ARTICLE IN PRESS

Deep-Sea Research II 51 (2004) 43–57

Seasonal patterns of sea-surface temperature and ocean color
around the Gala! pagos: regional and local inﬂuences$
Daniel M. Palacios*
College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR 97331-5503, USA
Received 23 April 2003; received in revised form 18 August 2003; accepted 20 August 2003

Abstract
Monthly climatologies of satellite-derived sea-surface temperature (SST, from AVHRR) and ocean color (from
Ocean Color and Temperature Scanner and Sea-viewing Wide-Field-of-view Sensor) around the Gal!apagos
Archipelago are used to estimate the mean seasonal cycle of these properties and their relationship to the equatorial
circulation in this oceanographically complex region. Harmonic analysis of the climatological time series indicates a
best ﬁt with annual and semi-annual constituents. The annual amplitude is the dominant signal in SST, corresponding
to the basin-wide seasonal cycle of warming and cooling associated with the north–south migration of the intertropical
convergence zone. Inﬂux of upwelled water from the Panama! Bight into the northeastern part of the study area is also
consistent with the annual signal. An empirical orthogonal function decomposition identiﬁes two main spatial patterns
with amplitude time series representing out-of-phase annual cycles. The dominant mode corresponds to the
strengthening of the Equatorial Front and the South Equatorial Current during the second part of the year. This mode
explains 92.2% of the SST variance and 82.9% of the ocean-color variance. The second mode is consistent with the
topographically induced upwelling of the Equatorial Undercurrent on the western side of the archipelago, and with
inﬂux of upwelled Panam!a Bight water on the eastern side, both reaching their peak during the ﬁrst part of the year.
This mode accounts for 6% of the SST variance and 7.7% of the ocean-color variance. The seasonal evolution of watercolumn temperature and nitrate (from World Ocean Atlas 1998 climatologies) is consistent with the satellite-derived
patterns. A slight tilt aligned with the east–west axis of the Gal!apagos Platform (outlined by the 2000-m isobath) is
evident in all property ﬁelds, suggesting that the presence of the archipelago introduces a small but noticeable
perturbation to the large-scale currents and property gradients of the eastern equatorial Paciﬁc.
r 2004 Elsevier Ltd. All rights reserved.

1. Introduction
Located in the eastern equatorial Paciﬁc, the
Gala! pagos Archipelago lies in an area of rapid
$
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change in oceanographic conditions owing to its
proximity to the Equatorial Front (EF). The EF is
a regional feature that runs zonally between the
South American coast and the international dateline, separating warm waters to the north from
cool waters to the south. Biological production
across this gradient is strongly inﬂuenced by the
availability of macronutrients (i.e. nitrate) and
micronutrients (i.e. iron). Conditions are generally
oligotrophic north of the EF due to a meager
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nitrate supply across the strong pycnocline. South
of the EF, wind-induced equatorial upwelling
provides nitrate in adequate concentrations, but
iron is in limited supply, leading to ‘‘high-nutrient,
low-chlorophyll’’ (HNLC) conditions through
most of this region. Only at the Gala! pagos is this
condition relieved owing to a localized phenomenon, the topographically forced upwelling of the
Equatorial Undercurrent (EUC) on the western
side of the archipelago. In this area, phytoplankton populations are able to use the upwelled
nitrate in the presence of a local source of iron
derived from the island platform (Gordon et al.,
1998; Lindley and Barber, 1998). The productive
habitat that develops in this area can be seen in
ocean-color satellite imagery as a plume of
elevated phytoplankton pigment concentration
extending westward for 100 km or more (Feldman
et al., 1984; Feldman, 1986; Palacios, 2002). Thus,
within Gala! pagos waters it is possible to ﬁnd
warm/oligotrophic, cool/HNLC, and cool/eutrophic conditions in close proximity to each
other.
This static description does not consider the
seasonal cycle, which is a major signal in the
eastern equatorial Paciﬁc (e.g. Hayes, 1985;
Delcroix, 1993; Yu and McPhaden, 1999; Johnson
et al., 2002). It has been known for some time that
despite lying on the equator, the annual cycle of
sea-surface temperature (SST) at the Gala! pagos
follows a distinct southern hemisphere schedule
(Abbott, 1966). However, this observation is based
on localized measurements from shore stations in
the central part of the archipelago, and it has been
suggested that the northern sector may be under a
different regime (Harris, 1969). Also puzzling is
the apparent lack of seasonality in phytoplankton
abundance despite the clear SST cycle (Harris,
1969; Houvenaghel, 1978, 1984; Kogelschatz et al.,
1985; Feldman, 1986).
Monthly climatologies of remotely sensed SST
and ocean color (i.e. the concentration of nearsurface phytoplankton chlorophyll a) are used in
this paper to estimate the mean seasonal cycle of
these properties for the Gala! pagos region. The
islands lie at the conﬂuence of several current
systems, as illustrated in Fig. 1. The degree of
exposure of the different sectors of the archipelago
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Fig. 1. Schematic representation of the current systems in the
vicinity of the Gal!apagos Islands. SEC=South Equatorial
Current, EUC=Equatorial Undercurrent, PBI=Panam!a Bight
!
Inﬂuence, PC=Peru! Current, PCCC=Peru–Chile
Countercurrent, PCUC=Per!u–Chile Undercurrent. Dashed arrows
represent subsurface ﬂows. Adapted from Pak and Zaneveld
(1973), Anderson (1977), Lukas (1986), and Strub et al. (1998).

