT þ DNO�
3 Þ, (2b)

DCbio
soft ¼ ðC : NÞDNO�

3 . (2c)

The change in carbon due to precipitation or
dissolution of calcium carbonate is given by
DCbio

CaCO3
(Eq. (2b)), where DAT is the change in

total alkalinity. We have estimated DCbio
soft (Eq.

(2c)) from the seasonal nitrate (NO3) decrease in
the surface waters using Redfield ratios of the
elemental composition (C:N) of phytoplankton
(e.g., Codispoti et al., 1986; Wong et al., 1998,
2002). Note that DCbio approximates only net
community production, not total primary produc-
tion, because it does not account for recycled and
imported nutrients.

We used the carbon to nitrogen (C:N) ratio of
6.6 (Redfield et al., 1963) to estimate the carbon-
to-nitrogen uptake ratio during fixation of organic
matter in the eddies (Eq. (2c)). The C:N ratio
reported by Redfield et al. (1963) is based on the
stoichiometric relationship of C:N in phytoplank-
ton, whereas other investigators (i.e., Anderson
and Sarmiento, 1994) determined slightly different
ratios by studying the decay of organic matter
below the euphotic zone. This latter approach does
not consider the nutrient recycling during photo-
synthesis, while the Redfield ratio does not
account for vertical fractionation during reminer-
alization. Since we calculate the carbon consumed
by biological production from the utilization of
nitrate in the euphotic zone, we apply the Redfield
C:N ratio. Our use of the classical Redfield C:N
ratio is supported by suspended PC and nitrogen
data from the upper 50 m at the centre and edge
stations of Haida-2000 and Haida-2001 (Table 3).
We estimate that the C:N ratio appropriate for our
data set could range between 4.5 and 7.9,
introducing an error of up to 33% in DCbio. We
also note that our data set does not include the
C:N in the dissolved organic matter produced in
the surface waters and that the Redfield-type ratios
are only strictly valid over large time and space
scales. Therefore, our estimates of DCbio are only
indicative of what fraction of the carbon change
may be due to biological activity and are not true
quantitative calculations of that fraction.

During the process of calcium carbonate pre-
cipitation, CO2 is released, according to Eq. (3),

2HCO�
3 þ Ca2þ

! CaCO3ðsÞ þ H2O þ CO2 (3)

and could thus hamper the atmospheric CO2

uptake. Whereas only some organisms form
calcium carbonate hard parts, all phytoplankton
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Fig. 7. Surface 50m (approximately the depth of the 1% light

level, T. Peterson, unpublished data) depth-integrated values (g

Cm�2) of DCT
obs (filled), DCbio (striped, Eq. (3)), and DCexch

(white, Eq. (4)), at the centres of (A) Haida-2000 and (B)

HNLC waters (OSP), and (C) Haida-2001 for our sampling

periods. *Spring period calculated using data from February

1999 and June 2000. The uncertainties are based on vertical

sampling resolution the variability in CT, NO3, and AT and the

vertical sampling resolution. Negative values indicate net losses

of inorganic carbon from the water mass and positive denotes a

gain.
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consume CO2 during the formation of organic
matter, and the net effect normally results in more
CO2 being consumed than released. Putland et al.
(2004) have reported that Emiliana huxleyi can
constitute 67% of the phytoplanktonic carbon in
northeast Pacific, particularly in the presence of
high nutrient concentrations. However, Robertson
et al. (1994) concluded that even blooms domi-
nated by E. huxleyi are still net CO2 sinks,
although less effective than blooms of non-
calcifying algae. If CaCO3 production occurs
simultaneously with photosynthesis, both AT and
CT change; but if no CaCO3 production takes
place only CT changes. Thus, AT can give
indications about the presence of calcium carbo-
nate forming organisms, and in our study of
Haida-2000, the changes in AT were not as
pronounced as those in CT and NO3 (Figs. 3C
and 6). This makes interpretations of CaCO3

production difficult to identify. For example, in
spring when the other parameters show the highest
loss in the surface waters, AT was fairly constant,
and not until summer was there loss of AT

