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1. Introduction
The oceans enclose 72 percent of the Earth’s surface, controlling the global deliveries of heat
and freshwater which drive our climate and weather. In turn, the enormous and varied
oceanic ecosystems are affected by the ocean climate, generating changes mainly in the
upper part of the water column which can be detected as response to this variability. In
particular, the Pacific Ocean environment is affected by changes in the world climate,
responding to seasonal, interannual, and interdecadal variability, as well as El Niño-La Niña
cycles.
The California Current System (CCS) located in the northeastern Pacific Ocean, is one of the
largest marine ecosystems of the world, with physical and biological mechanism forced by
regional (coastal upwelling, eddies, wind driven currents), and large scale processes (e.g. El
Niño-La Niña cycles). One example of these large scale processes affecting the CCS region
was the anomalous intrusion of Subartic fresher water into during the 2002-2006 periods,
which disturb the California Current (CC) ecosystems from Canada to Mexico (Bograd &
Lynn, 2003; Durazo et al., 2005; Durazo, 2009; Freeland et al., 2003; Gaxiola-Castro et al.,
2008; Lavaniegos, 2009). The ocean climate response of the CC region off Baja California is
particularly significant because this is a transitional ocean basin, highly influenced by the
equatorward flow of Subartic waters mainly during spring and summer (Durazo &
Baumgartner, 2002), and by subtropical signatures triggered by poleward flows mostly
during late summer and autumn (Bograd et al., 2000; Durazo, 2009). Moreover, CCS off Baja
California is a useful region to understand large and mesoscale ocean climate effects on
physical and biological variability of the marine environment, and for instance of climate
change.
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In this contribution we examine the associations between large-scale temporal climate
physical forcing and the plankton variability off Baja California. The pelagic ecosystem off
Baja California has been influenced by large scale processes like the 1997-1998, and 20082009 El Niño events, which were characterized by low chlorophyll, high sea surface height,
high surface salinity, and high sea surface temperature, with opposite conditions during the
1998-1999 and 2007-2008 La Niña events (Espinosa-Carreon et al., 2004; McClatchie et al.,
2009). Seasonal and interannual patterns are also observed off Baja California, with a
maximum of phytoplankton Chlorophyll-a occurring in spring, as a result of the
phytoplankton growth in response of the seasonal maximum of upwelling-favorable winds
(Espinosa-Carreon et al. 2004; Perez-Bruinus et al. 2007). Zooplankton biomass is larger in
summer and autumn, characterized by abundance of copepods, euphausids, and other
minor groups, higher abundance of salps during the 1997-1998 El Niño event, and by jelly
fish and ctenophores abundances in April 2009 (Lavaniegos et al., 2010).
The main objectives of this chapter are to describe the general conditions in the CCS off Baja
California coast from 1997-2010, reviewing the governing ocean climate and physical forcing
at different time and scales, that might have influenced the pelagic ecosystem of the study
region.

2. Climate conditions off Baja California
Northeast Pacific Ocean atmospheric circulation is dominated by the North Pacific High
Pressure center (NPH). In February, this pressure system is weak and located ~25N-130W
off Baja California coast. During summer the NPH migrates near of ~38N-145W, where it
reaches the maximum values. Between spring and summer the strong pressure gradient
generate high equatorward upwelling favorable winds between northern California and the
Baja California coast (Huyer, 1983; Strub et al., 1987; Strub & James, 2002; Perez-Brunius et
al., 2007; Castro & Martinez, 2010). In the vicinity of Baja California coast the wind is highly
persistent with a south-southeast direction. Wind speeds are stronger and less variables in
spring and summer than during autumn and winter. Annual harmonic of the wind has
small amplitude, with low (<30%) explained variance.
In general, high frequencies (order of days) play a dominant role in the region. Interannual
variability of the NPH is frequently linked with negative (positive) sea level pressure
anomalies during El Niño (La Niña), which produces weak, and/or reversal winds during
El Niño and strong equatorward winds during La Niña episodes (Lynn et al., 1998; Schwing
et al., 2002; Peterson & Schwing, 2003). Off Baja California coast the influence of the El Niño
conditions produces low chlorophyll, high SSH, and high SST, with opposite conditions
during La Niña (Espinosa-Carreon et al., 2004; Durazo, 2009). During 2002 a weak El Niño
condition was observed on southern California and Baja California waters, at the same time
that anomalous influence of subarctic waters in the California Current System was evident
(Schwing et al., 2002; Bograd & Lynn, 2003; Durazo et al., 2005).
The roll of the wind stress curl has not received much attention in this region, and their
contribution to upwelling process it is not clear. Some general characteristics of the wind
field along the Baja California Peninsula are given in Castro & Martinez (2010), where the
potential importance of the curl wind stress on the area close to the coast along the Baja
California Peninsula is suggested. Next to the shore, the coast affects wind intensity and
decay, inducing positive curl (and then Ekman pumping) contributing to the injection of
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nutrients to the surface (Cappet et al., 2004). Chelton et al. (2007) discuss the relevance of the
wind stress curl and its divergence and their relation to ocean sea surface temperature.