to the currents, as well as the interaction of these
ﬂows with the underwater topography, undoubtedly have important effects. Consequently, an
additional goal of this paper is to describe the
effects of the presence of the archipelago on these
ﬂows, as manifested in the satellite ﬁelds.

2. Study area
The area for this study is deﬁned as a 7  7
latitude–longitude box extending from 3 N to 4 S
and from 87 to 94 W, and encompassing all
environment types found around the Gala! pagos,
as described in the introduction. The spatial extent
of the area thus deﬁned is about 605  103 or
597  103 km2 if the area of the islands is
subtracted (Fig. 2).

3. Satellite climatologies
Climatological monthly ﬁelds of satellite-derived SST and ocean color (chlorophyll-a concentration, or chl) with a spatial resolution of 9.28 km
are used here to investigate patterns of spatial and
temporal variability around the Gala! pagos Islands. The SST climatologies are a standard
product known as the ‘‘Pathﬁnder+Erosion’’
monthly climatologies, distributed by the Physical
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Fig. 2. Map of the Gal!apagos Archipelago with the names of
the main islands. The arrow indicates the location of the CDRS
dock.

Oceanography Distributed Active Archive Center
(PO.DAAC) at the Jet Propulsion Laboratory
(JPL) of the California Institute of Technology
and the National Aeronautics and Space Administration (NASA). This product was computed
from a 13-year period (1985–1997) of Advanced
Very High Radiometer (AVHRR) measurements
processed with versions 4.0 and 4.1 of the
Pathﬁnder Oceans algorithm. Casey and Cornillon
(1999) describe the production of these climatologies through 1995. Brieﬂy, daily ﬁelds (daytime
and nighttime passes of the satellite) were averaged
into monthly time series after applying an ‘‘erosion
ﬁlter’’ near cloud-ﬂagged pixels that further
reduced the possibility of cloud contamination.
For each month of the year, all data corresponding
to that month in the 1985–1997 series were
averaged, resulting in an initial climatology consisting of 12 monthly means. Although the global
mean ﬁelds were essentially complete, small gaps
with no data remained in regions with persistent
cloud clover. These gaps were ﬁlled with the
median value of the surrounding SST values from
the 7  7 pixel box (B65  65 km) centered on the
missing pixel. Only few pixels were missing after
the ﬁrst median ﬁlter, and these were interpolated
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with a second 11  11 (B102  102 km) median
ﬁlter, effectively removing all remaining gaps, but
leaving the non-missing pixels unchanged. Finally,
small-scale noise was removed with a 7  7 median
smoother applied to each entire ﬁeld (Casey and
Cornillon, 1999).
Ocean-color climatologies were formed for the
6.7-year period November 1996–June 2003 by
combining chl concentrations derived from two
sensors: the Ocean Color and Temperature Scanner (OCTS), which operated between November
1996 and June 1997, and the Sea-viewing WideField-of-view Sensor (SeaWiFS), which has been
in operation since September 1997. These data are
produced by the SIMBIOS-NASDA-OCTS and
the SeaWiFS projects at the NASA Goddard
Space Flight Center (GSFC) and distributed by
the GSFC Earth Sciences Data and Information
Services Center Distributed Active Archive Center
(GES DISC DAAC). The monthly ocean-color
products at 9.28-km resolution for the OCTS and
SeaWiFS sensors were initially combined into an
ocean-color time series that contained data for the
80-month period November 1996–June 2003.
There was a 2-month gap between the two
missions in July and August 1997 for which there
were no data. The same procedure used by Casey
and Cornillon (1999) to produce the monthly
SST climatologies was applied to the oceancolor time series, except that the ﬁelds were not
eroded. Since chl values spanned three orders
of magnitude, the ocean-color data were logtransformed prior to analysis in order to homogenize the variance. An animated sequence of the
