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referred to as the central tropical Pacific warming El Niño (Kug
et al., 2009), drives the dominant decadal scale fluctuations of the
NPGO (Di Lorenzo et al., 2010), implying that a large fraction of
the interannual and decadal power of the CCS originates from the
tropical Pacific.

Superimposed on the variability driven by the large-scale
climate fluctuations, local wind variability along the eastern

boundary has been demonstrated to excite coastally trapped
waves, which propagate into the CCS from the south, affecting
the coastal variability (Battisti and Hickey, 1984).

Primary productivity
Seasonal variability of primary production in the CCS can be
divided into three periods, based on prevailing wind patterns.

Figure 3. Generalized regional variations in physical and biological processes within the CCS. The boundaries between regions are only
approximate and vary over time (from Agostini, 2005).
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Increasing variance in North Pacific climate relates
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Abstract

Changes in variance are infrequently examined in climate change ecology. We tested the hypothesis that recent high
variability in demographic attributes of salmon and seabirds off California is related to increasing variability in
remote, large-scale forcing in the North Pacific operating through changes in local food webs. Linear, indirect numeri-
cal responses between krill (primarily Thysanoessa spinifera) and juvenile rockfish abundance (catch per unit effort
(CPUE)) explained >80% of the recent variability in the demography of these pelagic predators. We found no relation-
ships between krill and regional upwelling, though a strong connection to the North Pacific Gyre Oscillation (NPGO)
index was established. Variance in NPGO and related central Pacific warming index increased after 1985, whereas
variance in the canonical ENSO and Pacific Decadal Oscillation did not change. Anthropogenic global warming or
natural climate variability may explain recent intensification of the NPGO and its increasing ecological significance.
Assessing non-stationarity in atmospheric-environmental interactions and placing greater emphasis on documenting
changes in variance of bio-physical systems will enable insight into complex climate-marine ecosystem dynamics.
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Introduction

According to the Intergovernmental Panel on Climate
Change (IPCC, 2007), ‘climate change refers to a change in
the state of the climate that can be identified (e.g., by using sta-
tistical tests) by changes in the mean and/or the variability of
its properties, and that persists for an extended period, typi-
cally decades or longer’. Indeed, variability in indicators of
aquatic and terrestrial ecosystem structure and func-
tions are predicted to increase with anthropogenic
global warming (Solomon et al., 2007). While the impor-
tance of variance in studies of climate change impacts is
recognized (Jentsch et al., 2007), assessing changes in
variance, especially in coupled bio-physical systems, has
lagged behind treatments of change which focus on cen-
tral tendency (Rosenzweig et al., 2008). Changes in
means have also been the emphasis of studies of ‘regime
shifts’ in marine ecosystems (Overland et al., 2010).
Recently, there have been signals of increasing

variability in the demography of marine predators,

including seabirds, salmon, and rockfish in the central-
northern portion of the California Current ecosystem
(CCE) (Sydeman et al., 2006; Lindley et al., 2009;
Sydeman et al., 2009; Field et al., 2010). Early signals
came in the late 1990s when one of the strongest El
Ni~no events on record (1997–98) transitioned into a
remarkably strong La Ni~na (Peterson & Schwing, 2003).
Record coastal upwelling was observed in 1999 (Sch-
wing et al., 2000) after significantly reduced upwelling
throughout most of the 1990s. In 2002, the Cassin’s auk-
let (species scientific names given in Table 1), a plank-
tivorous seabird nesting on Southeast Farallon Island,
initiated egg laying in February, an unprecedented tim-
ing, resulting in the highest productivity on record at
that time (Abraham & Sydeman, 2004). Salmon returns
in 2002 were also exceptionally high. However, in 2005,
a non-El Ni~no year, the auklets abandoned their colony
en masse and failed to produce any offspring (Sydeman
et al., 2006), never before observed in over 35 years of
investigation (Sydeman et al., 2001). In 2006 and 2007,
similar auklet colony abandonment and reduced repro-
ductive success were observed. Correspondingly,
productivity of juvenile (age-0) rockfish, a key prey
item for both salmon and seabirds (Mills et al., 2007),
was the lowest on record from 2005 to 2007 (Field et al.,
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ecosystem sensitivity to 
winter upwelling variability

Figure 7.  Bivariate plot of PCenv1 vs. PCbio1 scores (not normalized).  Line shows the quadratic 

fit:  PCbio1 = -0.01 * PCenv12 + 0.21 * PCenv1 + 0.85, with r2 = 0.79 and p = 0.03.
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climate indicators driving 
ecosystem variability