3. Data and Methods
In this chapter we examine satellite observations on the Pacific Ocean off Baja California
Peninsula coast, with emphasis on interannual variability patterns. The analysis was made
with wind stress data, sea surface height (SSH) anomaly, and sea surface temperature (SST).
The wind data were obtained from PODAAC-CCMP product with spatial resolution 0.25×
0.25 described by Atlas et al. (1996) and Hoffman (1984). Sea surface height was obtained
by Ssalto/Duacs and distributed by AVISO (http://www.aviso.oceanobs.com/duacs/). Sea
surface temperature data (SST) was obtained from the PODAAC-AVHRR
(http://podaac.jpl.nasa.gov). All the satellite data covers the time period between January1996 to December-2007, and were processed to obtain weekly time series, and low passed
filtered with a 400 days cutoff filter. The wind stress (N m-2) was calculated with the
equation
= Cd|V|V
(1)
where  is the air density (kg m-3), Cd is the drag coefficient (nondimensional and function
of the wind speed magnitude), V is the vector velocity and |V| its magnitude. Multivariate
ENSO Index (MEI; http://www.esrl.noaa.gov/psd/data/) is compared with standardized
anomalies of satellite variables described above.
Weekly remote sensed composite imagery of chlorophyll (CHL) were obtained from
September 1997 to February 2010 for the region off Baja California between 22N-33N and
112-120ºW (Fig. 1). SeaWiFS (Sea Viewing Wide Field of View Sensor) ocean color data
were
downloading
from
http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/
8Day/chlor/ with 9-km resolution for the last re-processing version of December 2009. Use
of the geometric mean and log transformation follow the assumption that oceanic biooptical data are lognormal distributed. We obtained the fraction of observations available
from 540 weekly images. For each of the three selected areas (north, central, and south; see
title of figure 1), the temporal mean, as well as the annual and semiannual harmonics were
removed. These were calculated by fitting the time series to mean plus annual and
semiannual harmonics:

F( x , t )  A0 ( x )  A1 ( x ) cos  wt  1   A2 ( x ) cos  2 wt  2 
where

A0 , A1 ,

and

A2

(2)

are the temporal mean, annual amplitude, and semiannual

amplitude for each time series at each pixel; w=2π/365.25 is the annual radian frequency;

1 ,  2

are the phases of annual and semiannual harmonics respectively; and t is the time

