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ABSTRACT
The role of secular warming relative to decadal and

spatial variability in ocean temperature is examined from
long-term Sea Surface Temperature (SST) records off
California, from other regions of the North Pacific, and
from the Indian Ocean. The Pacific Decadal Oscillation
(PDO) index of basin-scale variability accounts for 18–48%
of the variability in these SST series. The warming trend
in SST is now associated with similar levels of variabil-
ity. Near-surface temperature variations throughout the
California Current System are similar between regions,
including the waters over the Santa Barbara Basin. Changes
in the abundances of planktonic foraminifera from Santa
Barbara Basin sediments show that the warming trend
has had a substantial impact on marine populations rel-
ative to other interannual- to decadal-scale changes. Time
series that began after 1925 may underestimate the cold
extremes of decadal-scale ocean variability and its mod-
ulation of marine populations while records since 1977
lie within an anomalously warm period. 

INTRODUCTION
Long-term warming of the world’s oceans and its ef-

fects on marine ecosystems are currently major concerns
and are widely debated. The integrated heat content of
the global oceans to 3000 m has been increasing since
the mid-1950s and observations and models show that
the increases can be attributed to atmospheric forcing
associated with accumulating greenhouse gasses in the
atmosphere (Levitus et al. 2000; 2001; Barnett et al.
2001; 2005). Many coral records from the tropical Pacific
and Indian Oceans show unprecedented warming in the
late 20th century (Urban et al. 2000; Charles et al. 2003;
Cobb et al. 2003). Moreover, fossils from marine sedi-
ments indicate that recent warming in the California
Current System (CCS) has affected marine populations
in a manner that is different from warming events dur-
ing the previous 1400 years (Field et al. 2006). In this
study, SST time series from the CCS and other regions
of the North Pacific are analyzed to show the nature of
the warming trend relative to decadal variability. 

Changes in ocean-atmosphere heat exchange, hori-
zontal advection, vertical mixing, and wind-driven shoal-

ing and deepening of the thermocline are important
processes that affect SST and redistribute heat within the
ocean and between the ocean and atmosphere on sea-
sonal to millenial time scales. It is well known that the
CCS and the North Pacific undergo large interannual-
(El Niño Southern Oscillation [ENSO]) and decadal-
scale variations that can be largely characterized by the
North Pacific Index (NPI; Trenberth and Hurrell, 1994)
of atmospheric circulation and the Pacific Decadal
Oscillation (PDO) index of SST. The cause of this
decadal-scale variability is likely related to a combina-
tion of oceanic integration of white noise weather, trop-
ical forcing, and mid-latitude feedbacks (Pierce 2001;
Rudnick and Davis 2003; Deser et al. 2004; Miller et
al. 1994; Schneider and Cornuelle 2005). Enfield and
Mestas-Nuñez (1999) showed that in addition to large
interannual and decadal variability, the eastern North
Pacific makes an important contribution to the global
ocean warming trend that began around 1930 and fur-
ther intensified in the mid-1970s. 

The PDO is often employed instead of regional tem-
perature records or atmospheric indices as an indicator
of the state of North Pacific climate because it integrates
the oceanic response to large-scale processes. In addi-
tion, uncertainty in the reliability of both the PDO and
regional records in the early 20th century arises from a
fairly limited number of observations in the Compre-
hensive Oceanic-Atmospheric Data Set (COADS) and
potential biases in methodology, although these have
been well described (Kaplan et al. 1998; Lluch-Belda et
al. 2001; Smith and Reynolds 2004). By definition, the
PDO is the dominant pattern of variability in SST in
the North Pacific; it is the leading principal component
of Pacific Ocean SSTs north of 20˚N and primarily cap-
tures a dipole of anomalous SSTs between the central
and the eastern North Pacific (fig. 1). However, the PDO
is calculated after removing the mean monthly global
SST anomaly, which has an appreciable upward trend
(approximately +0.6˚C since 1900). Various studies
(Mantua et al. 1997; Deser et al. 2004; Schneider and
Cornuelle, 2005) have examined the mechanisms re-
sponsible for the variability associated with the PDO,
but not the trend. Although it is generally known that
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the trend is not included in the PDO, the relative effects
of the warming trend on ocean climate and marine pop-
ulation response may be frequently overlooked.

Some of the longest biological time series available are
commercial fish catch records, which indicate that decadal
variability associated with the PDO has a predominant
effect on many marine populations (Mantua et al. 1997;
Chavez et al. 2003). Sedimentary records of fish scale de-
position suggest that the decadal variations of the 20th
century are typical of population variability prior to fish-
ing (Baumgartner et al. 1992). While anthropogenic ef-
fects of fishing at multiple trophic levels (prey and predator)
must have some influences, it is difficult to separate the
effects of removal from responses to secular changes in
climate. Other studies have attributed recent changes in
marine populations to the 20th century warming trend
(Barry et al. 1995; Field et al. 2006), but few studies have
discussed the relative importance of both the PDO and
the trend to marine populations. 

We quantify the variance associated with the PDO
and with the warming trend. In order to show how well
time series of a given location, duration, and sampling
resolution reflect these two sources of large-scale vari-
ability, we examine time series of SST from shore sta-
tions as well as shipboard measurements from COADS
and California Cooperative Oceanic and Fisheries Investi-
gations (CalCOFI). Links between SST variability and
the trend on marine populations in the CCS are illus-
trated by presenting records of abundance of different
species of planktonic foraminifera from Santa Barbara
Basin sediments that span >250 years as described by

Field et al. (2006) and Field (2004a). Using a sequence
of these foraminiferal variations, changes in spatial pat-
terns of Pacific SSTs are examined and the scale and
physical mechanisms of change that may be affecting the
North Pacific and its ecosystems are discussed. 

