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Abstract

We examined the interannual variability in the timing and magnitude of seasonal phytoplankton blooms in the
North Atlantic (708N–108N, 908W–108E) in relation to variability in wind forcing during the bloom period using
satellite data from 1998 through 2004. When averaged over the period extending from 1998 to 2004, seasonal
increases in phytoplankton in the subpolar North Atlantic were observed predominantly during the spring, while
the increases occurred between autumn and winter in the subtropical region. The major modes of interannual
variability in bloom timing and magnitude from empirical orthogonal function analysis exhibited large spatial
coherency across the North Atlantic. These patterns of variability can be explained, in large part, by the pattern of
interannual variability in bloom-period wind mixing. Although convection is important in the seasonal development
of blooms, wind-induced mixing during the bloom period appeared to be the key forcing agent contributing to
interannual variability in the intensity of blooms. Increased wind-induced mixing during the bloom period reduced
bloom magnitude over the subpolar and northern subtropical regions while enhancing it over the southern subtropical
region. Atmospheric variations associated with interannual variability in wind mixing during the bloom period also
appeared to affect variability in the timing of bloom onset. The major mode of interannual variability in the timing
of North Atlantic blooms indicates a possible link to the North Atlantic Oscillation.

Phytoplankton blooms in the North Atlantic are the most
pronounced of any open-ocean region (Yoder 1993; Antoine
et al. 1996) and have been the focus of many studies, in-
cluding Joint Global Ocean Flux Study (Koeve and Ducklow
2001) programs such as the North Atlantic Bloom Study
(Ducklow and Harris 1993) and the British Ocean Flux
Study (Savidge et al. 1992). Mechanisms that give rise to
seasonal increases in phytoplankton were first described
nearly 70 yr ago (Gran and Braarud 1935; Sverdrup 1953).
However, such studies relied on data collected from research
cruises, with only limited spatial and temporal resolution.
The launch of ocean color satellites has since allowed ocean-
ographers to monitor ocean productivity globally with very
high resolution.

On a basin scale, bloom dynamics involve the balance
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between nutrient entrainment and light limitation, regulated
by the depth of the mixed layer relative to the critical depth
(Sverdrup 1953). Strong convective mixing supplies nutri-
ents to surface waters for phytoplankton growth while si-
multaneously limiting light availability at depths. Dutkiew-
icz et al. (2001) showed that vertical mixing in the
upper-ocean boundary layer can increase productivity in the
surface waters through enhanced nutrient supply from deep
waters but can also decrease productivity due to the mixing
of phytoplankton below the critical depth. In the subtropical
region, increased mixing during the bloom period supplies
nutrients from the deep waters to the upper ocean, where
light is not limiting, thus having a positive effect on phy-
toplankton blooms. In the subpolar region, enhanced vertical
mixing during the bloom period mixes phytoplankton below
the critical depth at which light is limiting. Therefore, con-
trary to the subtropics, an increase in springtime vertical
mixing in the subpolar North Atlantic has a negative effect
on blooms (Dutkiewicz et al. 2001; Follows and Dutkiewicz
2002).

The timing of bloom onset is also of great ecological im-
portance. Surface wind influences bloom timing via its effect
on the strength and depth of vertical mixing. Stirring of the
upper ocean, stimulated by the passage of weather systems
during the late-winter to early-spring period, disrupts the de-
velopment of water column stratification (Stramska et al.
1995) and thereby affects the timing of seasonal increases
in phytoplankton. Modest light levels during late winter and
early spring, combined with calm wind conditions that lead
to shallow surface mixed layers, can stimulate early phyto-
plankton growth, prior to the development of thermal strat-
ification (Townsend et al. 1992; Stramska and Dickey 1994).
Year-to-year variations in the frequency and intensity of
these mixing events are associated with atmospheric syn-
optic events (i.e., storms) and circulation (Dickson et al.
1996).
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Moreover, surface heat flux is expected to have an indirect
effect on bloom dynamics. The extent of cooling or warming
of the surface waters determines the depth of the mixed layer
and, consequently, light and nutrient conditions of the upper
ocean. For example, strong cooling of the ocean during the
winter leads to a deep end-of-winter mixed layer (Cayan
1992) that supplies nutrients to the surface waters in prep-
aration for a possibly large spring bloom. A deep winter
mixed layer may also delay springtime shoaling of the sea-
sonal thermocline and the onset of spring blooms.

This article examines the 1998–2004 average bloom tim-
ing, bloom magnitude, bloom-period wind mixing, and win-
ter heat flux in the North Atlantic. Spatial and temporal var-
iability of the parameters during this time period are
quantified using empirical orthogonal function (EOF) anal-
ysis. Qualitative descriptions of their patterns of variability
and their relationships to one another are presented. Fur-
thermore, since this study concerns the basin-scale variabil-
ity of phytoplankton blooms in the North Atlantic on an
interannual time scale, the EOF results are also discussed in
relation to the North Atlantic Oscillation (NAO).

