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Abstract

Understanding the relationship between Earth’s climate and the oceanic carbon cycle requires an
understanding of the time-variations of CO, in the ocean, it’s exchange with the atmosphere, and the rate of
uptake of anthropogenic CO, by the ocean. Since 1988, hydrographic and biogeochemical data have been
collected at the Bermuda Atlantic Time-Series Study (BATS) site in the Sargasso Sea, located in the North
Atlantic subtropical gyre. With over a decade of oceanographic data, interannual trends of CO, species and
air-sea exchange of CO, at BATS can be examined. Between 1988 and 1998, surface seawater total carbon
dioxide (TCO,) and salinity normalized TCO, (®TCO,) increased at a rate of 2.2+ 69 and
1.6 + 5.8 umolkg ™t yr~ !, respectively. During the same period, the partial pressure of CO, (pCO,) of
seawater increased at a rate of 1.4 + 10.7 patm yr !, similar to the rate of increase in atmospheric pCO,
( ~ 1.3 patmyr~'). The increase in seawater TCO, and pCO, can be attributed to a combination of uptake
of anthropogenic CO, from the atmosphere and interannual changes in hydrographic properties of the
subtropical gyre. Underlying interannual trends were examined by determining how hydrographic and
biogeochemical anomalies, or deviations from the mean state, vary over time. Significant correlations existed
between anomalies of temperature, salinity, integrated primary production, mixed-layer depth, TCO,,
salinity normalized TCO, (nTCO,), and alkalinity. For example, cold temperature anomalies (up to
—0.5°C) in 1992 and 1995 were associated with increased mixed-layer depth, higher rates of integrated
primary production ( < ~ 100mg C m?d~!), and higher concentrations of ”TCO, ( < ~ 5umolkg~!). The
interannual anomalies of hydrography and ocean biogeochemistry were partially linked to large-scale
climate variability such as North Atlantic Oscillation (NAO) and El Nifio Southern Oscillation (ENSO).
Temperature, mixed-layer depth, primary production and TCO, anomalies were correlated with NAO
variability, with cold anomalies at BATS generally coinciding with NAO negative states. Salinity, alkalinity
and nTCO, anomalies were correlated with the Southern oscillation index (SOI), lagging ENSO events by
6-12 months. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

The ocean has an important role in the biogeochemical cycling of carbon and the control
of atmospheric CO, levels over time. The ocean is estimated to have taken up about 30%
of the CO, released to the atmosphere through anthropogenic activities during the last few
decades. This estimate is based on observations of atmospheric CO,, O, and §'3C records (e.g.,
Keeling et al., 1989, 1995; Keeling and Shertz, 1992; Francey et al., 1995; Enting et al., 1995),
oceanic 61 3C distributions (Quay et al., 1992), global assessments of the air-sea disequilibrium and
gas exchange of CO, (e.g., Tans et al., 1990; Takahashi et al., 1997), and ocean models that have
been validated with tracers such as bomb radiocarbon (e.g., Sarmiento et al., 1992, 1995; Stocker
et al., 1994).

Direct determination of the oceanic accumulation and penetration depth of anthropogenic
CO, in the ocean can be made using different approaches, including: (1) comparison of pre-
formed preindustrial oceanic total carbon dioxide (TCO,) data with contemporary TCO, data
that has been corrected for changes due to remineralization of organic matter, dissolution of
calcium carbonate (e.g., Brewer, 1978; Chen and Millero, 1979; Chen, 1984; Goyet and Brewer,
1993; Goyet et al., 1999) and air-sea disequilibrium (i.e., AC*, Gruber et al., 1996; Gruber, 1998);
and (2) oceanic timeseries or repeated surveys of the oceanic CO, system which reveal an increase
in concentration of CO, over time (Wallace, 1995). The first approach has been widely used
but is subject to considerable uncertainties (Shiller, 1981; Brewer et al., 1997). Use of the quasi-
conservative tracer AC* (Gruber et al., 1996, 1998) or multiparametric analyses (e.g., Goyet et al.,
1999) provide the best methods for determining anthropogenic CO, inventories in the ocean at
present. The second approach is the direct determination of the accumulation of CO, over
time at time-series sites (e.g., Keeling, 1993; Winn et al., 1994; Bates et al., 1996a; Winn et al., 1998)
and repeat measurements of water-column CO, properties in selected regions (e.g., Goyet
and Peltzer, 1994). This approach is complicated by the fact that small interannual changes
of CO, can be obscured by larger seasonal variability of CO, (e.g., Goyet and Davis, 1997)
due to processes, such as seasonal temperature changes, vertical and horizontal mixing,
biological production, diurnal warming/cooling, and storm events (Bates et al, 1998d.e),
which act on different timescales. Time-series records are further complicated by spatial variability
(e.g., mesoscale phenomena), changes in meridional and zonal gradients. Interannual
changes in oceanic CO, concentrations have been observed at the two US Joint Global
Ocean Flux (JGOFS) ocean time-series sites. At the ALOHA site in the North Pacific Ocean,
an interannual increase in TCO, of ~ lumolkg 'yr~!' has been observed from 1988 to
1996 and attributed to the uptake of anthropogenic CO, from the atmosphere (Winn et al., 1994,
1998). At the Bermuda Atlantic Time-Series Study (BATS) site (32°50'N, 64°10'W; Fig. 1)
in the subtropical gyre of the western North Atlantic Ocean, an interannual increase in
TCO, of ~ 1.7pumolkg™!yr~! between 1988 and 1993 has been observed (Bates et al., 1996a).
What remains unclear from the BATS record is how much this increase reflects uptake of
anthropogenic CO, versus natural variability in the subtropical gyre occurring over interannual
timescales.