• upwelling: winds and temperature
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by 5–7 mb during December–February (March–June), while the
semi-annual component deepens (fills) the low by !2 mb in
December–January and May–June (February–March and July–
September). The net effect on the seasonal cycle is a low deepened
by 8–10 mb (more in the 1990s) each December-January and filled
by 5–7 mb over a long stretch of the year, roughly March through
September (Figure 2c). Interannual to decadal scale fluctuations in
the magnitude of this seasonal modulation are obvious. The
amplitude of both the annual and semi-annual components has
increased substantially since the mid-1970s, resulting in a nearly
doubled seasonal amplitude.
[8] The situation in the NPH is quite different, with both the

amplitude and phase of the seasonal cycle changing over time. The
amplitude of the annual component in the early part of the record
(2.5 mb in 1950) is twice as large as in the early 1990s (1.2 mb in
1992). The phase of the annual component has changed as well,
with the maxima (minima) having shifted about one month later in
the year over the length of the record (Figure 2d). The semi-annual
component varied in the opposite manner, with its amplitude
increasing over the period (!1.1 mb in 1950, !2.4 mb in 1995)
and its peaks and troughs occurring 1–2 months later in the year

during the early part of the record (Figure 2e). Thus, the spring
maxima of the annual and semi-annual components occur nearly in
phase in recent years. Although these seasonal amplitudes are not
large relative to the mean pressure, they contribute significantly to
the annual cycle of local wind forcing.
[9] These changes in the first two components have resulted in a

highly variable seasonal structure of the North Pacific High. This is
evident from the time evolution of the annual/semi-annual ampli-
tude ratio (Figure 3). Although the annual component dominates
the seasonal cycle climatologically (Yashayaev and Zveryaev
[2001], Table 1), there has been a substantial trend to a relatively
higher semi-annual amplitude. Since the late 1980s, in fact, the
semi-annual component has been the dominant seasonal frequency
(Figure 3a). These structural changes have also impacted the
seasonal phase of the NPH, with the spring peak occurring in
February–March during the 1950s, in May through most of the
1980s, and in April during the 1990s (Figure 3b). An earlier spring
peak in the 1990s relative to the 1980s has also been recently
observed in the Bering Sea [Stabeno and Overland, 2001].
[10] The changes described here do not appear to be local

phenomena. Similar results were obtained using SLP time series
from the grid points surrounding 30!N, 135!W, as well as from
locations representing the seasonal migration of the AL (55!N,
170!Wand 60!N, 160!W). The AL and NPH are strongly linked to
atmospheric variability elsewhere through global teleconnection
processes (e.g., Horel and Wallace [1981]). Evidence of this can be
seen in the correlations between SLP in the NPH and in the
Siberian High, located at 50!N, 95!E (Table 2). The correlations
are significant for the annual, semi-annual, and full seasonal
components when the NPH lags the Siberian High by one month.
Variability at semi-annual frequencies is particularly highly corre-
lated between these pressure centers, with the highest correlation
occurring for the period 1977–2000 (r = 0.93 at one-month lag).
[11] The trends in the seasonal cycle described here are inde-

pendent of the long-term seasonally-adjusted trend in the monthly
SLP time series. The AL, for example, is known to fluctuate on
decadal time scales [Overland et al., 1999], with a well-docu-
mented (‘‘regime’’) shift to lower pressures occurring after 1976
[Trenberth and Hurrell, 1994]. Changes in the phase and amplitude
of the seasonal cycle are superimposed on, and in fact appear to be
large contributors to, these low-frequency climate fluctuations
(Figures 1c and 1d). In the AL, the amplitude of the seasonal
cycle has nearly doubled over the past 50 years, partly the result of
a deeper wintertime low after 1976 (Figure 1c). The entire structure
of the seasonal cycle has changed in the NPH, with the semi-
annual component becoming increasingly more important. Fur-
thermore, the timing of biologically-important seasonal processes
that are related to the strengthening of the NPH in spring, such as
increased coastal upwelling in the California Current and the
evolution of upper-ocean stratification, has probably varied during
the past 50 years, and their initiation may now be occurring later
than in the 1950s.

4. Conclusions

[12] Significant changes in the community structure and bio-
logical productivity of the North Pacific Ocean are well-docu-

Figure 1. Maps of 1948–2000 mean sea level pressure over the
North Pacific Ocean for (a) winter (December–February) and (b)
summer (June–August). Data are reanalysis products from the
National Centers for Environmental Prediction. Locations of the
Aleutian Low (50!N, 180!) and North Pacific High (30!N, 135!W)
are marked with a +. Time series of the trend (bold curves) and trend
plus full seasonal components (first six harmonics, colored curves)
of the Aleutian Low (c) and North Pacific High (d) are given.