Methods

Study region and data description—Daily Standard
Mapped Images (SMI) of SeaWiFS surface chlorophyll con-
centration (reprocessing 4) were obtained from the NASA
Goddard Distributed Active Archive Center. SMI chloro-
phyll data were rebinned to 18 3 18 to reduce the influence
of mesoscale variability. Wind data, at a 18 3 18 resolution,
were collected daily by special sensor microwave/imager
(SSM/I) instruments and scaled to 10-m surface wind speeds
(Atlas et al. 1996). SSM/I data and images were produced
by remote sensing systems and sponsored by the NASA
Pathfinder Program for early Earth Observing System prod-
ucts. Daily NCEP/NCAR reanalysis surface heat flux data
(Kalnay et al. 1996) were provided by the NOAA-CIRES
Climate Diagnostics Center at 1.88 3 1.88 resolution. We
calculated the daily net surface heat flux over the ocean by
summing daily values of net long-wave and short-wave ra-
diation and net latent and sensible heat fluxes. Winter heat
flux was computed as a 3-month (Dec-Jan–Feb) mean of the
daily values. SeaWiFS data were analyzed for the period
from 1 September 1997 through 24 December 2004. All oth-
er data sets were analyzed for the period from 1 September
1997 through 31 December 2004 in the region bound by
708N–108N, 908W–108E.

Since this study examines the different bloom responses in
the subpolar and subtropical North Atlantic, a clear distinction
between the two regions is needed. Zero wind stress curl con-
tours are often used to define the subpolar and subtropical
North Atlantic (Marshall et al. 2001) and were plotted on all
images for reference. Henceforth, we refer to the region north
of the northernmost contour as the ‘‘subpolar region’’ and the
region bounded by the two contours in the central North At-
lantic as the ‘‘subtropical region.’’ Wind stress curl climatol-
ogy data were obtained from the Lamont–Doherty Earth Ob-
servatory Web page (updated 23 October 2003; http://
iridl.ldeo.columbia.edu/SOURCES/.TRENBERTH/)
(Trenberth et al. 1989).

Bloom period—Phytoplankton concentrations increase
significantly during spring stratification in the subpolar
North Atlantic. Parts of the subtropics, on the other hand,
do not exhibit clearly defined blooms that are characteristic
of the temperate North Atlantic as a result of relatively small
seasonal variation in surface heat flux. Nonetheless, destra-
tification of the water column during autumn enhances nu-
trient fluxes to surface waters and stimulate modest increases
in phytoplankton in the subtropics (Yoder et al. 1993; Fol-
lows and Dutkiewicz 2002). These events are sometimes
called ‘‘entrainment blooms’’ (Michaels 1996; McGillicuddy
2003) and are observed in the subpolar region as well,
though less distinctively than are spring blooms. Indeed,
Yoder and Kennelly (2003) found a 6-month phase shift in
the timing of maximum phytoplankton concentration in sub-
polar (spring–summer peak) and subtropical (autumn–winter
peak) regions. Thus, we refer to autumn or winter increases
in phytoplankton as the subtropical bloom, comparable to
spring or summer blooms in the subpolar North Atlantic. To
account for subtropical bloom periods that may extend past
January, we define each bloom year as the time period from
1 September through 31 August of the following year. For
example, bloom year from 1 September 1997 through 31
August 1998 is referred to as year 1998.

The start and end days of the bloom period were deter-
mined at each 18 3 18 location for each year (1998–2004)
by analyzing a least-squares fit curve describing bloom dy-
namics. Fitting a least-squares curve to the annual chloro-
phyll time series is desirable for effectively capturing the
seasonal increase in phytoplankton while eliminating high-
frequency noise. Blooms can be categorized either as per-
sistent, intense increases in phytoplankton or as longer-last-
ing, intermittent increases that are less intense, stimulated by
the interruption of stratification following the passage of
weather systems and propagation of mesoscale eddies
(Stramska and Dickey 1994; Lévy et al. 2000; Waniek
2002). Attempts to fit simple functions, such as a Gaussian
curve, often fail for the latter bloom type, which is charac-
terized by multiple peaks in chlorophyll concentration during
the bloom period. Hence, to be inclusive of bloom periods
with large fluctuations, a more stable curve-fitting procedure
was developed.

