
ARTICLE IN PRESS
Deep-Sea Research II 51 (2004) 139–146
*Correspondin

858-534-2997.

E-mail addres

0967-0645/$ - see

doi:10.1016/j.dsr2
Ocean-color variability in the Gulf of California: scales from
days to ENSO

Mati Kahrua,*, S.G. Marinoneb, S.E. Lluch-Cotac, Alejandro Par!es-Sierrab,
B. Greg Mitchella

aScripps Institution of Oceanography, University of California San Diego, La Jolla, CA 92093-0218, USA
bDepartamento de Oceanografia Fisica, CICESE, Ensenada, CP 22860, B.C., Mexico

cCentro de Investigaciones Biologicas del Noroeste, S.C. P.O. Box 128, La Paz, BCS, 23000, Mexico

Received 8 August 2002; received in revised form 9 April 2003; accepted 9 April 2003

Abstract

Time series of surface chlorophyll a concentration (Csat) and phytoplankton net primary production (NPP) in the

Gulf of California were derived using satellite data from OCTS, SeaWiFS, MODIS, AVHRR and the VGPM primary

productivity model. The 6-year (1997–2003) time series showed variability at a multitude of scales. The annual cycle was

the dominant mode in Csat variability in the entire gulf, except just south of the midriff islands where the semiannual

cycle dominated. The semiannual cycle has Csat maxima during the spring and fall transition periods when the general

circulation is switching between cyclonic in the summer and anticyclonic in the winter and is less developed, therefore

allowing a more efficient tidal mixing. The spring and fall maxima often consisted of multiple peaks of about 10 days. A

significant peak at about 1 month was often present in the short-term Csat variability, especially in areas near the midriff

islands, suggesting the influence of tidal mixing. The interannual variability was dominated by the 1997–98 El Niño and

the following La Niña. During the El Niño period NPP decreased by 30–40% in the southern part of the gulf (by

approximately 1 Tg Cmonth�1), but the changes in the central and northern parts were less evident.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The Gulf of California is a subtropical, semi-
enclosed sea with exceptionally high primary
productivity and important commercial fisheries
(Zeitzschel, 1969). Topographically the Gulf of
California consists of a series of basins. The
shallow northern part is separated from the deeper
southern part by a sill and the midriff islands.
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High productivity in the gulf is the result of
efficient nutrient transport into the euphotic zone
(Valdez-Holgu!ın and Lara-Lara, 1987). The main
mechanisms of nutrient enrichment are tidal
stirring and coastal upwelling. The region of the
midriff islands of Angel de la Guarda and Tibur-
!on, delimited to the south by a sill, is the most
important area of mixing due to strong tidal
stirring, breaking internal waves, and possibly
internal hydraulic jumps (Roden and Groves,
1959; Paden et al., 1991; Luch-Cota, 2000).
The Gulf of California has been an ideal site
for satellite remote sensing due to the special
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Fig. 1. Sub-areas 1–12 in the Gulf of California.
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meteorological conditions, leading to frequent
cloud-free conditions (e.g., Paden et al., 1991;
Santamar!ıa-del-Angel et al., 1994a, b).

The high spatial and temporal variability
inherent in most oceanic fields severely limits our
ability to detect changes using conventional ship-
board measurements. Primary production mea-
surements are known to have particularly high
variability (Mantyla et al., 1995; Valdez-Holgu!ın
and Lara-Lara, 1987), which makes detecting
trends and responses to environmental factors
very difficult with shipboard measurements alone.
Satellite remote sensing coupled with models is a
powerful tool that can resolve spatial and tempor-
al variability over large areas. Several models of
phytoplankton net primary production (NPP, g C
month�1) have been developed and successfully
implemented (e.g., Behrenfeld and Falkowski,
1997; Behrenfeld et al., 2001). We applied the
Behrenfeld–Falkowski vertically generalized
production model (VGPM) to satellite-derived
fields of surface chlorophyll a concentration
(Csat mgm�3), incident photosynthetically active
radiation (PAR, Einsteinm�2Day�1), and sea-
surface temperature (SST, �C) to derive a 6-year
time series of Csat and NPP to study their temporal
and spatial variability in the Gulf of California.
2. Data and methods

Time series were constructed for 12 sub-areas
that were expected to have coherent dynamics of
the surface chlorophyll a concentration. The sub-
areas were initially defined by cluster analysis of
the mean annual cycle of Csat based on the Coastal
Zone Color Scanner climatology, minimizing
differences between pixels of each group and
maximizing differences between groups (Fig. 1).
The clusters define regions with similar annual
cycle of Csat and are assumed to be influenced by
the same processes.

