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ABSTRACT

A large number of data sets from within the California
Current region, and the large-scale fields that affect
this region, are available for timely assessment of recent
environmental conditions in this system. In addition to
the long-running quarterly CalCOFI cruises, which fea-
tured the initial research cruise of RV Roger Revelle, sev-
eral surveys off Baja California and central California
have provided information on coastal areas adjacent to
the present CalCOFI coverage. Conditions throughout
the north Pacific and in the California Current are sum-
marized and interpreted for the 1996-97 period.

Moderate to weak La Nifa conditions have affected
the north Pacific since late 1995. But this particular La
Nifia event displayed an unusual pattern of atmospheric
heating in the tropical Pacific, compared to other La Nifia
events. This may have helped produce a different response
over the north Pacific that was, in several important re-
spects, different from a typical La Nifia. The most no-
table differences were in the wind anomalies, which may
have contributed to relatively high sea level and warm
SSTs offshore of California and Mexico throughout this
period. El Niflo conditions began to develop in the trop-
ics in early 1997. If this event continues to develop,
significant effects on the California Current region can
be expected.

Variability in coastal conditions is complex, and seems
due to the combined effect of local processes and anom-
alies in large-scale atmospheric and ocean forcing. Coastal
indices and time series show no dominant pattern of
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variability, and the anomalies from their long-term sea-
sonal means were generally not remarkable. Upwelling
indices and buoy time series suggest generally high up-
welling in the spring and summer of 1996, and unusu-
ally high rates in early 1997. In May 1997, upwelling
was dramatically reduced along the entire coast. At SIO
Pier, SSTs were anomalously warm during the first half
of 1996, but closer to the norm in late 1996 and early
1997. In spring 1997, SST and coastal sea-level anom-
alies began increasing, but it is premature to say this
was related to El Niflo forcing. What is certain is that
warm, El Nino-like conditions have been observed in
the region long before the initial development of this
latest apparent El Nifio. Winter sea-level heights were
relatively high due to onshore winds and high fresh-
water discharge, and were connected with positive height
anomalies extending across the entire north Pacific, a
consequence of La Nifia.

Oceanic circulation patterns observed in 1996-97
were similar to the long-term mean, and have featured
relatively high mesoscale activity since early 1996. Salin-
ities in the core of the California Current were notice-
ably lower than historical climatologies indicate. A strong
coastal countercurrent was noted off southern California
in August and October 1996 and April 1997, and along
the Big Sur coast in June 1996. Warm, saline water that
was low in chlorophyll was associated with this flow.

Despite reasonably high primary production based on
chlorophyll concentrations, macrozooplankton biomass
remains very low compared to historical levels in the
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California Current. In recent years, there have also been
reduced abundances of juvenile rockfish and seabird pop-
ulations. High primary production is not clearly related
to coastal time series or circulation patterns, and does
not appear to be a good predictor of production at higher
trophic levels in the California Current.

1. INTRODUCTION

Providing a timely summary and interpretation of
basic environmental data sets that are applicable to eco-
logical research is a high priority, particularly for the
California Current system, where a number of inter-
disciplinary problems are being investigated. This report
continues a series of annual papers in CalCOFI Reports
(cf. Hayward et al. 1994, 1995, 1996) that describe and
interpret recent atmospheric and oceanographic condi-
tions in the California Current. Our objective is to pro-
vide an up-to-date assessment of environmental patterns
and conditions. The primary period covered by this re-
port is from April 1996 to April 1997, although some
earlier data are included to compare recent structure to
previous patterns and trends.

The fundamental emphasis is on results from the quar-
terly cruises that are part of the data-rich CalCOFI time
series. Additional information obtained off central and
Baja California during this period substantiates many
of the features and patterns noted in the present CalCOFI
sampling region, and gives a contemporary context to
the historical CalCOFI data set that once extended from
the Gulf of California and the southern tip of Baja
California to the Oregon border and north. We also ex-
amine the large-scale atmospheric and oceanic condi-
tions that force much of the variability in the California
Current. Physical and biological patterns are related as
well. We consider how these patterns differ from long-
term means, and how biological structure may be linked
to atmospheric forcing and ocean circulation.

Local patterns were affected by a weak La Nifia in the
tropics, which featured an unusual distribution of anom-
alies compared to typical La Nifia events. Unlike con-
ditions during the 1992-94 El Nirio, no single dominant
pattern was expressed throughout the California Current
during the previous vyear.

2. DATA SETS AND METHODS

Coastal data include temperature and salinity at shore
stations (Walker et al. 1994). La Jolla (SIO Pier) and
Pacific Grove daily temperatures and their anomalies
from the long-term harmonic mean (191693 for La
Jolla and 1919-93 for Pacific Grove) are shown as time
series. Coastal sea-level data from San Diego and San
Francisco are shown as monthly anomalies from the
1975-95 mean, corrected for atmospheric pressure (data
courtesy Patrick Caldwell, U. Hawaii Sea Level Center).

TABLE 1
Locations of SST and Alongshore Wind Time Series

Base Alongshore

Buoy Position period*  angle ("N)P
46050

(Stonewall Bank, OR)  44.6°N, 124.5°W (1991-96) 0
46027

(St. George, CA) 418°N, 124.4°W  (1983-96) 341
46013

(Bodega, CA) 38.2°N, 123.3°W (1981-96) 312
46042

(Monterey Bay, CA) 36.7°N, 122.4°W (1987-96) 328
46011

(Santa Maria, CA) 34.9°N, 120.9°W (1980-96) 326
46025

(Catalina Ridge, CA) 33.7°N, 119.1°W (1982-96) 294

*Period of harmonic mean.
PAngle determined from principal component analysis.

Monthly upwelling indices and their anomalies, rela-
tive to 1948-67, for the western North American coast
are presented. From six representative buoys throughout
the California Current region, time series of the daily
alongshore wind component and SST (data courtesy
NOAA National Data Buoy Center) are plotted against
the harmonic mean of each record; the location and base
period of each buoy is given in table 1.

Data from quarterly CalCOFI surveys in 1996 and
1997 are described. The CalCOFI monitoring program
started in 1949; a brief history of the program is given
in Hewitt 1988. The present program consists of quar-
terly (normally January, April, July, October) cruises that
occupy a grid of 66 stations off southern California. The
core time series data set now collected at each station
includes a CTD/rosette cast with sensors for pressure,
temperature, salinity, dissolved oxygen, photosyntheti-
cally active radiation, fluorescence, and transmissivity.
Water samples are collected at 20-24 depths in the upper
500 m to determine salinity, dissolved oxygen, nutrients
(NO,, NO,, PO,, SiO,), phytoplankton pigments
(chlorophyll a and phaeophytin), and primary produc-
tion (**C uptake at one station per day). Oblique and
surface (neuston) net tows (0.505-mm mesh) are taken
at each station. Continuous near-surface measurements
of temperature, salinity, and chlorophyll fluorescence are
made from water pumped through the ship. Acoustic
Doppler current profiler (ADCP) data are also recorded
continuously, providing a measure of upper ocean cur-
rents as well as an estimate of zooplankton biomass based
upon acoustic backscatter. The most recent data presented
here are preliminary, and some changes may be made
after the final processing and quality control checks. More
details on the methods, information about recent activ-
ities, and CalCOFI hydrographic data can be accessed
via the World Wide Web (http:/ /www-mlrg. ucsd.edu/
calcofi. html).
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3. DYNAMICAL RESULTS