(6–21 mmol kg�1 in the top 50 m, Fig. 3C).
In Fig. 6, we plotted the salinity-normalized (n)

AT (nAT), and CT (nCT). To study the AT change
due to NO3 consumption (Brewer and Goldman,
1976) we also included values of the sum of nAT

and nNO3 (nAT+nNO3). These data show a
simultaneous loss of AT and CT in summer 2000
only. The loss in nAT+nNO3 in spring is caused
by a loss in NO3 since AT is constant, meaning
there was no CaCO3 production in that period. As
already mentioned, the possible mechanisms for
AT losses include CaCa3 forming phytoplankton
or physical advection or diffusion to the surround-
ing waters. Peterson et al. (2002) observed
coccolithophores in the surface waters of Haida-
2000, which indicates that calcification could
explain part of the AT decrease we observed over
summer. The AT concentration in the surrounding
water was higher than in the centre of the Haida
eddy both in June and September (Table 1a);
physical diffusion or advection in the summer
could not have contributed to the AT loss observed
by September.

Fig. 7 summarizes DCbio integrated over the
top 50 m in the centres of the Haida-2000 and
Haida-2001 eddies and at OSP. Largest biological
consumption was observed in spring in the centre
of Haida-2000: the following spring DCbio had
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decreased to about one-third of the first year value,
which was less than biological consumption in
Haida-2001 at its first spring. The NO3 and CT

decreases observed in the surface waters of Haida-
2000 during spring and summer (Figs. 3A and B)
of both years were likely caused by primary
production, which is confirmed by other investi-
gators who report increases in Chl-a (Crawford et
al., 2005) over the same periods. Johnson et al.
(2005) show that although the surface water in
Haida-2000 contained higher amounts of both
total and labile iron when compared to the
surrounding waters in February 2000, by June
2000 the surface iron concentrations were indis-
tinguishable from surrounding waters, and this
condition persisted until September 2001 (i.e., the
end of the study). At that time, excess levels
of total iron were still present in the sub-surface
core of the eddy. This means that enhanced
levels of iron were present in the surface waters
at the time we observed the large decreases
in CT and nitrate. During summer, the rate of
CT and nitrate loss decreased dramatically in the
centre together with a decrease in Chl-a concen-
tration (Crawford et al., 2005) indicating dimin-
ished biological production, possibly due to iron
limitation.

Wong et al. (2002) examined CT and nitrate, in
the different regimes in the North Pacific Ocean
from 1995 to 2000, and their study provides a basis
for comparison with our carbon drawdown
estimates in Haida-2000. Using their domains
through which Haida-2000 travelled, we see that
the eddy was formed in the dilute domain (DIL)
and spent most our study period in the Subarctic
Current System (SUB), contrary to Haida-2001,
which spent the whole study period in the DIL
domain. The DIL is considered to be an area
where nitrate is seasonally depleted, while the SUB
domain is regarded as a HNLC regime which is
also where OSP is located. In 2000, the seasonal
nitrate drawdowns (calculated as the difference
between maximum winter and minimum summer
concentrations) in the DIL and the SUB regions
were 8.2 and 9.4 mmol kg�1, respectively (Wong et
al., 2002). This agrees with our estimates of the
maximum nitrate drawdown at OSP based on data
from 2000, which was 8.6 mmol kg�1. The corre-
sponding drawdown of CT was 40 mmol kg�1 in
both regions, which is similar to our maximum
drawdown of 50 mmol kg�1 (Fig. 3B). Maximum
nitrate loss in Haida-2000, 14.4 mmol kg�1, was
observed between February and September 2000,
which is higher than the nitrate drawdown
estimated by Wong et al. (2002) in the SUB and
DIL domains and our estimate for OSP in 2000
(8.6 mmol kg�1). However, the maximum nitrate
loss in Haida-2001 was about 20% less than the
corresponding estimate for the DIL domain
(6.8 mmol kg�1), emphasizing that there can be
large differences between individual Haida eddies.
In a 50-m-deep euphotic zone, Wong et al.,
estimated an annual new production of 32.2
(DIL) and 34.6 (SUB) g C m�2 yr�1, assuming no
biological production during fall and winter. If we
perform the same calculation, limiting the max-
imum loss of nitrate (14.4 and 6.8 mmol kg�1) to
50 m in Haida-2000, Haida-2001, and OSP, we
obtain values of 59, 27, and 34 g C m�2 yr�1,
respectively, confirming that normal-to-large an-
ticyclonic eddies travelling in a HNLC region can
favour enhanced biological productivity (e.g.,
Zhang et al., 2001).