ﬁnal 12 monthly climatologies is included online
(Animation 1).

4. Harmonic analysis
Harmonic analysis (Emery and Thomson, 1997)
was applied to the SST and ocean-color monthly
climatologies to investigate their ﬁt to a seasonal
cycle composed of an annual and a semi-annual
period. Phase lags are given in months relative to
15 January, the ﬁrst month in the time series.
Fig. 3 shows the mean ﬁelds computed from the
12 SST and ocean-color monthly climatologies. It
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Fig. 3. Temporal mean ﬁelds of ‘‘Pathﬁnder+Erosion’’ SST
( C) (A); and log-transformed OCTS/SeaWiFS chl (mg m 3)
(B) monthly climatologies, respectively.

is apparent that the archipelago lies within a
region with a strong north–south thermal gradient.
The EF, a band where the most rapid changes take
place (i.e. the 24–26 C interval) is located between
1 N and 2 N on the western side of the study area
and between 0 N and 1 N on the eastern side (Fig.
3A). The principal effect of the presence of the
island platform in the region is to block the EUC
(see Fig. 1), forcing some of its waters to upwell
and form a pool of cold water on the western side
of the archipelago (Fig. 3A). Phytoplankton
populations in this pool are enhanced, according
to the very high chl concentrations observed in

Fig. 3B. A zonal band of cool water (and
somewhat elevated chl levels) extends eastward
from this pool, mainly along the southern margin
of the archipelago, possibly marking the path of
the shallow southern branch of the EUC as it
continues its journey toward the South American
continent (see Fig. 1).
Fig. 4 shows the annual and semi-annual
amplitudes, together with the percent of the
variance explained by the ﬁt. The harmonic ﬁt
explains a large percentage of monthly variability
for both SST and chl throughout much of the
study area (R2 range: 85.3–99.9% for SST; 17–
96.7% for chl) (Figs. 4E and F). The SST annual
amplitude (Fig. 4A) is the dominant signal. It
represents a large-scale pattern of warming and
cooling that is most evident in the southern half of
the study area. On the other hand, the semi-annual
amplitude (Fig. 4C) is small throughout the study
area (o0.9 C), and only becomes important in
localized areas along the northern sector.
Although the chl annual amplitude also represents
a regional pattern with large excursions at the
southeast corner of study area (Fig. 4B), the plume
of enhanced phytoplankton on the western side of
the archipelago shows the greatest variability. The
magnitude of the semi-annual constituent is about
as large as that of the annual amplitude in this
area, suggesting that the plume is highly variable
on an intraseasonal scale as well.
One particularly interesting feature in the
annual amplitude, most noticeable in the SST
ﬁeld, is a southward tilt in the pattern of about
1.5 in latitude from west to east that is aligned
with the shape of the archipelago (as indicated by
the 2000-m depth contour in Fig. 4A). This feature
is best explained in terms of the annual phase
(Fig. 5A), which indicates that much of the study
area reaches maximum temperatures around
March, when the southeast trade winds that
normally cool the region are weakest and the
intertropical convergence zone (ITCZ) is at its
southernmost position. However, a distinct wedgeshaped area on the eastern sector reaches its
maximum temperature about 2 months earlier. At
that time the area begins receiving the inﬂux of
upwelled waters from the Panama! Bight (Cromwell and Bennett, 1959; Wooster, 1959). It appears
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Fig. 4. Harmonic analysis: (A,B) annual amplitude constituents for SST ( C) and log-transformed chl (mg m 3), respectively; (C,D)
semi-annual amplitude constituents for the same variables; and (E,F) percent explained variance by the harmonic ﬁt for the same
variables. Black contour indicates the 2000-m isobath.