MATERIALS AND METHODS
SST time series selected for this study are Scripps Pier

in La Jolla and Pacific Grove near Monterey (fig. 2), both
of which span two decadal-scale fluctuations of the PDO
index. Two common COADS-derived SST indices off
of southern/central California were selected: the Kaplan
SST index at the 5˚ × 5˚ grid centered 32.5˚N and
122.5˚W (Kaplan et al. 1998), and the Extended Recon-
structed SST (ERSST) at the 2˚ × 2˚ grid located at
34˚N and 118˚W (Smith and Reynolds 2004). These
locations, shown in Figure 2, were selected for multiple
reasons. First, the variations in SST in the CCS show
the strongest relationship with the PDO off southern
California (fig. 1). Additionally, examination of gridded
ship- and buoy-observed SST off of southern and cen-
tral California allows direct comparison with SST records
from Scripps Pier, the longest shore station available, and
from the Santa Barbara Basin, the location of high res-
olution sedimentary records extending further back in
time. Also, CalCOFI sampling in this region since 1950
permits additional examination of spatial patterns of vari-
ability. ERSST indices from three other locations around
the North Pacific and one location in the Indian Ocean
were also selected to examine a range of areas that show
a strong relationship with the PDO (fig. 1). 
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Figure 1. Correlation of SSTs with the PDO index from 1948–2003 illustrating the general spatial pattern of SST anomalies associated with the PDO. Squares
indicate locations of SST series used in this study (California Current records are shown in fig. 2). 
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Figure 2. Map of the California Current showing locations of time series used in this study from shore stations at Pacific
Grove and Scripps Pier (bold circles), the location of the Santa Barbara Basin(*), select CalCOFI stations used to examine
variability with individual stations (open circles), the CalCOFI grids encompassing other stations used to calculate a
CalCOFI grid average (slanted boxes), the Kaplan SST index of the 5˚ × 5˚ grid centered at 32.5˚N and 122.5˚W, and five
different 2˚ × 2˚ ERSST grids. 
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Both the Kaplan SST and the ERSST data process-
ing includes quality control (to eliminate outliers), data
correction (to correct for methodology changes from
buckets and ship intakes), and smoothing based on neigh-
boring grids (Kaplan et al. 1998; Smith and Reynolds
2004). Prior to 1950, sampling error may result in a
damping of variability and a tendency towards zero anom-
aly. Sampling error is greatest prior to 1880 and during
years of World War (Smith and Reynolds 2004). 

Although the selected time series are of insufficient
length to confidently determine linkages between mul-
tiple decadal-scale patterns of variability with one an-
other, the coefficients of determination (r2 values) are
calculated to show the amount of variability that time
series share with one another and with the PDO over
the length of the records. After regressing each SST se-
ries with the PDO, the residuals of the SST time series
are examined to show the variability in the SST series
that is not associated with the PDO. Causality of SST
variability is generally discussed with respect to known
processes rather than significance levels because low fre-
quency variability produces a large degree of autocor-
relation, which lowers significance of statistical measures.

To examine spatial characteristics of variability across
different regions of the CCS, 10 m temperature varia-
tions at CalCOFI stations were examined. Annual mean
temperature anomalies from 1950–2000 were calculated
by averaging monthly anomalies from the long-term
monthly mean. Annual average anomalies were calcu-
lated only if a station had been sampled three or more
times during a given year. Since Santa Barbara Basin and
Scripps Pier variations are of particular interest, we ex-
amined relationships from select CalCOFI stations along
lines 80 and 93 as well as station 82 47 (over the Santa
Barbara Basin). We also calculated an annual average of
all CalCOFI stations near the Santa Barbara Basin (77
51, 77 55, 80 55, 82 47, 83 42, and 83 55) and call it
the “CalCOFI Santa Barbara Basin region” (see fig. 2).
Figure 2 additionally shows the area from which stations
in the southern California Bight were averaged to form
the “CalCOFI So. Cal. Bight region” (Sts. 87 35, 87
45, 90 30, 90 37, 90 45, 93 30, 93 35, 93 40) and the
stations from the area offshore that were averaged to
form the “CalCOFI offshore region” (Sts. 77 70, 77 80,
80 70, 80 80, 80 90, 83 70, 87 70, 87 80, 90 70, 90 80,
90 90, 93 70, 93 80, 93 90). CalCOFI stations farther
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TABLE 1
Coefficients of determination (r2 values) for the trend in the SST series shown in Figures 3B–I (data) and 3K–R 

(residuals of those data from the PDO). Bold values indicate significance at p < 0.05 after correcting for multiple 
testing. Also shown are the standard deviations and range of each series, as well as the regression coefficients of 

the slope of the residuals that indicate the rate of warming (per year). For comparison, the trend in average 
global SST anomalies from 1900–2005 is 0.006.

r2 values r2 values Regression 
Location data trend residuals trend Stdev data Range coefficient

Scripps Pier, California 0.14 0.19 0.68 3.81 0.009
Pacific Grove, California 0.19 0.22 0.59 3.26 0.010
CCS - (34˚N 118˚W) 0.09 0.13 0.77 4.08 0.007
CCS - (32.5˚N 122.5˚W) 0.14 0.21 0.51 2.48 0.007

Gulf of Alaska (34˚N 118˚W) 0.16 0.20 0.47 1.97 0.006
Central Tropical Pacific (34˚N 118˚W) 0.20 0.24 0.47 2.04 0.007
Central North Pacific (36˚N 170˚W) 0.05 0.12 0.64 2.69 0.005
North Indian (8˚N 90˚E) 0.68 0.72 0.29 1.42 0.008

TABLE 2
Coefficients of determination (r2 values) for the shared variability between the time series shown in Figure 3A–J. 

California Current System (CCS) COADS-based time series are the CCS–ERSST centered at 34˚N and 118˚W and the 
CCS–Kaplan SST series for the 5˚ x 5˚ grid centered at 32.5˚N and 122.5˚W (see figs. 1 and 2 for locations). 

Scripps Pacific CCS– CCS– Gulf of Central Central North 
PDO Pier Grove ERSST Kaplan SST Alaska Trop. Pac. North Pacific Indian

PDO 1.00
Scripps Pier 0.44 1.00
Pacific Grove 0.29 0.39 1.00
CCS–ERSST 0.35 0.63 0.66 1.00
CCS–Kaplan SST 0.36 0.64 0.63 0.83 1.00
Gulf of Alaska 0.21 0.29 0.30 0.54 0.40 1.00
Central Tropical Pacific 0.18 0.31 0.27 0.46 0.50 0.28 1.00
Central North Pacific 0.48 0.27 0.16 0.13 0.18 0.04 0.09 1.00
North Indian 0.07 0.21 0.24 0.24 0.17 0.25 0.34 0.00 1.00
Global average 0.03 0.26 0.32 0.37 0.24 0.40 0.32 0.03 0.74
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offshore of station 90 do not have sufficient observations
in the early part of the record to calculate monthly av-
erages for anomalies. The CalCOFI records were also
compared with ERSST series from different regions of
the CCS after 1950.