4.4. Net gains and losses of eddy carbon

The exchange of carbon (DCexch) between the
surface waters of an eddy and the surrounding
waters and/or the atmosphere can be estimated
from the difference between the carbon consumed
by biological production, DCbio (estimated from
NO3 and AT see Chapter 4.3 for details on
calculations of DCbio), and the observed change
in the total dissolved inorganic carbon concentra-
tion (Eq. (4)) based on CT, here referred to as
DCT

obs:

DCexch
¼ DCobs

T � DCbio. (4)

Fig. 7 summarizes DCT
obs and our estimates of

DCbio and DCexch integrated over the top 50 m in
the centres of the Haida-2000 and Haida-2001
eddies. We compare our estimates from the Haida
eddies with the HNLC waters at OSP (Fig. 7B).
The reference stations were not always at the same
locations (Table 1), which is an important limita-
tion to interpretations and comparisons.
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Between February and June 2000 (spring), the
carbon consumed by biological production (DCbio)
exceeded DCT

obs in the surface waters of the Haida-
2000, which therefore must have been gaining
carbon from either the atmosphere or the sur-
rounding waters (including sub-surface waters).
Between June and September, the biological CT

consumption (DCbio) drastically decreased and no
additional carbon source or sink was required to
balance the observed change in CT (DCT

obs). This
was also the case the following spring and summer
(2001) for Haida-2000. In contrast, while there
appears to be a net loss of carbon from the eddy
surface waters over the fall, the large uncertainty
casts doubts on the significance of that loss. This
was also the case at OSP (Fig. 7B) in fall although,
DCbio and DCT

obs gained less than Haida-2000. In
the HNLC waters at OSP (Fig. 7B), biological
consumption of carbon was observed only in
summer and was similar to the estimated DCbio

in Haida-2001 in spring. Interestingly, a gain from
the surrounding environment (positive DCexch) of
about 25 g C m�2 was required to compensate for
the loss in DCbio in the HNLC waters in summer
(Fig. 7B), higher than the largest net gain of 17 g
C m�2 observed during spring in Haida-2000.
However, estimated net annual inorganic carbon
shows that the waters at OSP had lost carbon to
the surrounding environment in 2000 (Fig. 7B).

During the first productive season of Haida-
2001 (Fig. 7C), DCbio and DCexch were significantly
lower than in Haida-2000 during its first spring
(Fig. 7A), but more than seen in HNLC waters,
judging by February–June results at OSP (Fig.
7B). DCexch was still significantly positive in
Haida-2001, indicating that there was a net input
of carbon from outside the eddy.

In comparison with our estimates of DCexch in
the Haida eddies, Zeng et al. (2002) reported an
atmospheric CO2 sink of 6 g C m�2 between
February and June (spring) for the northern North
Pacific (341N to 531N, 1451E to 1251W). We
observed a gain (much of which was likely an
uptake of atmospheric CO2) of 17 g C m�2, i.e.,
almost three times higher, in Haida-2000 over a
comparable time period. On the other hand, the
gain we saw in Haida-2001 during spring 2001 was
the same as that reported by Zeng et al. (2002),
emphasizing the large variability between indivi-
dual Haida eddies. Also, large variability is
reported in estimates of the annual CO2 sea–air
flux at OSP; Signorini et al. (2001) found that the
ocean at OSP was an annual sink of atmospheric
CO2 by 14–28 g Cm�2 yr�1, during a 23-year
period prior to 1980. This is significantly larger
than the net annual inorganic carbon uptake of 6 g
Cm�2 yr�1 we estimated for Haida-2000 (Fig. 7A)
as well as the 7 g C m�2 yr�1 reported by Antoine
and Morel (1995) at OSP. Wong and Chan (1991)
observed that OSP was an annual oceanic CO2