that the islands act as an obstacle to the penetration of these waters, as the annual phase is
locked-in with the shape of the archipelago
(indicated by the 2000-m depth contour in
Fig. 5A) in this sector. This phenomenon also
explains the tilt in the amplitude pattern: the inﬂux
of cool waters prevents this sector from reaching
maximum temperatures during this period.
The chl annual phase (Fig. 5B) reveals two
distinct annual cycles within the study area, one

peaking in the austral fall (around May) in the
northern part and the other one peaking in the
austral spring (around August) in the southern
part. The northern cycle is consistent with the
annual advection of waters enriched with phytoplankton (or possibly colored dissolved organic
matter) from the Panama! Bight, while the southern cycle represents the increase in phytoplankton
biomass resulting from equatorial upwelling during the southeast trade wind season. The phase
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Fig. 5. Harmonic analysis: (A,B) annual phase constituents for SST and ocean color, respectively (both in months relative to January);
and (C,D) semi-annual phase constituents for the same variables (both in months relative to January). Black contour indicates the
2000-m isobath.

transition between the two regimes is abrupt and
takes place along a meandering band between 1 N
and 2 N that roughly corresponds with the
location of the EF.
Although the semi-annual amplitude constituents for both SST and chl were only important in
localized areas, the semi-annual phases depict
large-scale patterns (Figs. 5C and D). This
constituent has been associated with the westward
propagation of the seasonal cycle along the
equator (Lukas, 1986; Yu and McPhaden, 1999),
and with other intraseasonal phenomena (e.g.
Kelvin waves) that are not well resolved by
monthly climatologies.

5. Empirical orthogonal function analysis
A conventional empirical orthogonal function
(EOF) analysis (Emery and Thomson, 1997),
which decomposes the temporal variance at each

spatial location after removing the time-averaged
mean, yielded the annual and semi-annual components of the seasonal cycle in the ﬁrst two
modes, and it did not provide any new information. Speciﬁcally, none of the dominant modes
were associated with the local effects of the
EUC, which have been described as a quasipermanent pool of cold water on the western
side of Isabela and Fernandina islands (Houvenaghel, 1978). Alternatively, EOFs can be computed
after removing the spatial mean at each time
step (Lagerloef and Bernstein, 1988). In this
case, the EOFs decompose the variability of the
spatial property gradients rather than the variability of the property itself (Kelly, 1988). These
‘‘spatial variance EOFs’’, also called ‘‘gradient EOFs’’ (Paden et al., 1991), are useful
when the purpose is to investigate the variance associated with features that do not
vary strongly over time (Lagerloef and Bernstein,
1988).
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Fig. 6. EOF analysis: (A,B) monthly spatial means for SST and log-transformed chl, respectively, that were removed from the time
series prior to the EOF analysis; and (C,D) temporal variance decomposed by the analysis for SST ( C2) and log-transformed chl
[(mg m 3)2], respectively. Black contour indicates the 2000-m isobath. Time series are repeated twice for clarity. Dashed line in (A) is
the long-term (1965–2001) monthly averaged SST measured at the CDRS dock. The location of the CDRS dock is indicated in Fig. 2.

