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Enhanced chlorophyll associated with tropical

instability waves in the equatorial Pacific

Peter G. Strutton, John P. Ryan and Francisco P. Chavez
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Abstract. High resolution mooring time series are used to
quantify significant chlorophyll anomalies associated with
tropical instability waves (TIWs) in the equatorial Pacific.
Distinct peaks characterized by very high chlorophyll (up
to 3.5 mg m−3) are observed in association with TIW cold
cusps. These high-chlorophyll peaks appear to differ with re-
spect to scale and intensity from those previously observed
at subductive fronts. The physical processes responsible for
the observed chlorophyll distributions are not mutually ex-
clusive, and include advection, horizontal mixing, enhanced
upwelling and concentration of biomass at fronts. Given
the potentially large spatial extent of these high chlorophyll
bands, their importance as regions of increased productivity
and CO2 uptake is discussed.

Introduction

The equatorial Pacific Ocean represents a strong source
of CO2 to the atmosphere [Feely et al., 1999], and nitrate
to the euphotic zone [Chavez and Toggweiler, 1995]. Trade
wind-driven upwelling generates a cool tongue of enhanced
phytoplankton productivity in a narrow band surrounding
the equator. Limitation of primary productivity by iron
[Coale et al., 1996] or perhaps silicate [Dugdale and Wilk-
erson, 1998] maintains relatively low rates of CO2 uptake,
but the vast area of upwelling makes the region a significant
component of global biogeochemical cycles.

From June to December each year in the Pacific and
Atlantic oceans, notable cusps may be observed in the
sea surface temperature (SST) field of the cool equatorial
tongue. These deformations are the result of tropical in-
stability waves (TIWs) [Legeckis, 1977, 1986; Halpern et al.,
1988; Chelton et al., 2000]. TIWs have the characteristics
of Rossby-gravity or Rossby waves, and are most evident
within a band approximately 5◦ latitude north and south
of the equator. They propagate westwards with velocity
∼50 km day−1, wavelength ∼1000 km and period ∼20 days,
however these values may differ significantly as a function
of time of year, latitude and longitude. TIW genesis and
modulation have been described as a function of (1) shear
between the north equatorial counter current (NECC), equa-
torial undercurrent (EUC) and the south equatorial current
(SEC) [Philander, 1978] and (2) variability in the SEC and
the equatorial SST front [Yu et al., 1995]. Their magnitude
is stronger north of the equator [Chelton et al., 2000], and
they are not observed during strong El Niño events due to
the lack of trade wind forcing and weakening of the equato-
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rial current system and SST gradient. Conversely, they may
be particularly visible during La Niña onset when the trade
winds and equatorial currents regain strength, thereby en-
hancing both the meridional shear and SST gradient. This
was the case in the latter half of 1998.

While most work has emphasized the wavelike nature
of TIWs, Flament et al. [1996] and Kennan and Flament
[2000] described them as westward-propagating trains of off-
equator, anticyclonic vortices. These vortices exhibit large
horizontal and vertical velocities, which are likely to trans-
port significant amounts of nutrients and biomass. Thus,
extreme biological anomalies may be associated with the in-
tense physical variability induced by TIWs [Barber et al.,
1996; Foley et al., 1997]. For example, in August 1992, a
narrow band (<20 km) of extremely high chlorophyll (>20
mg m−3) comprised almost entirely of the buoyant diatom
Rhizosolenia castracanei, was observed at a convergent front
near 2◦N 140◦W [Yoder et al., 1994; Archer et al., 1997].

At the termination of the 1997-98 El Niño, a vast phyto-
plankton bloom rapidly developed, spanning approximately
70◦ of longitude and 4◦ latitude, with chlorophyll (chl) con-
centrations in its central region ∼1 mg m−3 [Chavez et al.,
1999]. From June to October 1998, this bloom was visibly
distorted by TIWs, and anomalously high chl concentrations
were observed, primarily at TIW frontal regions. These fea-
tures, also observed to a lesser extent in 1999, were similar
to those previously observed in August 1992, but perhaps
broader and less intense (∼1 to 4 mg m−3). Using in situ
mooring data we describe this biological-physical coupling
phenomenon, discuss some physical mechanisms to explain
the observations, and comment on the potential biogeochem-
ical significance of these high chl regions.