First, chlorophyll measurements were run through a three-
point spatial median filter, and values greater than 30 mg
m23 were removed for data quality control. Second, missing
chlorophyll values in the time series for a given location
were filled using linear interpolation. Third, the chlorophyll
time series was adjusted for each location so that the largest
seasonal bloom would be at the center of its time series. To
find the start and end dates of the time series for a given
location, the peak chlorophyll date was first identified from
a 30-point (temporal) median filtered chlorophyll time series.
Then the time series was defined from a maximum of 150
d before the peak date to a maximum of 150 d after the peak
date. The earliest possible start date of the time series was
set to 1 September, and the latest possible end date was set
to 31 August. Fourth, in a manner analogous to the running
mean, the variance over a 5-d period, centered on each new
day, was computed from the three-point smoothed chloro-
phyll time series beginning and ending on the dates specific
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Fig. 1. 2002 time series of chlorophyll concentration, cumula-
tive variance in chlorophyll, least-squares fit curve to the cumulative
variance (solid curve with crosses), and timing of bloom onset (ver-
tical line at X) at (A) west subpolar region, (B) east subpolar region,
(C) west subtropical region, and (D) east subtropical region. Cu-
mulative variance and its least-squares fit are analyzed on the ad-
justed time series (see Methods).

to each location. Five-day period was chosen as a compro-
mise between the need for a reliable variance estimate and
the desire to maintain high temporal resolution of the data.
Fifth, the 5-d variances were cumulatively summed, day by
day, to create a time series of the cumulative variance. Sixth,
a sigmoidal curve was fit to the cumulative variance time
series using a nonlinear least-squares method. The sigmoidal
curve was represented as

C1f (t) 5 1 C42C t31.0 1 C 3 e2

where t is time and C values are constants defining the shape
of the fitted curve. Finally, the bloom start and end dates
were functionally defined where the slope of the fitted-curve
equaled one-twentieth of its maximum slope.

Typical examples of this bloom-period defining procedure
at four locations in the North Atlantic are illustrated in Fig.
1. Note that the cumulative variance and fitted curves do not
run through the entire time series (1 September–31 August);
they are analyzed on the adjusted time series defined for that
specific location, as described above in step 3. This proce-
dure was repeated at each location in the North Atlantic for
each year. The average timing of bloom onset for the period
extending from 1998 to 2004 was also computed.

Bloom magnitude—The magnitude of the seasonal in-
crease in phytoplankton is expressed as a normalized index
of bloom intensity, in which the absolute magnitude of chlo-
rophyll concentration during the bloom period is normalized
relative to the average chlorophyll concentration during the
nonbloom period. A normalized index of bloom intensity
was chosen so that large variability over the subpolar region
would not overwhelm the small but relevant variability ob-
served in the subtropical region.

To compute the normalized bloom magnitude, chlorophyll
concentrations during the bloom period at a given location
for a given year were integrated and divided by the bloom
duration. The average chlorophyll concentration during the
nonbloom period was computed in a similar manner. The
average chlorophyll concentration during the bloom period
was then divided by the average nonbloom-period chloro-
phyll concentration. These steps were repeated at each lo-
cation for each year. The average bloom magnitude for the
period ranging from 1998 to 2004 was also computed.

Bloom-period wind mixing—Mixed-layer models link sur-
face wind forcing to upper-ocean boundary-layer mixing via
the generation of turbulent kinetic energy (TKE) (Kraus and
Turner 1967; Niiler and Kraus 1977). Mixing by TKE is
often represented as the cube of surface wind speed (u3)
multiplied by a bulk aerodynamic constant. We parameter-
ized the wind-induced vertical mixing using just u3, since
normalization of the data set in an EOF analysis removes
the bulk constant from the wind parameter. By defining the
wind-induced mixing simply as u3, we avoid inappropriate
selection of this ambiguous bulk constant. Several studies
have also parameterized the vertical turbulent mixing in this
manner (Haney et al. 1981; Cayan 1992). Cubed winds were
averaged during the bloom period for each year and location.

The 1998–2004 average bloom-period wind mixing was also
computed.

EOF analysis—EOF analysis was used to examine the
spatial and temporal variability of the parameters (bloom
timing, bloom magnitude, bloom-period wind mixing, winter
heat flux). Also known as the principal component analysis,
this method is a coordinate transformation based on analysis
of the covariance matrix (Wilks 1995; Emery and Thompson
1997). It reduces the dimensionality of a multivariate data
set by projecting points onto a space of fewer dimensions
while retaining those characteristics that contribute most of
the variance. EOF is routinely used in atmospheric studies
(Wallace and Gutzler 1981; Wilks 1995) as well as in phys-
ical and biological oceanography (Wilson and Adamec 2001;
Yoder and Kennely 2003).

EOF analysis extracts different modes of variability into
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a series of orthogonal functions. The resulting spatial eigen-
functions represent spatial patterns that vary with time, ac-
cording to their corresponding principal components (PCs).
Considering M yearly composites from a (K 3 1) data vector
x, the spatial and temporal variance of the centered (or
anomaly) data, x9, can be partitioned into m modes. The
original anomaly data, x , can be recovered from the spatial9

k

eigenfunctions, e, that have PCs, u, using the formula

M

x9 5 (e u ), k 5 1, . . . , KOk km m
m51

In this study, spatial eigenfunctions and their correspond-
ing PCs were calculated using the singular value decompo-
sition (SVD) method, since SVD is computationally more
efficient and yields identical EOF results (Wilks 1995).
Henceforth, we refer to SVD interchangeably as EOF.