(as year-day).
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Fig. 1. IMECOCAL station grid off Baja California, México surveyed from September 1997 to
April 2010. Line and station number follow the CalCOFI nomenclature. Line 97 was only
covered during spring season cruises. Chlorophyll-a, and SeaWIFS imagery data analyses
were separated in three regions: north (lines 100 to 110), central (lines 113 to 123), and south
(lines 127 to 137). Also, zooplankton volume means were obtained of data grouped in
regions named as north (lines 100-110), and central (lines 113-137).
We use IMECOCAL (Spanish acronym of Mexican Oceanographic Investigations of the
California Current) research program data collected from 1997-2010 surveys, together with
CalCOFI (California Cooperative Fisheries Investigations) 1950-2009 data, to illustrate the
temporal links between lower trophic biological levels and large-scale climatic processes in
the northeastern Pacific Ocean off Baja California. Quarterly sampling routine of the
IMECOCAL cruises conducted on the Mexican RV Francisco de Ulloa includes CTD/Rossete
casts (conductivity, temperature, depth) to 1000 m, depth permitting; also water samples
from the upper 200 m collected in 5-liter Niskin bottles to determine phytoplankton
Chlorophyll-a, and zooplankton tows were analyzed. The present study includes
information from 45 cruises performed between September 1997 and April 2010 through a
station grid of 92 stations (Fig. 1).
Water column phytoplankton Chlorophyll-a was determined from 1-liter discrete seawater
samples, filtered onto Whatman GF/F filters, following the fluorometric method (Yentsch &
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Menzel, 1963; Holm Hansen et al., 1965) with modifications of Venrick & Hayward (1984).
Integrated 100 m water column Chlorophyll-a anomalies were calculated for the period
1998-2010 removing the long-term seasonal mean. Since the IMECOCAL domain is
characterized by different hydrographic provinces (Subarctic north of 28°N; Subtropical and
tropical south of 28°N), regional averages of Chlorophyll-a anomalies for three separated
regions were calculated.
During the IMECOCAL surveys zooplankton was collected with a bongo net of 505 μm
mesh-width doing double oblique hauls in the upper 210 m or from 10 m above the bottom
to the surface at shallow stations. The diameter of the net was 61 cm before October 2001,
and then it was replaced by one of 71 cm. The volume of water strained was measured with
a flow meter in the mouth of the net. Samples were preserved with 4% formalin and sodium
borate. A total of 3044 zooplankton samples were processed for displacement volume
determination with a graduate cylinder one month after the end of each cruise. Taxonomic
identification of major taxa were done selecting 1215 nighttime samples from oceanic
stations (>200 m depth). Here only data of copepods and euphausiids are presented
separately, while the rest of the taxa were combined in the category of other zooplankton.
They were counted from a fraction (1/8, 1/16, or 1/32) of the original sample. Zooplankton
biomass and abundance were log-transformed to normalize data. Biomass and abundance
anomalies for the period 1997-2008 were estimated removing the long-term seasonal mean.
Time series of abundance anomalies for copepods and euphausiids were subject to linear
regression analyses.
Data of daily upwelling indices (UI) from www.pfeg.noaa.gov/products/products.html,
were also used to illustrate the variability in coastal upwelling activity. The data were
obtained for two sites: off Punta Baja (30ºN, 119ºW) and off Punta Eugenia (27ºN, 116ºW; see
figure 1). UI monthly means (and standard deviations) were estimated. Further, UI
anomalies were calculated removing long-term monthly means from the period 1997-2008.
In addition, we used oceanic climate indices (MEI, Multivariate ENSO Index;
http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/;
PDO,
Pacific
Decadal
Oscillation; http://jisao.washington.edu/pdo/PDO.latest; NPGO, North Pacific Gyre
Oscillation; http://ocean.eas.gatech.edu/npgo/), which are contrasted with integrated
water column Chlorophyll-a anomalies, computed from the IMECOCAL hydrographic data.

4. Physical Forcing Analysis
The response to the forcing at interannual variability scales off the Baja California coast is
evident from the time series on figure 2. In this figure, the wind stress magnitude, wind
stress curl, SST (Sea Surface Temperature) and SSH (Sea Surface Height) anomalies were
averaged on the overall IMECOCAL area, and compared with the MEI. Anomalies were
computed averaging spatially all data over the area on figure 4, subtracting the temporal
mean and dividing by the standard deviation. The correlation coefficient (r) between wind
stress (magnitude and curl) and MEI was very low (r~0.1). Negative anomalies of the wind
stress occurred during 1997, 2002, and 2004-2005, coinciding roughly with positive values of
MEI, which could be associated to El Niño conditions and relatively weak winds on the
northeastern Pacific (Peterson & Schwing, 2003).
The strength of the wind anomalies showed poor agreement with MEI; for example in 1997,
negative anomalies of the wind stress reached values as low as -2.0, while during the 2004
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event were just ~-0.7. Wind positive anomalies were present from 1998 to 2000, matching
much of the time with La Niña. At the second half of 2005, high positive wind anomalies
were observed between the last part of El Niño 2004-2005 and the transition to negative
values of MEI (weak La Niña conditions). Summarizing, the MEI does not represent
adequately the wind events off Baja California coast.