A. Large-Scale Oceanic and

Atmospheric Climate Patterns

1995-97 La Nifia. Large-scale surface anomalies are
summarized from monthly fields, assembled from a va-
riety of sources by the NOAA Climate Prediction Center
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Figure 1. January 1997 Pacific Ocean anomailies of sea-surface tempera-
ture (SSTA,; top), outgoing longwave radiation (OLRA; center), and sea-level
pressure (SLPA; bottom). Anomalies are departures of monthly-averaged
fields from the 1979-95 base period. Positive anomalies denote warmer than
normal SST, lower than normal atmospheric heating, and higher than normal
atmospheric pressure. Anomalous surface winds are approximately parallel
with SLPA contours, and cyclonic (counterclockwise in Northern Hemisphere)
around negative anomalies. Closer-spaced SLPA contours indicate faster
anomalous winds. Adapted from NOAA National Centers for Environmental
Prediction (NCEP 1997a).
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(NCEP 1997a, b). Monthly anomalies (figures 1, 2) are
departures from the 1979-95 base period. Much of the
physical variability—wind, sea-surface temperature
(SST)—of the California Current region during 1996-97
appears to have been related to climate anomalies in
the tropical Pacific. La Nifia conditions appeared in the
tropical Pacific about September 1995 and continued

SON

90t 180 gow

Figure 2. April 1997 Pacific Ocean anomalies of sea-surface temperature
(SSTA,; top), outgoing longwave radiation (OLRA; center), and sea-level pres-
sure (SLPA; bottom). Anomalies are departures of monthly-averaged fields
from the 1979-95 base period. Positive anomalies denote warmer than nor-
mal SST, lower than normal atmospheric heating, and higher than normal
atmospheric pressure. Anomalous surface winds are approximately paraliel
with SLPA contours, and cyclonic (counterclockwise in Northern Hemisphere)
around negative anomalies. Closer-spaced SLPA contours indicate faster
anomalous winds. Adapted from NOAA National Centers for Environmental
Prediction (NCEP 1997b).
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through January 1997. La Nifa conditions were mod-
erate to weak until June 1996 and weak during the last
eight months of this period. In February 1997, several
tropical Pacific Ocean and atmospheric anomalies ap-
peared that indicated a shift toward El Niflo condi-
tions. Throughout this period SSTs in and offshore of
the California Current region were unusually warm,
possibly because of La Nifla conditions in the tropics
that differed from those in a typical La Nifla.

These tropical developments were indicated by the
sea-surface temperature anomaly (SSTA) and the corre-
sponding outgoing longwave radiation anomaly (OLRA)
patterns in the tropical Pacific. Negative OLR As indi-
cate anomalously high tropical storm activity and high
latent heating of the troposphere, or lower atmosphere
(Murphree and Reynolds 1995), in essence greater than
usual atmospheric heating. Anomalous atmospheric heat-
ing or cooling in the tropics may trigger a sequence of
events that leads to significant disturbances of the ex-
tratropical ocean and atmosphere. In particular, OLR As
associated with El Nifio and La Nifa events may alter
the atmospheric forcing and circulation of the mid-lat-
itude north Pacific, including the California Current re-
gion (Murphree and Reynolds 1995). La Nifa conditions,
illustrated by the January 1997 fields, are indicated by
positive SSTAs and negative OLR As in the tropical west-
ern Pacific, along with negative SSTAs and positive
OLRA:s in the tropical central and eastern Pacific (fig-
ure 1). The transition toward El Nifio conditions in early
1997 (e.g., April) is suggested by the development of
positive SSTAs in the tropical central and eastern Pacific,
positive OLRAs in the western Pacific, and negative
OLRAs near the dateline (figure 2).

During most of the September 1995-January 1997
period, compared to other La Nifa events, OLR As were
moderate to strong (more than normal atmospheric heat-
ing for La Nifia) in the western region, but weak to
moderate (less than normal heating for La Nifa) in the
central and eastern Pacific (figure 1). The uneven de-
velopment of atmospheric heating anomalies over the
tropical Pacific during 1995-97 may have helped pro-
duce a response over the north Pacific that was, in sev-
eral important respects, different from that typically
observed during La Nifa.

The typical north Pacific winter response to a La Nifia
event includes a negative sea-level atmospheric pressure
anomaly (SLPA) near Hawaii and a positive SLPA over
the northeast Pacific, corresponding to a weaker Aleutian
Low (Murphree and Reynolds 1995). But for most of
the November 1995—January 1997 period, a negative
SLPA occurred over much of the northeast Pacific. This
negative anomaly frequently extended northeastward
from the central north Pacific toward North America.

Surface wind anomalies associated with the SLPAs

were cyclonic (counterclockwise), with generally north-
eastward and northward anomalies over much of the
California Current region and the northeast Pacific
(NCEP 1997a). Such anomalies should lead to reduced
coastal upwelling and higher coastal sea level along the
U.S. west coast. North Pacific sea-level height anom-
alies tended to be anomalously low on the north side
of this region of anomalous wind, but high south of it
(U. Hawaii, Sea Level Center, unpubl. data). Incidentally,
the northeastward wind anomalies were also responsible
for bringing warm, humid, subtropical air to much of
the west coast during the 1995-96 and 199697 win-
ters and the 1997 spring.

The extratropical north Pacific SSTA pattern from
February 1995 to June 1997 was dominated by a nega-
tive SSTA in the central north Pacific, and a positive
SSTA that extended northeastward from the tropical
western Pacific across the northeast Pacific. These fea-
tures were supplemented at times by monthly or sea-
sonal SSTAs along western north America produced
by upwelling episodes (e.g., in October 1996). The area
of positive SSTA was roughly coincident with the re-
gion of anomalously high sea level.

During April-May 1997, the northeast Pacific warmed
substantially in a roughly triangular region extending be-
tween Vancouver Island, Hawaii, and Cabo San Lucas
(figure 2). By early June 1997, SSTAs in this region
ranged from +0.5° to more than +4.0°C. Normally dur-
ing spring, the North Pacific High migrates to the north-
west from its winter position west of northern Baja
California, while also expanding to the west. But during
spring 1997, this migration and expansion was reduced,
leading to northeastward winds and wind anomalies over
much of the northeast Pacific and parts of the west coast
(NCEP 1997b). This situation was especially pronounced
in May 1997. This wind field is associated with more
open-ocean downwelling, which may have contributed
to these warm ocean anomalies as well as higher than
typical sea level, identical to patterns seen in the previ-
ous La Nina.

The atypical response of the extratropical north Pacific
to the 1995-97 La Nifia may have been dominated by
the effects of unusually well-developed positive tropo-
spheric heating anomalies in the tropical western Pacific,
and by the absence of well-developed cooling anomalies
in the tropical central and eastern Pacific (Murphree and
Gelaro, unpubl. model results). These extratropical re-
sponses include the negative SLPA in the northeast Pacific
and its associated low-level wind, sea-level anomalies,
and SST anomalies.

The extratropical North Pacific anomaly patterns ob-
served during this La Nifa period suggest that sea-level
anomalies were controlled by Ekman pumping (diver-
gence in the surface Ekman transport) produced by the
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unusual winds. Increased open-ocean upwelling in much
of the central north Pacific, but open-ocean downwelling
and warmer surface waters offshore of California and
Mexico are implied. While the interactions between
these processes are complex, the ocean provides feed-
back to the atmosphere which may have helped sustain
the La Nifia pattern for over two years.

El Nifio outlook. In late 1996 and early 1997 (Novem-
ber—May), eastward surface wind anomalies in the trop-
ical western Pacific helped initiate a transition toward El
Nifo conditions. The early stages of an El Nifo event
were clearly indicated by positive SSTAs in the eastern
and central equatorial Pacific in February—June 1997
(figure 2). By April, anomalies in surface pressure, wind,
atmospheric heating, and ocean temperatures across much
of the tropical Pacific were consistent with a shift toward
El Nifio conditions. Over a large area near Ecuador and
Peru, SSTAs exceeded +2°C by late May, an increase in
the anomaly of more than 3°C since the beginning of
the year.