Methods

The Tropical Atmosphere Ocean (TAO) array consists of
>70 moorings across the equatorial Pacific between ∼8◦N
and 8◦S [McPhaden et al., 1998]. In March 1998, the Mon-
terey Bay Aquarium Research Institute (MBARI) began ex-
panding its coverage of bio-optical measurements [Chavez et
al., 1999] with the deployment of packages at 2◦N 110◦W,
2◦S 140◦W, 2◦N 140◦W and 2◦N 180◦. These systems, man-
ufactured by Satlantic Inc., consisted of an OCR-100 (up-
welling radiance, Lu, at 412, 443, 490, 510, 555, 670 and
683 nm), temperature sensor, data logger/microprocessor,
and a SeaTech miniature fluormeter (in vivo fluorescence)
mounted at approximately 1.5 m depth on the buoy. An ED-
20 sensor (downwelling irradiance, Ed, at 490 nm, 3 m above
sea level) battery and ARGOS transmitter were connected
to the OCR-100/logger. The OCR-100’s optical window was
protected from fouling by tri-butyl-tin. Data were recorded
every 15 minutes of daylight, plus one dark reading at lo-
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a) 2°N, 110°W      1998
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Plate 1. Time series of SST (◦C; red) and mooring-derived chl
(mg m−3; green) at (a) 2◦N 110◦W, 1998, (b) 2◦S 140◦W, 1998
and (c) 2◦N 110◦W, 1998. Meridional velocity, v (m s−1; black)
from 50 m ADCP data at the corresponding equatorial sites is
also plotted, i.e. 0◦ 110◦W in (a) and (c), 0◦ 140◦W in (b).
Positive values of v denote flow to the north at the equator.

cal midnight to facilitate calculation of radiances using field
dark values.

Chlorophyll concentrations were calculated by applying
the SeaWiFS OC2v2 algorithm [O’Reilly et al., 2001] to
the in-water upwelling radiance data. We have obtained
a significant correlation between the mooring-derived chl
data and in situ measurements, and comparison with flu-
orescence data indicates that our chl calculations are accu-
rate. Satellite-derived SST data from the Advanced Very
High Resolution Radiometer (AVHRR) and SeaWiFS ocean
color data were obtained from NASA’s Distributed Active
Archive Center at the Jet Propulsion Laboratories and God-
dard Space Flight Center, respectively.

Results and discussion

The propagation of TIWs is visible in mooring data from
off-equator sites (2◦N and 2◦S) in the eastern and central
Pacific, as fluctuations in SST of the order of 2 to 4◦C with
a period of approximately 21 days [Halpern et al., 1988].
These fluctuations occur as the mooring alternately experi-
ences cooler and warmer waters (higher and lower chl, re-
spectively), due to the meridional advection of the equato-
rial SST gradient. TAO array SST data from off-equator

sites in the central and eastern equatorial Pacific (data not
shown) confirm that TIWs were particularly active between
June and December 1998 and 1999, but not during the El
Niño year of 1997, when the trade winds driving the equa-
torial current system were reversed and the EUC was ab-
sent. Weekly mean AVHRR images spanning the period
from June 24th to August 5th 1998, show the mean wave-
length of the observed TIWs to be ∼1000 km. The period
was determined to be ∼21 days, from examination of the
SST records at 2◦N 110◦W, 2◦N 140◦W and 2◦S 140◦W
(Fig. 1, 2◦S 140◦W not shown). Thus the mean propaga-
tion speed was ∼50 km day−1. These values agree well with
those previously determined [Legeckis, 1977, 1986; Halpern
et al., 1988].