With a decade of data collected at BATS, interannual trends of ocean biogeochemistry and CO,
distributions in the Sargasso Sea were examined. This doubles the length of the CO, time-series
record at BATS first reported by Bates et al. (1996a). Interannual relationships are shown to exist
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Fig. 1. Location of the BATS site (32°50'N, 64°10'W), Hydrostation S (32°10'N, 64°30'W) and the island of Bermuda.

between CO, and hydrographic properties, and indicators of biological activity (e.g., integrated
primary productivity). Such patterns of provide a broader context for understanding the processes
that control the interannual variability of ocean biogeochemistry, CO, distributions, and air-sea
CO, exchange. Part of the physical and biogeochemical variability observed at BATS is driven by
natural large-scale climate variability such as the North Atlantic Oscillation (NAO) and
El Nino-Southern Oscillation (ENSO). Establishing the underlying links between these larger-scale
climate patterns and ocean biogeochemistry will help oceanographers and climate scientists
understand anthropogenic changes in the context of natural variability.

2. Oceanographic setting

Seasonal variation of ocean biogeochemistry in the Sargasso Sea region of the western North
Atlantic subtropical gyre is tightly coupled to variability of wintertime convective mixing. The
BATS site is characterized by an 8-10°C seasonal variation in surface temperature and a fluctu-
ation of mixed-layer depth from > 200 m in winter to < 10m during the summer (Michaels et al.,
1994b). During winter, subtropical mode water (STMW; or 18°C mode water) is formed north of



1510 N.R. Bates | Deep-Sea Research II 48 (2001) 1507-1528

BATS and subsequently subducted within the Sargasso Sea (e.g., Worthington, 1976; Talley and
Raymer, 1982; Ebbesmeyer and Lindstrom, 1986; Halliwell et al., 1994). A near isothermal layer of
STMW occurs between 300 and 500m deep at BATS, between the seasonal and permanent
thermocline. For most of the year nutrient concentrations remain below detection in the euphotic
zone and primary production rates are typically low (3-5mg Cm~3d~!). Winter mixing of
nutrients supports a short-lived spring phytoplankton bloom (e.g., Menzel and Ryther, 1960, 1961,
Michaels et al., 1994b; Michaels and Knap, 1996) with elevated rates of primary production
(8-16mg Cm~3d~1'). After the spring bloom the mixed-layer shoals to ~ 10-20m. Consi-
derable variability of CO, species at different timescales has been observed at BATS (Bates et al.,
1996a,b; 1998¢); for example, seasonally TCO, varies by ~ 40 umolkg ™!, and pCO, varies by
80-100 patm. Seasonal TCO, changes are driven predominantly by biological production, vertical
mixing and air-sea gas exchange, while seasonal pCQO, variability results primarily from temper-
ature changes.

3. Methods

Hydrographic and biogeochemical data has been collected at the BATS site each month since
October 1988 using two research vessels, R/V Weatherbird and R/V Weatherbird II. BATS data are
available from several data reports (Knap et al., 1991-1995, 1997a) and at the Bermuda Biological
Station For Research (BBSR) web page (http://www.bbsr.edu). Water samples and hydrographic
data were collected with a SeaBird CTD rosette system and 12-1 Niskin samplers. Sampling details
have been described previously (Michaels and Knap, 1996; Knap et al., 1997b). TCO, and
alkalinity samples were collected into 500-ml Pyrex bottles, poisoned with 100 ul of saturated
HgCl, to prevent biological alteration and sealed with Apiezon grease. A surface seawater supply
aboard the R/V Weatherbird Il has been sampled continuously for temperature, salinity, and
seawater pCQO, since June 1994 (Bates et al., 1998e).

3.1. CO, species measurements

TCO, was determined by gas extraction and coulometry (Johnson et al., 1985, 1987). Since 1991,
a Single-Operator Multi-Metabolic Analyzer (SOMMA) has been used to determine TCO,
(Johnson et al., 1993). Details of TCO, methods are described elsewhere (Bates et al., 1996a,b).
Prior to 1991, TCO, was determined by C. Goyet (Woods Hole Oceanographic Institution) using
an early version of the SOMMA system. The precision of TCO, analyses was better than 0.025%
(6 = 0.4 pmolkg™!) based on duplicate and triplicate analyses of > 1500 samples at BBSR from
1991 to 1998. The mean difference between seawater certified reference materials (CRMs; available
from A.G. Dickson, Scripps Institution of Oceanography) analyzed at BBSR and their certified
value was ~ 0.03% ( ~ 0.5 umolkg™'). Analyses of CRMs ensured that the TCO, analyses were
highly accurate during the sampling period.

Alkalinity (TA) was determined by potentiometric titration using a modified Gran plot (Gran,
1952; Butler, 1992). Details of alkalinity methods are described elsewhere (Bates et al., 1996a,b).
CRM seawater standards were also routinely analyzed for alkalinity. The mean difference between
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CRM samples analyzed at BBSR and their certified values was 0.2% ( ~ 4umolkg~'). CRM
batches have been assigned alkalinity values by A.G. Dickson (UCSD; http://www.ucsd.edu) using
a coulometric technique.