a

b

Fig. 2. (a) Anomalies of the wind stress magnitude and wind stress curl; (b) SST (Sea Surface
Temperature) and SSH (Sea Surface Height). Multivariate El Niño Southern Oscillation
Index (MEI) is included in both figures as reference.
Interannual SST anomalies were better correlated with the MEI than the wind (Fig. 2). The
correlation (at 0 lag) between SST and MEI was relatively high (r= 0.66). The most remarkable
SST events were during 1997-1998, and 2006 corresponding to El Niño conditions, where both
MEI and SST showed positive anomalies (Espinosa-Carreon et al., 2004). Negative SST anomalies
occurred during 2002-2003 with positive MEI values, which possibly was related with a strong
incursion of subartic waters to the region (Durazo et al., 2005).
SST negatives anomalies were evident during La Niña episodes, between winter 1998 and
2000-2001, and remained until 2003. A shift between anomalies of SST-MEI is evident; with
SST anomalies preceding MEI (figures 2, 4a). This lag has been reported by Lynn et al.
(1998). SSH anomalies were well correlated with MEI (r= 0.52), except during the La Niña
conditions (1999-2000) (Fig. 3). During La Niña 1999-2000 the MEI and SST showed negative
values, while SSH was positive, which is not consistent with a thermal expansion.
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Fig. 3. Hovmuller diagram: (a) SST; (b) SSH; (c) wind stress curl magnitude; (d) wind setress
curl anomalies. Each variable has been low passed filtered and averaged on the along shore
direction. The horizontal axis represent the distance in km from the coast (at x=0). The
vertical axis represents the time beginning in January 1996.
Time response of the Pacific Ocean along the Baja California Peninsula, as observed in figure
3, shows a lagged relation for each variable. In particular, the positive anomalies of SST (Fig.
3a) clearly preceded positive anomalies of SSH (Fig. 3b) during El Niño years. Casey &
Adamec (2002) found that the relationship between SST-SSH is consistent with thermal
expansion related to ENSO, which was proposed before by Leuliette & Wahr (1999). The lag
between SST and SSH is more evident if we relate those variables with some diagnostic
index like the MEI. The correlation was made between the MEI and the weekly-unfiltered
time series of each variable on every grid point to show the short term lag. SST is somewhat
correlated with MEI. The maximum correlation (Fig. 4a) occurs around Punta Eugenia
(28N). In general the correlation is low (but significant at the 95% confidence level). The lag
between MEI and SST (black contour line in Fig. 4a) shows that SST precedes MEI by 1 to 1.5
months and shows a northward propagation. By the other side, the correlation between SSH
and MEI (Fig. 4b) is much higher for the most part of the area. In contrast, the lag shows that
the MEI leads SSH by 1.5 months along the coast, and the lag decreases on the offshore
direction to 0.5 months. It is important to mention that if the SST and SSH data are lowpassed filtered, the correlation, as expected, will increase significantly, but the short-term
lag will be lost.
In addition, figure 3 also shows a rich offshore structure of the wind stress curl (Fig. 3c) and
magnitude (Fig. 3d). The wind stress curl is positive most of the time near the coast, and
changes sign away from the drop off zone (Castro & Martinez, 2010). The effect of the wind
stress curl seems to be related to SST in such way that when the wind stress curl is weak
(negative anomaly in figure 3c) SST increases. Almost two years previous to the 1997-1998 El
Niño, the wind stress curl was very weak next to the coast (Fig. 3c), as was the wind
intensity (Fig. 3d). In contrast, during the 2002 El Niño, the SST anomaly was negative
(colder). There was not a response of SSH, with a positive wind stress curl anomaly next to
the coast, and the intensification of the wind magnitude. The 2006 El Niño event produced
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very similar (but moderate) response on SST, SSH, and wind magnitude anomalies to the
1997-1998 event. It is important to notice that the wind magnitude anomalies in figure 3d are
more intense off the coast, while the wind stress curl has large values near the coast.

(a)

(b)

Fig. 4. Correlation between the MEI with SST (a), and MEI with SSH (b) on every grid point.
Data cover the period from 1996-2007, without filtered. The black contour-line represents the
lag in days.
To investigate a possible dynamical relationship connecting SST and the other analyzed
variables, we calculate the zero-lagged time correlation of the low passed filtered data
described previosly. The correlations between SST and SSH, wind stress curl (x), wind
stress major component (x) and wind stress minor component (y) were calculated for every
grid point and then averaged on the along-coast direction. Just the significant correlations
were considered for the averaging. The black line in figure 5 shows the correlation between
SST and SSH.
Largest correlation was on the coast vicinity (offshore distance  150 km). Beyond this point
the correlation decaes gradually. The positive sign shows two possible mechanism involved:
the upwelling scenario, where sea level and SST decreases; and the thermal expansion
scenario, where as the water temperature increases sea level also increases. The latest
scenario does not seems to be probable in this analysis since figure 5 shows the zero lag
correlation, namely the short term response. The major component of the wind stress (x) is
almost aligned with the shore line. It is well correlated with SST, except near the coast (red
line in figure 5). The minor component of the wind stress (y), does not show a clear relation
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with SST, and the wind stress curl shows the strongest relation with SST at about 120 km off
the coast.