sink of around 8.5 g C m�2 yr�1 during a 5-year
period in the 1970s. Also, carbon fluxes measured
in sediment traps at 200m depth at OSP showed
the inorganic and organic carbon flux to be 3.6
and 6.6 g C m�2 yr�1, respectively (Wong et al.,
1999). Interestingly, we observed a net oceanic loss
of 6 g C m�2 yr�1 at OSP for year 2000, but the
large uncertainty in this estimate makes interpre-
tation of the significance of this value difficult. One
possible explanation for the difference in some of
these estimates and the Haida eddies could be that
biological production was lower in the eddy during
winter than is typical for this area or ventilation in
eddies is deeper than the surrounding waters
because of their weakened density structure
(Whitney and Robert, 2002). Alternatively, the
eddy could have been subject to less entrainment
of CO2-rich sub-surface water in fall.

The strong nitrate (and silicate; Peterson et al.,
2005) drawdown observed during spring in Haida-
2000 suggests substantial export of carbon from
the mixed layer to deeper waters, since silicate
supplies ballast to detrital particles (Francois et al.,
2002). To investigate whether Haida-2000 effi-
ciently exported carbon fixed by primary produc-
tion into deep waters, we estimated total carbon
inventories of the core waters (Table 4). No TOC
data were collected during February cruises, but
throughout the rest of the study, TOC concentra-
tions were consistently 2% of CT concentrations in
the eddy core waters, and we have used this
relationship to estimate the February TOC con-
centrations.

Total carbon inventories did not change sig-
nificantly throughout our study (Table 4), imply-
ing that bulk carbon export from the eddy was not
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Table 4

Total carbon inventories (molm�2), 150–600m (corresponding

to eddy core waters)

Date Reference stations Haida-2000 Haida-2001

February 2000 nd 1063719a

June 2000 107579 106279

September 2000 1073711 1053715

February 2001 1092710a 1072714a 1063.8722a

June 2001 108477 107479 106677

September 2001 108479 107079 1076713

Note: Uncertainties are based on gradients in the vertical profile

data used to calculate the inventories. nd ¼ no data.
aThese inventories were calculated from observed CT plus

2%, since no TOC data were available.
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important, assuming no large influxes of carbon
from the atmosphere or through mixing with the
surrounding waters. However, we have no sedi-
ment trap data to confirm this finding.

Along isopycnals, CT concentrations were gen-
erally lower outside the eddy than inside, and
therefore any diffusive mixing would have re-
moved CT from the eddy. Thus, we cannot invoke
diffusive mixing as a source of carbon to the eddy.
The only substantial change we observed in the
total core-water carbon budgets was the increase
between September 2000 and February 2001 in
Haida-2000. Possible explanations include mixing
with surrounding waters during winter storms or
early effects of Haida-2000s merger with a younger
eddy, which was not completed until late spring of
2001 (Crawford et al., 2005).
5. Conclusions

Despite evidence for enhanced biological pro-
duction associated with the Haida eddies (Craw-
ford et al., 2005; Peterson et al., 2005; Johnson et
al., 2005) we see no evidence for accompanying
enhanced carbon export. We recognize that this
could be simply a precision problem of trying to
see a small loss from a large total carbon pool in
the eddy core. However, such a subtle, difficult to
measure export does imply that these eddies are
fundamentally recycling, not exporting systems.
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Olsson, K., 1997. Rapid, high-precision potentiometric

titration of alkalinity in ocean and sediment pore waters.

Deep-Sea Research I 44, 2031–2044.