Seawater pCO, was determined since June 1994 from a continuously flowing supply of
surface seawater using a shower head equilibrator and Licor non-dispersive infrared analyzer.
The pCO, system was designed by T. Takahashi and D. Chipman at Lamont Doherty Earth
Observatory (LDEO) and detailed methodology is given elsewhere (Bates et al., 1998b-e). Every
30min, the pCO, system was calibrated with four CO,-in-air standard gases that were pre-
viously calibrated against World Meteorological Organization (WMO) standards at LDEO.
The precision of the measurement was better than 1patm (Bates et al., 1998e). Atmospheric
pCO, also was measured from an air supply intake located at about ~ 10 m above sea level on the
R/V Weatherbird II. The pCO, system measures the mole fraction of CO, (xCO,) in dry
air and atmospheric pCO, data were calculated from atmospheric pressure and water vapor
content. Prior to June 1994, seawater pCO, was calculated from TCO, and alkalinity data using
those dissociation constants that provided the best comparison to directly measured pCO, (Bates
et al., 1996a).

In this paper, TCO, and alkalinity data were “normalized” (i.e., n”TCO, and nTA) to a constant
salinity of 36.6, which is the mean salinity at BATS. This removes the effect of local precipitation
and evaporation on TCO, and alkalinity. Prior to June 1994, seawater pCO, was calculated from
TCO, and alkalinity using dissociation constants that best reproduced directly measured pCO,.
As part of our analysis, the atmospheric record of xCO,, determined from flask samples collected
from the eastern end of the island of Bermuda by P. Tans and T. Conway (National Center for
Atmospheric Research, NCAR; http://www.cmdl.noaa.gov/), were compared with shipboard
measurements of xCO, and converted to pCO, using surface seawater temperature and salinity
values.

3.2. Other measurements, data and data analysis

BATS hydrographic data and several biogeochemical parameters are discussed in this paper.
Details on the methodologies used are reported elsewhere (e.g., Michaels and Knap, 1996;
Knap et al., 1997b; Steinberg et al., 2001). Rates of primary production were determined
using '*C incubation techniques and integrated over the upper water column. Mixed-layer depths
were determined using a 0.1 sigma theta change criteria (Sprintall and Tomczak, 1992). Hydro-
graphic data from Hydrostation S (32°10'N, 64°30'W) in the Sargasso Sea was also used
for the period 1954-1998 (http://www.bsr.edu). BATS, Hydrostation S data, and climate indices
data (e.g., NAO) were compared using cross-correlation analyses (Chatfield, 1989) to determine
the statistical validity of biogeochemical and hydrographic relationships. Climate indices for
NAO were compiled by the Climate and Global Dynamics (CGD) division at NCAR
(http://www.cgd.ucar.edu/cas/climind/). Wintertime (December through March) NAO indices
were based on sea level pressure (SLP) differences between Lisbon, Portugal and Stykkisholmur,
Iceland (Hurrell, 1995). The Southern oscillation index (SOI), an indicator of ENSO state, was
compiled by NOAA’s Climate Predication Center and based on SLP differences between Darwin,
Australia and Tahiti, South Pacific Ocean (Trenberth, 1984, 1997; http://nic.fb4. noaa.gov/
dada/cddb).
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4. Results and discussion
4.1. Hydrographic variability

The BATS site was characterized by a seasonal oscillation in temperature of 7-10°C (Fig. 2a) and
variability of salinity ranging from 36.2 to 36.9 (Fig. 2b). Surface and mixed-layer salinity tended to
be fresher during the summer and early fall period due to seasonal stratification. Salinity values in
the winter and spring of 1997 were particularly elevated compared to other periods of the record.

4.2. TCO, variability

Surface TCO, and salinity normalized TCO, (rTCO,) had a characteristic seasonal variability
of ~ 30-40 umolkg ! (Fig. 2c) which has been observed previously (Bates et al., 1996a). Although
TCO, variability was inversely related to seasonal temperature changes (Fig. 1a), seasonal
variations of TCO, appear to reflect seasonal changes in primary production and gas exchange
(Bates et al., 1996a, 1998e; Marchal et al., 1996; Gruber et al., 1998).

4.3. Alkalinity variability

Surface alkalinity had a variability of ~ 30 umolkg™' over the duration of the program
(Fig. 2d). Upper-ocean alkalinity + nitrate is typically a conservative tracer of salinity (e.g., Brewer
and Goldman, 1986; Bates et al., 1998a). In the Sargasso Sea, alkalinity is a function of salinity
(note: nitrate concentrations are extremely low and do not impact the proton balance) as
previously observed (Bates et al., 1996b). If Sargasso Sea TA data is normalized to the mean salinity
of 36.6, salinity normalized alkalinity (nTA) showed minor variability about a mean of
2388.4 + 4.4 umolkg ™! (Fig. 2d). If BATS TA data is normalized to a salinity of 35, mean nTA
values of 2284.0 + 42 umolkg™! are comparable to mean nTA values of ~ 2291 umolkg™!
observed elsewhere in the North Atlantic (Millero et al., 1998), with a few notable exceptions. Low
nTA values observed in February 1992 have been attributed to the effects of calcium carbonate
production by either coccolithophores (predominantly Emiliania huxleyi) or the foraminifera
Globorotalia truncatinoides (Bates et al., 1996b). Low nTA values observed in January 1998 (Fig. 2d)
may similarly reflect a rare calcification event.