We compare and contrast the spatial patterns of SST
anomalies during selected multi-year epochs from the
20th century. SST anomalies from the ERSST at the
NOAA Climate Diagnostic Center (based on their
1971–2000 climatology) were averaged based on peri-
ods having similar and persistent patterns of foraminifera
abundances from Santa Barbara Basin sediments that are
described in detail by Field (2004a) and Field et al. (2006).
However, the selection of intervals also matches multi-
annual to decadal periods of the PDO and SST anom-
alies off California. 

RESULTS

Temporal SST Variability 
The time series of SST from the California Current

System (CCS) and the PDO are shown in Figure 3
(A–E). The trend of increasing SST with time is quan-
tified by linear regression and significant for all regions
of the CCS (tab. 1). There is also considerable interan-
nual- to decadal-scale variability in these records; a sig-
nificant portion (29–44%) of this variability can be
accounted for by the PDO (tab. 2). 

Additional variability within the CCS can be attrib-
uted to regional- and global-scale variability not associ-
ated with the PDO. Explained variance (r2 values; also
referred to as levels of shared variability) in Table 2 show
that the selected SST series from the CCS generally share
more variability with one another than with the PDO.
Figure 3 (K-N) shows the time series of the residuals of
the SST series from their relationship with the PDO.
There is greater shared variability between both the orig-
inal CCS SST time series and the CCS residuals with
the global average SST anomalies (tabs. 2 and 3) than
can be explained by a linear trend with time (tabs. 1 and
2). Although the CCS makes up a part of the global SST
data, it is thus apparent that CCS temperature variations
are part of global temperature variations that are not best
described by a linear trend. 

The relationships between the PDO and the SST time
series off California are shown before and after 1950 to
examine systematic differences between time periods
(fig. 4A, 4C, 4E, 4G). Because the PDO is a detrended
measure, there is a notable offset in the relationship be-
tween the PDO and each SST time series. The shared
variability between these variables within each shorter
time period is stronger than the correlation between
variables of the whole record (fig. 4). The offset in the
relationship between time periods indicates that rela-

tionships between other variables (e.g., biological records)
with either SST or the PDO will differ in long time se-
ries as well.

On the other hand, although the relationships be-
tween the SST time series from the CCS show some
differences in slope, there is no apparent systematic off-
set (figs. 4B, D, F, H). The changes in the slopes of Pacific
Grove and Scripps with COADS-based time series are
opposite one another. The Scripps and Pacific Grove
time series vary as much with each other as each of these
series varies with the COADS series, except that Scripps
Pier does not show highly negative SST anomalies in
the early 20th century that are present in other time se-
ries. The levels of shared variability are not consistently
higher or lower before and after 1950 (fig. 4). The tighter
coupling between these SST records indicates that sin-
gle regional temperature records reflect temperature vari-
ability within the CCS much better than the PDO over
the 20th century.

ERSST series from other regions of the North Pacific
and the Indian Ocean are shown in Figure 3 (F-I). The
variability that they share with the PDO, with other SST
series, and with time are shown in Tables 1 and 2. The
residuals of those relationships are shown in Figure 3
(O-R) and the shared variability (r2 values) between
them and the residuals of the CCS series are shown in
Table 3. Linear trends of averaged data are significant for
all areas except in the central North Pacific, but there is
a significant linear trend in the residuals of the central
North Pacific. Some of the residual SST series from the
CCS share considerable variance with other residual se-
ries from different regions of the North Pacific (with
the exception of the central North Pacific), indicating
that the PDO does not capture all of the shared basin-
scale variability. 

The linear trend in global mean SST over the
1900–2005 period is approximately 0.6 +/� 0.2˚C (Smith
and Reynolds 2004) while the range of interannual-
interdecadal fluctuations, of which a portion is associ-
ated with the PDO, is 1.42–4.08˚C (fig. 3 and tab. 1).
The CCS time series contain warming trends ranging
from +0.007˚C/yr to +0.010˚C/yr, which is similar to,
but slightly higher than the +0.006˚C/yr trend in global
SST over 1900–2005 (tab. 1). It is noteworthy that warm-
ing trends at Scripps Pier and Pacific Grove are quite
similar to those constructed in the CCS from the ERSST
and Kaplan data sets, suggesting that the longer SST
record estimated from the gridded SST data sets have
been successfully corrected for changes in procedures
(see also Rayner et al. 2005). The central North Pacific,
which had a cooling trend from 1950–2000 (fig. 1), has
had a warming trend of similar magnitude as the other
regions, +0.005˚C/yr, over this longer period. The
North Indian Ocean also shows a similar trend as other
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regions (+0.008˚C/yr), although the trend explains a
large portion of the variability because interannual and
decadal variability is reduced (tab. 1 and fig. 3). 

Spatial Variability Within the California Current
Annual averages of temperature anomalies at 10 m

for individual CalCOFI stations are compared with other
records to examine spatial coherence in near-surface

temperature variability within the CCS from 1950–2000
(fig. 5). The levels of shared interannual variability (r2

values) are shown for individual CalCOFI stations with
one another, with the more continuous coastal SST series
(Scripps Pier and Pacific Grove), with the averages of
multiple CalCOFI stations, and with the ERSST series
(fig. 6; tab. 4). Figures 6A, 6C, and 6E show the levels
of shared variability between three different individual
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Figure 3. Time series of Sea Surface Temperature (SST) variability from A) the PDO index and different records from the California Current, B) Scripps Pier, 
C) Pacific Grove, D) Kaplan SST for the 5˚ × 5˚ grid centered at 32.5˚N and 122.5˚W, and E) ERSST for the 2˚ × 2˚ grid centered at 34˚N and 118˚W (fig. 2). Other
ERSST records from the North Pacific are F) Gulf of Alaska, G) central tropical Pacific, H) central North Pacific, and I) the Indian Ocean (see fig. 1 for locations). 
J) The global average SST anomaly and K-R) the residuals of the relationship of each time series with the PDO are shown in the corresponding panels to the right. 
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CalCOFI stations with other stations that represent the
main patterns in Table 4. CalCOFI stations that are close
to each other generally have the highest levels of shared
variability. However, the levels of shared variability often
weaken for stations along cross-shore gradients, partic-
ularly along line 80. For example, the station over the
Santa Barbara Basin (82 47) has strong shared variabil-
ity with nearby stations and within the coastal domain
but weaker levels of shared variability with stations 80
70 and 80 90. 

