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Abstract

The interannual variability of the spatial extent of the spring bloom in the central Sargasso Sea was quantified by

remote-sensing approaches. Proxy measurements employing satellite-derived sea-surface temperature and chlorophyll a

concentrations were used to estimate the amount of new production derived from inorganic nitrate supplied by

convective winter mixing. Nitrate supply and new productivity were estimated from temperature–nitrate and

chlorophyll a–euphotic-zone depth relationships derived from in situ measurements made at the US JGOFS Bermuda

Atlantic Time-series Study (BATS) site near Bermuda (311400 N, 641100 W). Proxy estimates of springtime new

production at the BATS latitude fall within the range of previous estimates from geochemical approaches, numerical

modeling, and analysis of hydrographic measurements. However, estimates of new production made at BATS are poor

predictors of the regional-scale new production due to large interannual differences in the spatial gradients of the

controlling factors. Moreover, the BATS latitude is in a region of local maxima of meridional gradients in sea-surface

temperature and thereby new production. The BATS site lies in a boundary region between the dynamic, spatially

variable and productive northern Sargasso Sea and the spring-bloom-free region of the southern Sargasso. Hence,

interpretations of spring bloom-forced regional scale biogeochemical processes from point observations made at BATS

should be made with caution.

r 2004 Elsevier Ltd. All rights reserved.
e front matter r 2004 Elsevier Ltd. All rights reserve

r2.2004.02.001

ng author. Tel: +1-805-893-3202; fax: +1-805-

ss: norm@icess.ucsb.edu (N.B. Nelson).

ress: Division of Ocean Sciences, National

tion, Arlington, VA 22223, USA.
1. Introduction

Open-ocean time series have long shown the
importance of the variability of biogeochemical
processes on seasonal time scales (e.g., Menzel and
Ryther, 1961; Longhurst, 1998). However recent
studies, such as the US JGOFS time-series stations
at Bermuda and Hawaii, have demonstrated the
d.
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importance of biogeochemical variability on much
shorter temporal and spatial scales (Dickey et al.,
1993, 1998, 2001; Siegel et al., 1999, 2001,
McGillicuddy et al., 1999; Letelier et al., 2000).
The availability of satellite ocean-color imagery
from the Sea-viewing Wide-Field of view Sensor
(SeaWiFS) enables the assessment of these pro-
cesses on regional to basin scales that cannot be
achieved using point time series observations.

The present study considers the spring bloom in
the central and western Sargasso Sea. Spring
blooms in the Sargasso Sea have long been known
to be driven by the seasonal input of new nutrients
from winter mixing (Ryther and Menzel, 1960;
Menzel and Ryther, 1961). Interannual variability
in the magnitude of the spring bloom (i.e. total
primary production and biomass) is generally
attributed to interannual variability in the winter
weather in the region (Menzel and Ryther, 1961).
New production during the spring bloom is
thought to represent 50% or more of the total
annual new production for this region (Jenkins
and Goldman, 1985; Michaels et al., 1994; Doney
et al., 1996; Siegel et al., 1999). However, these
new production estimates were derived from point
time series in the vicinity of Bermuda Atlantic
Time series Study station (BATS; Michaels and
Knap, 1996; Steinberg et al., 2001). The extra-
polation of these inferences to the region scale
requires understanding of spatial variability and
the nature of the processes regulating these fluxes
(Siegel et al., 1990, 1999, 2002; Nelson et al., 2001).