Fig. 5. Time correlation between SST and SSH (black line). Wind stress principal component
x (red line) and minor component y (blue), and wind stress curl (magenta). The correlation
was done for every point and then averaged on the along shore direction.
Near the coast (~120 km off shore), SST is well related with SSH, being the wind stress curl
the second dominant forcing. Beyond this point, the dominant forcing is the component of
the wind stress parallel to the coast (x). The negative sign of the SST-x correlation indicates
upwelling (since the major component is esentially positive), but from figures 3, and 5, the
SST is mainly related with the wind 150 km away from the coast. It is clear that the averaged
correlation shown in figure 5, fades the local relation between SST, SSH, and the wind. The
relevance of the relationships derived from figure 5, is that the dependence of SST on the
wind or SSH, can not be sumarized on a single mechanism. The wind stress curl dominates
on the wind intensity near the coast. This result implies that Ekman pumping is also
important on the near coast area. Ekman pumping could be a possible alternative
mechanism to explain the presence of SST anomalies. Cold (warm) SST during La Niña (El
Niño) events seems to be in phase with positive (negative) anomalies of the wind stress curl
(Fig. 3a,c). Also the role of SSH is important on the coast neighborhood, as it is well
correlated with SST. Offshore, the wind component parallel to the coast dominates.

5. Remote sensed and in situ Phytoplankton Chlorophyll
The fraction of available remote sensed composite imagery of chlorophyll (CHL) SeaWiFS
1997-2010 data for the region off Baja California (percent of current data in the weekly
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images) show high values (>80%) near coastal zone, diminishing offshore, with lowest
values (<50%) in the southwest region.

Fig. 6. Time series of log-transformed chlorophyll data (CHL, mg m-3) obtained from
SeaWIFS weekly composite imagery for the region off Baja California, México. Red color
indicated the adjusted seasonal cycle. In blue color are the CHL time series for the three
regions described in figure 1. a) north; b) central; c) south.
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Fig. 7. Time series of log-transformed chlorophyll (CHL) anomalies calculated by
subtracting mean seasonal cycles from weekly original SeaWIFS imagery data, collected for
the three regions off Baja California described in figure 1. a) north; b) central; c) south.
The variance of CHL explained by the seasonal cycle (%VE) show some differences at
coastal and offshore zones. Offshore Baja California appears to be at least three main
processes influencing spatial variability: from 29-33°N the 10-40%VE is related with the
influence of the California Current flowing southward. In the southwest zone the VE was
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10-30%, probably associated with mesoscale processes as was illustrate before by EspinosaCarreon et al. (2004). The low variance explained (<10%VE) should be associated to other
different spatially scales processes (data not shown).
For the entire region off Baja California the variance explained by the seasonal cycle
increased from northern to southern regions (see figure 1), with 33% in the north region,
41% in the central region, and 62% in the south region (Fig. 6a, b, c). The maximum increase
on phytoplankton Chlorophyll-a occurred during spring, as a result of phytoplankton
growth in response of seasonal maximum in upwelling-favorable winds (Perez-Brunius et
al., 2007; Castro & Martinez, 2010), transporting inorganic nutrients to the ocean surface and
enhancing primary production. Seasonal cycle amplitude increased also from north to south
regions, with an annual signal dominating. However, the southern region during winter
season shows a raise, which represents an unambiguous semiannual signal.
Satellite chlorophyll diminished at northern and central regions during the 1997-98 El Niño
event, without any important decreasing at the southern region. This pattern for the lasted
region has been discussed before (Kahru & Mitchell, 2000; Yoder & Kennelly, 2003;
Espinosa-Carreon et al., 2004), without a comprehensible exposition of the processes
implicated. The chlorophyll increase during 2005 at the north region (Fig. 6a), has been
associated with coastal upwelling improved through this particular year in the California
Current off Baja California (Durazo, 2009; Lavaniegos, 2009).
Baja California central region is a well representative area of the large scale processes
influencing this basin (Fig. 6b), generally in the lower trophic pelagic organisms. These
effects are mostly apparent during 1998, 2002, and 2003, related with El Niño-La Niña
cycles. In the southern region, spring satellite chlorophyll show positive anomalies, except
during 1997-1998 (Fig. 6c). In that period with an El Niño influence, CHL time series show
an increase on late fall and winter, decreasing in spring season (Fig. 6c).
Interanual time series variability for each region is shown in figure 7 (time series without
seasonal cycle). In general, variability of log-transformed chlorophyll shown low values
during 1998, without an apparent pattern in the northern region. In 2005 positive CHL
anomalies were related with warm and cool conditions respectively (Fig. 7a). In the central
region CHL changes from positive to negatives anomalies during 1997-98 El Niño cycles,
with positive anomalies associated to the 2002-2003 La Niña cycle (Fig. 7b). The southern
region had lower variability, but during 1997-1998 positive anomalies are evident in late fall
and winter, and negative during spring and summer. After that, positive CHL anomalies
were observed on all spring seasons (Fig. 7c).
Water column integrated phytoplankton Chlorophyll-a anomalies estimated for three
regions off Baja California from 1998-2010 were related with the MEI (Multivariate ENSO
Index), PDO (Pacific Decadal Oscillation), and NPGO (North Pacific Gyre Oscillation)
indices (Fig. 8). In general, chlorophyll anomalies for these three selected regions follow a
similar tendency that the NPOG index, except during 2003 and in fewer manners 2004,
when the index had positive values and the chlorophyll had negative anomalies (Fig. 8c, d,
e, f). According with Di Lorenzo et al. (2008) the NPGO index response to changes in the sea
surface height variability, and measure alterations of the North Pacific Ocean gyres, related
with atmospheric forcing along the coast. A positive NPGO index value would indicate
suitable oceanic conditions for wind-driven upwelling and horizontal advection
enhancement, increasing surface nutrient concentration and for instance the phytoplankton
growth. However, long-term phytoplankton variability in the regions off Baja California
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during the period from 2003 to 2007 appears to respond more properly to decadal forcing
changes (PDO index) with an inverse trend between this ocean climate variability index and
the phytoplankton biomass (Gaxiola-Castro et al., 2008).