Comparing Figures 6A, 6C, and 6E with Figures 6B,
6D, and 6F shows the degree to which annual averages
of multiple CalCOFI station anomalies have higher lev-
els of shared variability with other time series than do
annual averages from an individual CalCOFI station (see

also tab. 4). The number of measurements composing
the individual CalCOFI station annual averages (three
to twelve measurements per year with a mode of four)
is as many as one or two orders of magnitude less than
the continuous time series or the spatial averaged SST
series. Figure 7 illustrates that there are still some re-
ductions in levels of shared variance between the more
continuous ERSST series and Scripps Pier series with
other records as distance-between-records increases
(tab. 5), but no clear cross-shore differences.

Ecosystem Variability from Fossil Foraminifera
Because SST variations around the Santa Barbara Basin

location are representative of those on a larger scale, we
can use abundances of fossil foraminifera from Santa
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TABLE 3
Coefficients of determination (r2 values) for the shared variability between the residual time series 

of Figure 3L–R and the global average in Figure 3J. 

Scripps Pacific CCS– CCS– Gulf of Central Central North 
Pier Grove ERSST Kaplan SST Alaska Trop. Pac. North Pacific Indian

Scripps Pier 1.00
Pacific Grove 0.18 1.00
CCS–ERSST 0.39 0.52 1.00
CCS–Kaplan SST 0.41 0.48 0.75 1.00
Gulf of Alaska 0.08 0.13 0.41 0.25 1.00
Central Tropical Pacific 0.14 0.14 0.35 0.39 0.17 1.00
Central North Pacific 0.00 0.00 0.01 0.00 0.04 0.00 1.00
North Indian 0.10 0.16 0.19 0.11 0.20 0.28 0.12 1.00
Global average 0.18 0.26 0.39 0.24 0.39 0.31 0.16 0.72

Figure 4. Relationships between SST series from the California Current System with the PDO (A, C, E, G) and with other SST series off of California (B, D, F, H).
Dark circles and dark thin line are the relationship between 1900–50 and light circles and thick grey line are 1951–2005. Coefficients of determination (r2 values)
are shown for the period from 1951–2005 (top/gray), 1900–50 (middle/dark), and 1900–2005 (bottom/bold). 
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Figure 5. Time series of 10m temperature variability from A) the CalCOFI Santa Barbara Basin region (vertical bars) and
CalCOFI station 82 47 (+), B) the CalCOFI Inshore region (vertical bars) and CalCOFI station 93 30 (+), C) the CalCOFI
Offshore region (vertical bars) and CalCOFI station 93 90 (+). Also shown are ERSST series for the 2˚ × 2˚ grids at D) 30˚N
126˚W (offshore Southern California), E) 30˚N 116˚W (Baja California), F) 38˚N 124˚W (central California), and G) 44˚N
124˚W (Oregon; see fig. 2 for locations). 
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TABLE 4
Coefficients of determination (r2 values) for the shared variability between the annual averages of individual 

CalCOFI stations with one another and with other time series from the California Current from 1950–2000 (see fig. 2).
CalCOFI SBB region refers to the annual average of stations around the Santa Barbara Basin.

Gray boxes denote time series that share data and thus should not be considered. 

St. 82 47 St. 80 55 St. 80 70 St. 80 90 St. 93 30 St. 93 50 St. 93 70 St. 93 90

St. 82 47 1.00
St. 80 55 0.65 1.00
St. 80 70 0.42 0.60 1.00
St. 80 90 0.18 0.43 0.54 1.00
St. 93 30 0.40 0.55 0.56 0.45 1.00
St. 93 50 0.51 0.60 0.54 0.41 0.53 1.00
St. 93 70 0.31 0.52 0.64 0.41 0.48 0.66 1.00
St. 93 90 0.29 0.43 0.42 0.43 0.61 0.60 0.56 1.00
CalCOFI SBB region 0.75 0.78 0.56 0.36 0.70 0.63 0.41 0.45
CalCOFI So. Cal. Bight 0.59 0.66 0.56 0.40 0.87 0.72 0.53 0.69
34˚N 118˚W (So. Cal. Bight) 0.53 0.64 0.61 0.41 0.58 0.57 0.62 0.52
Scripps Pier 0.52 0.61 0.64 0.55 0.68 0.54 0.69 0.48
CalCOFI offshore 0.37 0.59 0.71 0.68 0.65 0.65 0.84 0.68
30˚N 126˚W (offshore) 0.41 0.53 0.58 0.56 0.58 0.48 0.57 0.66
30˚N 116˚W (baja) 0.44 0.60 0.64 0.56 0.63 0.55 0.67 0.47
Pacific Grove 0.30 0.37 0.35 0.24 0.36 0.32 0.42 0.21
38˚N 124˚W (northern Cal.) 0.47 0.54 0.67 0.43 0.45 0.56 0.62 0.59
44˚N 124˚W (Oregon) 0.38 0.49 0.67 0.50 0.42 0.53 0.67 0.59
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Figure 6. Maps of the California Current showing levels of shared variability (r2 values) between individual CalCOFI annual
averages at A) Station 82 47, C) Station 80 90, and E) Station 90 30 with other individual CalCOFI stations, with ERSST
series, continuous coastal SST series (Scripps Pier and Pacific Grove), and annual averages of multiple CalCOFI stations
within a given region. Also shown are levels of shared variability between the annual averages of multiple CalCOFI stations
located near or within, B) the Santa Barbara Basin area (82 47), D) the offshore region (80 90), and F) the Southern
California Bight region (90 30). 
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Barbara Basin sediments to extend the 1900–2005 in-
strumental record of ocean climate further back in time
(Field 2004a; Field et al. 2006). Figure 8A shows the
temporal variations in the first two principal compo-
nents of the abundances of nine groupings of species
(Field et al. 2006). Also shown are the abundances of
three individual species and the sum of five different
“rare subtropical species” that exemplify the patterns
summarized by the principal components. Rare sub-
tropical species and the primarily subtropical species,
Orbulina universa, have strong loadings on PC-1. Subpolar
Neogloboquadrina pachyderma (sin.) has a negative loading
on PC-1 and a positive loading on PC-2. Temperate
Turborotalita quinqueloba has a positive loading on PC-2
(Field et al. 2006). 