The spatial means that were removed at each
time step following this method are shown in
Fig. 6. Both averages exhibit a clear seasonality,
with a maximum SST in March of 26.9 C and a
minimum in August of 22.2 C (Fig. 6A). The chl
time series depicts a semi-annual cycle with the
ﬁrst peak occurring in March (0.3 mg m 3) and a
second, larger peak occurring between July and
September (0.4 mg m 3) (Fig. 6B). The variance
ﬁelds of the adjusted data matrices (i.e. that
variance which is decomposed by the gradient
EOF analysis) are shown in Fig. 6C and D for SST
and chl, respectively.
The dominant mode in the SST EOF decomposition explains 92.2% of the variance of the
adjusted monthly climatologies. Its spatial pattern
(Fig. 7A) is similar to the temporal mean described
at the beginning of Section 4 (Fig. 3A). There is a
strong north–south temperature gradient, with the
zero crossing corresponding with the southern

boundary of the EF. A large pool of cooler-thanaverage water extends west of Islabela and
Fernandina islands. The ﬁrst gradient EOF mode
for the chl data explains 82.9% of the variance.
Although a large-scale north–south gradient is
also evident, the main feature is a concentric
pattern of above-average chl centered in Elizabeth
Bay, the southern of two bodies of water formed
between Isabela and Fernandina islands (Fig. 7B).
Gradient mode 2 captures 6% of the SST spatial
variability. Its spatial pattern exhibits a zonal band
of cool water between 2 N and 2 S, with a large
pool of cold water on the eastern side of the
archipelago and a smaller pool directly west of
Isabela and Fernandina islands (Fig. 7C). Warmer-than-average waters are found along the
northern and southern edges of the study area.
For the chl decomposition, the second mode
describes 7.7% of the variance. Above-average
chl concentrations are found occupying the
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Fig. 7. EOF analysis: (A,B) mode 1 spatial patterns for SST and log-transformed chl, respectively; and (C,D) mode 2 spatial patterns
for the same variables. Black contour indicates the 2000-m isobath.

northern half of the study area, and a distinct
center of high chl is again found in Elizabeth Bay
(Fig. 7D). Below-average chl concentrations are
found along the southern sector.
The temporal amplitudes associated with each
EOF are presented in Fig. 8. The mode 1
amplitudes are positive for the SST, and consist
of an annual cycle with a minimum in March
and a maximum in September (Fig. 8A). Thus,
the spatial pattern is well developed during
the second half of the year, and its timing is
consistent with the intensiﬁcation of generalized
wind-driven equatorial upwelling south of the EF
(Fig. 7A). The linearity of the spatial pattern along
east–west bands is suggestive of persistent zonal
ﬂows most likely associated in the South Equatorial Current (SEC; Fig. 1), which is strong between
July and December (Johnson et al., 2002). The
extent and axis of orientation of the cold pool off
Isabela and Fernandina are also consistent with
westward advection of upwelled EUC waters by
the SEC.

Mode 1 temporal amplitudes for chl describe a
positive cycle with two peaks of similar magnitude
during the year; the ﬁrst one in January and
the second one in August. Chl levels are low
between February and July and somewhat higher
between September and December (Fig. 8B). This
suggests that the local response by phytoplankton
to the annual cold tongue cycle and the intensiﬁcation of the SEC is complex and also may be
inﬂuenced by nutrient availability. The spatial
pattern associated with this mode (Fig. 7B) is only
strong in the waters surrounding the western
group of islands, and to a lesser degree in a zonal
band extending roughly between 1 N and 3 S.
These waters are probably under the enriching
inﬂuence of the EUC, as will be discussed in the
next section.
The temporal amplitudes of the SST mode 2
depict an annual cycle with positive values
between January and July (peaking in April)
and negative values between August and December (minimum in October) (Fig. 8C). The
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Fig. 8. EOF analysis: (A,B) mode 1 temporal amplitudes for SST and log-transformed chl, respectively; and (C,D) mode 2 temporal
amplitudes for the same variables. Time series are repeated twice for clarity.