Ocean-color imagery from the early Coastal
Zone Color Scanner (CZCS) mission (McClain et
al., 1990; Yoder et al., 1993) suggest that the
springtime Sargasso Sea is characterized by
smooth meridional gradients in chlorophyll and
primary productivity. On the other hand, studies
of mesoscale variability from field data and
modeling (McGillicuddy et al., 1999), moored
observations (Dickey et al., 1993, 2001; Wiggert
et al., 1994), satellite altimetry (Siegel et al., 1999),
and satellite ocean-color and sea-surface tempera-
ture (SST) observations (McGillicuddy et al.,
2001) have indicated the presence of ubiquitous
mesoscale physical features and short time course
temporal changes that impact biogeochemical
processes. These results clearly show that smooth
spatial gradients of long-term average quantities
for the Sargasso Sea are the result of averaging
over many short time-scale processes. Hence, the
mean field picture will not be useful in diagnosing
the mixing events that bring nutrients to the
surface in the spring bloom, which occurs over
short time and small spatial scales. This will
correspondingly lead to underestimates in new
production. Using remote sensing techniques that
resolve the relevant time and space scales may help
to alleviate this problem (Siegel et al., 1999).

A recent proxy-based analysis of the CO2 sink in
the Sargasso Sea (Nelson et al., 2001) showed that
interannual differences in spatial meridional gra-
dients of surface ocean processes were large even
though interannual differences in net air–sea
exchange of CO2 at BATS were small. It was
suggested that the differences in the meridional
gradients of net CO2 flux were driven by the
regional extent of the spring bloom as controlled
by winter mixing (Nelson et al., 2001). The
purpose of this study is to test the hypothesis that
meridional gradients in new production are driven
by the extent of the spring bloom by applying
proxy techniques for estimating new production to
high-resolution (ca. 1 km) satellite data for the
central Sargasso Sea region for four spring bloom
seasons, 1997–2000. Proxy techniques for estimat-
ing new production have been based on phenom-
enological relationships between temperature and
nutrients (e.g., Kamykowski and Zentara, 1986),
but expressions incorporating the f-ratio (of new
productivity to total productivity) and parameters
of the photosynthesis–irradiance curve also have
been used (Platt and Harrison, 1985; Platt et al.,
1992). In the present study we have elected to
consider only new production due to mixing-
driven nitrate and nitrite input and are not
estimating total productivity.

High-resolution satellite data are utilized for the
present study for two reasons. First, these data
best enable mesoscale patterns of variability to be
taken into account. Second, high-resolution, di-
rect-broadcast satellite data allow for the highest
temporal resolution to be achieved, maximizing
the number of cloud-free pixels (e.g. Campbell et
al., 1995). The 16-fold greater data density and
wider sampling swath afforded by local area
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coverage (LAC) sampling compared with the
global area coverage (GAC) data used to generate
global products, increases the probability of
coverage in both space and time. This approach
also has allowed us to use three-day composite
images rather than (for example) the eight-day
composites used in SeaWiFS Standard Mapped
Images (SMI, Campbell et al., 1995). This is hoped
to provide our best opportunity to resolve short-
term mixing events that we hypothesize are critical
in driving the spring bloom of the Sargasso Sea.
This approach takes full advantage of the cap-
abilities of satellite data in conjunction with the
high quality in situ data collected by the BATS
program (Nelson et al., 2001; Steinberg et al.,
2001; Siegel et al., 2001).
2. Methods

2.1. Study area

The area of the Sargasso Sea considered in the
present study (4600,000 km2) is outlined in Fig. 1.
This area was selected primarily because of the
high-resolution coverage afforded by SeaWiFS
and AVHRR data received at the ground station
in Bermuda. The BATS time-series site is also
located close to the center of the study area,
Fig. 1. The west central Sargasso Sea area covered by the

present study (outline). The diamond symbol indicates the

location of the BATS site (311400N, 641100W) 80km SE of

Bermuda.
providing background and validation data. This
region also was chosen to avoid the influence of
the Gulf Stream, although Gulf Stream meanders
or rings apparently influenced the northwest
corner of the region during the time of the study
(see Results). With the assumption that mean
zonal gradients in surface properties of the
Sargasso Sea are small (Nelson et al., 2001), we
consider this region to be representative of the
Sargasso Sea as a whole.