PC-1 characterizes a 20th-century trend of increas-
ing abundances of tropical and subtropical species as well
as a decrease in abundance of the subpolar N. pachyderma
(sin.). After 1925, the tropical and subtropical species
sustain higher abundances than prior centuries, although
with considerable multi-annual to decadal variability
throughout the record. An increase in O. universa after
the mid-1970s reflects increasing favorable conditions
for species associated with PC-1.

PC-2 characterizes an assemblage of temperate and
subpolar species that generally live within the thermo-
cline and are primarily affected by variations in subsur-
face temperatures rather than SST (Field 2004b). The
initial increase in PC-1 around 1925 was associated with
favorable conditions for T. quinqueloba but the stronger
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TABLE 5
Coefficients of determination (r2 values) for the shared variability between annual averages of CalCOFI stations 

within a given region and with other time series from the California Current from 1950–2005 (fig. 2). 
Gray boxes denote time series that share data and thus should not be considered. ERSST series are indicated 

by the location of the center of the 2˚ × 2˚ grid (and region of the coastline). 

CalCOFI CalCOFI 34N Scripps CalCOFI 30N 30N Pacific 38N 44N 
SBB So.Cal.Bight 118W Pier offshore 126W 116W Grove 124W 124

CalCOFI SBB region 1.00
CalCOFI So. Cal. Bight 0.62 1.00
34˚N 118˚W (So. Cal. Bight) 0.67 0.57 1.00
Scripps Pier 0.67 0.62 0.66 1.00
CalCOFI offshore 0.55 0.59 0.73 0.62 1.00
30˚N 126˚W (offshore) 0.50 0.42 0.73 0.63 0.63 1.00
30˚N 116˚W (baja) 0.63 0.59 0.82 0.75 0.73 0.72 1.00
Pacific Grove 0.44 0.40 0.63 0.44 0.56 0.43 0.62 1.00
38˚N 124˚W (northern Cal.) 0.49 0.42 0.68 0.39 0.68 0.61 0.61 0.55 1.00
44˚N 124˚W (Oregon) 0.46 0.41 0.54 0.39 0.63 0.48 0.53 0.38 0.86 1.00

Figure 7. Levels of shared variability (r2 values) between three different SST series with other regions in the California Current System (as in fig. 6). A) The 2˚ × 2˚
grid ERSST series located at 30˚N 126˚W, B) the 2˚ × 2˚ grid ERSST series located at 30˚N 126˚W, and C) Scripps Pier. 
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warming in the late 20th century results in increasingly
unfavorable conditions for all species associated with PC-
2. Although the low values of PC-2 after the mid-1970s
are not unique to this series, the divergence of PC-1
from PC-2, which began around 1960, marks a distinct
change in the relationship pf PC-1 and PC-2.

The foraminiferal variations summarized by PC-1 are
compared with the different long-term SST time series
off of southern and central California averaged into two-
year intervals that correspond with the sedimentary
chronology. PC-1 shows the strongest correlations with
the Kaplan SST index (r2 = 0.32; p < 0.005) but also
significant relationships with the Pacific Grove series and
ERSST at 34˚N and 118˚W (r2 = 0.23; p < 0.005 and
r2 = 0.29; p < 0.005 respectively). However, there is
very little shared variability between PC-1 with Scripps
Pier SST (r2 = 0.09) or the PDO index (r2 = 0.01), pri-
marily since PC-1 is strongly negative in the early 20th
century and the anomalies of Scripps Pier SST and the
PDO are not. Although shared variability is lower than
variability shared between SST series off California
(tab. 2), the two-year sampling intervals have some error
associated with them (Field 2004a). 

Spatial Patterns of North Pacific SST Variability
It is of interest to determine if regional variations of

SST and the effect SST has on marine populations in

the CCS are associated with basin-scale patterns. We use
the foraminiferal record to select decadal-scale time pe-
riods of ocean climate that correspond with similar phases
of the PDO. Upper (lower) horizontal bars in Figure 8A
correspond with periods of relatively greater (lesser) abun-
dance of tropical and subtropical species and positive (neg-
ative) PDO values. Periods selected include relatively cool
episodes in 1909–24, 1947–54, and 1999–2001 and rel-
atively warm episodes in 1929–42, 1981–98, and 2003–05. 

The period from 1909–24 has predominantly nega-
tive anomalies in the CCS, despite only slightly nega-
tive to neutral values of the PDO (fig 3). Figure 9A
indicates that SST anomalies are strongly negative
throughout the eastern North Pacific and much of the
tropical Pacific, while only the central North Pacific and
Kuroshio extension are near the 1971–2000 average.
This time period also corresponds with the lowest global
SST anomalies of the record (fig. 3J). However, the
foraminiferal indices (fig. 8) indicate that the CCS was
frequently this cool over the last several centuries. 

The period from 1929–42 marks the first pulse of
20th century warming (fig. 3B-E, fig. 3J; Enfield and
Mestas-Nuñez 1999), which is particularly evident in
the long-term foraminiferal record (fig. 8A). Although
this time period corresponds with a positive phase of the
PDO, the positive SST anomalies are primarily centered
in the Gulf of Alaska. Contrary to recent, well-known
teleconnections, this period shows negative SST anom-
alies in the tropical Pacific. PC-2 indicates negative sub-
surface temperature anomalies in the CCS at this time.

In 1947–54, there were negative SST anomalies in
the CCS and a spatial dipole of SST anomalies typical
of a negative phase of the PDO (fig. 9B). Even though
PC-2 indicates subsurface conditions favorable for tem-
perate and subpolar species from 1947–54, conditions
during previous centuries were frequently more favor-
able for the subpolar species N. pachyderma (sin.) and
usually less favorable for tropical and subtropical species. 