Fig. 8. Pacific Ocean climate variability indices, and water column integrated phytoplankton
Chlorophyll-a anomalies for three oceanic regions off Baja California described in figure 1. a)
MEI (Multivariate ENSO Index); b) PDO (Pacific Decadal Oscillation); c) NPGO (North
Pacific Gyre Oscillation). Water column (100 m depth) integrated Chlorophyll-a anomalies
calculated after removing the long-term seasonal means for the period 1998-2010. d) north
region; e) central region; f) south region.
For the period 1998-2010 we calculated a positive linear relationship (correlation coefficient
of 0.48, at 95% confidence level) between NPGO index and Chlorophyll-a anomalies off Baja
California, without any significant differences between the Baja California regions.
Interannual relationships between NPGO and chlorophyll have been reported before for the
CalCOFI region (Di Lorenzo et al., 2008; http://ocean.eas.gatech.edu/npgo/), located
northern Baja California. Linear relationships between water column integrated
Chlorophyll-a versus MEI and PDO index for the three regions were negative, with a low
correlation coefficient (~-0.20, at 95% confidence level) for these two indices.

6. Zooplankton variability
The seasonal zooplankton biomass variability off Baja California is less remarkable related to
northern sectors of the California Current System (CCS) (USGLOBEC, 1994). Following this
latitudinal tendency, Baja California waters exhibits more seasonality in temperature and coastal
upwelling activity in the north region (30-32ºN) compared to the central region (24-30ºN).
Considering the interannual changes, zooplankton biomass anomalies were below the 19972008 mean associated with La Niña conditions mainly in the northern region from October
1998 to April 2000 (Fig. 9). Low biomass was also associated to other interannual event
known as the subarctic water intrusion, which brought to the CCS cool and low salinity
water in the upper sea layer (Freeland et al., 2003; Durazo et al., 2005; Gaxiola-Castro et al.,
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2008). Though the subarctic water intrusion started in July 2002, the zooplankton off Baja
California response to this strong perturbation was more clearly observed by October 2002,
with a dramatic reduction in zooplankton biomass. Sea surface salinity continued a
decreasing tendency until February 2004, and then anomalies remained negative but stable
until the end of 2006 (Lavaniegos, 2009). Zooplankton biomass during the freshening period
decreased in the beginning of subarctic water intrusion, but by 2003 in the north region the
zooplankton has progressively increased. In the central region the biomass rebounded until
2005. Notable increase in biomass occurred between 2005 and 2008 particularly in winter
and spring, which appeared to be related to enhancement of coastal upwelling (Fig. 9).
Lavaniegos (2009) analyzed the relation of zooplankton biomass with regional (UI) and
basin-scale (PDO, NPGO) proxies using multiple regression analysis. This analysis applied
to data of 1997-2007 showed a significant influence of the NPGO in the variability of
zooplankton biomass at both regions. In the central region UI was also significant indicating
similar importance of basin and local processes.