During early 1997, temperature anomalies at and near
the thermocline propagated eastward through the equa-
torial Pacific (figure 3). These were associated with two
equatorial Kelvin waves, whose downwelling phase is
indicated by an anomalously deep mixed layer, each
apparently forced by a relaxation in westward wind stress
in the western equatorial Pacific (NCEP 1997b). The
downwelling phase of the first wave reached South
America in March 1997; the second arrived in April-May
1997. These waves would be expected to propagate pole-
ward along the Americas as coastal Kelvin waves, with
the first reaching southern California in mid-to-late April
1997 (the time of a CalCOFI cruise), and the second
arriving in early June. The expected direct eftects of
these waves would include increased coastal sea level
and northward flow, along with warmer and less saline
water (Simpson 1992; Lynn et al. 1995). We stress, how-
ever, that SSTs were elevated throughout the most re-
cent La Nina, and that the June 1997 warm anomalies
off California have not been introduced by El Niro.

If E]l Nifio conditions persist or strengthen during
1997-98, significant effects in the California Current re-
gion would be expected via atmospheric and/or oceanic
teleconnection processes (Murphree and Reynolds 1995;
Lau 1997). Several El Nifio/Southern Oscillation fore-
cast models run in early spring 1997 are predicting El
Nifio conditions for the second half of 1997 and carly
1998, although other models have predicted cool to nor-
mal conditions for this period (Barnston 1997).

B. Coastal Conditions

Coastal upwelling indices. The monthly upwelling in-
dices (Bakun 1973; Schwing et al. 1996) along the North
American west coast since 1995 display the annual cycle
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Figure 3. Depth of the 20°C isotherm between 2°N and 2°S for June
1995-May 1997. Analysis based on the five-day averages of moored time
series data from the TAO (Tropical Atmosphere Ocean) array. Shading
denotes isotherm depths more than 20 m deeper than the monthly climatol-
ogy. Deeper than normal isotherms indicate the eastward propagation of the
downwelling phases of two Kelvin waves across the equatorial Pacific in early
1997. Adapted from NCEP (1997b).

of increased upwelling during spring and summer, with
generally higher values in 1996 than in 1995 (figure 4).
Anomalies were generally positive (greater than normal
upwelling) for the latter half of 1995, but reversed to
slightly negative (weaker than normal upwelling) along
the U.S. coast in early 1996. In May 1996, values be-
came anomatously high at 36°N and north, but remained
negative at 33°N. Weaker than normal upwelling off
Baja California was suggested during the summer of
1996. Upwelling remained high along most of California
during the biologically productive months of 1996. After
negative anomalies in December 1996, the indices were
unusually high in early 1997 south of Cape Mendocino
(40°N). Winds were relatively calm in May 1997, lead-
ing to much weaker than normal upwelling along the
entire west coast. The indices have been near zero off
Oregon for the first six months of 1997.
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MONTHLY UPWELLING INDICES
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Figure 4. Monthly upwelling index and upwelling index anomaly during
1995-97. Positive values imply coastal upwelling. Shaded areas denote posi-
tive (upwelling-favorable) values in upper panel, and positive anomalies (gen-
erally greater than normal upwelling) in lower panel. Units are in m® sec™'
per 100 km of coastline.

Coastal upwelling indices during this period do not
correlate with the large-scale atmospheric anomalies de-
scribed in section 3A. Thus at times coastal conditions
(e.g., SST) may show a different pattern from that in the
greater north Pacific. For example, strong coastal up-
welling in early 1997 appears to have mitigated the warm-
ing effects of wind-forced Ekman downwelling in the
northeast Pacific (figure 1).

Coastal buoy time series. Winds measured at NDBC
buoys (table 1) along the U.S. west coast (figure 5) re-
flect the interannual differences, as well as the annual
cycle, noted in the upwelling indices. Seasonal patterns
observed in 1995 and 1996 correspond well to the long-
term climatology of west coast buoys (Dorman and Winant

1995). Wind vectors align strongly with the local coast-
line, particularly off central and southern California.
Winds within the Southern California Bight are weak
and variable throughout the year, particularly in sum-
mer, relative to those north of Point Conception. Winter
winds in 1995 and 1996 were highly variable over short
time scales, a consequence of a series of strong winter
storms that crossed the coast. On average, the winter
winds were poleward and stronger than normal, partic-
ularly in early 1995. Summer winds were predominantly
equatorward, or upwelling favorable, with occasional
wind relaxation events or reversals to poleward flow.
Coastwide reversals in April and May 1996 produced
poleward winds for a brief period. Overall, the winds
during 1996 were more upwelling favorable than dur-
ing 1995, and featured stronger than usual velocities.
At the coastal buoys SSTs reflect both the large-scale
anomaly patterns seen throughout the north Pacific, and
changes in local wind forcing over time (figure 6). Maxi-
mum SSTs occur in late summer along the entire coast.
But the minima are delayed oft much of California,
due to the cooling effect of coastal upwelling. The spring
transition for 1995 arrived in mid-April; in 1996 it ar-
rived in mid-March. During 1995 and 1996, as well as
in the long-term climatology, SST variance was greater
in summer than winter. This is probably due to the com-
bined effect of upwelling/downwelling events that pe-
riodically advect the strong seasonal alongshore SST front
separating upwelled and offshore water past the buoys,
along with interannual variability associated with El Nino,
La Nifia, and other large-scale climate events. Generally,
SSTs were warmer than normal in early 1995, but cooler
than usual oft southern California from spring through
fall 1995. In early 1996, SSTs were unusually warm, par-
ticularly in the northern half of the California Current.
Unusually cool SSTs, related to strong upwelling-fa-
vorable wind conditions (figures 4, 5), predominated for
most of the summer of 1996; SSTs gradually returned
to their long-term mean in December.
Shore time series. Unlike SSTs at the nearby coastal
buoy (Catalina Ridge, figure 6), which featured cooling
tendencies in early spring 1996, surface temperatures
measured at the SIO Pier remained anomalously warm
through the first half of 1996 (figure 7). This pattern was
a continuation of the warm SSTs that commenced in
fall 1995, and of the warm conditions noted over a large
area of the north Pacific (figure 1). Exceptions to these
warm anomalies in 1996 were a sharp decline in SST
in May from strong positive to near-normal anomalies,
and brief periods of very cool SST in July and August.
Events like these are not unusual in the historical record.
Variations in SST at SIO corresponded closely to anom-
alies at the Catalina Ridge buoy. Shore temperatures at
Pacific Grove fluctuated about the seasonal norm during
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Alongshore Winds 1995 and 1996
Buoy 46050 ~ (Stonewall Bank, OR)
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Figure 5. Time series of daily-averaged alongshore winds for 1995-96 at selected NDBC buoys. Bold lines indicate the harmonic mean annual cycle for each
buoy. Shaded areas are the standard error for each Julian day. The period used for calculating the mean at each site and the alongshore angle are shown in table 1.
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Sea Surface Temperatures 1995 and 1996
Buoy 46050 ~ (Stonewall Bank, OR)
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Figure 6. Time series of daily-averaged SST for 1995-96 at selected NDBC buoys. Bold lines indicate the harmonic mean annual cycle for each buoy. Shaded
areas are the standard error for each Julian day. The period used for calculating the mean at each site is shown in table 1.
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Sea Surface Temperature
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Figure 7. Sea-surface temperature at Pacific Grove and La Jolla (SIO Pier) for 1996 and 1997. Daily temperatures and anomalies from the long-term harmonic
mean (1919-93 for Pacific Grove and 1916-93 for La Jolla). The heavy line shows the harmonic mean annual cycle in SST.

the first halt of 1996, and were slightly cooler than aver-
age during the latter half, presumably in response to
the stronger than normal upwelling-favorable winds (fig-
ures 4, 5), and show a marked agreement with nearby
buoy SSTs (figure 6). Seasonal anomalies for the buoy
and shore series are not directly comparable because they
are based on very different periods.