corresponding spatial pattern (Fig. 7C) is thus
most intensiﬁed in April, and its timing is
consistent with the strengthening and shoaling of
the EUC in the eastern Paciﬁc (Lukas, 1986;
Johnson et al., 2002). The pool of cold water on
the western side of Fernandina and Isabela during
this time represents EUC waters forced to surface
by the steep slopes of these islands. Colder-thanaverage waters also surround the central and
northern group of islands. The large cold pool
impinging on the eastern side of the archipelago is
consistent with the inﬂux of upwelled waters from
the Panama! Bight, which also occurs between
December and April (Cromwell and Bennett, 1959;
Wooster, 1959).
Chl mode 2 temporal amplitudes (Fig. 8D) are
also positive between January and June (but they
peak in March, a month earlier than the SST time
series), and generally negative between July and
December (the minimum occurs in September). As
expected, high chl values occupy the same general
area where the cool waters are found, although a

slight shift to the north is apparent in the chl
ﬁeld (Fig. 7D).
It is argued that the gradient EOFs picked up
patterns consistent with surface manifestations of
the EUC and its seasonality in the second mode.
The small percentage of the variance represented
by this mode (about 6% for SST and 8% for chl) is
attributed to two factors. First, it should be borne
in mind that the satellite sensors (especially the
AVHRR) measure surface properties that respond
primarily to the tightly coupled ocean–atmosphere
system of the eastern equatorial Paciﬁc (i.e, the
meridional migration of the trade wind belts and
the associated ITCZ). Thus, the cooling effect
of a strong and shallow EUC during the austral
fall is attenuated by warming at the surface.
Independent evidence of this effect is present
in the long-term monthly average of a 37-year
(1965–2001) in situ SST time series (dashed line
in Fig. 6A) measured daily at the dock of
the Charles Darwin Research Station (CDRS in
Fig. 2), on Santa Cruz Island. Although rapid
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warming occurs between December and February,
the curve ﬂattens out in March, revealing the slight
cooling inﬂuence of the EUC at a time when the
region as a whole reaches maximum temperatures
(i.e. the solid line in Fig. 6A). Podesta! and Glynn
(1997) have actually documented a dip of a few
tenths of a degree in March in an annual cycle
estimated from a seasonal-trend decomposition of
the daily values in the CDRS time series (see also
Fig. 1 in Abbott (1966) for a similar behavior in a
!
time series at Wreck Bay, San Cristobal
Island).
The smaller peak in the chl spatial mean (Fig. 6B)
during March is also consistent with EUC
enhancement at this time.
A second reason has to do with the use of
climatological time series composed of only 12
monthly steps. The variance contained in these
data is small compared to that in the original time
series used to construct them. In addition, such
time series tend to be dominated by the seasonal
cycle, while intraseasonal and interannual variability are de-emphasized or lost.
The SST and chl amplitude time series do
not always overlap. This may be in part due to
the fact that the climatologies were derived
from different base periods (1985–1997 for SST
and 1996–2003 for ocean color), that large
interannual signals (i.e. El Niño/La Niña) may
have biased the data in different ways, and that
the chl signal is inherently noisier than the smooth
SST. Also, the ocean-color sensor measures
chl concentrations within the ﬁrst optical attenuation depth (i.e. the upper 5–25 m of the water
column), while the SST measurement is limited
to the skin (i.e. the top 1 mm) of the water column,
so that the ocean-color sensor may in fact
detect changes in the water column before the
SST sensor does.
In spite of these caveats, it should be noted
that the contribution of mode 2 to the variability
in the data sets is not always small. The reconstructed time series for this mode, obtained by
multiplying the values in the spatial pattern at
each location by the temporal amplitudes, can at
times have a greater magnitude than the reconstructed time series for the dominant mode. This
can be visualized online in Animations 2 and 3.
For example, during March and April the