4.4. Seawater and atmospheric pCO, variability

Surface seawater pCO, and atmospheric pCO, have a seasonal variability of ~ 80-100 and
~ 20 patm, respectively (Fig. 3a) as shown previously (Bates et al, 1998e). Seawater pCO,
variability is closely coupled to temperature variability, reflecting the dominant control of temper-
ature on pCO, in the Sargasso Sea (Bates et al., 1998e). The seasonality of atmospheric pCO, and
xCO, (not shown) has a similar magnitude to that observed on the island of Bermuda and other
North Atlantic sampling sites (e.g., Key Biscayne, Florida; Tergeira Island, Agores). The Sargasso
Sea is a sink for atmospheric CO, during winter/spring and a source of CO, to the atmosphere
during the summer.
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Fig. 2. Time series of surface properties at the BATS site from 1988 to 1998. (a) Temperature (°C). (b) Salinity. (c) TCO,
(open circles) and salinity normalized TCO, (nTCO,; closed circles). " TCO, is normalized to a constant salinity of 36.6
(the mean observed salinity at BATS). Units are in pmol kg~ !. The slopes of the regression lines are 2.04 (TCO,) and 1.55
(nTCO,) umolkg~*yr~1, respectively. (d) Alkalinity (TA; open diamonds) and salinity normalized alkalinity (nTA;
closed diamonds). nTA is normalized to a constant salinity of 36.6 (mean observed salinity at BATS). Units are in

pumolkg 1.

4.5. Interannual trends of CO, species

There were significant interannual changes in TCO, and pCO, at BATS (Figs. 2 and 3). From
1988 to 1998, surface TCO, increased at a rate of 2.0 + 15.4 umolkg 'yr~! (or ~ 0.1% yr™1),
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Fig. 3. Time series of water column, surface and atmospheric properties at the BATS site from 1988 to 1998. (a) Surface
seawater pCO, (patm, open diamond) and atmospheric pCO, (patm, closed diamond). The slopes of the regression lines
are 2.66 (seawater pCO,) and 1.33 (atmospheric pCO,) patmyr~?!, respectively. (b) Mean TCO, (open circles) and
salinity normalized TCO, (nTCO,; closed circles) in the 0-250 m layer. The slopes of the regression lines are 1.85 (TCO,)
and 1.59 (nTCO,) umol kg~ yr 1, respectively. (c) Seasonally detrended TCO, (open circles) and n'TCO, (closed circles)
in the surface layer. The slopes of the regression lines are 2.2 (TCO,) and 1.6 (n"TCO,) pmolkg ™! yr 1, respectively. (d)

Seasonally detrended pCO, (open circles) in the surface layer. The slope of the regression lines is 1.4 patm yr~ 1.

similar to the rate of increase (i.e., 1.7 umolkg ™' yr ') in TCO, previously reported by Bates et al.
(1996a) from 1988 to 1993. Since 1988, surface TCO, has increased by almost 20 umolkg ™!
(Fig. 2¢c). A slightly smaller increase of 1.6 + 11.5umolkg ™! yr~! (0.08% change per year) was



N.R. Bates | Deep-Sea Research II 48 (2001) 1507-1528 1515

Table 1
Rates of increase of seawater TCO,, nTCO, and pCO, at the BATS site (1988-1998)

Rate of increase at BATS (1988-1998)

TCO, 224+ 69umolkg 'yr!
nTCO, 1.6 + 5.8 umolkg 'yr~!
pCO, 1.4 + 10.7 patm yr ~*

observed for salinity-normalized TCO, (n'TCO,). Similar rates of increase were observed in the
0-250m layer (Fig. 3b) and in the subtropical mode water (not shown; Bates et al., 1996a). The error
estimates for these rates of TCO, increase were large because of the seasonal variability of TCO,.
A more useful method involves removing the seasonal variability and evaluating rates of increase
using seasonally detrended data. Rates of increase of TCO, and nTCO, were 2.2 + 6.9 and
1.6 + 5.8 umolkg ! yr ™!, respectively, for seasonally detrended data (Fig. 3c; Table 1).

From 1988 to 1998, atmospheric xCO, (mole fraction of CO, in dry air), measured at the
Bermuda East atmospheric sampling site on the island of Bermuda (P. Tans and T. Conway,
NCAR), increased at a rate of 1.3 patm yr ! (Fig. 3a). The increase in atmospheric CO, concentra-
tions was similar to that observed at other atmospheric CO, sampling sites across the subtropical
latitudes. The increase in seawater pCO, at BATS from 1988 to 1998 was 1.4 + 18.8 patmyr~*.
The large error estimate ( + 18.8 patm) reflects the seasonal variability of seawater pCO,
( ~ 80-100 patm), which makes determining the rate of increase difficult over the 10-yr sampling
period. If seasonally detrended (i.e., seasonal variability removed) data is used, seawater pCQO,
increased at a rate of 1.4 + 10.7 patmyr ! (Fig. 3d). Thus the rates of seawater and atmospheric
pCO, increases were similar in magnitude.