More recent coastal SST's are available at a few loca-
tions. At Granite Canyon, an open site on the Big Sur
coast that reflects upwelling events, SST jumped from
9.5° to 13.5°C over the course of several days in early
May 1997 (Jerry Norton, pers. comm.). The 1971-94
mean for May at this site is 10.36° (David Newton, SIO,
pers. comm.). The relatively cool SSTs in April and early
May were associated with higher than normal upwelling
indices, and the sudden increase was possibly due to
the initiation of weak upwelling (figure 4).

Coastal sea levels at San Diego and San Francisco (fig-
ure 8) were near or slightly below average throughout
most of 1996, and consistently lower than 1995 values
at San Francisco. Note that the annual climatologies have
been revised recently, so the anomalies do not corre-
spond with those described in Hayward et al. 1996. San
Francisco sea level was near normal from April through
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October 1996. As in 1995, sea level at San Francisco was
anomalously high in late winter 1996 and January 1997,
presumably because of winter storm winds that favored
onshore Ekman transport (figures 4, 5), along with high
freshwater discharge through the Golden Gate in asso-
ciation with heavy rains and widespread flooding through-
out northern California. San Diego sea level anomalies
were shightly lower than normal in spring and relatively
higher in winter during the past two years. High coastal
sea levels in winter 1996-97 are consistent with a large
area of positive height anomalies extending southwest-
ward across the entire north Pacific (U. Hawaii Sea Level
Center, unpubl. data) discussed in section 3A.

C. Conditions during the CalCOFI Surveys

In contrast to the relatively well-defined large-scale
anomalies in the north Pacific associated with the
1992-94 La Nifa, but perhaps in agreement with fairly
typical seasonal values in the coastal time series discussed
in section 3B, the quarterly CalCOFI surveys displayed
no strong pattern. The circulation of the California
Current appeared to feature relatively high mesoscale
activity since early 1996. Over this same period, salini-
ties in the core of the current were clearly lower than
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Figure 8. Monthly sea-level anomalies at San Francisco and San Diego for 1995, 1996, and 1997. The monthly anomalies are deviations from the period

1975-95, corrected for atmospheric pressure.
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Figure 9. Spatial patterns for CalCOFI cruise 9604 (15 April-3 May 1996), including upper-ocean geostrophic flow estimated from 0 over 500-db dynamic height

anomalies, 10-m chlorophyll, 10-m temperature, and 10-m salinity.
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Figure 10. Anomalies in SST (°C) for CalCOF| cruises 9608, 9610, 8702, and 9704.

normal, but temperature anomalies in the region varied
with each cruise. Episodes of strong coastal counter-
current coincided with warm and saline water, and low
chlorophyll near the coast.

Conditions prior to April 1996. The CalCOFI cruises
of 1995 and early 1996 were described in Hayward et
al. 1996. The region’s circulation during 1995 was fairly
typical of the long-term mean. But by February 1996
the pattern shifted so that strong mesoscale eddy activ-
ity complicated the typical southward flow of the
California Current and the northward coastal counter-
current. The region featured generally warm SST anom-
alies during this period. Chlorophyll concentrations were
high, particularly in coastal waters, but macrozooplank-
ton continued a decade-long trend of low biomass
(Roemmich and McGowan 1995).

9604 (15 April-3 May 1996). Preliminary data from
this cruise were also included in last year’s report (Hayward
et al. 1996). Dynamic height anomalies (figure 9) support
the conclusion that the core of the California Current,
as defined by the southward velocity maximum and cor-
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responding salinity minimum, was anomalously far oft-
shore, and that the region had developed a strong meso-
scale eddy field around the meandering southward jet.
The core of the current in this area was unusually warm
and fresh (cf. Lynn et al. 1982), a pattern seen in sub-
sequent cruises as well (figure 10). Chlorophyll levels
were high, especially in the coastal area north of the
Channel Islands, where relatively cool, saline surface
conditions suggested recent strong upwelling.

9608 (7—-24 August 1996). The California Current con-
tinued to be farther offshore than normal in the south-
ern part of this survey (figure 11). The flow field featured
strong meanders and weaker than normal southward flow
off the Southern California Bight. Dynamic heights in
the bight were higher than typical, and there appeared
to be a stronger than usual coastal countercurrent. Most
of the region was anomalously warm, but the spatial pat-
tern included cool anomalies near the coast and near the
core of the current. Salinities were higher than normal
throughout the region, compared to the summer cli-
matology of Lynn et al. (1982). Chlorophyll concen-
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Figure 11. Spatial patterns for CalCOFI cruise 9608 (7—24 August 1996), including upper-ocean geostrophic flow estimated from 0 over 500-db dynamic height

anomalies, 10-m chlorophyil, 10-m temperature, and 10-m salinity.

trations were low in the bight, where surface water was
warm and saline, but elevated in the cool, saline coastal
waters near Point Conception and the Channel Islands.
Concentrations were similar to those during the 9408
cruise and a little lower than during the 9507 cruise.

9610 (10 October—2 November 1996). This CalCOFI
survey marked the inaugural research cruise of the new
SI1O research vessel Roger Revelle, and included an ex-
panded sampling program with much more effort by co-
operative programs. The circulation pattern was fairly
typical of fall, but again featured a strong mesoscale eddy
field (figure 12). A strong cross-shelf temperature front
located off Los Angeles coincided with a very sharp in-
shore meander of the California Current, which fed into
a strong coastal countercurrent. The result was an in-
tense cyclonic circulation around the Channel Islands.

As in the previous survey, very warm (>2°C, figure 10)
and saline anomalies were noted near San Diego. Most
of the region, however, featured relatively large negative
SST anomalies and lower than normal salinities. Near
the Channel Islands, SSTs up to 3°C below normal were
observed, and a large portion of the area had anomalies
cooler than —1°C. Figure 13 presents NOAA polar or-
biter images of gray-scaled radiometric SST (channel 4)
for the 9610 cruise. The California Current jet and the
offshore eddies found in the survey are clearly evident
in the satellite image.

In terms of chlorophyll, this was one of the most
anomalous cruises in the past decade. Fall is normally a
time of low chlorophyll, but concentrations were quite
high throughout this cruise. The pattern was much more
similar to that in April 1996 and 1997, the seasonal peak
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Figure 12. Spatial patterns for CalCOFI cruise 9610 (10 October—2 November 1996), including upper-ocean geostrophic flow estimated from 0 over 500-db

dynamic height anomalies, 10-m chlorophyll, 10-m temperature, and 10-m salinity.

in chlorophyll. Chlorophyll values were particularly high
in the coastal region near Point Conception. Compared
to the previous year’s cruise (9510), when 10-m values
did not exceed 4 mg m >, during this cruise there was
a large area of chlorophyll concentrations greater than
4 mg m~?, with the highest concentrations being more
than 12 mg m™>. Buoy records were highly variable in
time and space during October (figures 5, 6), further
complicating the interpretation of this pattern.