Fig. 9. Upwelling indices (UI) and zooplankton volumes (ZV) off Baja California. The UI
monthly means (and standard deviations) were estimated using daily upwelling indices
from www.pfeg.noaa.gov/products/products.html, in two locations (Punta Baja and Punta
Eugenia). UI anomalies resulted after removing long-term monthly means from the period
1997-2008. The ZV mean for each cruise (and 95% confidence interval) were obtained after
logarithmic transformation of data grouped in two regions: north (lines 100-110) and central
(lines 113-137). ZV anomalies were calculated removing long-term seasonal means from the
period 1997-2008.
Zooplankton abundance diverged between regions in relation to the year season (figure 10
upper panels). By example, during summer both oceanic regions presented a long-term
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mean of 41 ind m-3. In contrast, in winter the north region has lesser zooplankton than the
central region (28 and 39 ind m-3 long-term geometric mean respectively). It is important to
bear in mind that shallow stations near the coast were excluded, where zooplankton
abundance use to be from 5 to 15 times higher than oceanic waters. These stations were
excluded due to high variability. Their abundance must to be estimated separately but the
number of nighttime samples is low to present here precise estimations.
Copepods were more abundant in April at the north region with geometric mean of 30 ind
m-3. However, they represented a higher percentage of the zooplankton in January (65%)
due to the decrease in euphausiids and other taxa. In the central region copepods were also
more abundant in April and represented similar percentages in January as in April (55-56%).
The opposite tendency was observed for euphausiids which represented 8% of the total
zooplankton during January in both regions (Fig. 10). The maximum contribution of
euphausiids to the zooplankton community occurred in April, with 11% in the north and
15% in the central regions.
The high frequency variability make difficult to understand interannual tendencies through
the period 1997-2008. Removing the seasonal variability, a long-term increase in copepods
(figure 10 middle panels) and euphausiids (figure 10 lower panels) was evident in one or
both oceanic regions. This increasing tendency could be promoted by increasing upwelling
since 2005 to 2008 (Fig. 9).

Fig. 10. Zooplankton abundance (ZA), contribution of copepods (Cop) and euphausiids
(Euph) for two oceanic regions off Baja California. Stacked bars in the upper panels are
geometric means of Cop, Euph, and the rest of the taxa added to obtain total zooplankton
abundance. Anomalies are in logarithms and were estimated removing the long-term
seasonal mean. Dashed lines are predicted values from linear regression analysis, only
shown in significant cases (p<0.05). Data used came from nighttime samples. Cruises with
no data (ND) are marked with x at the bottom of the graph.
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Abundance anomalies estimated for copepods presented a well defined tendency in the
north region with an interval of negative anomalies between 1998 and 2004 followed by
positive anomalies in 2005-2008. Linear regression analysis was highly significant (F = 18.0,
p<0.001). Euphausiids showed also a significant increase (F = 8.2, p = 0.007) in the north
region, but anomalies shifted above and below zero in bi-or tri-annual intervals, with
negative anomalies being associated to La Niña (1998-2000), and the subarctic water
intrusion (2003-2004), while the rest of the time series remained mostly positive with the
notable exception of January 2002.
In the central Baja California region, the negative perturbation caused in copepod
abundance by the subarctic intrusion appeared to be stronger than La Niña and this was the
reason for not significant result in regression analysis despite the predominance of positive
anomalies in the last three years. In contrast, negative anomalies from euphausiids
associated to the subarctic perturbation were lightly weaker to those corresponding to La
Niña, therefore the long-term increasing tendency resulted significant (F = 5.3, p = 0.026).
The shifting anomalies entail structural changes in the euphausiid communities (Lavaniegos
& Ambriz-Arreola, 2010). Lavaniegos (2009) found a significant relationship between
crustacean herbivores (copepods + euphausiids) and the NPGO during 1997-2007 only at
northern region. In the central region the relation was significant but with gelatinous
herbivorous. This last also were significantly related with UI.