As an estimate of the surface chlorophyll a

concentration we used the standard mapped
images of Csat from OCTS (NASDA, 1997; data
reprocessed by NASA) and SeaWiFS (processing
version 4) as produced and distributed by the
Goddard Distributed Active Archive Center. Both
the OCTS (Nov. 1996–June 1997) and SeaWiFS
(Sept. 1997–Oct. 2003) estimates of Csat were
derived using standard algorithms (O’Reilly et al.,
1998, 2000). Time series of Csat and NPP in each
area were based on the median of all valid pixels in
the area.

The VGPM model was run on monthly com-
posited fields of Csat, PAR and SST with a spatial
resolution of approximately 9 km. PAR fields were
calculated by NASA from SeaWiFS data with
the Frouin algorithm (http://orca.gsfc.nasa.gov/
seawifs/par/doc/seawifs par wfigs.pdf). For the
OCTS time period PAR fields were not available
due to that sensor’s saturation over clouds, and we
used the mean monthly PAR fields from SeaWiFS
instead. A simple sensitivity experiment showed
that the interannual variability in monthly PAR
was small and had only a minor effect on the
calculated NPP. SST was derived from the
AVHRR Pathfinder daytime products (Kilpatrick
et al., 2001), except for the period after Aug. 2002
when we used MODIS daytime 11-mm products.

Monthly NPP for each sub-area was calculated
by multiplying each valid pixel’s value by the pixel
area and integrating over all valid pixels in the sub-
area. The integrated NPP values for each sub-area
were adjusted for the missing values due to clouds
by multiplying the total NPP for valid pixels to the

http://orca.gsfc.nasa.gov/seawifs/par/doc/seawifs_par_wfigs.pdf
http://orca.gsfc.nasa.gov/seawifs/par/doc/seawifs_par_wfigs.pdf
http://orca.gsfc.nasa.gov/seawifs/par/doc/seawifs_par_wfigs.pdf
http://orca.gsfc.nasa.gov/seawifs/par/doc/seawifs_par_wfigs.pdf
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ratio of total area to the area of valid pixels.
Integral NPP and their differences were expressed
in Tg C month�1 (Tg=1012 g). Anomalies (relative
to the mean annual cycle) were calculated by
subtracting the mean annual cycle for each sub-
area from the actual monthly values. The mean
annual cycle was calculated by fitting a 6th degree
polynomial through all the data points expressed
as a function of the day of the year for each of the
12 areas. For the calculation of annual total NPP
we used the sum of 12 monthly NPP values from
July to June of the next year to correspond better
with the El Niño-La Niña cycle.

As an index of the El Niño-La Niña cycle we
used the Northern Oscillation Index (NOI) calcu-
lated from the difference between anomaly sea-
level pressures at 35�N, 135�W and 10�S, 130�E
(Schwing et al., 2002). The El Niño periods are
defined as minima in NOI. We smoothed the NOI
time series with a 3-month running average. In
general we refer to the second half of 1997 and first
half of 1998 as the El Niño period (shown with
black bars on Fig. 5) and the period from late 1998
through the first half of 1999 as the La Niña
period. Another El Niño period started to develop
in Oct. 2002.

For detecting periodicities in time series, we
used the Lomb normalized periodograms (Lomb,
1976; Press et al., 1992).
3. Results