The peaks in chl observed by the moorings in 1998 were
approximately an order of magnitude greater than the back-
ground concentration, which was close to the climatological
mean value of 0.21 mg m−3 [Chavez et al., 1999]. In many
cases the highest chl was associated with fronts indicated
by rapidly decreasing or increasing SST (eg June-July 1998,
Fig. 1a). Given the direction of propagation of the TIWs,
we describe these features as occurring at the leading (Fig.
2a) or trailing (Fig. 2b) edge of a cool SST anomaly, re-
spectively. These high chl bands were at least partly formed
by a similar mechanism to the ‘line in the sea’ [Yoder et al.,
1994; Archer et al., 1997], that is, a subductive front that
concentrates biomass. In the case of Yoder et al. [1994],
the observed front was extremely sharp, contrary to the rel-
atively gradual increases observed in our time series (e.g.
prior to 28-Jun-1998, 20-Jul-1998 and 31-Aug-1998 at 2◦N
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Plate 2. 3-day composites of SeaWiFS version 3, 9km daily data
to illustrate the types of high chl peaks observed in the mooring
time series data. Locations of TAO moorings with MBARI opti-
cal instruments are marked (+). (a) 19 to 21-Jul-1998 and (b) 02
to 04-Aug-1998, examples of high chl at the leading and trailing
edge, respectively, of an advancing cusp of high chl, cool SST. In
Fig. 2a the leading edge feature is located at approx. 2◦N 155◦W,
and a weak trailing edge feature is also visible in the vicinity. In
Fig. 2b the trailing edge feature is centered at approx. 2.5◦N
143◦W, with a less intense feature at approx. 2◦N 123◦W. In
both (a) and (b), the SeaWiFS images indicate regions of strong
northwards advection of high chl waters, consistent with the vor-
tex flow patterns described by Flament et al. [1996]. (c) 14 to
16-Aug-1998. Both the 2◦N and 2◦S 140◦W moorings experi-
enced high chl associated with the meridional advection of the
main bloom of the equatorial upwelling tongue.
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110◦W, Fig. 1a). This suggests that horizontal mixing, per-
haps associated with the strong shear between the SEC and
NECC, may have occurred, particularly in 1998, to dilute
the strong chl signal.

In addition to chl peaks associated with SST fronts, lo-
cal maxima in chl were also observed coincident with local
minima in SST (Fig. 1). These chl peaks were generally
between 1 and 2 mg m−3, which suggests they were as-
sociated with meridional advection of the main equatorial
upwelling bloom (Fig. 2c), rather than a frontal feature of
enhanced biomass. Meridional current anomalies associated
with TIW propagation can penetrate to at least 150 m [Fla-
ment et al., 1996; Kennan and Flament, 2000], which is suf-
ficiently deep, particularly in the eastern equatorial Pacific,
to displace the EUC. ADCP velocity data from the TAO
array (www.pmel.noaa.gov, data not shown) define the core
of the EUC at 50 to 75 m across the basin in June 1998, and
also show strong meridional velocity anomalies to depths
of at least 150 m. Thus, TIWs transport both the surface
expression of the equatorial upwelling tongue, and the cool
nutrient-rich source waters that are upwelled to generate the
phytoplankton bloom.

The ADCP data corresponding to the chl/SST time series
shown in Figure 1 reveal a clear correspondence at times
between periods of strong northwards (v>0) velocities at the
equator, and the presence of cool, high-chl waters at 2◦N
(eg June 1998). However, there are also occasions, where
the occurrence of cool, high-chl waters at the 2◦N mooring
sites is neither preceded by, nor coincident with northwards
advection at the equator, most notably at 2◦N 110◦W in late
September 1998 (Fig. 1a) and 2◦N 140◦W in early August
1998 (Fig. 1b). The relationship, or lack thereof, between
processes at the equator and 2◦N depends on the structure
of the TIW, and the degree to which the off-equator cusps
of cool SST/high chl are distorted by the large-scale flow; a
function of current shear, longitude and time of year.