2.2. Nitrate index

We developed a proxy method for estimating
the influx of new nitrate to surface waters during
winter and spring mixing events (Lee et al., 2000;
Goes et al., 1999, 2000). The method uses available
SST imagery and assumes that the relationship
between nitrate (+nitrite) concentration and
temperature developed from BATS data is con-
stant (Fig. 2). Estimates of nitrate concentration
calculated in this way are referred to as a ‘‘nitrate
index’’ to emphasize the qualitative nature of this
proxy. The central assumption of the proxy
method is that cooler temperatures at the surface
reflect deeper mixing, and thus greater influx of
nitrogen to the surface. We have restricted our
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Fig. 2. Scatter plot of in situ temperature (1C) vs. nitrate

(+nitrite) concentration (mmol l�1) in samples collected at the

BATS site, December–May. The solid line shows the result of

the LAD regression done on the selected data (see Methods).
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analysis to this relatively small area because of the
completeness of the high-resolution satellite cover-
age, and to minimize the problem of assuming one
temperature–nitrate relationship for the entire
basin. World Ocean Atlas 1998 (Antonov et al.,
1998) analysis data for a meridional transect
across the study region (Fig. 1) at the BATS
longitude suggest a o10% variation in the linear
T:NO3 relationship.

The temperature–nitrate relationship was de-
rived from 242 BATS observations for the months
of December–April (1994–2000) for depths from
the surface down to the approximate depth of the
subtropical mode water (ca. 300m). From inspec-
tion of the data (Fig. 2), we estimated the nitrate
depletion temperature to be ca. 20 1C and excluded
data where the temperature was higher. The slope
of the relationship was then found by minimizing
the least average deviation (LAD regression,
Dodge, 1997), rather than the usual least-squares
method, in order to provide less weight to the
outliers in the warmer near-surface samples (where
phytoplankton activity may have already reduced
nitrate concentration at the time of sampling). This
regression resulted in the following relationship:

NO2þ3 ¼
54:77 � 2:811T; To19:5 �C;

0; T � 19:5 �C;

�
ð1Þ

where NO2+3 is the nitrate index (in units of
mmol l�1) and T is the temperature in degrees
Celsius. This fit results in a nitrate depletion
temperature of 19.5 1C with a linear correlation
coefficient (R2) of 0.71 and a root mean square
(RMS) difference between model and data of
0.78mmol l�1.

2.3. SST and nitrate index from AVHRR imagery

Sea-surface temperature was estimated from
high-resolution (1.1 km at nadir) advanced very
high resolution radiometer (AVHRR) imagery
received by direct readout at the ground station
in Bermuda (Nelson, 1998). Three-day composites
of multichannel sea-surface temperature (MCSST)
images (McClain et al., 1985) covering the study
area (Fig. 1) were prepared according to the
procedures described by Nelson (1998) and Nelson
et al. (2001). Composite SST images agree well
with BATS temperature observations from the
upper 2 m of the water column, with an RMS error
of less than 0.5 1C (Nelson et al., 2001).

Nitrate index images corresponding to each SST
composite image were prepared by applying the
derived nitrate–SST relationship (Eq. (1)). Patches
of elevated nitrate index are found north of the
BATS site with spatial scales of 10’s to several
100 km and concentrations reaching 1 mmol l�1.

High-resolution SST imagery for the spring
bloom seasons of 1997, 1998, and 1999 are used
here. The Bermuda receiving station failed during
the spring of 2000 and lower-resolution global SST
data (ca. 9 km; Brown et al., 1993) were used.
Sufficient SeaWiFS HRPT imagery were available
from nearby ground stations.

2.4. Chlorophyll a concentration and euphotic zone

depth from SeaWiFS imagery

Chlorophyll concentrations at the surface were
estimated from SeaWiFS HRPT imagery, col-
lected from the Bermuda and NASA Goddard
Spaceflight Center (GSFC) direct readout ground
stations, and OCTS intensive local area coverage
(I-LAC) data collected at the NASA Wallops
Flight Facility and processed at GSFC. The
resultant chlorophyll images were registered to
the same projection as the AVHRR data as
described above. Direct matches between Sea-
WiFS chlorophyll retrievals and measurements
made at the BATS site are rare, but what
validation data are present suggest that the
SeaWiFS algorithm estimates chlorophyll concen-
tration in the Sargasso Sea to within 50% of the
field observed value (n ¼ 10; R2 ¼ 0:81; RMS
difference 0.065 mg m�3 at a mean value of ca.
0.125 mg m�3). This is close to the SeaWiFS
mission objectives of 35% RMS accuracy for
chlorophyll pigment concentration (Hooker and
McClain, 2000).