EOF images of bloom timing, bloom magnitude, and
bloom-period wind mixing are expected to be rather noisy,
since the original data are themselves noisy and sparse. An-
other limitation is that our analyses consider only 7 yr of
data. Furthermore, the EOF results—particularly the higher-
order modes—may not necessarily correspond to direct
physical forcing mechanisms. Despite such constraints, the
time-varying spatial eigenfunctions of the leading EOF
modes can be interpreted in relation to known physical pro-
cesses.

Data sets were prepared in four discrete steps before ap-
plying the EOF. First, data were run through a three-point
spatial median filter to reduce some noise. Second, to re-
move any long-term trends that may exist during the period
extending from 1998 to 2004, data were temporally detrend-
ed by removing the linear trend at each 18 3 18 bin deter-
mined by a least-squares linear fit. Third, the smoothed, de-
trended data sets were converted to anomaly data sets by
subtracting the temporal mean at each location. Finally, with
the exception of the bloom timing data set, data were nor-
malized by dividing by their standard deviations. Normali-
zation was done to reduce extreme events in areas of high
variability (i.e., subpolar regions) relative to areas of low
variability (i.e., subtropical regions), without damping the
anomalies entirely. EOF analysis is only valid for a full 7-
yr data set. Thus, if a given location contained missing data
of a given parameter for one or more years during the 1998–
2004 period, data from that location were omitted from the
analysis.

EOF analyses were performed separately on bloom tim-
ing, bloom magnitude, bloom-period wind mixing, and win-
ter heat flux data sets. Although the leading modes of all
four parameters only represent about a third of each of their
total variances, the spatial patterns of the second mode and
the modes thereafter were less coherent, making interpreta-
tion of the results difficult. Thus, only the results of the first
EOF modes are presented. PCs of the first EOF modes were
correlated with PC-based indices of winter NAO during the
1998–2004 period to examine whether NAO-induced chang-
es in the surface wind field had a discernible effect on bloom
timing and magnitude. NAO Index Data were provided by
the Climate Analysis Section, NCAR (Boulder, Colorado)
(Hurrell 1995).

Results

Bloom timing—Seasonal increases in phytoplankton in the
North Atlantic during the 1998–2004 period were observed
between late September and June (Fig. 2A). With the ex-
ception of late spring to summer blooms (May–July) in the
coastal regions in the southwest basin, blooms occurred be-
tween autumn and winter in subtropical regions south of
408N. North of 408N, blooms were observed around March.
The timing of bloom onset propagated northward with time,
reaching the northern subpolar regions in late May or June.
These results are generally consistent with those of Yoder
and Kennelly (2003).

Compared to the bloom onsets, bloom end dates were
highly variable. The relative bloom magnitude parameter ac-
counts for the uncertainty in the accuracy of bloom end
dates, since the parameter places relatively little weight on
the bloom duration. In general, however, bloom duration was
longer in the subtropics than in the subpolar region by about
2 months (data not shown), possibly because of the long-
lasting, low-intensity blooms of the subtropics (Fig. 1).

The leading EOF mode of bloom timing accounts for ap-
proximately 28% of the total variance (Figs. 2B, 3A). Early
bloom onsets characterize the northern subtropics, which are
in contrast with the relatively delayed bloom onsets of the
surrounding regions. This pattern is most pronounced during
2000 and 2004 and is reversed in 2001 and 2003. The most
noticeable feature in the second EOF mode pattern is the
relatively coherent central North Atlantic region that exhib-
ited late bloom onsets in 1998, followed by early bloom
onsets in 1999 and 2000 (data not shown). The second mode
accounts for about 21% of the total variance.

Bloom magnitude—Relative bloom magnitudes during the
1998–2004 period are maximal (;1.5 dimensionless units)
in the central subtropics and decrease to the north and south
of this region (Fig. 2C). We later discuss the similarity be-
tween this spatial pattern and that of the seasonal amplitude
of sea-surface temperature in the North Atlantic. There is
also an area of particularly high relative bloom magnitudes
(.1.5) in the southwest basin, off the coast of Venezuela.

The leading EOF mode of relative bloom magnitude ex-
plains about 37% of the total variance (Figs. 2D, 3B). During
positive PC years, from 1999 through 2002, the subtropical
region exhibited relatively high bloom magnitudes. We note
that the subtropics are divided around 258N via a track of
low bloom magnitudes orientated in the southwest to north-
east direction. This quasi-latitudinal line quite accurately
separates regions of different bloom response to wind forc-
ing, as we later show. In 1999, 2000, and 2002, in particular,
lower bloom magnitudes extended from 458N to 608N and
were intersected by a region of higher bloom magnitudes at
about 558N, between Greenland and Iceland. This pattern
reversed in 1998, 2003, and 2004. The second EOF mode
explains about 21% of the total variance (data not shown).
Quasi-latitudinal bands with alternating phases are some-
what evident in the second mode, but the data are generally
noisy.