The 1.6 umolkg~!yr~! increase of n"TCO, (given the temperature, salinity, TCO, and TA
properties of the Sargasso Sea) should theoretically manifest itself as a 2.6 patm yr~ ! increase in
seawater pCO,, a rate double the observed increase. What are the causes for the differences
between the observed (1.4 + 10.7 patm yr ') and theoretical (2.6 patm yr~!) rates of increase? It
may be that the sampling period is not long enough to adequately resolve a rate of pCO, increase
given the errors ( + 10.7 patm) associated with seasonally detrended data (Fig. 3d). Another factor
is that the rate of increase is complicated by interannual variability of hydrographic properties in
the Sargasso Sea. Between 1988 and 1998, mean surface salinity has increased by 0.11 salinity units.
This change has manifested itself as an increase in TCO, of ~ 6 umolkg ™! over 10 years (compare
difference between the rate of increase of TCO,, 22umolkg~'yr~!, and nTCO,,
1.6umolkg ™ 'yr~'). Alkalinity also has increased by ~ 8umolkg™' between 1988 and 1998
(0.8 + 11.5umolkg~tyr~'). Seawater pCO, theoretically should increase at a rate of
1.3-1.7 patm yr ~ ! (the range in rates reflects the range of water temperatures at BATS), given that
there was a 1.6 umolkg ™' yr ™! increase of nTCO, and 0.8 umolkg ™! yr~! increase in TA. This
theoretical rate (1.3-1.7patmyr ') is similar to observed rate of seawater pCO, increase (i.e.,
1.4 patm yr ). Establishing the underlying interannual trends reveals that oceanic CO, concentra-
tions in the North Atlantic subtropical gyre are increasing at a rate similar to the atmosphere.
A similar finding has been shown occurring at the ALOHA site in the North Pacific subtropical
gyre (Winn et al., 1994, 1998).
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4.6. Interannual relationships of temperature, primary production and TCO,

BATS data provide a useful window on interannual variability in the Sargasso Sea. One
approach to investigating interannual changes is to compare hydrographic and biogeochemical
anomalies over time. In Figs. 4 and 5, anomalies of temperature, salinity, TCO,, alkalinity,
mixed-layer depths and primary production were compared to reveal underlying connections that
help explain the causes of interannual variability. In the method, a composite year of data is
compiled for each parameter from the entire 1988-1998 data set. We use a polynomial fit of the
data to predict the positive or negative deviations of a parameter from this ideal fit for the entire
time-series record. A six-month running mean is then applied to the monthly anomalies. For
example, a plot of temperature anomaly (Fig. 4a) indicates periods when the surface layer was
warmer (warm or positive anomaly) or cooler (cold or negative anomaly) than the mean.
Anomalies of other parameters (e.g., salinity, TCO,, alkalinity, integrated primary production)
show periods when each parameter was higher or lower than the mean. Similar approaches, for
example, have been used to examine the relationships between interannual variability of thermo-
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Fig. 5. Time-series of temperature, TCO,, primary production and mixed-layer depth anomalies at BATS from 1988 to
1998. The plotted anomalies are 6 month runnning mean through bimonthly and monthly data. (a) Surface temperature
(solid line) and n"TCO, (dashed line). "TCO, data are corrected for an interannual increase of 1.6 umolkg ' yr~1. (b)
Mean temperature in the 0-100m layer (solid line) and integrated primary production (dashed line). (c) Mean
temperature in the surface layer (solid line) and mixed-layer depth (dashed line). Positive mixed-layer anomaly indicates
deeper mixed-layer depth.

haline properties in the Sargasso Sea and modes of climate variability (e.g., NAO changes) in the
North Atlantic Ocean (e.g., Curry et al., 1998; Joyce and Robbins, 1996).

Two different types of interannual variability were observed in the BATS data: (1) inverse
relationships between salinity, alkalinity and salinity normalized alkalinity (n"TA), which appear to
reflect changes in the water masses observed at BATS; and (2) inverse relationships between
temperature, n”TCO, and integrated primary production, which appear to be related to climate
variability associated with ENSO and NAO phenomenology (see Section 4.8).

The salinity anomaly is compared to TA (Fig. 4b) and the salinity normalized alkalinity (nTA)
anomaly (Fig. 4c). The salinity anomaly is characterized by alternating saline and fresh anomalies
and the most extreme positive salinity anomaly ( ~ 0.15 salinity units) was observed in 1997.
Alkalinity anomaly was correlated with the salinity anomalies (Fig. 4b), this relationship having
a cross-correlation coefficient of 0.69 (Table 2). Salinity normalized alkalinity (#TA), however, was
inversely correlated with salinity (coefficient of — 0.37; Table 1), indicating that nTA was less when
more saline water is present at BATS. This observation appears to be consistent with meridional
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Table 2
Correlation coeflicients for hydrographic and biogeochemical anomalies at BATS (1988-1998), and modes of climate
variability (i.e., Southern oscillation index, SOI; North Atlantic oscillation, NAO). Coefficients less than 0.2 are not
reported

Nel NAO SST Temp. Salinity TCO, nTCO, TA nTA ML PP
(0-100m)

SO index™® — — — — — — — — - = —
NAO index* —-043 — — — — — — — — — —
Surface 0.28° 040 — — — — — —- = = —
temperature
(SST)*
Temperature 0.35° 042 —-066 — — — — - - - =
(0-100m)°
Salinity® 0.52> —0.48 — — — — — — —
TCO,* —0.46 —0.54 —0.38 044 — — — — —
NTCO,? —0.53° —0.65 — 045 —0.39 0.64 — — — — —
Alkalinity (TA) 034  —0.52 0.69 025 -
NTA?* —041 —0.37 —0.39 038 — — —
Mixed layer 0.35° —032 —0.56 — 045 040 049 — —
(ML)*
Primary —021®  —0.33 —0.51 —0.64 0.35 032 020 —

production (PP)*

*6-month running mean of anomaly.
®A lag of 6 months to the SO index gives the best correlations between SOI, hydrographic and biogeochemical
parameters.

gradients of alkalinity in the subtropical gyre. Salinity normalized alkalinity tends to increase
northwards in the subtropical gyre (Bates et al., 1996¢; Millero et al., 1998) as climatological salinity
decreases northwards. This northward meridional gradient reflects the increased contribution of
upwelled subsurface water that has higher nTA due to dissolution of calcium carbonate at depth.
Hence, in the northern parts of the Sargasso Sea, there appears to be higher alkalinity per unit
salinity. Towards the south, there is less alkalinity per unit salinity. The inverse relationship
between salinity and nTA anomalies observed at BATS appears to reflect changes between waters
with more “northern” subtropical gyre characteristics (i.e., lower salinity, higher nTA) and “south-
ern” subtropical gyre characteristics (i.e., higher salinity, lower nTA).