Euphotic zone depth for each composite image
was determined by applying a power law para-
meterization developed by Siegel et al. (2001)
relating in situ chlorophyll a concentration to the
1% of surface PAR depth

zeu ¼ 70:6ðChlÞ�0:098; ð2Þ
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where zeu is the euphotic zone depth (m) and (Chl)
is the SeaWiFS-derived surface chlorophyll a

concentration. This relationship assumes that the
study area is within the same bio-optical province
as the BATS site. The statistics for this estimate of
the euphotic zone depth are poor (R2 ¼ 0:31), as
more factors than chlorophyll significantly alter
the euphotic zone depth (Siegel et al., 1995, 2001).
Differences in average springtime new production
estimates using the Siegel et al. (2001) formulation
(Eq. (2)) and the Morel (1988) formulation were
less than 5%.

2.5. Spring bloom new production estimates

New production driven by nitrate input is
estimated by assuming that the nitrate index
quantitatively reflects the nitrate concentration
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throughout the euphotic zone and that changes in
the nitrate index over short periods reflect input of
nitrate from mixing and consumption of nitrate by
phytoplankton. Thus the column new production
rate (mmol N m�2 d�1) is estimated as the increase

in nitrate index per unit time for each nitrate influx
event (mmol N m�3 d�1) multiplied by the euphotic
zone depth (m). Analogous methods have been
used to estimate new production in the North
Pacific (Goes et al., 1999, 2000) and in the vicinity
of Bermuda using hydrographic data (Glover and
Brewer, 1988; Siegel et al., 1990, 1999; Michaels et
al., 1994). This method is applied to the study area
(Fig. 1) by using composite SST images (e.g.,
Fig. 3A) to estimate the nitrate index (Fig. 3C) and
SeaWiFS chlorophyll images (Fig. 3B) to estimate
the euphotic zone depth. The cumulative error in
this procedure was estimated by adding or
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subtracting the RMS error for each of the input
variables (SST and chlorophyll retrieval from
satellite data) and the RMS error of the tempera-
ture vs. nitrate relationship to the nominal values.
The resulting overestimates or underestimates of
new productivity were compared to the nominal
values. Average overestimate errors for each of the
spring bloom seasons ranged from 30% to 46%.
Underestimates tended to have smaller estimated
error as the procedure does not allow the nitrate
index (and thus estimated new production) to go
below zero.
3. Results

3.1. Overall spatial distribution of surface ocean

properties

Multi-year winter mean satellite-measured SST
and chlorophyll a concentration, and the quan-
tities we derived from them, are shown in Fig. 3.
These images are arithmetic means of the three-
day composite images for all data from the four
spring bloom seasons (Jan–Jun). Average sea-
surface temperature within the study region
estimated from AVHRR data (Fig. 3A) ranged
from 18 1C to 23 1C, with the BATS site located
near the 21 1C isotherm. Within the individual
images (not shown) the temperature range was
from 15 1C to 25 1C. South of BATS little zonal
variability is evident, but north of 351N higher
average temperatures are present west of 641W due
to the occasional passage of the Gulf Stream
through the northwest part of the study area. In
the vicinity of BATS, a region of warmer
temperature extending northward is apparent
between 621W and 661W. This feature is mirrored
in the mean springtime chlorophyll a distribution
(Fig. 3B), where chlorophyll concentrations are
lower in the vicinity of BATS and Bermuda than
elsewhere at the same latitude. Mean springtime
chlorophyll concentrations within the study area
range from 0.05 mg m�3 to near 0.3 mg m�3. As
with the sea-surface temperature, little zonal
variability is apparent south of BATS, but north
of 351N the chlorophyll concentrations and
temperatures are higher west of 661W. The highest
concentrations of chlorophyll were found in
the northwest corner of the study area, possibly
due to Gulf Stream rings or meanders in the area,
which are much less likely to influence the north-
east (Fig. 3B).