1824 Ueyama and Monger

Fig. 2. 1998–2004 average (A) bloom timing—Strday, (C) relative bloom magnitude—Chl, (E)
bloom-period wind mixing—Wind, and (G) winter heat flux—Htflx. Spatial eigenfunctions for the
leading EOF of (B) Strday, (D) Chl, (F) Wind, and (H) Htflx during 1998–2004 account for 28%,
29%, 27%, and 31% of the total variance, respectively. Zero wind stress curl contours are overlaid
on the images for reference (Trenberth et al. 1989).

Bloom-period wind mixing—The 1998–2004 period av-
erage wind mixing during the bloom period shows vigorous
mixing [1,000–1,500 (m s21)3] in the Gulf Stream region
(Fig. 2E). On the contrary, southern subtropical regions ex-
hibited relatively low bloom-period wind mixing [300–500

(m s21)3)]. Wind mixing over the remaining regions, includ-
ing the subpolar and the northern and southernmost subtrop-
ical regions, was about 500 to 700 (m s21)3.

The leading EOF mode of wind mixing during the bloom
period explains about 27% of the total variance (Figs. 2F,
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Fig. 3. Principal components (PCs) for the leading EOF of (A)
bloom timing—Strday, (B) relative bloom magnitude—Chl, (C)
bloom-period wind mixing—Wind, and (D) winter heat flux—Htflx
overlaid with principal component-based winter (Dec–Jan–Feb–
Mar) NAO index during 1998–2004 (Hurrell’s NCAR Climate
Analysis Web page). The r2 values between the principal compo-
nents and the NAO indices are 0.352, 0.201, 0.397, and 0.092, re-
spectively. The r2 value between the principal components of rela-
tive bloom magnitude and bloom-period wind mixing is 0.740.

3C). The spatial pattern depicts alternating quasi-latitudinal
bands of high and low wind mixing. With the exception of
the southern subtropics, these bands correspond well with
those of the leading EOF pattern of bloom magnitude (Fig.
2D), though with opposite phases. The temporal patterns
(Fig. 3B,C) are also remarkably similar to each other (r2 5
0.740, p 5 0.01). During the positive PC years of 1999,
2000, and 2002, bloom-period wind mixing was high in
northern subpolar and southern subtropical regions. A region
of low bloom-period wind mixing in the northern subtropics

lies between these two high regions. Smaller but distinct
patches of low wind mixing are also observed in the northern
subpolar North Atlantic, including the region between
Greenland and Iceland, at about 558N–658N. This pattern
reversed most evidently in 1998 and 2004. We also note that
the spatial pattern of bloom-period wind mixing generally
resembles that of bloom timing EOF (Figs. 2B, 3A).

The second EOF mode pattern, representing about 20%
of the total variance, exhibits a fairly coherent region in the
central North Atlantic (data not shown). However, the cor-
responding PCs hover around zero during these years, except
in 2003, when the central North Atlantic experienced rela-
tively low wind mixing.

Winter heat flux—The 1998–2004 average winter heat
flux is characterized by general cooling of the ocean, with
the most intense cooling in the subpolar North Atlantic
(,210 W m22) (Fig. 2G). There is slight warming of the
ocean (0–10 W m22) in the western subtropics and a maxi-
mum warming (.20 W m22) further west in the Caribbean
Sea.

The leading EOF mode of winter heat flux explains about
31% of the total variance (Figs. 2H, 3D). A relatively co-
herent region in the central North Atlantic experienced
warming of the ocean during positive PC years, 2000 and
2001. In contrast, northern and southern basins experienced
cooling, with patches of warming near Greenland and Ice-
land and in the Caribbean Sea. This pattern reversed during
1998, 1999, 2002, 2003, and 2004. Temporal variability in
the spatial pattern of winter heat flux, as depicted by its PCs,
was uncorrelated with that of bloom timing (r2 5 0.000, p
5 1.00) and bloom magnitude (r2 5 0.167, p 5 0.36) (Fig.
3A,B,D).

The second EOF mode explains about 24% of the total
variance (data not shown). A large coherent region across
the southern North Atlantic, south of about 408N and 258N
in the western and eastern basins, respectively, exhibited
negative winter heat flux during 1999. A latitudinal band of
positive winter heat flux north of this region forms a dipole
structure. The phases of this dipole pattern reverse in 2000.

Discussion

The mean and major modes of interannual variability in
the timing and magnitude of phytoplankton blooms in the
North Atlantic have been determined from an analysis of 7
yr of satellite observations. By also presenting the major
mode of variability in wind mixing and net surface heat flux
over the same time period, we are able to make some infer-
ences about the relationship between the timing and mag-
nitude of blooms and the underlying physical forcing. In the
discussion that follows, we place our observations of the
mean and modal patterns of bloom timing and magnitude in
the context of previous work.