Relationships were observed between temperature anomalies, salinity normalized TCO,
(nTCO, anomalies were corrected to account for an interannual rate of increase of
1.6umolkg ' yr~') and integrated primary production anomalies (Fig. 5a and b). For example,
three warm anomalies (from 1989 to mid-1991; 1994; early 1997) and two cold anomalies (from
mid-1991 to 1993; 1995-1996) were observed from 1988 to 1998 (Fig. 5a). During the warm
anomaly periods, surface temperature was up to 0.5°C warmer than the mean temperature for that
time of year. Surface temperature anomalies were inversely correlated with both surface TCO,
(coefficient of — 0.54, Table 2) and nTCO, (coefficient of — 0.65). Thus, surface TCO, (i.e.,
corrected nTCO,) was lower during warm anomalies and higher during cold anomalies (Fig. 5a).



N.R. Bates | Deep-Sea Research II 48 (2001) 1507-1528 1519

The range of TCO, variability was about 10 umolkg ™!, about one-third of the observed seasonal
variability at BATS. Rates of integrated primary production also were inversely correlated with
temperature (coefficient of — 0.64, Table 2; Fig. 5b). Since integrated primary production rates sum
the biological activity in the upper 100 m or so, we have compared primary production anomalies
to temperature anomalies in the upper 100 m. During warm anomalies, rates of integrated primary
production were lower by up to 200mg Cm~2d ™! (significant compared to annual ranges of
integrated primary production of ~ 200-1400mg Cm~?d~'). During cold anomalies, rates of
integrated primary production were higher. For example, the cold anomaly that spans 1995 and
1996 coincides with higher rates of integrated primary production, increased mixed-layer depth
and elevated nTCO,.

Clearly, positive and negative anomalies of integrated primary production and n”TCO, were in
phase with each other throughout the BATS program. What are the potential causes for the inverse
relationships between temperature and integrated primary productivity and n”TCO,? There are
several causes that may be linked, including: (1) changes in vertical mixing; and (2) changes in water
mass characteristics, circulation of the subtropical gyre and distribution of mesoscale eddies.
Variability of vertical mixing could be a potential cause of the observed relationships. For example,
during cold-anomaly periods, rates of primary production and nTCO, concentrations were
elevated, while mixed layers were typically deeper (Fig. 5c). Mixed-layer depth was inversely
correlated with surface temperature (coefficient of — 0.56, Table 2). Michaels and Knap (1996)
have shown at the BATS site that in years with deep, cold mixed layers, winter mixed-layer nitrate
concentrations and rates of new production were elevated when compared to years with shallow,
warmer mixed layers. They also show that winter nitrate concentrations in the upper 500 m at
BATS increase with decreasing temperature (Michaels and Knap, 1996, their Fig. 14). Thus deeper
vertical mixing and enhanced upward nitrate fluxes during cold anomalies may adequately explain
elevated rates of primary production. One problem with this scenario is explaining why nTCO,
concentrations were elevated during cold anomalies. Deeper vertical mixing should bring upwards
subsurface CO, since TCO, increases vertically with depth (Bates et al., 1996a), but this additional
CO, should be subsequently removed through photosynthetic fixation. An explanation for the
nTCO, anomaly patterns relates to the non-Redfield entrainment of TCO, and nutrients into the
euphotic zone from deeper waters through vertical mixing. The “carbocline”, a rapid increase in
TCO, at depth (which is analogous to the nitracline), occurs at much shallower depths
( ~ 30-50m) than the nitracline ( ~ 100-120 m) in the Sargasso Sea. Thus vertical mixing will tend
to bring higher than Redfield proportions of TCO, into the mixed layer leaving residual #”TCO,
anomalies that cannot be removed through new production. Another problem with the vertical
mixing scenario is explaining how changes in vertical mixing could elevate rates of primary
production and n"TCO, concentrations during summer periods of stratification and shallow mixed
layers ( ~ 5-30m). Since mixed-layer depths were deeper during summer cold anomalies, elevated
nTCO, should result from mixing into the shallow “carbocline”. It is not clear why rates of primary
production should be elevated during these periods.

A second, perhaps linked scenario, might involve changes in subtropical gyre circulation,
distribution of mesoscale eddies and sources of water present at BATS. Mean meridional gradients
measured at the longitude of BATS ( ~ 64°W) indicate that n”TCO, increases northwards towards
the site of 18°C mode water formation and n”TCO, decreases southwards into the more permanent-
ly stratified Sargasso Sea (Bates et al., 1996¢). It should be noted that there is large spatial
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variability in the data due to the influence of eddy features. In a general sense, any changes in water
masses between those with more “northern” (i.e., cooler, elevated n"TCO, and higher primary
production) or “southern” (i.e., warmer, reduced n"TCO, and lower primary production) character-
istics might replicate the observed anomalies of temperature, primary production and #TCQO,.
Such alternation of water masses might result from oscillation in the position of the subtropical
frontal zone that separates areas dominated by easterly or westerly wind patterns in the Sargasso
Sea between 25°N and 32°N (Halliwell et al., 1994).