9702 (29 January—15 February 1997). Although dynamic
height anomalies are not yet available for the 1997 cruises,
the circulation patterns can be inferred from tempera-
tures at 100 m. Strong mesoscale structure characterized
this winter survey (figure 14), a continuation of the pat-
tern seen in 1996. The normally strong seasonal coastal
countercurrent was weak to nonexistent, especially in
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the Southern California Bight. Chlorophyll was rela-
tively low, as is typical of winter, with higher values
in the coastal region in the northern part of the grid.
The high chlorophyll concentrations of October 1996
had generally declined. However, the area where 10-m
chlorophyll was greater than 2 mg m™3 was greater
than at this time in 1995 and 1996. Throughout the
area, SST's were anomalously warm (+0.5° to 1.5°) ex-
cept for the coastal region near the Channel Islands
and Point Conception, which was slightly cooler than
the norm (figure 10). A strong alongshore salinity front
transected the survey. Seaward of this feature, the core
of the California Current was 0.2—0.4 ppt fresher than
historical means (Lynn et al. 1982). Although near-
surface salinity was high north of Point Conception,
nearshore waters were unusually fresh from Point
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Figure 14. Spatial patterns for CalCOFI cruise 9702 (29 January—15 February 1997), including upper-ocean geostrophic flow estimated from the 100-m tempera-

ture, 10-m chlorophyll, 10-m temperature, and 10-m salinity.

Conception to San Diego, consistent with the reduced
countercurrent.

9704 (2-20 April 1997). The data shown here are pre-
liminary. The circulation pattern in April, inferred from
the 100-m temperatures (figure 15), was anomalous in
several respects. Poleward flow in the Southern California
Bight was confirmed by ADCP data, which showed a
northward coastal flow that appeared to be continuous
around Point Conception (T. Chereskin, SIO, pers.
comm.). The main flow of the California Current was
strongly perturbed by mesoscale eddies and by a very
sharp and unusual meander that brought the relatively
warm (figure 10), low-salinity core of the current close
to Point Conception. On the other hand, the main flow
of the California Current was unusually far offshore in
the southern part of the sample grid. Anomalously warm
and saline water was seen in the Southern California
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Bight region. This is consistent with the anomalously
strong coastal countercurrent bringing in warmer and
more saline water from the south, a relationship inferred
in August and October 1996 as well. Unlike the October
cruise, the circulation and thermal gradients observed
during this cruise correspond less well to a midcruise
AVHRR image (figure 13). The chlorophyll distribu-
tion during 9704 continued to be strongly influenced
by the circulation pattern. Chlorophyll levels were again
highest in the coastal region near the Channel Islands
and Point Conception. The enriched area near Point
Conception was compressed near the coast due to the
inshore sweep of the California Current, but extended
farther offshore and south of the Channel Islands be-
cause of the offshore meander of the current in that re-
gion. The 9704 pattern in the southern California region
is not markedly different from the 9604 pattern.
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Figure 15. Spatial patterns for CalCOFI cruise 9704 (2-20 April 1997), including upper-ocean flow field estimated from the 100-m temperature, 10-m chlorophyl!,

10-m temperature, and 10-m salinity.

In addition to the quarterly CalCOFI cruises, sev-
eral other notable oceanographic surveys were made in
coastal waters south and north of the present CalCOFI
region. Although these surveys were generally smaller
in scale and confined closer to the coast, they do pro-
vide information about the spatial variability of patterns
in the California Current.

D. Baja California Coastal Conditions

As part of a cooperative program to study the circu-
lation variability on the Baja California continental shelf/
slope between Tiuana and San Quintin, the Estacidén
de Investigacién Oceanografica de Ensenada of the
Mexican navy (EIOE/SM) and the Instituto de Investi-
gaciones Oceanoldgicas of the Universidad Auténoma
de Baja California (IIO/UABC) initiated a series of
oceanographic cruises in 1995. To date, three cruises

have been made; preliminary results from the October
1995 and June 1996 cruises are presented here. The
coastal surveys off Baja California indicate that the cir-
culation pattern was similar to the long-term mean.

Cruise 1095 (23 October—2 November 1995). The low-
est 0/500-db dynamic height anomalies during cruise
1095 (94 dyn. cm) are found near the coast (figure 16).
The horizontal pattern of this field suggests an anticy-
clonic gyre off Punta Colnett and Cabo San Quintin
(ca. 30.5°N) associated with a density anomaly of 23.75
kg/m? and a salinity of 33.35 ppt. There is a tendency
for weak disorganized flow toward the south. According
to Lynn and Simpson (1987), the strongest equatorward
surface flow off Baja California typically appears in spring
and summer, whereas the poleward surface coastal coun-

tercurrent and undercurrent both peak in fall and win-
ter. The 200/500-db picture for October 1995 indeed
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Figure 16. Spatial patterns for cruise 1095 (23 October—2 November 1995) off Baja California, including (A) upper-ocean
geostrophic flow estimated from 0 over 500-db dynamic height anomalies, (B) 10-m density anomaly, (C) ocean geostrophic
flow estimated from 200 over 500-db dynamic height anomalies, and (D) 200-m density anomaly.
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Figure 17. Spatial patterns for cruise 0696 (11-22 June 1996) off Baja California, including (A) upper-ocean geostrophic
flow estimated from 0 over 500-db dynamic height anomalies, (B) 10-m density anomaly, {C) ocean geostrophic flow esti-
mated from 200 over 500-db dynamic height anomalies, and (D) 200-m density anomaly.
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shows a more organized pattern than the surface field,
in spite of the weaker subsurface velocities. Dynamic
heights are similar to those during CalCOFI Cruise 9510
(Hayward et al. 1996), and are comparable to the long-
term mean pattern, with the same anticyclonic gyre and
meandering trend. Vertical sections of geostrophic ve-
locity show cores of northward velocity in the upper
layer, particularly in the northern portion of the survey
where the maximum value was about 10 cm sec ™.
Southward currents of 20 cm sec™ ! were observed along
line E (oft Punta Cabras, ca. 31.2°N). The undercurrent
could be observed in all lines, with geostrophic veloci-
ties reaching 10 cm sec™ .

Cruise 0696 (11-22 June 1996). A southward flow was
observed during cruise 0696 (figure 17), stll disorga-
nized but less so than during the 1095 cruise. The cross-
shelf gradient was also larger (4 dyn. cm), indicating a
stronger flow than in October. The apparent anticyclonic
gyre during the 1095 cruise was not resolved with the
June survey. The uplifting of isotherms and isohalines
toward the coast in the upper 100 m was seen more
clearly on the lines south of Ensenada (31.8°N). This
area of upwelling can be contrasted with conditions in
the northern portion of the survey in the 10-m iso-
pycnal field. The 200/500-db dynamic height anomalies
for this cruise show a pattern similar to those during
the 1095 cruise. The range of values is the same, but the
June field is a little more organized. Differences in
the two cruises are better seen in the density fields,
particularly north of 31°N. Differences in stratification
are the result of higher salinities; temperatures did not
change much. Vertical sections of geostrophic velocity
show a better-developed undercurrent in the southern
lines, reaching 10 cm sec ™! over the slope. A nearshore
southward flow in the upper layer, with a maximum of
25 cm sec” ! in lines B and C, decreased to 10 cm sec™!
in the southern lines. While a salinity minimum in-
dicative of the core of the California Current was not
observed in the June cruise, a subsurface salinity maxi-
mum of 34.4 ppt was noted in lines E-G, the result of
the better-organized countercurrent flow. This was not
seen in October.