While the PDO index suggests that the warm period
from 1981–98 is similar to other decadal periods of ele-
vated PDO (fig 3A), the PCs of foraminiferal abundances
indicate an atypically warm water column in the CCS
following the mid-1970s warming (fig 8). Comparison
of Figure 9E with Figure 9D reveals several noteworthy
differences between the spatial pattern of SST anomalies
during these two decadal time periods (1929–42 and
1981–98). First, there is an extension of positive SST
anomalies through the southern region of the CCS to
the tropics from 1981–98. Second, there are large neg-
ative anomalies in the western Pacific and Indian Ocean
during the 1929–42 time period, but not during the late
20th century. 

The most recent cool period from 1999–2001 has a
spatial pattern of anomalies similar to a typical negative
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Figure 8. A) Temporal variations of a principal component (PC) analysis of
the annual fluxes of planktonic foraminifera from two-year sampling intervals
of Santa Barbara Basin sediments (from Field et al. 2006) and the temporal
variations of several species that reflect the main variations of the PCs.
Species that are of tropical and subtropical origin and show trends of increas-
ing abundances are B) The combined abundances of G. calida, G. rubescens,
G. glutinata, G. siphonifera, and G. digitata, and C) O. universa. Species that
are of temperate and subpolar geographic affinities and show no trend are
D) N. pachyderma (sin.), and E) T. quinqueloba. Horizontal bars in Figure 8A
indicate selected time periods to illustrate spatial patterns of SST anomalies
(fig. 9) based on foraminiferal variations and the PDO index (see text). 
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PDO phase, despite being based on only three years
(fig. 9E). However, the PCs indicate that the California
Current was only slightly cooler from 1999–2001 than
the long-term average of the last several centuries. Note
the strongly positive SST anomalies in the western
and central North Pacific relative to other negative
PDO phases. 

Recently, the PDO index has been positive from
2003–05, although the foraminiferal record does not ex-
tend beyond 2001. However, the distribution of posi-
tive SST anomalies from 2003–05 is more extensive than
during other positive PDO phases (fig. 9F) and there are
no regions of notable negative anomalies. In summary,
Figure 9 illustrates how the magnitude and spatial ex-
tent of positive SST anomalies increase in time during
different phases of the PDO. 

DISCUSSION

The Warming Trend
The discussion is centered on aspects of the warm-

ing trend, spatial variability in SST and the processes that
produce it, and the resulting effects on marine popula-
tions, particularly within the CCS. While a large por-
tion of the variability throughout the North Pacific can
be explained by processes associated with the PDO, a
long-term secular trend is nearly as important (tabs. 1
and 2). Regional and global processes account for addi-
tional variability in the records examined. The PDO
only partially captures the variability of SSTs in the North
Pacific during the 20th century because the PDO has
been constructed from a filtered data set in which the
global trend in SST was removed. Thus the gridded SST-
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Figure 9. Spatial patterns of SST anomalies throughout the North Pacific during time periods that correspond with particular patterns of foraminiferal variations
and SST variability (see text and fig. 8A). Anomalies are based on the time period from 1971–2000. Panels on the left (right) correspond with negative (positive)
phases of the PDO. 
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derived time series should be more accurate indicators
of regional SSTs than the PDO, despite times of poor
data coverage and instrumental and measurement changes. 

Before considering causes of SST variability, it is im-
portant to note that the time series considered here are
short relative to the decadal and longer timescales. There
may be artificial relationships with the PDO and espe-
cially the trends due to autocorrelation when there is
no causality for the relationships. For example, although
Figure 1 indicates that the Indian Ocean and western
Pacific share substantial variability with the PDO from
1948–2005, the longer record from the Indian Ocean
(fig. 3I) has less shared variability with the PDO but is
more similar to the global average SST anomaly (tab. 2).
Thus it is possible that, due to the short records that are
available, spurious correlations can occur between time
series with the PDO since the PDO has a trend after
1950 (r2 = 0.30) but not over the length of the record
since 1900. 

Processes acting on global scales may be important
for SST variability in the North Pacific since the SST
series shown in Figure 3 share nearly as much variance
with the global average SST as they share with the PDO
(tab. 2). Although much of this variability can be ex-
plained by a linear regression, the near zero anomalies
at the onset of the 20th century suggest a mode of vari-
ability in global SSTs that is not just a linear trend (Enfield
and Mestas-Nuñez, 1999). 

Aggregated SST records from the Atlantic, Indian,
and Pacific Ocean basins appear to contain evidence for
solar forcing over very coherent global scales (White et
al. 1997; White et al. 1998), a connection that seems to
hold up until about 1970, when greenhouse gas forcing
becomes a larger influence (White et al. 1998; Cubash
and Meehl 2001). Early 20th-century warming may also
reflect the final ending stage of the Little Ice Age (Esper
et al. 2002) and reduced volcanic forcing (Crowley 2000).
Additionally, models indicate that greenhouse gas accu-
mulation may have been sufficient to affect oceanic heat
content since about 1930 in regions where stratification
could limit mixing and concentrate heat gain to the near
surface (Barnett et al. 2001), such as the California
Current. Regardless of cause, early 20th-century warm-
ing matches the highest observed levels of natural vari-
ations in tropical and subtropical species within the CCS
(fig. 8A) as well as northern hemisphere air tempera-
tures (Mann et al. 1999). 

The linear trends in North Pacific and global SST
anomalies (fig. 3J-R) are consistent with a documented
upward trend in heat content of the global oceans from
the surface to 3000 m (Levitus et al. 2000; 2001). The
global heat content averages across regional variations
arising from horizontal and vertical redistribution of heat
within the oceans and reveals that the oceans have gained

a substantial amount of heat since 1955 that can only be
of atmospheric origin (Levitus et al. 2000; 2001; Barnett
et al. 2005). Accumulating greenhouse gasses in the
atmosphere is the only adequate explanation available
for (a) the amount of heat absorbed by the ocean and
(b) the observation that the increase in temperatures is
greatest in the near-surface (White et al. 1998; Levitus
et al. 2001; Barnett et al. 2005).