Harrison, P.J., Boyd, P.W., Varela, D.E., Takeda, S., Shiomo-

to, A., Odate, T., 1999. Comparison of factors controlling

phytoplankton productivity in the NE and NW Subarctic

Pacific Gyres. Progress in Oceanography 43, 205–234.
Johnson, K.M., King, A.E., Sieburth, J.M., 1985. Coulometric

TCO2 analyses for marine studies: an introduction. Marine

Chemistry 16, 61–82.

Johnson, K.M., Sieburth, J.M., Williams, P.J., Brandstrom, L.,

1987. Coulometric total carbon dioxide analysis for marine

studies: automation and calibration. Marine Chemistry 21,

117–133.

Johnson, K.W., Miller, L.A., Sutherland, N.E., Wong, C.S.,

2005. Iron transport by mesoscale Haida eddies in the Gulf

of Alaska, Deep-Sea Research II this issue [doi:10.1016/

j.dsr2.2004.08.017].

Keeling, C.D., Whorf, T.P., 2001. The Carbon Dioxide

Research Group. Atmospheric CO2 concentration (ppmv)

derived from in situ air samples collected at Mauna Loa

Observatory, Hawaii. http://cdiac.esd.ornl.gov/ftp/mauna-

loa-co2/maunaloa.co2

Keeling, C.D., Whorf, T.P., 2002. Atmospheric CO2 records

from sites in the SIO air sampling network. In: Trends: a

Compendium of Data on Global Change. Carbon Dioxide

Information Analysis Center, Oak Ridge National Labora-

tory, US Department of Energy, Oak Ridge, TN, USA

http://cdiac.esd.ornl.gov/ftp/trends/co2/barrsio.co2.

Knap, A., Michaels, A., Close, A., Ducklow, H., Dickson, A.,

(Eds.), 1996. Protocols for the Joint Global Ocean Flux

Study (JGOFS) core measurements. JGOFS Report No. 19

(vi+170pp). Reprint of the IOC Manuals and Guides No.

29, UNESCO, 1994.

Krom, M.D., Brenner, S., Kress, N., Neori, A., Gordon, L.I.,

1993. Nutrient distributions during an annual cycle across a

warm-core eddy from the E. Mediterranean Sea. Deep-Sea

Research I 40, 805–825.

Lewis, E., Wallace, D.W.R., 1998. Program Developed for CO2

System Calculations. ORNL/CDIAC-105. Carbon Dioxide

Information Analysis Center, Oak Ridge National Labora-

tory, US Department of Energy, Oak Ridge, TN.

Liss, P.S., Merlivat, L., 1986. Air–sea gas exchange rates:

introduction and synthesis. In: Baut-Menard, P. (Ed.), The

Role of Air–Sea Exchange in Geochemical Cycling. NATO

ASI Series, Series C. Mathematical and Physical Sciences

185, 113–128.

Mackas, D.L., Tsurumi, M., Galbraith, M.D., Yelland, D.R.,

2005. Zooplankton distribution and dynamics in a North

Pacific eddy of coastal Origin: II. Mechanism of eddy

colonization and retention of offshore species. Deep-Sea

Research II this issue [doi:10.1016/j.dsr2.2005.02.005].

Martin, J.H., Gordon, R.M., Fitzwater, S.E., Broenkow,

W.W., 1989. VERTEX: phytoplankton/iron studies in the

Gulf of Alaska. Deep-Sea Research I 48 (36), 649–680.

Martin, A.P., Richards, K.J., Law, C.S., Liddicoat, M., 2001.

Horizontal dispersion within an anticyclonic mesoscale

eddy. Deep-Sea Research II 48 (4–5), 739–755.