E. Central California Conditions

March—April 1996. An ADCP and CTD survey of the
coastal current regime from San Diego to Point Sur was
made by RV David Starr Jordan from 19 October to 7
November 1995 and repeated from 22 March to 7 April
1996 (data courtesy Ron Lynn, NOAA NMES, La Jolla,
and Terri Chereskin, SIO). The survey was designed to
cross the basins and channels of the Southern California
Bight and examine a series of better-resolved lines along
the central California coast than is provided by the
CalCOFI station grid. The area of coverage and the
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Figure 18. Upper-ocean geostrophic flow off southern and central California
estimated from 0 over 500-db dynamic height anomalies for 22 March-7
April 1996.

geostrophic flow pattern for March—April are shown in
figure 18. The field shows a flow meandering southward
through a region of high mesoscale activity, similar in
pattern and magnitude to the April-May 1996 CalCOFI
cruise and the long-term mean (Lynn et al. 1982). One
temporal difference was the stronger coastal counter-
current noted near the Channel Islands during 9604,
which was absent when this survey occupied the same
area earlier.
May—June 1996. The region between Monterey Bay
and Bodega Bay was surveyed three times from 18 May
to 19 June 1996, as part of the SWEFSC Tiburon Lab-
oratory’s annual surveys of pelagic young-of-the-year
rockfish on RV David Starr Jordan, begun in 1983 (data
courtesy Stephen Ralston, Tiburon Groundfish Analysis
Task). Researchers conducted midwater trawls, CTD
casts, and ADCP profiling during the survey. The May—
June survey was repeated in 1997. The Tiburon Lab-
oratory also surveyed in the Gulf of the Farallones in
June and September 1996, as part of a program to mon-
itor how dredge spoil disposal affects marine organisms.
Conditions off central California during May—June
1996 were cooler and more saline than average (Lynn et
al. 1982), and suggest the greatest coastal upwelling rates
since 1991. Upper-layer temperatures were 9°—10°C,
2°—4° cooler than during the same period in 1992, Near-
surface salinities exceeded 34.0 ppt in upwelling centers.
Wind and CTD observations indicate that upwelling also
increased over the course of the survey’s three sweeps.
As in May—June 1995 and March—April 1996, high lev-
els of winter precipitation led to considerable freshwater
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Figure 19. Relationship of mean CTD temperature and salinity from
May—June 1996 survey off central California. Asterisks connected by thin line
are 1996 mean values at 10, 30, 50, 100, 200, 300, 400, and 500 m. Solid
dots connected by bold line are mean of all CTD casts from 1987-96 cruises.
Position of 1996 values to the right of long-term means shows that water in
1996 was relatively warm and saline on density surfaces.

input from the San Francisco Bay system; salinities of
32.5-33.0 ppt were found confined to the upper 10 m
seaward of the Golden Gate. Water below the mixed
layer was warmer and more saline in 1996 than in the
past several years (figure 19), which suggests that the
region contained a lower percentage of subarctic water.
Midlevel water during the 1992-94 El Nifio was cooler
and fresher than average, which is attributed to an on-
shore displacement of the core of the California Current
during the event.

No unusual circulation features were evident off cen-
tral California; geostrophic currents were very similar to
those in previous years. The strongest feature in the
geostrophic flow was an upwelling jet oft Point Reyes
that meandered generally southward during all three
sweeps, although the magnitude of the current was much
weaker than in 1995. A second relatively strong flow was
an anticyclonic circulation associated with a recurring
warm surface feature west of Monterey Bay (Rosenfeld
et al. 1994). The 0/500-db dynamic heights continued
to be depressed by 10 dyn. cm and more relative to those

during the recent El Nifio and were typically 2-5 dyn.
cm lower than in 1995. Although the 200/500-db heights
were very similar to those in the previous year, the dy-
namic signature of the undercurrent oft Monterey Bay
in 1996 was noticeably stronger.

Farther south, off Big Sur, ocean conditions have been
less well studied. This region was surveyed during 3-6
June 1996 as part of a multidisciplinary effort to describe
the benthic fish habitat and ocean circulation near the
Big Creek Ecological Reserve (Rago et al. 1997; Yoklavich
et al. 1997; data courtesy Mary Yoklavich, NOAA NMFS
PFEL). In a response to upwelling-favorable winds (fig-
ure 5), strong offshore jets with maximum speeds of
nearly 40 cm sec™!, extending to 100 m and greater,
were observed in association with Point Sur and Lopez
Point. Water on the southern side of these jets featured
the lowest temperatures and highest salinities in the sur-
vey. Unlike the traditional view of a southward flowing
California Current during this time of year, a coherent
10-to-20-km-wide poleward coastal current (10-15 cm
sec” ") was noted along the entire Big Sur coast from the
surface to 200 m. This coastal flow coincided with a re-
gion of warm, saline water in the upper 50 m, imply-
ing a more southerly source. In the seaward portion of
the survey, cool and less saline water consistent with the
character of California Current water flowed south. These
water types were separated by northward-moving water
that appeared to have been recently upwelled. A simi-
lar region of coherent poleward coastal flow was noted
in the summers of 1981 and 1984 (Chelton et al. 1988)
and in October 1995 (Rago and Collins 1995). The
results from this survey suggest an intriguing conceptual
model of circulation, with a persistent poleward coastal
flow and a series of recirculating cyclonic cells that move
water and material offshore and return to the coast.
Future surveys of this area will, we hope, test this model.
January 1997. During the late fall and early winter of
1996-97, an unusually large number of strong storms
passed over the northeast Pacific. These storms produced
strong poleward (downwelling-favorable) surface winds,
along with heavy rain and snowfall that caused flood-
ing from Washington south to central California. In
California, the heaviest flooding occurred in December
and January. A cruise was conducted by the Naval
Postgraduate School during 22-29 January 1997 to
assess the effects of flood waters leaving San Francisco
Bay (data courtesy Curt Collins, Naval Postgraduate
School, Monterey, CA). Observations showed a dis-
tinct cold, fresh plume extending from the Golden Gate
and flowing into the northern portion of the Gulf of
the Farallones. ADCP measurements indicated that the
plume, which was confined to the upper 10 m of the
water column, was advected northward along the coast
at about 25 cm sec” . The minimum surface salinity
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Figure 20. Cruise means of vertically integrated chiorophyll and macrozooplankton biomass plotted versus the month of CalCOFI cruises from 1984 to 1997.
Each point represents the mean of all measurements on a cruise (normally 66). The solid squares show the cruises that took place from 1984 to 1994. The open
symbols are cruises from 1995 to 1997; cruises from individual years are connected with lines. The bold line in macrozooplankton biomass indicates the monthly

means for 1951-84,

observed at Point Reyes was 29 ppt.-Anomalously high
sea levels, reflected in San Francisco sea level (figure 8),
characterized the region during this time (U. Hawaii Sea
Level Center, unpubl. data).

4. BIOLOGICAL RESULTS

A. Biological Structure of the CalCOFI Region

The integral chlorophyll cruise means show that 9610
was anomalously high for fall (figure 20). This was prob-
ably the main surprise of the cruises. The first two cruises
of 1997 continue the trend since 1995 of being within
the range of, if not high relative to, integrated measure-
ments made since 1984. Macrozooplankton btomass
cruise means through 9704 continued the recent trend
of being low both in the context of values prior to the
mid-1970s (Roemmich and McGowan 1995) and rela-
tive to the past decade. This decline is continuing de-
spite the fact that chlorophyll, and implicitly primary
production (Mantyla et al. 1995), has been relatively high
in the past few years compared to levels of the past decade.