Siegel et al. (1999), in their analysis of mean climatological dynamic anomaly fields and
associated geostrophic circulation, show a very weak mean westward flow (0.5cms ™ ') near BATS
and a stronger east-northeastward flow (up to 11 cm s~ ') to the north-northwest of the BATS site
(their Plate 3). The BATS site falls within a region (oriented in a ESE-WNW direction) where there
is near zero mean geostrophic circulation. The BATS site is therefore in a transition zone between
easterlies and westerlies and should be influenced by internannual changes in atmospheric and
oceanic forcing (see Section 4.8).

Mesoscale eddies have long been thought to influence upper ocean biogeochemistry in the
Sargasso Sea (e.g., McGillicuddy and Robinson, 1997; McGillicuddy et al., 1999), and they also may
contribute to the interannual variability at BATS. Analysis of sea level anomaly (SLA) fields reveal
mesoscale features propagating westward throughout the Sargasso Sea (Siegel et al, 1999;
http://www.icess.ucsb.edu/ ~davey/TP_BATS/BATS_sla_currents.mpg). Notably, SLA variability
and eddy kinetic energy (EKE) increases northwards of the BATS site (Siegel et al., 1999, their Plate
3). Recent field studies have indicated that some cyclonic mesoscale eddies manifest themselves at the
surface, having cooler surface temperatures, higher surface n"TCO, concentrations, and higher
phytoplankton biomass within the euphotic zone compared to surrounding waters and anticyclonic
features (McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998; N. Bates, D. McGillicuddy,
unpublished data, 1998). If the dynamics of gyre circulation change and the frequency of cyclonic
eddies (which have a near surface expression) passing in the vicinity of BATS increases, this also
might partially explain periods of cooler anomalies and positive ”TCO, and primary production
anomalies. A detailed evaluation of this scenario is beyond the scope of this contribution.

4.7. CO, anomalies and air-sea CO, exchange

Interannual changes of temperature and ”TCO, anomalies have minimal effect on rates of
air-sea exchange of CO,. For example, during the warm anomaly period in 1994, the surface
temperature anomaly of ~ 0.5°C (Fig. 5a) acts to increase seawater pCO, by about 7-8 patm. This
change in seawater pCO, results from the thermodynamic effect of temperature on pCO, at a rate
of 4.23% change in pCO, per 1°C change in temperature (e.g., Takahashi et al., 1993). At the same
time in 1994, lower than normal n"TCO, of ~ 5-6 umolkg~' (Fig. 5a) acts to reduce pCO, by
about 7-8 patm. Thus temperature and n"TCO, anomalies act upon seawater pCO, in opposite
directions effectively cancelling each other.

4.8. Potential connections to modes of climate variability (e.g., ENSO and NAO)

Is there any relationship between these biogeochemical patterns observed in the Sargasso Sea
and modes of climate variability such as NAO and ENSO? It is evident from the BATS data that
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there was interannual variability in vertical mixing and biogeochemistry and, that this variability is
linked to changes in atmospheric forcing. The dominant mode of atmospheric variability in the
North Atlantic region is the NAQO, which is a dipole meridional oscillation in atmospheric pressure
between the Iceland Low and Agores High (Hurrell, 1995; Hurrell and Van Loon, 1997). Strong
eastward air flow between the Iceland Low and Agores High carries storms towards western
Europe from North America. If the NAO index is negative, storm tracks are thought to shift
southward, cooling surface waters, enhancing 18°C mode water formation and deepening winter
mixed layers (Rodwell et al., 1999). During positive NAO winters, westerlies that usually prevail in
the region between Florida and Cape Hatteras (west of the Acores High) weaken. Reduced wind
stress and heat exchange lead to the development of warm temperature anomalies in the subtropi-
cal gyre (Bjerknes, 1964; Cayan, 1992a, b) with a magnitude between 0.2 to 0.4°C (Davies et al.,
1997; Kapala et al., 1998). Although the NAO is the dominant mode of mid-latitude atmospheric
variation, dynamical relations between El Nind and Atlantic climate have long been documented
(e.g., Enfield and Mayer, 1997, see references in Penland and Matrosova, 1998). For example, the
Gulf Stream position shifts northwards after El Nifo events and during NAO positive phases with
a lag of ~ 2yr (Taylor et al., 1998; Taylor and Stephens, 1998). Within 4-12 months of El Nifio
warming in the Pacific Ocean, warming is observed in the tropical North Atlantic, Caribbean Sea
and the SE subtropical gyre (e.g., Zhang et al., 1996; Bojariu, 1997; Penland and Matrosova, 1998).
The mechanism for this apparently relates to a reduction in cloud cover in the drier, more stable
Atlantic atmosphere (e.g., Zhang et al., 1996; Davies et al., 1997; Jones and Thorncroft, 1998).

Previous studies have related variability in 18°C mode water formation to NAO. Dickson et al.
(1996) suggested that the formation of 18°C mode water was enhanced during winters with negative
NAO phases when storms track further south and there were more frequent outbreaks of cold air
from North America crossing the Sargasso Sea. Other studies have unsuccessfully related mode
water variability to atmospheric forcing (e.g., Talley and Raymer, 1982). Jenkins (1982) proposed
a storage mechanism by which the cumulative effect of successive winters force changes in mode
water (Hazeleger and Drifjhout, 1998), making correlations to modes of climate variability difficult
to demonstrate.