Nelson, D.M., Ducklow, H.W., Hitchcock, G.L., Brzezinski,

M.A., Cowles, T.J., Garside, C., Gould, R.W., Joyce, T.M.,

Langdon, C., McCarthy, J.J., Yentsch, C.S., 1985. Dis-

tribution and composition of biogenic particulate matter in

a Gulf Stream warm-core ring. Deep-Sea Research I 32,

1347–1369.

dx.doi.org/10.1016/j.dsr2.2005.02.003
dx.doi.org/10.1016/j.dsr2.2005.02.011
dx.doi.org/10.1016/j.dsr2.2004.08.017
dx.doi.org/10.1016/j.dsr2.2004.08.017
http://cdiac.esd.ornl.gov/ftp/maunaloa-co2/maunaloa.co2
http://cdiac.esd.ornl.gov/ftp/maunaloa-co2/maunaloa.co2
http://cdiac.esd.ornl.gov/ftp/trends/co2/barrsio.co2
dx.doi.org/10.1016/j.dsr2.2005.02.005


ARTICLE IN PRESS

M. Chierici et al. / Deep-Sea Research II 52 (2005) 955–974974
Niebauer, H.L., 1998. Variability in Bering Sea ice cover as

affected by a regime shift in the North Pacific in the period

1947–1996. Journal of Geophysical Research 103,

27717–27737.

Peterson, T.D., Putland, J.N., Whitney, F.A., Harrison, P.J.,

2002. Coccolithophore abundance and inorganic primary

productivity in mesoscale eddies in the Northeast Pacific

Ocean. Abstract presented at the American Society for

Limnology and Oceanography Summer Meeting 2002,

Victoria, BC, Canada.

Peterson, T.D., Whitney, F.A., Harrison, P.J., 2005. Nutrient

dynamics in a long-lived anticyclonic mesoscale eddy

(Haida-2000) travelling from coastal to high nutrient low

chlorophyll waters in the northeast subarctic Pacific. Deep-

Sea Research II this issue [doi:10.1016/j.dsr2.2005.02.004].

Putland, J.N., Whitney, F.A., Crawford, D.W., 2004. Bottom-

up controls of Emiliana huxleyi in the subarctic northeast

Pacific. Deep-Sea Research I 51 (12), 1793–1802.

Redfield, A., Ketchum, B.H., Richards, F.A., 1963. The

influence of organisms on the composition of sea water.

In: Hill, M.N. (Ed.), The Sea, vol. 2. Interscience, New

York, pp. 26–77.

Ring Group, 1981. Gulf Stream cold-core rings: their physics,

chemistry and biology. Science 212, 1091–1100.

Robertson, J.E., Robinson, C., Turner, D.R., Holligan, P.,

Watson, A.J., Boyd, P., Fernandez, E., Finch., M., 1994.

The impact of a coccolithophore bloom on oceanic carbon

uptake in the northeast Atlantic during summer 1991. Deep-

Sea Research I 41, 297–314.

Robinson, A.R., 1983. Overview of eddy science. In: Robinson,

A.R. (Ed.), Eddies in Marine Science. Springer, Berlin, pp.

3–15.

Savidge, G., Williams, P.J.le.B., 2001. The PRIME 1996 cruise:

an overview. Deep-Sea Research II 48, 687–704.

Signorini, S.R., McClain, C.R., Christian, J.R., Wong, C.S.,

2001. Seasonal and interannual variability of phytoplank-

ton, nutrients, TCO2, pCO2 and O2 in the eastern subarctic

Pacific (OWS P). Journal of Geophysical Research 106

(C12), 31197–31215.

Spyres, G., Nimmo, M., Worsfold, P.J., Achterberg, E.P.,

Miller, A.E.J., 2000. Determination of dissolved organic

carbon in seawater using high temperature catalytic oxida-

tion techniques. Trends in Analytical Chemistry 19,

498–506.

Tabata, S., 1982. The anticyclonic, baroclinic eddy off Sitka

Alaska, in the Northeast Pacific Ocean. Journal of Physical

Oceanography 12, 1260–1282.

Takahashi, T., Sutherland, S.C., Sweeney, C., Poisson, A.,

Metzl, N., Tilbrook, B., Bates, N., Wanninkhof, R., Feely,

R.A., Sabine, C., Olafsson, J., Nojiri, Y., 2002. Global

sea–air CO2 flux based on climatological surface ocean

pCO2, and seasonal biological and temperature effects.

Deep-Sea Research II 49, 1601–1622.
Thomson, R.E., Gower, J.F.R., 1998. A basin-scale oceanic

instability event in the Gulf of Alaska. Journal of

Geophysical Research 103, 3033–3040.