7. Conclusions
Seasonal, and interannual anomalies of wind stress, SST, SSH, CHL, and phytoplankton
Chlorophyll-a and zooplankton data collected during the IMECOCAL surveys off Baja
California from 1997 to 2010 were examined. The analyses help to identify the influence of
El Niño-La Niña cycles in the pelagic ecosystem (lower trophic level), and the strong longterm 2002-2006 effect of basin physical processes, diminishing salinity and phytoplankton
biomass, and enhancing zooplankton volume.
Wind field variability off Baja California is dominated by the North Pacific high pressure
center. The winds are highly persistent with south-southeast direction, favorable to coastal
upwelling. During spring and summer winds are stronger and less variable than in autumnwinter, with a cyclonic curl of the wind stress over well-defined areas near the coast during
the whole year. In general high wind frequencies (order of few days) play also a dominant
role in the region. Wind stress on the ocean off Baja California is manifest in low sea surface
temperature, and high phytoplankton production along the coast.
From the relationship of wind field off Baja California with ocean climate temporal
variability, we conclude that MEI (Multivariate Enso Index) does not represent adequately
the wind events in this particular coastal region, because the spatially mesoscale and local
wind stress components are mainly influenced by North Pacific climate conditions, and in a
less extent by the tropical and subtropical wind forcing events.
The largest part of the noteworthy sea surface temperature (SST) variability events off Baja
California occur during 1997-1998, 2004 and 2006, consequent of El Niño conditions, with
both MEI and sea surface temperature (SST) showing positive anomalies. Negative SST
anomalies occurred during 2002-2003 related with positive MEI values. In general, SST
negatives anomalies were manifest during La Niña phase, mainly between winter 1998 and
2000-2001, and continue until 2003. Sea Surface Height (SSH) anomalies were well connected
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with MEI, with the exception during La Niña conditions (1999-2000). Throughout La Niña
1999-2000 the MEI and SST showed negative values, while SSH was positive, which is not
consistent with a thermal oceanic expansion.
Satellite chlorophyll time series described the influence of El Niño-La Niña cycles off Baja
California, with different responses for central and southern regions. Phytoplankton
Chlorophyll-a positive anomalies were associated with a cold period, characterized by
negative anomalies of the Pacific Decadal Oscillation (PDO index), with a warm phase of
this index from summer 2002 to at least summer 2006, differentiated by negative
Chlorophyll-a anomalies off Baja California. After 2006, PDO index shows more neutral or
negative values, defining the beginning of a cool phase (2007-2008), with positive anomalies
of phytoplankton biomass off Baja California. Following 2007 a shift to a cool ocean climate
phase appears to be present in the region, revealed by strong negative values of the PDO
index, similar to those obtained by 2001 and early 2002. Nevertheless those changes off Baja
California are observed as positive anomalies of salinity and zooplankton biomass (mainly
salps), they are not apparent in phytoplankton positive anomalies.
Phytoplankton Chlorophyll-a linear relationships were mainly related with NPGO (North
Pacific Gyres Oscillation) index, without any significant relationship with MEI and PDO
indices. Perhaps, the increase in phytoplankton growth off Baja California during some
times of the 1998-2010 events was influenced by changes in surface circulation of the
northeast Pacific Ocean, which in turn respond to North Pacific climate forcing. From longterm Pacific Ocean climate index (MEI, PDO, and NPGO) and Chlorophyll-a anomalies
trends, this is not very apparent that the IMECOCAL subdivided regions response
differently to physical forcing, in spite of the domains identified by hydrologic ocean
properties. Nevertheless, zooplankton biomass differences are reflected in these provinces
(north and central regions) related to the year season, through contrasting responses to large
scale events and local coastal upwelling processes. According our data set from 1997-2008,
NPGO index showed a significant influence of the variability of zooplankton biomass at
both regions (northern and central).

8. Future research
In order to have a better understanding of the pelagic ecosystem response off Baja California
to ocean climate variability, analyses of main phytoplankton groups and their relationship
with a more accurate and regional ocean index are necessary. Also, these phytoplankton
assemblages could be related with the main constituent of zooplankton groups, to
understand food web transference in the IMECOCAL region, and their relation with local
and large spatially physical processes. For instance, a first step in this direction is to generate
a regional ocean climate variability index for Baja California waters.
The effect of the wind stress curl on the pelagic ecosystem is other of the topics to be
revisited for the region off Baja California. Because of the wind stress curl and sea surface
temperature relationships, this parameter could have a relation with plankton variability in
the oceanic waters off Baja California.
There are preliminary indications of a colder tendency in the California Current System,
based on long-term sea surface temperature analyses. If this trend is correct, we will expect
an increase in the lower trophic organism’s biomass off Baja California for the next years. In
this chapter, merely some of the zooplankton groups (Copepods and Euphausiids) have
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been shown a similar tendency, and only for the northern region, mainly influenced by
subarctic waters. More research we need to realize in this direction to understand the effect
of long-term climate variability on the pelagic marine ecosystems, mainly on plankton
abundance and biomass changes.
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