Correlations were evident between NAO and hydrographic and biogeochemical properties of
the upper ocean (shallower than 18°C mode water) at BATS. Temperature anomalies at BATS
were positively correlated with NAO (Table 2; Figs. 6a, 7a), supporting the assertion that the
subtropical gyre warms during NAO positive phases (Bjerknes, 1964; Cayan, 1992a, b; Davies et al.,
1997; Kapala et al., 1998). NAO negatively correlated with anomalies of salinity, TCO,, alkalinity,
mixed-layer depth and primary production anomalies at BATS (Table 2). A correlation between
temperature and NAO was also evident in the longer Hydrostation S record (1954-1998; Table 3).
The coefficients of variability range from 0.32 to 0.52 (Table 2), which is surprisingly high given the
inherent spatial variability and mesoscale phenomena at the BATS site (e.g., McGillicuddy et al.,
1999; Siegel et al.,, 1999) and the inherent variability of the atmospheric data. These analyses
indicate that the observed inverse relationships between temperature and biogeochemical proper-
ties in the Sargasso Sea were linked to NAO variability.

Correlations between the Southern oscillation index (SOI) (i.e., an indicator of ENSO variability)
and BATS data were less evident. The best correlations were obtained when a 6-month lag was
applied to SO index data. ENSO phases correlated with negative salinity, alkalinity, n"TCO,,
temperature and mixed-layer depth anomalies (Table 2; Figs. 6b and 7b). A similar correlation
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NAO

Temperature Anomaly

SO1
Salinity Anomaly

Fig. 6. Time-series of hydrographic anomalies at BATS and modes of climate (1988-1998). 6 month running means are
plotted. (a) Temperature anomaly (dashed line) and NAO (solid line). (b) Salinity anomaly (dashed line) and SO index
(solid line).
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Fig. 7. Time-series of hydrographic anomalies at Hydrostation S and modes of climate variability (1954-1998). 12 month
running means are plotted. (a) Temperature anomaly (dashed line) and NAO (solid line). (b) Salinity anomaly (dashed
line) and SO index (solid line).

between SO index and salinity was observed in the Hydrostation S data between 1977 and 1998
(Table 3). A poor correlation is evident for the entire 1954-1998 Hydrostation S record, but it
should be remember that entrainment of “Great Salinity Anomaly” waters (Dickson et al., 1988)
into the upper waters of the subtropical gyre during the 1960s and 1970s affected the salinity
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Table 3
Correlation coefficients for hydrographic and biogeochemical anomalies at Hydrostation S, and modes of climate
variability (i.e., Southern oscillation index, SOI; North Atlantic oscillation, NAO). Coefficients less than 0.2 are not
reported

SOr® NAO SST Salinity

Hydrostation S (1954-1998)

SO index*® — — — —
NAO index® — — —
Surface temperature (SST)* 0.42 — —
Salinity® —

Hydrostation S (1977-1998)

SOI index*® — — — —
NAO index* — — —
Surface temperature (SST)* 0.57 — —
Salinity® 0.37° —

#12-month running mean of anomaly, SO and NAO index.
A lag of 6 months to the SO index gives the best correlations between SO and salinity anomaly.

budget of the Sargasso Sea. During El Nifio phases, freshening of the mixed layer at BATS
coincides with a record of increased precipitation on the island of Bermuda (R. Williams, Bermuda
Weather Service; National Climatic Data Center (NCDC) data from Bermuda). The 6-month lag of
El Nifio in the Sargasso Sea compares to a similar lag observed in the tropical North Atlantic and
Caribbean Sea in other climatological studies (e.g., Zhang et al., 1996; Bojariu, 1997; Penland and
Matrosova, 1998).

The inverse correlation between the SO index and salinity normalized TCO, (nTCO,) and
alkalinity (»TA) also hints at changes in circulation patterns discussed earlier (Section 4.6). On
previous BATS spatial “validation” cruises along the 64°W meridian between 25°N and 36°N, we
have found that ”TCO, and nTA decrease southwards across the Sargasso Sea (Bates et al., 1996¢).
Thus the correlations between n”TCO,, n'TA and the SO index suggest that water masses passing
through BATS change with time and that changes in the circulation patterns of the subtropical
gyre contribute to the interplay between ocean biogeochemistry at BATS and climate variability.

These analyses indicate that NAO and ENSO play a role in modulating interannual hydro-
graphic and biogeochemical variability at BATS. Local changes in vertical mixing, subtropical gyre
circulation and mesoscale eddy frequency at BATS (as discussed in Section 4.6) are the likely
oceanic responses to such atmospheric forcing. This statistical exercise, once again demonstrates
the value of long time-series data sets in providing insight into large scale ocean variability.
Linkages between climate variability and ocean biogeochemistry has implications for understand-
ing other biogeochemical issues in the Sargasso Sea, including: the interaction between mixing,
vertical nutrient supply and primary production; the impact of mesoscale eddies on biogeochemi-
cal cycling observed at BATS (e.g., McGillicuddy et al., 1999; Siegel et al., 1999); the carbon
imbalance and oceanic DOC cycling (Michaels et al., 1994a; Carlson et al., 1994; Hansell and
Carlson, 1998); variability in ecosystem community structure (e.g., Steinberg et al., 2001) and;
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processes controlling nitrogen fixation in the Sargasso Sea (Michaels et al., 1996; Gruber et al.,
1997; Orcutt et al., 2001). As BATS continues in the future, our understanding of how ocean
biogeochemistry is influenced by climate variability will continue to improve.
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