The maximum average values of the nitrate
index derived from sea-surface temperature
(Fig. 3C) were 1.5 mmol l�1 north of 341N and
east of 641W, where within individual images (not
shown) the values were as high as 3 mmol l�1.
South of the BATS latitude (east of 641W) and
south of 301N (west of 661W), the nitrate index is
non-zero only in patches. The average spatial
distribution of springtime new productivity in-
ferred from changes in the nitrate index and
euphotic zone depth estimated from the chloro-
phyll images (Fig. 3D) resembles the average
nitrate index distribution, with only patches of
new productivity occurring south of the BATS
latitude.

3.2. Meridional evolution of sea surface

temperature and nitrate index

Meridional variations of the nitrate index are
shown for the spring bloom seasons of 1996–1997
through 1999–2000 in Fig. 4. In this figure (and
Figs. 5 and 6), the individual composite images
have been zonally averaged, and the averages laid
side by side to make a two-dimensional plot in
order to show changes over time. The general
pattern in each year is the emergence of elevated
nitrate north of approximately 321N after the first
of the year. Values of the nitrate index are often as
large as 3 mmol l�1. As expected, large differences
are observed among the four different years and
the new nitrate inputs occur earlier in the year
north of the BATS latitude (321N). During 1997,
nitrate index increased from 331N to 361N in late
January (Fig. 5A). For the 1998 spring bloom, new
nitrate inputs are smaller and patchy in character.
However, this year shows the highest nitrate index
values at the BATS latitude. The 2000 spring
bloom had a large increase in nitrate concentra-
tions (north of 331N) and nitrate increased to a
maximum of nearly 3 mmol l�1 in late March (Fig.
4). The 1999 spring bloom had considerably lower
nitrate index in its surface waters, and this pattern
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Fig. 4. Time-series of zonal averages of the nitrate index (mmol l�1) derived from composite SST images. (A) 1996–1997. (B)

1997–1998. (C) 1998–1999. (D) 1999–2000. The white line shows the latitude of the BATS site, and the triangles at the bottom show the

center dates of the composite images.
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appeared to hold for all latitudes within the study
area.

Zonal changes of inferred nitrate concentrations
did not show consistent large scale patterns, and
increases in new nitrate concentration occurred
across the entire 60–691W area in synchrony with
the meridional increases (not shown). This pattern
was consistent within each spring bloom season,
indicating that the timing and extent of spring
mixing events is mostly meridional. The zonal
differences in the average nitrate index distribution
(Fig. 3C) are primarily driven by slight zonal
gradients found primarily in the north of the study
area.

3.3. Meridional distribution of phytoplankton

pigment biomass

Meridional patterns of chlorophyll pigment
concentration are poorly correlated to those found
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Fig. 5. Time-series of zonal averages of the chlorophyll a concentration (mgm�3) derived from the three-day composite ocean-color

images (A) 1996–1997 (B) 1997–1998 (C) 1998–1999 (D) 1999–2000. The white line shows the latitude or longitude of the BATS site.

The black contour follows the 19.5 1C nitrate depletion temperature. Triangles indicate the center dates of the composite images.
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for nitrate index (Figs. 4 and 5). Linear correlation
coefficients between nitrate and chlorophyll from
the zonally averaged data were 0.09, 0.01, 0.06 and
0.03 for the four spring bloom seasons considered.
On the other hand, the majority of pigment
biomass accumulation appears to occur during
the same time period as nitrate input. In parti-
cular, the highest chlorophyll concentrations occur
where the SST is lower than 19.5 1C, the nitrate
depletion temperature (the black contours in Fig.
5). Clearly, this correspondence is far from perfect.
Zonal variability of the chlorophyll distribution
(not shown) is again smaller than meridional
variability, with some patchiness.