Mean pattern of bloom timing—Seasonal increase of phy-
toplankton in the subpolar region is a consequence of the
formation of thermal stratification that inhibits wind mixing
below the critical depth. Timing of stratification is a function
of increased solar heating in spring and may be modulated
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by wind mixing during late winter to early spring (Townsend
et al. 1992; Stramska et al. 1995). When averaged over many
years, year-to-year variability in mixing is dampened, and
the timing of thermal stratification in the subpolar region
follows a general pattern of delayed stratification at higher
latitudes set by increasing solar radiation input. The timing
of bloom onset in the subpolar North Atlantic, as determined
in the present analysis, begins around March at about 408N
and propagates northward, ending in late May at higher lat-
itudes (Fig. 2A).

In the northern subtropical region, convective entrainment
of nutrients in autumn drives the main seasonal increase in
phytoplankton (Menzel and Ryther 1961; Michaels and
Knap 1996; McGillicuddy et al. 2003). Consequently, the
timing of bloom onset is closely tied to the reduction of solar
heat flux in autumn. Using the same logic applied to spring
bloom formation, the strength of wind forcing in autumn is
expected to modulate the timing of bloom onset on a year-
to-year basis, while the mean pattern of bloom timing is set
primarily by seasonal change in solar heating. Our results
indicate that the seasonal increase in phytoplankton begins
in late autumn or early winter in the northern subtropics (Fig.
2A), which is consistent with the idea of an entrainment-
driven increase.

In the southern subtropical region, convective supply of
nutrients is negligible (Williams et al. 2000), and nutrients
are supplied to the euphotic zone in roughly equal propor-
tions by vertical advection and vertical mixing (Mc-
Gillicuddy et al. 2003). Assuming a relatively constant ad-
vective component, seasonal variation in wind speed is
expected to drive a seasonal change in wind mixing and,
consequently, a seasonal increase in phytoplankton. Data
presented by Houghton (1989) and by Servain et al. (1985)
indicate that wind speeds over the western tropical Atlantic
reach a minimum in late summer, begin to increase in early
winter, and continue to increase into spring. The timing of
bloom onset observed in the present data coincides with this
seasonal increase in wind speed in early winter (Fig. 2A).

The oceanic region influenced by the Orinoco River
plume shows a bloom onset date that is much later than the
rest of the southern subtropical gyre (Fig. 2A). The Orinoco
River discharge rate increases from March through August,
stimulating early-summer phytoplankton blooms off the
coast of Venezuela (Muller-Karger and Castro 1994).

Mean pattern of bloom magnitude—Phytoplankton
blooms in the North Atlantic, as measured by the bloom
parameter index, exhibit maximal values at midlatitude re-
gions (Fig. 2C). This pattern arises partly from the use of
the relative bloom magnitude parameter, which represents
the increase in chlorophyll concentration during the bloom
period relative to the average chlorophyll value during the
rest of the year at a specific region. Since the mean chlo-
rophyll concentration is highest in the subpolar North Atlan-
tic, it is not too surprising that maximum relative magnitudes
are not found there. Furthermore, this maximal region in the
central subtropics corresponds to the location of maximal
seasonal variability in surface heating, as reflected in the
seasonal amplitude of sea–surface temperature (Cherniawsky
and Oberhuber 1996). Large seasonal variability in surface

heating destabilizes the water column and enhances vertical
mixing, leading to enhanced blooms in the central North
Atlantic. This is consistent with the findings of Colebrook
(1979) on the relationship between bloom formation and
sea–surface temperature. There is also a region of large
bloom magnitudes near the Orinoco River plume that is
forced in a unique way by seasonal river discharge (Muller-
Karger and Castro 1994) and is therefore not considered in
the present article.

General remarks on interannual variability—We exam-
ined the patterns of interannual variability exhibited by the
first EOF mode. As mentioned earlier, regions with spatial
eigenfunctions of the same/opposite sign denote regions that
change in/out of phase with each other through time. More-
over, if the principal components from separate EOF anal-
yses have similar oscillating trends from year to year (Fig.
3), then their corresponding spatial eigenfunctions can be
used to infer whether the parameters vary in phase or out of
phase with one another. It is worth noting here that the prin-
cipal components of bloom timing and magnitude generally
resemble those of bloom-period wind mixing (Fig. 3A–C).
This resemblance allows qualitative comparisons of the spa-
tial patterns of variability in the bloom parameters and
bloom-period wind mixing (Fig. 2B,F). The spatial pattern
of variability in winter heat flux (Fig. 2H), however, cannot
be easily interpreted in relation to the other parameters be-
cause of its unique temporal variability (Fig. 3D). Similarity
in the spatial patterns of bloom magnitude and winter heat
flux (Fig. 2D,H), for example, does not indicate a correlation
between the two parameters because of the mismatch in their
corresponding temporal patterns (Fig. 3B,D). We include
EOF results of winter heat flux for the completeness of our
argument. Since this study concerns the general trend of
North Atlantic bloom dynamics and the underlying physical
forcing, we chose a simple approach using independent EOF
analyses, rather than performing an extended EOF analysis
of two or more variables.