Medians of the monthly Csat for each of the sub-
areas are shown in Fig. 2. The annual cycle was the
dominant period of variability in all of the sub-
areas, except sub-areas 4 and 5 (Fig. 3). In the
region of the midriff islands (sub-areas 4 and 5) a
mode with a period of 6 months contained more
variance than the annual cycle whereas in sub-area
5 this mode dominated and the annual cycle was
totally masked. The annual minimum in Csat in all
sub-areas occurred in mid-summer (typically in
July) while in sub-areas 4 and 5 a secondary
minimum occurred in mid-winter (January). The
maxima in the region of the midriff islands
occurred during the spring and fall transition
periods and typically consisted of a series of pulses
of increased concentration lasting about 10 days
(Fig. 4). During the 3–4 month transition period
there were typically 3–4 such pulses. At times
the maxima in Csat appear to be separated by
about 14 days that corresponds to the spring/neap
tide cycle. Calculated Lomb spectra (not shown)
based on daily Csat confirm the existence of a
dominant period of about 1 month, which is also
one of the tidal periods (the Mm constituent).
However, similar pulses of high Csat were also
observed in sub-area 8 where other factors, such as
coastal upwelling events and the passage of
baroclinic eddies, are expected to have a strong
influence.

The inter-annual component in Csat variability
was present in all sub-areas but more evident in the
southern half of the gulf. The length of the summer
minimum in Csat was considerably longer during
the El Niño year of 1998 (Fig. 4). A reduction of
both Csat and NPP was associated with the 1997–
1998 El Niño event, especially in the southern sub-
areas (Fig. 5). To facilitate generalizations we
added the integrated monthly NPP values for sub-
areas with similar dynamics. Areas 1–3 correspond
to the shallow northern gulf, areas 4–5 to the
tidally energetic islands and sills region, areas 6–9
to the central deeper gulf, and areas 10–12 in the
mouth area with the strongest influence of the
Pacific (see for example, Soto-Mardones et al.,
1999).

The areas of the combined sub-regions are
shown in Table 1. In sub-areas 10–12 the monthly
NPP was consistently lower than the long-term
monthly mean by 30–40% during the second half
of 1997 and throughout most of 1998 (Fig. 6),
corresponding to a decrease of approximately 1 Tg
C month�1 relative to the mean annual cycle. In
the northern sub-areas (1–3 and 4–5) the effect of
the El Niño on NPP was less evident.

The total NPP integrated over the entire gulf
was highest during the spring of 2001 and peaked
in April 2001 at 23 Tg C month�1. The lowest total
NPP in August 1998 (3.7 Tg C month�1) occurred
during the summer minimum following the El
Niño event. The maximum of the annual total
NPP was observed during 2000–2001 while the
minimum occurred during the El Niño year of
1997–1998 (Table 2).
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Fig. 2. Monthly time series of Csat in sub-areas 1–12 showing the median for each sub-area.
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4. Discussion and conclusions

In this paper we have quantified different modes
of variability in Csat and NPP in the Gulf of
California based primarily on remotely sensed
data from SeaWiFS. Even though the calculated
NPP fields depend on SST, PAR and daylength,
Csat dominated the variability in NPP. The annual
cycle is the dominant period of variability every-
where except just south of the midriff islands
where the semiannual cycle dominated. The spring
and fall maxima in Csat appear as a series of
approximately 10-day pulses of increased concen-
tration during the 3–4 month transition periods
when the general circulation is known to switch
between cyclonic during summer and anticyclonic
during winter (Bray, 1988; Beier, 1997). The exact
mechanism of these high Csat pulses and the
resulting approximately 1-month peak in the
variance spectra is not clear, but it may be caused
by the fortnightly variation of the tidal energy with
stronger spring tides once a month resulting in
enhanced mixing. The fact that the semiannual
cycle dominates in the midriff islands region and
not elsewhere supports the hypothesis that the
semiannual maxima are produced by the effect of
tidal mixing. In the spring and fall, when the
vertical thermohaline stratification is relatively
weak, tidal mixing with its fortnightly and
monthly modulation is effective in pumping
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Fig. 3. Lomb normalized periodograms of Csat in sub-areas 1–12.
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nutrients into the surface layer and triggering the
phytoplankton blooms. During the summer ver-
tical mixing is suppressed by the strong stratifica-
tion and the supply of nutrients is limited.
Furthermore, a simulation with a numerical
circulation model (Marinone, 2003) shows strong
southward (northward) currents during mid-sum-
mer (mid-winter), which advect waters of relatively
low Csat to the islands region from the neighboring
areas, i.e. from sub-area 2 in the summer and sub-
area 6 in the winter (see Fig. 2). The semiannual
cycle, being stronger in the islands region than
elsewhere, also was observed by Soto-Mardones
et al. (1999) in SST. Paden et al. (1991) also found
bimodal variability in SST patterns in the islands
region and explained it by the two maxima in the
annual tidal range. However, the period between
the 2 annual peaks (April–May and July–August)
observed by Paden et al. (1991) was only 3 months
whereas the semiannual cycle observed in this
paper was symmetric in time with 6 months
between the maxima.