With some exceptions meridional gradients of
chlorophyll concentration were positive (increas-
ing with increasing latitude) throughout the region
and were greatest during the spring bloom
season (December–May of each year). Further,
the largest meridional gradients occurred near the
latitude of the BATS site and between 341N and
361N in 1998, 1999, and 2000. Chlorophyll a
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Fig. 6. Time-series of zonal averages of new production (molNm�2) derived from the three-day composite SST images (A) 1996–1997

(B) 1997–1998 (C) 1998–1999 (D) 1999–2000. The horizontal white line shows the latitude or longitude of the BATS site, and the white

contour shows the 19.5 1C isotherm.
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concentrations estimated in 1996 and 1997 using
the OCTS sensor (Fig. 5A) were significantly
(factor of two) lower than those estimated in more
recent years using the SeaWiFS sensor. The OCTS
data was comparable to BATS in situ surface
chlorophyll a concentration (n ¼ 3; R2 ¼ 0:76;
RMS difference=0.04 mg m�3), so the reason for
the lower OCTS chlorophyll composite values is
not immediately obvious. On the other hand,
temporal coverage of the study area with high-
resolution data (I-LAC) was sparse compared to
SeaWiFS HRPT coverage from the Bermuda
and GSFC ground stations (triangle symbols in
Fig. 5 show the dates of three-day composites
prepared). We are therefore forced to conclude
that the 1997 spring bloom chlorophyll data
are biased due to sparse temporal coverage, and
the computed mean is lower than the actual.
Because of the non-linear nature of Eq. (2),
estimates of new production derived from these
data may be ca. 10% higher due to the enhanced
euphotic zone depth and the spatial distribution of
new production rates may not be accurately
represented.
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3.4. Spatial patterns of new production estimates

Spatial/temporal patterns of new production
estimated from the nitrate index and euphotic zone
depth determinations (Fig. 6) are to first order
similar to the nitrate index patterns (Fig. 4), only
patchier as decreases in the nitrate index result in
zero values of new production. The highest new
production within the study area occurred in 1997,
and the lowest in 1999. In 1997 and 2000 (Figs. 6A
and D) significant new production was only found
north of 321N, but in the other years, significant
patches of new productivity occurred at or south
of the BATS latitude (Figs. 6B and C). These new
production patches are 	200 km across and persist
for about two weeks.
4. Discussion

4.1. Patterns of nitrate index and phytoplankton

biomass

One interesting result of the present study was
the lack of close correlation between zonal mean
estimates of phytoplankton biomass (as estimated
from satellite-derived chlorophyll, Fig. 5) and the
nitrate index (Fig. 4). This is to be expected, as
phytoplankton biomass is an estimate of stock,
rather than a rate process, but it is customary to
look at these processes as being correlated on the
ocean-basin spatial scale and seasonal time scale
rather than the 1 km and three-day time scale
addressed in the present study (Siegel et al., 2001).
In general terms the patterns of nitrate index and
chlorophyll concentration are similar (largest
values in March and April in the northern half
of the region), but there is no significant correla-
tion between the satellite data sets on the three-day
time scale. This result indicates that similar
disconnections between (for example) sediment
trap flux, primary productivity, and biomass
found in the field are not simply explained by
unaccounted-for spatial and temporal variability
on the mesoscale (e.g., Wiggert et al., 1994). On
the time scale we are using in the present study, it
is more likely that the phytoplankton biomass (as
chlorophyll retrieved from ocean color) reflects
processes such as seasonal succession of phyto-
plankton populations (Steinberg et al., 2001),
which occur on a longer time scale than the
short-term mixing events we observe in the
temperature imagery.