Tranter, D.J., Parker, P.R., Cresswell, G.R., 1980. Are warm-

core eddies unproductive? Nature 284, 540–542.

Tranter, D.J., Leach, G.S., Airey, D., 1983. The coastal

enrichment effect of the East Australian Current eddy field.

Deep-Sea Research I 33, 1705–1728.

Wanninkhof, R.H., 1992. The relationship between wind speed

and gas exchange over the ocean. Journal of Geophysical

Research 97, 7373–7382.

Weiss, R.F., 1974. Carbon dioxide in water and seawater:

the solubility of a non-ideal gas. Marine Chemistry 2,

203–205.

Whitney, F.A., Robert, M., 2002. Structure of Haida

eddies and their transport of nutrient from coastal margins

into the NE Pacific Ocean. Journal of Oceanography 58,

715–723.

Whitney, F.A., Welch, D.W., 2002. Impact of the 1997-8 El

Niño and 1999 La Niña on nutrient supply in the Gulf of

Alaska. Progress in Oceanography 54 (1–4), 405–421.

Wong, C.S., Chan, Y.H., 1991. Temporal variations in the

partial-pressure and flux of CO2 at Ocean Station-P in the

sub-arctic Northeast Pacific Ocean. Tellus Series B—

Chemical and Physical Meteorology 43 (2), 206–223.

Wong, C.S., Whitney, F.A., Matear, R.J., Iseki, K., 1998.

Enhancement of new production in the northeast subarctic

Pacific Ocean during negative North Pacific index events.

Limnology and Oceanography 43, 1418–1426.

Wong, C.S., Whitney, F.A., Crawford, D.W., Johnson, W.K.,

Page, J.S., Iseki, K., Matear, R.J., Timothy, D., 1999.

Seasonal and interannual variability in particle fluxes of

carbon, nitrogen and silicon from time series of sediment

traps at Ocean Station P, 1982–1993: relationship to

changes in subarctic primary productivity. Deep-Sea Re-

search II 46, 2735–2760.

Wong, C.S., Waser, N.A.D., Nojiri, Y., Johnson, W.K.,

Whitney, F.A., Page, J.S.C., Zeng, J., 2002. Seasonal and

interannual variability in the distribution of surface

nutrients and dissolved inorganic carbon in the northern

North Pacific: influence of El Niño. Journal of Oceano-

graphy 58, 227–243.

Yelland, D.R., Crawford, W.R., 2005. Currents in Haida

Eddies. Deep-Sea Research II this issue [doi:10.1016/

j.dsr2.2005.02.010].

Zeng, J., Nojiri, Y., Murphy, P.P., Wong, C.S., Fujinuma, Y.,

2002. A comparison of DpCO2 distributions in the northern

North Pacific using results from a commercial vessel in

1995–1999. Deep-Sea Research II 49, 5303–5315.

Zhang, J.Z., Wanninkhof, R., Lee, K., 2001. Enhanced new

production observed from the diurnal cycle of nitrate in an

oligotrophic anticyclonic eddy. Geophysical Research Let-

ters 28, 1579–1582.

dx.doi.org/10.1016/j.dsr2.2005.02.004
dx.doi.org/10.1016/j.dsr2.2005.02.010
dx.doi.org/10.1016/j.dsr2.2005.02.010

	Biogeochemical evolution of the carbon dioxide system �in the waters of long-lived mesoscale eddies in the Northeast Pacific Ocean
	Introduction
	Data and analytical methods
	Fugacity of CO2 in the surface water and the atmosphere

	Results
	Description of the Haida-2000 and the Haida-2001 eddies
	Seasonal changes in CT, AT, and NO3 in Haida-2000
	Surface waters
	3.2.2. Core waters


	Discussion: drivers of the seasonal changes within the eddies
	Vertical and horizontal diffusion and mixing
	Variability of DeltafCO2 in the surface mixed layer
	Biological carbon utilization and remineralization
	Net gains and losses of eddy carbon

	Conclusions
	Acknowledgement
	References