We added the zero wind stress curl contours to Fig. 2 as
an obvious guide for the reader’s eye. It appears that the
choice of zero wind stress curl line may not be the optimal
choice for delimiting the subpolar and subtropical gyres in
the northeast Atlantic; in all cases, the patterns of variability
tend to slope below the zero wind stress curl contour in the
northeast Atlantic. Nevertheless, this criterion was retained
because the well-established wind stress curl climatology
data set by Trenberth et al. (1989) serves as a stable bench-
mark from which to examine the position of key features in
the North Atlantic. For the remainder of this article, we
merge the narrow region south of the zero wind stress curl
line in the northeast basin with the rest of the subpolar re-
gion.

Interannual variability in bloom timing—The pattern of
variability in bloom onset exhibits three primary regions
(Fig. 2B): subpolar gyre and northern and southern subtrop-
ical gyres. In the subpolar gyre, reduced mixing associated
with calm wind conditions over an unstratified water column
in late winter can create suitable light conditions for phy-
toplankton growth, leading to early spring blooms (Town-
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send et al. 1992; Stramska and Dickey 1994). Similarly, ex-
ceptionally stormy conditions in early spring can delay the
onset of the spring bloom (Waniek 2003). The observed re-
lationship between the strength of wind forcing and timing
of bloom onset in the subpolar region is noisy (Fig. 2A,F).
However, with the exception of the Labrador Sea region and
a fairly broad central subpolar region (both of which may
have been influenced by sea ice formation), the subpolar
gyre exhibited delayed bloom onset during years of en-
hanced wind mixing. There are obviously other factors af-
fecting the timing of bloom onset, most notably a variation
in the net heat flux.

The subtropical gyre is clearly separated into northern and
southern halves that vary out of phase from each other, as
denoted by spatial eigenfunctions of the opposite sign. The
relationship between interannual variability in wind forcing
and the timing of seasonal increase over most of the sub-
tropical gyre is remarkably consistent. Years of strong/weak
wind mixing correspond to years of late/early timing of sea-
sonal increases in phytoplankton (Fig. 2B,F). Although the
timing of bloom onset in the northern subtropical region is
mainly set by convective entrainment of nutrients in autumn,
these results indicate that interannual variability in wind
mixing is an important source of interannual variability in
bloom timing.

We realize that interannual variability in the timing of
bloom onset should be compared with interannual variability
in wind mixing prior to bloom onset, rather than with vari-
ability in wind mixing during the bloom period. This may
be part of the reason for the noisy relationship observed in
the subpolar region. Nonetheless, it is reasonable to assume
that anonymously windy conditions before the bloom onset
reflect anonymously windy conditions during the early days
of the bloom period. Hence, as a first-order approximation,
we consider the bloom wind parameter to represent the de-
gree of storminess throughout and prior to the onset of the
bloom period.

Interannual variability of bloom magnitude—The pattern
of interannual variability in bloom magnitude in the subpolar
region shows a broad band of negative spatial eigenfunctions
across the southern half of the subpolar region and a region
of positive values further north (Fig. 2D). The pattern of
variability in wind mixing is opposite to that of bloom mag-
nitude (Fig. 2F). This out-of-phase relationship implies that
strong winds have a negative impact on bloom development.
Follows and Dutkiewicz (2002) recognized this remarkable
feature and illustrated the positive and negative relationships
of chlorophyll and wind using two scatterplots—one for the
subpolar region bins and one for the southern subtropical
region bins. Our results are also consistent with the argument
of Dutkiewicz (2001), who claimed that vigorous wind mix-
ing during the bloom period in light-limited regions with
shallow critical depths reduces light availability, leading to
diminished blooms. The weak response of phytoplankton to
winter heat-flux variations in the subpolar region may be a
result of the small vertical nitrate gradient at the base of the
seasonal layer. When convection acts on a weak vertical gra-
dient of nitrate, even a reasonably large change in the depth
of winter convective mixing will have a small effect on the

end-of-winter nutrient concentration. Williams et al. (2000)
showed that weak vertical nitrate gradient, along with mod-
est changes in the end-of-winter mixed layer depth, causes
small annual variations in convective nitrate flux at high lat-
itudes. Since variations in winter heat flux do not appear to
significantly influence springtime light or nutrient condition
at high-latitude regions, it is unlikely that interannual vari-
ability in winter heat flux will force large interannual vari-
ability in spring bloom magnitude over the subpolar North
Atlantic.

Bloom magnitude over much of the subtropical gyre, ex-
cluding the Orinoco River plume area, varied coherently in
time (Fig. 2D). Given the bipolar pattern of variability in
wind mixing (Fig. 2F), this implies that bloom magnitude is
out of/in phase with wind forcing in the northern/southern
subtropical gyres.
The positive relationship between bloom magnitude and
wind mixing in the southern subtropical region is consistent
with the idea that when light is not limiting, an increase in
bloom-period wind mixing enhances nutrient input into the
euphotic zone, leading to higher chlorophyll concentrations
(Follows and Dutkiewicz 2002). Our observation is also con-
sistent with that of Williams et al. (2000), who showed that
the convective supply of nitrate is small across most of the
subtropics south of 308N. Furthermore, McGillicuddy et al.
(2003) indicated that convective supply of nitrate to the sur-
face layer is negligible in the permanently stratified waters
of the eastern subtropics at the Eutrophic, Mesotrophic, and
Oligotrophic site (218N, 318W) and that vertical mixing was
a major contributor to total nutrient input.