Extensive red tide events were observed from San
Diego to Monterey in early 1995 (Hayward et al. 1995)
and from La Jolla south to Todos Santos Bay in April
1996 (G. Hemingway, pers. comm.). A dense red tide
of Lingulodinium polyedrum (= Gonyaulax polyedra) was vis-
ible in the nearshore waters of the Southern California
Bight from mid-March to mid-April 1997. This bloom
began in December 1996, when elevated concentrations
of this and other dinoflagellate species were observed
near the coast. The densest cell concentrations were slow
in developing, and did not appear to be correlated with
rain or freshwater runoff. Indeed, the relatively strong
winds that occurred during its development (figure 4)
made this red tide all the more surprising, since red
tide dinoflagellates are known to be sensitive to turbu-
lence (Thomas and Gibson 1990). It is possible that dino-
flagellates were exploiting recently upwelled nutrients,
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although diatoms tend to dominate in upwelling as-
semblages. The bloom eventually dissipated in late April,
although recurrences of red water were seen until late
May. The cause of the bloom’s decline is not known, al-
though it did not appear to be related to meteorological
forcing or grazing by other protists (e.g., Noctiluca scin-
tillans). The bloom was quite patchy along the coast, and
was recorded from the Mexican border to north of Los
Angeles. The bioluminescence was spectacular, and
chlorophyll concentrations reached nearly 100 mg m™3
in the dense red water.

B. Biological Conditions off Central California

Primary production. The annual pattern of primary
production in Monterey Bay has been measured as part
of the Monterey Bay Aquarium Research Institute’s mon-
itoring program. Time series of integrated chlorophyll
and primary production for 1994-96, measured by *C
uptake with methods described in Chavez et al. 1990,
show a strong seasonality (figure 21).

The seasonal cycle in Monterey Bay during 1996 was
similar in amplitude and phase to previous years. The
1994-96 period was relatively normal with respect to
coastal upwelling and primary production. Anomalously
high chlorophyll levels were observed in winter 1995-96.
Primary production during this time was also higher com-
pared to seasonal means but, because of lower seasonal
light levels, was not as evident as the chlorophyll signal.
Maximum values occurred in spring and summer 1996
following the initial spring bloom, although levels dropped
off during the time of maximum upwelling (figure 4).
Chlorophyll concentrations and primary production fell
to their winter minima in late 1996 (figure 21).

Early measurements in 1997 suggest that this year
should also be highly productive. A March 1997 cruise
found levels of nutrients and phytoplankton in the
Monterey Bay area elevated as far as 250 km from shore.
By June 1997, conditions had changed significantly, with
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Figure 21. Integrated chlorophyll (top) and primary production (bottom) in
Monterey Bay from 1994 to 1996 measured by '“C uptake. Means and stan-
dard errors of two to five daily measurements are shown by filled circles and
error bars. The heavy line represents a five-point running mean of the data
interpolated to biweekly intervals.

the area of enhanced production having retreated to
within 50 km of the coast. These differences can most
likely be attributed to dramatically reduced coastal up-
welling, which brought very warm water closer to the
coast, possibly combined with the initial signature of the
1997 El Nifio off central California.

Juvenile rockfish. Annual abundance indices of pelagic
young-of-the-year rockfish (Sebastes spp.) oft central
California were estimated from trawls collected during
the Tiburon Laboratory surveys described in section
3E (see Adams 1995 for methods). Indices were very
low in 1996, continuing a trend of declining catch rates
since 1994 (figure 22). The catch rate of S. jordani (the
most common species collected) was slightly higher in
1996 than in 1995, but abundances of many rockfish
species were the lowest observed in the 11 years of the
surveys. In the past, poor recruitment (e.g., 1986 and
1992) has been associated with El Nifio conditions. Such
conditions occurred in the region in 1994 in association
with the continuing El Nifio, and the area experienced

El Nifio-like conditions in 1995 and 1996 (figure 1),
despite the presence of La Nifa in the tropics. While
northerly distributed species (e.g., S. entomelas, S. flavidus,
and S. pinniger, figure 22, dotted lines), were quite abun-
dant in 1991 (a year with colder than average tempera-
tures and strong southerly transport via the California
Current; Sakuma et al. 1995), their numbers have been
substantially reduced since the 1992 El Nifio. In con-
trast, relatively high abundances of southerly distrib-
uted species (e.g., S. goodei, S. jordani, and S. saxicola;
figure 22, solid lines) were observed in the relatively
warm 1993. Even so, catches of these southerly species
have been substantially lower since 1994. The numbers
of invertebrates and other fish species in the 1996 trawls
were also relatively low.

Seabirds. Since 1994, several avifauna species have been
observed off California that have not previously been
reported here, even though search effort by ornitholo-
gists has remained largely constant for the past 10-15
years (see Ainley 1976 and Briggs et al. 1987).

The dark-rumped petrel (Pterodroma phaeopygia) breeds
in the Galapagos Islands and is common and widespread
at sea in the eastern tropical Pacific (ETP; Spear et al.
1995), rarely moving as far north as the subtropical wa-
ters west of the California Current (Pyle et al. 1993).
Yet at least one dark-rumped petrel has been seen an-
nually since 1994 in the pelagic waters just off the shelf
break of central and southern California. During 1996,
when five individuals were observed in the California
Current, two other species also found normally in the
ETP—the Parkinson’s petrel (Procellaria parkinsoni) and
the swallow-tailed gull (Larus furcatus), another Galapagos
breeder—were sighted oft central California. The only
previous (unconfirmed) sighting of swallow-tailed gull
was made in Monterey Bay 20 years ago (S. Terrill, H. T.
Harvey & Assoc., Alviso CA, pers. comm.).

Seabirds in the ETP move their locations at sea in
concert with shifts in the boundaries of current systems
and water types, especially as forced by El Nifio or La Nifia
(Ribic et al. 1992). Movements within the California
Current in response to shifts in oceanographic climate
are also well known (Ainley 1976). The warm temper-
atures of the California Current and temperate eastern
Pacific during the past several months (figure 1) may be
partly responsible for these changes in avifauna.

5. DISCUSSION

Many factors operating on a variety of time and space
scales affect the California Current system. A wide range
of atmospheric forces appears to produce a complex set
of physical responses and even more complicated bio-
logical responses. Thus it is difficult to develop a single
model that can describe the system’s dynamics under
all conditions. It can also be difficult to clearly identify
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Figure 22. Annual abundance estimates of pelagic young-of-the-year rockfish, Sebastes spp., off central California for 1986-96, including individual estimates for

three southerly distributed species (solid lines with circles) and three northerly distributed species (dotted lines with triangles). Abundances were adjusted accord-
ing to Adams (1995) to account for interannual differences in size structure, and log-transformed by log, (x + 0.1), where x is the length-adjusted catch.

the major signals within the system. This is partly due
to a relative scarcity of data. Despite the large number
of surveys in the CalCOFI time series, the number of
observations is still quite small, given the complexity of
the system being sampled. This makes it ditficult, in a
system with strong spatial and temporal variability, to
calculate meaningful averages. This difficulty, in turn,
makes it hard to identify anomalous conditions, since
their calculation is based on the averages. These problems
are increased when researchers use different data sets,
since each set tends to have its own reference periods
and sampling methods. Despite these difficulties, we have
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taken the liberty of speculating on some of the more in-
triguing results presented here, in part to stimulate the
reader to develop better ways of defining environmen-
tal variability and its relation to ecosystem elements.
Many variations in coastal parameters may be well ex-
plained by fluctuations in local atmospheric and oceanic
conditions. But local factors clearly do not tell the whole
story. Both large-scale and local dynamical processes con-
tribute to variations in SST, sea level, currents, and other
fields in the California Current region. For example,
coastal upwelling, geostrophic adjustments in the coastal
countercurrent and California Current, changes in wind
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forcing over the central north Pacific, and equatorial El
Nifto and La Nifa processes can all force large changes
in coastal sea level and currents. However, since these
processes operate at different space and time scales, it can
be difficult to disentangle their coastal effects.