reconstructed SST time series for mode 2 is greater
than the time series for mode 1 by up to 0.85 C in
the coldest areas. Therefore, mode 2 or, rather, the
SST and chl gradients induced by the processes
described above, can be important during the fall
months.

6. Water-column temperature and nitrate
Because satellite measurements are restricted to
the surface or, at best, to the upper tens of meters
of the water column, further understanding of the
processes that drive the observed SST and chl
patterns can be gained by considering the vertical
distribution of temperature and the role of
nutrient availability. Monthly values of watercolumn temperature and quarterly values of
nitrate concentration at 20 m were extracted from
the World Ocean Atlas 1998 (WOA98) (Conkright
et al., 1998). The WOA98 is compiled by the
National Oceanographic Data Center (NODC) of
the National Oceanic and Atmospheric Administration (NOAA), and it contains objectively
analyzed property ﬁelds for 1 squares and
standard depth levels.
Meridional sections of temperature in the upper
150 m along 92.5 W (west of the Gala! pagos
Platform) and 87.5 W (east of the Gala! pagos
Platform) for March and September (Fig. 9)
were chosen to represent conditions at the seasonal
extremes of the annual cycles identiﬁed in the
previous sections. The main feature in the western
sections is the upward sloping of the isotherms associated with the local upwelling of
the EUC between 0 S and 1 S, as it impinges
against the island platform and is deﬂected
upward. In the eastern sections, past the inﬂuence
of the archipelago, the presence of a shallow EUC
is evident by the upward and downward bulging of
the isotherms roughly between 10 and 100 m.
Seasonally, maximum SSTs are reached in March
and the water column is strongly stratiﬁed during
this month (Figs. 9A and B). By September
the southern part of the study area has been
dramatically changed. The warm upper layer
(B30 m) has been eroded by the southeast trade
winds, and these waters have been replaced by
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Fig. 9. WOA98 meridional temperature ( C) sections: (A,B) for March along 92.5 W (west of the archipelago) and 87.5 W (east of the
archipelago), respectively; and (C,D) for September. Temperatures X20 C are shaded, and the 25 C isotherm is dashed.

cool, upwelled water from the top of the thermocline (Figs. 9C and D). The EF, indicated by
the 25 C isotherm at the surface just south of 2 N
(the dashed line in Figs. 9C and D), separates
warm and stratiﬁed waters to the north from
mixed waters to the south. The surface divergence
created by the wind stress at this time is also
conducive to enhanced upwelling of the EUC (Fig.
9C), as evidenced by the steep sloping of the
isotherms all the way down to the bottom of the
thermocline (B100 m).
Horizontal distributions of WOA98 nitrate
concentration at 20 m (Fig. 10) for the four
quarterly periods illustrate the seasonal progression of macronutrients reaching the upper layer.
During the January–March period (Fig. 10A), and
away from the area of inﬂuence of the EUC (i.e. in
the stratiﬁed regime), nitrate concentrations are
relatively low (p6 mM), implying a mesotrophic to
oligotrophic character. Elevated nitrate concentrations expand and propagate along the southern

half of the study area from east to west during the
rest of the year (Figs. 10B–D), as the southeast
trade winds and the equatorial upwelling intensify.
An opposite trend is evident along the northern
half, such that oligotrophic and HNLC regimes
coexist in the study area during the second part of
the year. Minimum 20-m nitrate concentrations
can be as low as 0.2 mM north of the EF while
maximum concentrations can reach 15 mM in the
southwest sector of the study area in the October–
December period (Fig. 10D).
South of the EF, nitrate levels are adequate to
support large phytoplankton populations yearround. Yet, elevated chl levels are primarily
observed in association with the pool of cold
water on the western side of Isabela and Fernandina islands, where the EUC upwells. The IronEx I
and II experiments (Martin et al., 1994; Coale
et al., 1996b; Coale, 1998) demonstrated that
low ambient iron concentrations limit the ability
of phytoplankton populations to fully utilize
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Fig. 10. WOA98 nitrate concentrations (mM) at 20 m: (A) for January–March; (B) for April–June; (C) for July–September; and (D) for
October–December. [NO3]X6 mM are shaded.