Interannual changes in nitrate index should
correspond to large year-to-year differences in
winter weather conditions and winter mixing
(Menzel and Ryther, 1961; Michaels and Knap,
1996). These differences are thought to drive
interannual differences in the strength and dura-
tion of the spring bloom conditions throughout
the basin. Previous work has related the state of
several climate oscillators to the intensity of winter
mixing off Bermuda. For example, Michaels and
Knap (1996) suggest that years of anomalously
deep mixed-layer depths correspond to El Niño/
Southern Oscillation (ENSO) events. Bates (2001)
found that deep winter mixed layers correspond to
periods when the North Atlantic Oscillation
(NAO) is in its cool phase. For the period covered
by the present study, the spring of 1998 corre-
sponds to a strong El Niño event whereas the
NAO was negative in 1997 and positive in the
other years. Our present results are consistent with
these hypotheses in the sense that the nitrate index
was lowest within the study area during the 1999
spring bloom, when NAO was positive and there
was no strong El Niño event.

4.2. Proxy estimates of new production in the

central Sargasso Sea

We evaluated the effectiveness of the nitrate
index proxy method for retrieving springtime new
production by comparing our results for the BATS
latitude with previous estimates made for the
BATS location in particular (Table 1). Our results
for 1998–2000 are comparable to the previous
results, except for the 1992 results of Lipschultz
(2001) based on 15N-nitrate uptake. This result is
understandable, as some of the other studies cited
in Table 1 used essentially the same method for
estimating new production (i.e. BATS temperature
vs. nitrate relationships). But this result also allows
us to assume that our present proxy method is
comparable to (or at least has the same limitations
as) most other methods, and extend the results to
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Table 1

Estimates of new production during the spring bloom at the BATS location (molNm�2) derived from the nitrate index and euphotic

zone depth estimated from remote sensing data, compared with literature values derived using different methodology

Study Convective flux (molN m�2) Method

Present study (1997) 0.074 Zonal average at BATS latitude (60–69W) using nitrate

index from satellite SST and euphotic zone depth from

satellite chlorophyll a

Present study (1998) 0.227

Present study (1999) 0.055

Present study (2000) 0.137

Present study mean (std. dev.) 0.123 (0.08)

Siegel et al. (1999) 0.17 (0.05) BATS hydrography (1989–1995)

Mean (std. dev.) Range 0.06–0.23

Doney et al. (1996) 0.24 Ecosystem model

Michaels et al. (1994) 0.17 BATS hydrography (1989–1993)

Glover and Brewer (1988) 0.30 Climatology of MLD and NO3

Lipschultz (2001) 0.87, 0.10 15N incubation (1992, 1993)

Table 2

Proxy estimates of mean areal springtime new production

(molN m�2) for the central Sargasso Sea (Fig. 1) compared to a

similar proxy estimate for the BATS latitude alone, based upon

integrals of time-and-space variable new production (Decem-

ber–June, Fig. 7)

Year NP at BATS Regional NP Ratio

1996–1997 0.074 0.303 0.25

1997–1998 0.227 0.174 1.30

1998–1999 0.055 0.090 0.61

1999–2000 0.137 0.197 0.70

Mean (S.D.) 0.12 (0.078) 0.19 (0.088) 0.71 (0.44)
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Fig. 7. Summary of total zonally averaged new production

(molN m�2) vs. latitude across the west central Sargasso Sea

region (highlighted area in Fig. 1) estimated from SST and

ocean-color imagery, for the 1997–2000 spring bloom seasons.
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at least the local region (Fig. 1). The high new
production found in 1992 by Lipschultz (2001) is
well outside the range of new production found in
the other studies (Table 1), but his 1993 results
were within the range found in the present study
and the others reported in 2001.

Accepting the assumption that the tempera-
ture–nitrate relationship for BATS holds through-
out the region outlined in Fig. 1, we can test the
hypothesis that springtime new production at the
BATS site reflects the entire region. We compared
the proxy estimate of springtime new production
for the BATS site to the integral of the entire
region (Table 2), and found no relationship
between the two (R2 ¼ �0:01). The reason for
this disagreement is apparent after inspecting
Figs. 5–7. The total springtime new production
at BATS as estimated from the proxy method is
very strongly dependent upon the meridional
gradient of sea-surface temperature and thus the
nitrate index. In years when the 19.5 1C contour
extends below the latitude of BATS, the local new
production is high, but this may or may not reflect
regional high production and vice versa.
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Fig. 8. Meridional gradients of sea-surface temperature

(1Ckm�1) vs. latitude, average value for the spring season

(December-June), for each of the years considered in the

present study. The dotted line shows the latitude of the BATS

station.