While some of the near-surface warming in the 20th
century is attributed to anthropogenic activity, the rel-
ative contributions of greenhouse gases to the timing
and magnitude of 20th-century warming remain un-
clear. Nonetheless, it is important to consider that records
beginning after about 1925 lie within an unusually warm
period and may not capture the full range of variability
that has occurred over the last few centuries. 

California Current Variability
Examination of the SST residuals from the PDO

(fig. 3K-R) reveals that the warming trend is not uni-
form throughout the North Pacific. Using an ocean
model forced by meteorological input, Di Lorenzo et
al. (2005) showed that warming in the CCS can only
be adequately explained by ocean-atmosphere heat flux
over a large area of the eastern North Pacific and the
advection of this water into the California Current re-
gion. Thus, warming patterns primarily result from the
coupling of variations in horizontal advection and other
processes with large-scale changes in ocean-atmosphere
heat flux, rather than local-to-regional heat fluxes (Di
Lorenzo et al. 2005). 

Near-surface temperature variations in the CCS are
similar across regions, including over the Santa Barbara
Basin (McGowan et al. 1998; tabs. 3 and 4). Existing re-
gional and thermocline differences are secondary to the
dominant patterns of warming and cooling (Mendelssohn
et al. 2003) and are greatly reduced when a sufficient
number of measurements are averaged (fig. 6 and tab. 4).

The Scripps Pier SST time series is perhaps the most
well-known of all SST series in the CCS and shows
some of the highest levels of shared variability with other
regions of the CCS since 1950 and with the PDO.
However, the Pacific Grove series, COADS-based se-
ries, and PC-1 all indicate that the early 20th century
was one of the coolest periods in the CCS on record,
whereas the Scripps Pier series shows moderately neg-
ative SST anomalies. These patterns of variability are
consistent with a greater influence of upwelling and the
flow of the California Current from 1909–24 (figs. 3
and 9) that were less influential at Scripps Pier within
the Southern California Bight. 

The North Pacific Index (NPI) shown in Figure 10
reflects the cyclonic activity of the Aleutian low
(Trenberth and Hurrell 1994) and indicates that basin-
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scale forcing can account for the patterns of variability
from 1909–24. The NPI during this period is consis-
tent with anomalously high pressure over the North
Pacific that would intensify regional upwelling, flow of
the California Current, and/or basin-scale Ekman pump-
ing that shoals the water column in much of the east-
ern North Pacific (fig. 9A). 

Processes of Change Related to the Trend
Although both the NPI and PDO are considered sim-

ilar indicators of North Pacific climate, they have dif-
ferent patterns in the early part of the record (fig. 10).
The NPI has a significant trend. The spatial SST pat-
terns observed in Figure 9A are consistent with a re-
duction in the strength of the Aleutian low from
1909–1924, as inferred by the NPI, but not the PDO.
The decadal differences between the NPI and the PDO
reiterates that the detrended PDO may have different
relationships with other environmental variables through-
out the length of the instrumental records.

The trend in the NPI may be related, in part, to in-
creasing SSTs in the tropical Pacific and Indian Ocean.
Theoretical arguments, models, and observations over
the last 100 years indicate that atmospheric pressure over
the North Pacific is linked to convective activity in lower
latitudes (Graham et al. 1994; Graham 1995; D’Arrigo
et al. 2005; Schneider and Cornuelle 2005). Convective
activity is greatest over regions of highest SSTs, and cor-

relations of the NPI with tropical SSTs are strong in the
western tropical Pacific, tropical Indian Ocean, and sub-
tropical central Pacific (Graham 1995; Deser et al. 2004;
D’Arrigo et al. 2005; Schneider and Cornuelle 2005).
While correlations over these timescales are not suffi-
cient to indicate a causal chain, there is a predominance
of higher SSTs in these regions (e.g., figs. 3I and 9) in
recent decades despite the negative anomalies in the cen-
tral and eastern tropical Pacific from 1999–2001 (fig 7C). 

The trend towards lower atmospheric pressure over
the North Pacific could act in conjunction with varia-
tions in the position of the Aleutian low. Bond et al.
(2003) noted that the spatial distribution of atmospheric
pressure from 1999–2002 is partly similar to other neg-
ative PDO phases off California, but characterized by
much lower pressure over the Gulf of Alaska and Bering
Sea. Bond et al. also noted large differences in SST pat-
terns between 1999–2002 and other periods. Figure 9
illustrates that different time periods throughout the 20th
century generally have different patterns of SST vari-
ability despite similar signs of the PDO. 

Another difference between the NPI and PDO is that
the NPI has greater interannual variability than the PDO
(fig. 10). Greater “memory” of the ocean relative to the
atmosphere is one reason why the PDO may be a use-
ful indicator of environmental conditions that affect ma-
rine populations. Additionally, the PDO also captures
variability associated with the flow of the Kuroshio ex-
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Figure 10. Indices of North Pacific climate variability from A) the NPI of cyclonic activity of the Aleutian low and B) the
PDO. The NPI is the area-weighted sea level pressure over the region 30˚N–65˚N, 160˚E–140˚W from November to
March (Trenberth and Hurrell 1994). There is a significant linear trend reflecting greater cyclonic activity of the Aleutian
low (NPI, r2 = 0.10, p < 0.01) but no trend in the PDO. 
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tension and other processes associated with ENSO, thus
does not reflect the dynamics of any single process
(Schneider and Cornuelle 2005). 

Implications for Marine Ecosystems
The foraminiferal record is well-suited to show the

effects of the warming trend on marine populations,
since the composite of many species reflects SSTs and
the record extends well beyond the 20th century. The
optimum habitat of different species generally occurs
with some amount of near-surface stratification—either
in the form of a deeper thermocline or increased gra-
dient across the thermocline, depending on the species
(Field 2004b). Variations in SST and stratification likely
affect species associated with PC-1 by stabilizing the
water column to either concentrate prey in higher den-
sities or decrease productivity and increase light levels,
which is favorable for most tropical and subtropical species
(that have symbiotic algae). 

Just as different planktonic foraminifera species vary
in response to interannual and decadal variations that
depend on the life history and unique relationship with
particular environmental variables (Field 2004b), so do
other zooplankton and marine taxa (Rebstock 2001;
Lavaniegos and Ohman 2003; Brinton and Townsend
2003). Nonetheless, it is worth discussing the implica-
tions of the historical reconstructions of planktonic
foraminifera for other marine populations. 