available nitrate and achieve maximal growth in
this region. While the EUC contains somewhat
enhanced concentrations of iron (up to 0.35 nM at
140 W) (Coale et al., 1996a), water from the EUC
alone cannot explain the high chl levels observed
at the upwelling site. A dramatic enrichment of
this water takes place by contact with the island
platform, accounting for iron concentrations
>1 nM (up to 3 nM were measured in Bolivar
Channel between Isabela and Fernandina during
IronEx I) (Martin et al., 1994; Gordon et al.,
1998). As the iron limitation is relieved in the
Bolivar Channel and Elizabeth Bay, phytoplankton production increases by several fold (Lindley
and Barber, 1998) while nitrate levels are locally
depleted (Chavez and Brusca, 1991; Sakamoto
et al., 1998).

7. Summary and conclusion
Harmonic analysis of satellite-derived SST
and ocean-color monthly climatologies around
the Gala! pagos Islands showed that the temporal variability was dominated by a basinwide seasonal cycle of warming and cooling of
surface waters (and its effect on phytoplankton),
associated with the north–south migration of
the ITCZ. The two annual cycles described by
the ﬁrst two modes of the gradient EOF analysis
were consistent with the seasonalities of the SEC
and the EUC, respectively, suggesting that these
modes captured some of the effects of these
currents as they interact with the archipelago.
An inﬂux of Panama! Bight waters in the eastern
side of the archipelago was also consitent with
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the results of these analyses. In addition, several
of the observed patterns showed a slight tilt
aligned with the east–west axis of the Gala! pagos
Platform, suggesting that the presence of the
archipelago may modify the large-scale ﬁelds by
partially deﬂecting westward ﬂows originating
from South America (e.g. SEC, Panama! Bight
Inﬂuence).
The satellite data were useful in delineating
the seasonal behavior of the quasi-permanent
pool of cold water and high chl formed by the
upwelling of the EUC on the western side of the
archipelago. Elizabeth Bay was identiﬁed as the
area where the phytoplankton response is most
dramatic and persistent, due to a localized source
of iron from the island platform, which relieves
the limitation for this micronutrient and allows the
phytoplankton to fully use the available macronutrients.
The identiﬁcation of distinct annual cycles of
phytoplankton abundance in both the harmonic
and EOF analyses of the ocean-color climatologies
is in contrast with previous studies, which had
failed to demonstrate a clear chl seasonality
(Harris, 1969; Houvenaghel, 1978, 1984; Kogelschatz et al., 1985; Feldman, 1986). This is not
surprising, however, considering that the two
annual cycles identiﬁed here have opposing
schedules, making it difﬁcult to discern seasonal
patterns in a time series without more sophisticated analyses.
Finally, it is noted that most of the effects
described in this paper would be missed or greatly
attenuated if the analyses had been carried out
on a larger scale or at a coarser resolution.
However, they have clearly played an important role in the establishment and evolution
of the unique biota found in the nearshore
environments of the archipelago (e.g. Abbott,
1966; Glynn et al., 1983). From this perspective,
the results of this paper provide a descriptive
framework relevant to marine ecological and
biogeographic studies of the islands. With the
recently established 14,000,000-hectare ‘‘Gala! pagos Marine Reserve’’ (Bensted-Smith, 1998),
these results may also be useful for purposes of
zonation and management, particularly of the
offshore waters.
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