Pegau et al. (2002) observed a series of quasi-
stationary eddies between the midriff islands and
the mouth of the gulf that had an alternative sense
of rotation and appeared to dominate the surface
circulation and Csat distribution. These eddies
must obviously influence the temporal variability
in Csat and NPP examined in this paper, but the
relationship between the temporal patterns and the
quasi-stationary eddies needs further studies.

Previous studies in the California Current
(Fiedler, 1984; Strub et al., 1990; Thomas et al.,
1994; Kahru and Mitchell, 2000, 2002) have shown
that El Niño events reduce the upwelling of
nutrient-rich waters and the extent of high-
chlorophyll surface waters. However, offshore
waters off Baja California have been shown to
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Fig. 4. Annual time series of Csat in sub-areas 5 and 8 for 1998,

1999 and 2000 based on daily images.

Fig. 5. Time series of NPP in the combined sub-areas 1–3, 4–5,

6–9, 10–12 calculated with Csat from OCTS (B) and SeaWiFS

(~) and compared with the mean annual cycle (solid line). The

Northern Oscillation Index (� , relative scale, in the third

panel) values below �1 are shown with black bars and

correspond to the El Niño period.

Table 1

Areas of the combined sub-areas used in the NPP calculations

Combined sub-areas Area (km2)

1–3 39,237

4–5 19,886

6–9 72,605

10–12 110,263
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have a contrary pattern of increased surface
chlorophyll and primary production during both
of the last major El Niño events of 1982–1984 and
1997–1998 (Kahru and Mitchell, 2000, 2002). The
interannual variability in the Gulf of California
(Table 2) is higher than in the broad region of the
California Current. The coefficient of variation in
annual NPP is nearly 17% in the Gulf of
California versus only 4.4% in the California
Current. We observed a 30–40% decrease in NPP
in the southern half of the Gulf of California
during and immediately following the 1997–98 El
Niño. The response in the central and northern
gulf was also negative during and immediately
after the El Niño but the correlation with NOI was
less obvious. Significant negative anomaly in the
central and northern gulf was also observed before
the El Niño (as detected by NOI) but some of that
may have been caused by the differences between
OCTS and SeaWiFS algorithms. The drastic
decrease in NPP (especially in the southern half
of the Gulf of California) associated with the El
Niño must have significant consequences for the
higher trophic levels. These results are in accor-
dance with the conclusions of Santamar!ıa-del-
Angel et al. (1994b) who observed a similar pattern
of decreased surface pigments in the southern part
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Fig. 6. Anomalies of NPP (%) in the combined sub-areas 1–3,

4–5, 6–9, 10–12 calculated with Csat from OCTS (B) and

SeaWiFS (~) relative to the mean annual cycle. The Northern

Oscillation Index (� , relative scale, in the third panel) values

below �1 are shown with black bars and correspond to the El

Niño period.

Table 2

Estimated total annual NPP for the Gulf of California

(monthly totals were added from July to June of the next year,

missing months were substituted with a corresponding mean),

mean NPP for the whole Gulf of California as compared to the

California Current region

Year Annual NPP

(1012 gC yr�1)

Mean NPP

(gCm�2 yr�1)

Mean NPP

(gCm�2 yr�1)

for the

California

current

1996–1997 100 420 180

1997–1998 96 403 192

1998–1999 120 505 195

1999–2000 135 565 198

2000–2001 148 622 199

2001–2002 126 530 205

2002–2003 119 499 200

The California Current values are adapted from Kahru and

Mitchell (2002) and are for the 0–1000km band along the coast

between Cape Mendocino and Cabo San Lucas.
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of the gulf during the 1982–1984 El Niño using the
Coastal Zone Color Scanner data. The exact
mechanisms causing reduced Csat and NPP in the
Gulf of California during El Niño events are not
clear but both the intrusion of tropical surface
waters with lower chlorophyll content (Castro,
2001) and the reduction of vertical mixing due
to increased thermal stratification are probably
relevant.
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