Instrumental or biological records that began by 1925
or thereafter may not reflect the ocean conditions and
associated ecosystems that have been typical of the CCS
over the last few centuries. Barry et al. (1995) showed
that, like foraminifera, warm-water species of intertidal
organisms at Pacific Grove increased in abundance be-
tween two different sampling intervals from 1931–33
and 1993–94. Semi-continuous CalCOFI hydrographic
surveys and plankton collections, which began in 1950,
show that the early 1950s was one of the coolest time
periods with the highest zooplankton biomass in the
CalCOFI time series (McGowan et al. 1998). Both the
Barry et al. study and CalCOFI observations probably
underestimate the impact of the current warming trend
on marine populations because since 1925, the abun-
dances of the “rare subtropical species” grouping of
foraminifera has been higher than previous centuries.
Studies characterizing ecosystem responses to tempera-
ture variations in the North Pacific during the early 20th
century (e.g., Becker and Beissinger in press) should use
regional SST records rather than the PDO in order to
adequately capture the range of temperatures variability
that has been affecting marine ecosystems.

Many different trophic levels of pelagic communities
have been affected by the warming since the mid-1970s
(McGowan et al. 1998; Brinton and Townsend 2003;

Lavaniegos and Ohman 2003). The foraminiferal changes
in the late 20th century can be considered an indirect
consequence of anthropogenic activity since they are
linked to variations in SST which has increased, in part,
due to greenhouse gasses (Field et al. 2006). As many
of the other observed changes in marine ecosystems are
linked to variations in SST and the associated effects of
SST on water column that, in turn, affect productivity
and pelagic habitats, many of these changes may be atyp-
ical of prior ecosystem variability. 

However, different taxon respond to different physi-
cal mechanisms and/or have different sensitivities to vari-
ability in SST. Many changes associated with the 1977
ecosystem “regime shift” may be caused by other phys-
ical changes that are indirectly associated with, but not
caused by, anomalous SSTs. Vertical mixing associated
with wind-driven cyclonic activity, may be the largest
decadal-scale influence in the central North Pacific
(Venrick et al. 1987). In much of the Gulf of Alaska,
stability of the water column and productivity are pri-
marily affected by salinity, with changes in temperature
acting as a less influential covariant (Gargett 1997).
Variability in flow of the subarctic gyre into the Gulf of
Alaska and the California Current may also be an im-
portant mechanism for marine populations (Chelton et
al. 1982). Thus, some population changes may corre-
spond strongly to variations in the PDO associated with
mixing, freshwater input, and variations in flow rather
than to variations in temperature (fig. 10). However, the
possibility that the trend in atmospheric circulation is
driven by changes in tropical SSTs may imply different
mid-latitude forcing in the future. 

The warming of the CCS in the 20th century coin-
cides with anthropogenic influences on many mammals
and fishes, which can have subsequent cascades to lower
levels (Jackson et al. 2001). Many populations of seals,
sea lions, and whales that feed on lower trophic levels
were commercially extinct by the late 19th century (Field
et al. 2001). The recovery of many of these marine
mammal populations in the 20th century coincided with
the intensification of many commercial fisheries (Field
et al. 2001). Thus our understanding of the relationship
between climate and marine populations is largely based
on a time period of a modified ecosystem and unusu-
ally warm ocean temperatures. 

A continued warming and exploitation of marine
resources will most likely continue in the 21st century
(Houghton et al. 2001) with different modes of vari-
ability than the 20th century. Extant marine lineages
in the CCS have undergone many larger changes in
climate than the ecosystem shift of the mid-1970s.
Much larger shifts in temperature occurred within
decades repeatedly throughout the last glaciation (Hendy
and Kennett 1999). However, future ecosystem changes
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will occur within a warmer ocean than they did dur-
ing the last glacial period. The sensitivity of climate and
ecosystem thresholds associated with future warming
are entirely unknown. Understanding and anticipating
future changes will require continued monitoring to
obtain comprehensive regional observations and ongo-
ing experiments with realistic global and regional mod-
els to differentiate specific mechanisms of variability
from the warming trend that is affecting the ocean and
its resources. 

CONCLUSIONS
SST anomalies of annually-averaged data from indi-

vidual stations and area averages in the California Current
System have considerable variability at interannual to
multidecadal time scales. The PDO accounts for ap-
proximately 29–44% of the variance in different records,
which have a total range of 2–4˚C since the early 20th
century. On the other hand, a warming trend, estimated
from linear regression, ranges from 0.6–1.0˚C during
the 20th century and accounts for nearly as much
(26–37%) of the SST variability as the PDO. There are
similar upward trends in other regions of the North
Pacific (and Indian Ocean), although correlations with
the PDO differ. 

There are few differences in the patterns of near-
surface temperature variability within the CCS since
1950, including around the Santa Barbara Basin. A record
of abundances of planktonic foraminifera from Santa
Barbara Basin sediments, along with COADS-based SST
series and Pacific Grove SSTs, indicate that the early
20th century had strong negative SST anomalies per-
sisting for multiple years to decades. These negative
anomalies resulted from higher atmospheric pressure off
of California that drove the flow of the California Current
and upwelling prior to the onset of 20th-century warm-
ing. Although this variability is not reflected by the PDO
or Scripps Pier record within the Southern California
Bight, the foraminiferal record suggests that these neg-
ative anomalies are typical of regular variability during
prior centuries, but that the strong warm anomalies in
the latter 20th century are quite atypical. 

Temperature and ecological records that began after
1930 may underestimate the range of ocean variability
typical of prior centuries because they do not capture
the negative extremes of variability. In particular, records
that began after the mid-1970s lie within a period that
has already become influenced by greenhouse gas-in-
duced warming and would thus underestimate the in-
fluence of the warming trend and its effect on marine
populations. Because the long-term trend is removed
from the PDO, this index has a different relationship
with associated variables during the early 20th century
than in later periods. When considering changes span-

ning most of the 20th century, oceanic and ecosystem
changes that are driven by atmospheric circulation may
be better represented by the NPI than the PDO, while
processes driven by changes in SST may be better rep-
resented by regional or larger scale measures of SST from
COADS or similar SST data sets. 
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