La Nifia conditions in the tropical Pacific from late
1995 through early 1997 seem to have significantly af-
fected the extratropical north Pacific (figure 1). Several
tropical features of this La Nifia event differed from those
of a typical La Nifia. These differences appear to have
contributed to the formation of extratropical anomalies
that were uncharacteristic for La Nifa, most notably a
large area of unusually warm SST that extended across
much of the northeast Pacific. Again we emphasize that
the warm SSTs oft our coast at this time (June 1997)
continue a pattern established and maintained by this
unusual La Nifla, and do not yet reflect an extratropical
signal of the developing El Nifio. The anomalous ex-
tratropical atmospheric processes helped produce un-
usually warm waters in the California Current region,
although this coastal effect has been reduced somewhat
since mid-1996 by higher than normal coastal upwelling
along much of California.

Many of the observations in the California Current
region during late 1996 and early 1997 were fairly close
to the seasonal norms. This may have been partly be-
cause La Nifla conditions in the tropical Pacific were
weak or absent during this period. But significant anom-
alies may be expected in the region during 1997 and
1998, if the emerging El Nifio event is maintained or
strengthened. Since late 1996, two Kelvin waves have
developed and propagated eastward across the equator-
1a] Pacific, in association with the emergence of El Nifio
(figure 3). The downwelling phase of the first wave
reached the west coast of South America in March 1997,
and may have continued traveling poleward along the
west coast of the Americas, arriving off southern Cali-
fornia sometime in April. This may have contributed to
the increase in sea-level anomalies at San Diego in March
and the strong coastal countercurrent observed in the
bight during April 1997. However, coastal Kelvin waves
can be created by more local processes (e.g., extratrop-
ical coastal storms), so a careful analysis of the source of
such anomalies is needed.

The circulation of the California Current appeared
to switch in early 1996 to a pattern of relatively high
mesoscale activity that has continued through the most
recent cruises. Mesoscale features in the current were not
geographically fixed during the 199697 cruises, although
a strong onshore meander toward Point Conception was
noted in three surveys (9608, 9610, 9704). But it is dif-
ficult to compare this mesoscale activity to the region’s
long-term circulation, and to know if this activity rep-
resents a shift to a new state. Over this same period, salin-

ities in the core of the current were clearly lower than
in the climatologies for the region. There were also
periods (August, October 1996, April 1997) in which
a strong coastal countercurrent was associated with warm,
saline water near the coast that was also low in chloro-
phyll. The countercurrent appears to have been an im-
portant mechanism for bringing more subtropical water
into the Southern California Bight.

The high chlorophyll levels in the bight during
October 1996 were not clearly related to the shore sta-
tion data or to the general pattern of circulation. Coastal
sea level and temperature were near seasonal norms at
that time. Buoy winds in the bight showed no strong
wind events, although the conditions at the Santa Maria
buoy suggested a period of elevated upwelling north of
Point Conception in October (figures 5, 6), in agree-
ment with the upwelling index (figure 4). The circula-
tion pattern was typical of the long-term mean, with a
strong superimposed mesoscale eddy field. The mesoscale
field has often been this strong before, but without el-
evated levels of chlorophyll. The spatial pattern of chloro-
phyll was strongly related to the circulation pattern and
presumably the nutrient distribution, with the nutricline
probably shallower than normal in the northern part of
the grid. Much of the area of high chlorophyll is often
found well offshore of the wind-driven coastal upwelling
region, and in association with isopycnal shoaling along
the inner edge of the California Current as it meanders
into the CalCOFI region.

Although chlorophyll estimates are good indicators
of primary production (Mantyla et al. 1995), chlorophyll
is not a good predictor of higher trophic production in
the California Current ecosystem. Despite the relatively
high levels of phytoplankton production on some cruises,
particularly during October 1996, the biomass at higher
trophic levels appears to have been low compared to his-
torical observations. Macrozooplankton biomass remains
depressed in comparison to recent historical levels. The
abundance of juvenile rockfish off central California has
been at a low for the past decade. It also appears that
decreases in plankton-feeding seabird species reported
recently by Ainley et al. (1995) and Veit et al. (1997)
continued during 1995-97 (Spear and Ainley, unpubl.
data). Decreases are consistent with the decline in zoo-
plankton reported by Roemmich and McGowan (1995)
and with the aforementioned decreases in juvenile rock-
fish. The issue of why zooplankton, fish, and bird pop-
ulations have been reduced for the past several years
remains a pressing question in this system.

As part of the California Department of Fish and
Game’s Central California Marine Sport Fish Project-
Refugia Study, scientists have been monitoring rock-
fish populations to determine the feasibility of marine
reserves as a management tool (data courtesy David
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VenTresca, CDFG, Monterey, CA). A statistically sig-
nificant relationship exists between the monthly up-
welling index at 36°N and the subsequent recruitment
of young-of-the-year blue rockfish (Sebastes mystinus)
in the Monterey Bay area (D. VenTresca, CDFG,
Monterey, CA, pers. comm.). Recruitment in Monterey
Bay was below normal in 1995, and very poor in 1996.
The March 1997 upwelling index (figure 4) indicates
that the 1997 recruitment of young-of-the-year blue
rockfish will be the highest since the exceptionally strong
1988 year class. In addition, recruitment of this fish in
1997 has been unusually early, possibly in conjunction
with the rather early transition to strong upwelling-
favorable conditions. Whether this early recruitment is
eventually reflected in other higher trophic level com-
ponents, or ultimately leads to a strong year class for
rockfish in general remains to be seen.

An encouraging note from the 1996-97 period was
the large number of projects that examined the oceanog-
raphy of various regions of the California Current. It is
critical that projects such as those off Baja California and
central California (described in previous sections) be
linked with the CalCOFI program to produce a result
that is greater than the sum of its parts. Independent
ocean data sets from different areas of the California
Current allow a better assessment of individual envi-
ronmental features and the processes that produce them.

The growing number of observations of the California
Current include a wide variety of data types and sources.
Researchers need to develop innovative ways to ana-
lyze and interpret the historical environmental data from
CalCOFI and the greater north Pacific region. One tech-
nological advance that has helped and will continue
to help is the increasing use of telecommunications and
the World Wide Web to make data more readily and
widely available. As mentioned in section 2, the CalCOFI
data are accessible on the Web, as are a growing num-
ber of other databases and products relevant to the
California Current.

We suggest a few ideas to encourage closer links be-
tween the area’s numerous field research programs. First,
efforts should be made to standardize sampling methods
for basic physical and biological measurements, and to
attempt to include sampling of these basic variables on
all cruises. This may require the help of experts from
new disciplines on existing field research teams. If pos-
sible, cruise plans should include opportunities for adding
outside researchers to take samples that are part of the
standard set of critical measurements (e.g., chlorophyll
on fisheries surveys). Second, the Internet should be used
as an electronic bulletin board to post detailed cruise
plans so that independent but concurrent cruises can
be coordinated. Third, the California Current is highly
variable, and the most important results are often un-
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expected. Chief scientists should communicate with sci-
entists of recently completed surveys regarding any un-
usual or anomalous findings, and cruise plans should
consider “adaptive sampling” strategies to further inves-
tigate these features. Finally, we encourage someone to
step forward to attempt a more complete assessment and
“model” of the California Current that incorporates var-
ious data sets such as those described here. This will re-
quire not only keen scientific insight but also the ability
to bring together a diverse group of researchers from a
wide variety of academic, government, and private in-
stitutions.

It is important for physical and biological oceanog-
raphers to continue working together; to join with sci-
entists in other disciplines to better understand long-term
(i.e., interannual to decadal) variability in the environ-
mental and biological components of the California
Current region; and to better describe how climate shifts
may affect the region and its living resources.
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