N.B. Nelson et al. / Deep-Sea Research II 51 (2004) 987–1000998
In 1996–1997, the nitrate index was high from
January–June continuously north of the BATS
site, but this high nitrate index region did not
extend to the BATS latitude. Conversely, in
1997–1998, the regional new production was lower
and had a later onset, but new production at
BATS was higher than in 1997 due to a shallower
meridional gradient. In 1999 and 2000, relative
new production at BATS was consistent with
relative new production throughout the region.
This assessment holds true even if our less-
confident estimate of new production in
1996–1997 is excluded. Therefore, springtime new
production at BATS is not a good predictor of
springtime new production across the entire
Sargasso Sea.

4.3. Spatial gradients of sea surface properties and

implications for new production

It is evident that springtime new production
within the region outlined in Fig. 1 and as
estimated by our proxy method is controlled on
an annual basis by the timing of the onset of
convective mixing, and by the meridional gradient
of mixing. At the BATS site, this meridional
gradient seems to be more important in determin-
ing whether significant mixing and therefore new
production occurs. South of BATS springtime new
production declines to 	zero near 301N (Fig 7).
For the small region we consider in the present
work zonal gradients are not significant; however,
Nelson et al. (2001) found some zonal trends in
SST-derived pCO2 in the eastern Sargasso Sea, so
their importance within regions larger than the
present study area (Fig. 1) should not be ruled out.
Significant zonal gradients in SST were found
during the frontal air-sea interaction experiment
(FASINEX) study to the south of the present
study area (Halliwell and Cornillon, 1990; Halli-
well et al., 1991).

The proxy spring new production at BATS was
well correlated with the total new production in
the region in 1999–2000 but not in 1996–1997 or
1997–1998. This result suggests the presence of a
frontal region, which is sometimes north and
sometimes south of BATS, which determines the
southward extent of winter mixing. In each year
the largest meridional gradient in sea-surface
temperature (as much as �0.03 1Ckm�1) was
found throughout the spring season in a region
between 301 and 331N (Fig. 8). North and south of
this zonal band, SST gradients were much closer to
zero (and are in fact slightly positive at the north
edge of the study region, which approaches the
Gulf Stream). This meridional gradient feature
persists from year to year despite differences in the
local SST (Fig. 8). We suggest that this feature
represents a distinct physical boundary between
the seasonally mixed northern Sargasso Sea and
the permanently stratified southern Sargasso Sea
(Menzel and Ryther, 1961; Siegel et al., 1990). In
this context it is easy to see how the BATS site may
be sensitive to changes in the local area, which may
or may not reflect the overall new productivity of
the region.
5. Conclusions

In the present study we have applied BATS
nutrient and hydrographic data in conjunction
with remote-sensing proxy-derived quantities to
estimate springtime new production in a
4600,000 km2 region of the central Sargasso Sea
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surrounding the BATS site for the years
1997–2000. Interannual variability was significant,
and was probably due to the influence of ENSO
and NAO-driven changes in climatological for-
cing. We found little correlation between phyto-
plankton biomass (as ocean-color-derived
chlorophyll) and new production rates, and little
correlation between the annual totals of new
production at BATS and integrated within the
entire region.

We attribute the lack of correlation between
BATS new production and regional new produc-
tion to the fact that the latitude of BATS was at
the center of a meridional sea surface temperature
front region. Significant changes in nutrient supply
at the BATS site resulted from small changes in the
position of the front from year to year that were
not always correlated with basin-scale processes.
These results continue to highlight the importance
of regional data in conjunction with the time-series
sites in order to place their results in the
appropriate context.
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