While some of the high-chl features observed by the
MBARI bio-optical packages were likely due to physical con-
centration of cells at convergent fronts, several other phys-
ical mechanisms probably contributed to the enhanced chl
observed. Flament et al. [1996] showed a zonal section along
4.4◦N, from 134.5◦W to 141.0◦W, in which ADCP backscat-
ter was enhanced (indicative of elevated zooplankton, and
presumably phytoplankton, biomass) in a band more than
200 km across at the surface and approximately 100 km at
the thermocline (150 m). Velocity projected onto a verti-
cal/zonal plane [Kennan and Flament, 2000] depicted up-
welling velocities up to ∼50 m day−1 at the eastern/trailing
edge of a cool SST anomaly (cf 3.5 m day−1 in the central
Pacific [Chai et al., 1996]), and westwards surface trans-
port of 0.5 m s−1 at its core, indicating enhanced localized
upwelling and zonal transport in this region. Kennan and
Flament [2000] also showed strong convergence and down-
welling at the leading edge of the cool SST cusp, consistent
with the physical processes described above and by Yoder et
al. [1994] and Archer et al. [1997].

We suggest there should also be a component of enhanced
production as a result of enhanced nutrient flux to the eu-
photic zone. That is, the very intense upwelling at the
trailing edge of the cool SST anomaly entrains subsurface
nutrients into the euphotic zone and stimulates phytoplank-
ton growth, in excess of the existing bloom conditions of
the equatorial upwelling tongue [Barber et al., 1996]. This

is possible because, although upwelling is occurring, leading
to enhanced chl at the surface, the super-micromolar nitrate
and silicate concentrations [Strutton and Chavez, 2000] indi-
cate that the system was still iron limited [Coale et al., 1996;
Chavez et al., 1999]. Under these circumstances, enhance-
ment of upwelling should lead to additional surface produc-
tivity. However, this upwelling / downwelling field which
occurs at spatial scales of hundreds of kilometers, propa-
gates westward at approximately 50 km day−1. Thus, the
trajectory that any parcel of water experiences will depend
on the interaction of the vortex- or sub-wavelength scale ve-
locity field with the propagation of the TIW. This being the
case, a water parcel that is upwelled by a passing vortex
may or may not reach the euphotic zone, or remain there
long enough to enhance phytoplankton growth.
Chavez et al. [1999, Fig. 7] showed that at chl con-

centrations above 0.5 mg m−3, surface pCO2 values de-
part from that expected based on SST, indicating biolog-
ical uptake. Using a relationship between surface chl and
integrated primary productivity derived from the JGOFS
equatorial Pacific program and IronEx II (n=53, r2=0.88,
p<0.0001), the mean primary productivity within the high
chl patches or bands was estimated to be 1.5 gC m−2 day−1;
50% greater than the climatological mean for the equato-
rial Pacific [Chavez et al., 1996; Foley et al., 1997]. Using
mooring data alone, it is difficult to estimate the true spa-
tial extent of these high chl patches, but our data do show
that they are relatively common features. Thus, they may
represent regions of significant productivity, and important
components of the equatorial Pacific carbon cycle.

We propose that the high chl regions observed by our
mooring packages are the manifestation of a number of in-
teracting physical mechanisms, including concentration at
a subductive front, horizontal mixing and shear, enhanced
upwelling/productivity and poleward meridional advection.
Phenomena such as those described here, involving physical,
chemical and biological processes across a range of spatial
and temporal scales, clearly illustrate the need for an inte-
grated ocean observing system. Such a system would incor-
porate data from ship-based process experiments, moorings
and satellites (ocean color, sea surface height and SST) in
conjunction with model simulations. Only with this inte-
grated system will we be able to accurately quantify the
contribution of TIWs to equatorial biogeochemical cycles.
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