In the northern subtropics, bloom magnitude is clearly out
of phase with the strength of wind mixing. We expected a
more ambiguous response to wind in this region because of
its location between the light-limited subpolar gyre and the
nutrient-limited southern subtropical gyre. Follows and Dut-
kiewicz (2002) had omitted this region between the subtrop-
ical and subpolar ‘‘regimes’’ in their discussion of bloom
and wind. Moreover, we expected to see a close correspon-
dence between interannual variations in bloom magnitude
and winter heat flux based on previous documentation of the
relationship between interannual variability in primary pro-
duction and chlorophyll biomass, with variability in the
depth of winter convection (Menzel and Ryther 1961; Mi-
chaels and Knap 1996). However, this connection was not
observed in the present data (Fig. 2D,H).

The spatial pattern of winter heat flux variability in the
subtropics (Fig. 2H) coincides with the centers of anomalies
of air–sea heat fluxes and sea surface temperature tendencies
(Cayan 1992). However, variability in winter heat flux ex-
hibits little or no relationship to variability in bloom mag-
nitude because of the uncorrelated temporal patterns of the
two (Fig. 3B,D). The accuracy of the surface heat flux es-
timates from the NCEP/NCAR reanalysis is not well con-
strained (Kistler et al. 2001; Moore and Renfrew 2002).
Nonetheless, given the assumption that these products depict
actual heat flux values to a reasonable degree, our results
indicate that interannual variations in bloom-period wind
mixing had a larger impact on the interannual variability in
bloom magnitude than did interannual variations in winter
heat flux during the 1998–2004 period. With mixed layer
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depths typically exceeding 200 m during the entrainment
period (Steinberg et al. 2001), enhanced wind mixing during
this period is expected to reduce light availability and di-
minish bloom magnitude, as was evident in our observa-
tions.

NAO-related patterns of bloom variability—EOF analyses
performed in this study have revealed that major modes of
interannual variability in bloom timing and magnitude are
related to the major mode of variability in wind mixing dur-
ing the bloom period. Since the major mode of wind vari-
ability in the North Atlantic is associated with the NAO
(Visbeck et al. 2001), we briefly explored the connection
between interannual variability in the bloom parameters and
the NAO index.

Phytoplankton variability in the North Atlantic and its re-
lationship with the NAO have been examined in the past
(Reid et al. 1998; Barton et al. 2003). Follows and Dutkiew-
icz (2002) showed that increased nutrient flux to surface wa-
ters associated with enhanced winter mixing in the subtrop-
ics—a characteristic of negative NAO condition—is an
important source of interannual variability in phytoplankton
biomass and productivity. EOF results by Yoder and Ken-
nelly (2003) indicated that the effects of NAO are detectable
as interannual chlorophyll anomalies in analyses focusing on
northern hemisphere middle- to high-latitude basins. When
we correlated the first principal component of bloom mag-
nitude with the principal component-based winter (Dec–Jan–
Feb–Mar) NAO index, we found the relationship insignifi-
cant (r2 5 0.20) (Fig. 3B). The correlation between the first
principal component of bloom onset and the principal com-
ponent-based NAO index (Fig. 3A), however, was somewhat
stronger (r2 5 0.35). This implies that winter NAO condi-
tions may set the stage for bloom initiation. However, the
link between bloom timing and NAO is still speculative at
the present time. Future studies should investigate whether
this relationship will hold on a decadal or longer time scale.

Observations of the major modes of variability in bloom
magnitude and wind forcing are consistent with previous re-
sults by Follows and Dutkiewicz (2002). Building upon their
pioneering work, our EOF results provide a basin-scale view
of the year-to-year variability in bloom timing, bloom mag-
nitude, wind mixing, and winter heat flux in high spatial
resolution during the 1998–2004 period. In addition to the
remarkable spatial coherency of bloom and wind variability
observed in our results, this approach revealed an important
contribution of wind mixing to bloom variability in the
northern subtropical gyre, a region omitted in the study by
Follows and Dutkiewicz (2002). Interannual variability in
bloom magnitude in this region has always been linked to
variability in deep convective mixing associated with heat
loss beginning in early winter. Given that mixed layers dur-
ing the bloom period in the northern subtropical gyre often
exceed 200 m, it is perhaps not too surprising that winds are
able to modulate bloom magnitudes. While NAO-related ef-
fects may have influenced the timing of bloom onset during
1998–2004, future work is needed to examine the relation-
ship between bloom magnitude and net surface heat flux to
better assess the effects of climate variability on phytoplank-
ton dynamics and ecosystem response.
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