Table 1. Variance Ratios (% of Seasonal Total) of the Seasonal
Components for the Aleutian Low (50!N, 180!) and the North
Pacific High (30!N, 135!W) Sea Level Pressure Time Series,
1948–2000

50!N,180! 30!N,135!W
12-month 84.6 41.2
6-month 7.1 24.9
4-month 2.3 18.2
3-month 3.1 3.5
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January–February means of !x , !y , A, and pmax with pairwise
Sr correlations of !0.54, 0.65, 0.78, and 0.78, respectively.
Of the four NPH variables, the January–February mean of A
has the best fit with pCUI. Thus, area is the only variable
retained when comparing NPH to atmospheric patterns and bi-
ological production. A linear model (r2 = 0.57, p < 0.01) best
describes the relationship between pCUI and the January–
February mean of A (Figure 3b). Similar relationships between
pCUI and the mean of January–February A occur at the other
latitudes in the study region, but correlations are highest at
39"N. Area (A) of the wintertime NPH also significantly nega-
tively correlated with the winter MEI (Sr = !0.64; p < 0.01)
and winter NPI (Sr = 0.68; p < 0.01). Thus, during the winter,
the NPH area tends to be smaller during an El Niño and when
the Aleutian Low is strong.
[11] The wintertime (January–February mean) NPH vari-

ables are significantly (p < 0.05) related to auklet lay-dates,
splitnose rockfish growth and PC1bio (Table 2). Yelloweye
growth is most poorly related to the NPH, with only one
significant correlation !yð Þ. The pCUI at 39"N is consistently
related to all biological time series, especially PC1bio
(Sr = 0.76; p< 0.01) (Table 2, Figure 3c). A non-linear model
best fits the relationship between pCUI and PC1bio, more

specifically, an exponential to maximum diminishing returns
model (r2 = 0.64, p < 0.01; Figure 3d). A strong, northerly
wintertime NPH is associated with early seabird lay dates,
high fledgling survivorship, and vigorous rockfish otolith
growth, all of which are consistent with elevated levels
of productivity.

4. Discussion

[12] This paper builds upon a series of previous studies that
document the importance of seasonality when considering
physical-biological interactions in the California Current
[e.g., Bograd et al., 2009]. Indeed, upwelling in the central-
northern CCS occurs in two distinct seasonal “modes” to
which biological processes are differentially sensitive [Black
et al., 2011; Thompson et al., 2012]. The long-term pattern
of winter upwelling is punctuated by anomalies associated
with ENSO, while summer upwelling is characterized by
decadal oscillations and, at some latitudes, long-term
increasing linear trends [García-Reyes and Largier, 2010;
Black et al., 2011]. As winter upwelling is generally weakest
and primary productivity lowest, its relevance to biology has
traditionally not been explored [but see Logerwell et al.,
2003]. Yet a growing number of recent studies document the
importance of atmospheric-oceanographic coupling in winter
(January–March) to ecosystem dynamics, including influences
on both regional upwelling [Black et al., 2011; Thompson et al.,
2012] and broad-scale effects on ocean currents [Sydeman et al.,
2011]. Unlike summer upwelling, winter upwelling strongly
correlates to sea level pressure across a broad region of the
North Pacific from the California coast to Hawaii [Black
et al., 2011], indicating that the North Pacific High may be
the proximal atmospheric driver of wintertime upwelling and
initial ecosystem productivity [Bograd et al., 2002].
[13] Bograd et al. [2002] focused on describing trends,

while here we have focused on quantifying interannual
variability in the NPH. Interannual variability in the amplitude

0

1000

2000

3000

4000

pC
U

I (
m

3 
s−1

 1
00

 m
−1

)
pC

U
I (

m
3 

s−1
 1

00
 m

−1
)

0

2

4

6

8

A
re

a 
(x

10
6 

km
2 )

0

1000

2000

3000

4000

Year
1970 1975 1980 1985 1990 1995 2000 2005 2010

−3

−2

−1

0

1

P
C

1 bi
o (n

or
m

al
iz

ed
)

PC
1 bi

o (n
or

m
al

iz
ed

)

0 1 2 3 4 5 6
0

1000

2000

3000

4000

5000

Area (x106 km2)

pC
U

I (
m

3 
s−

1 
10

0 
m

−1
)

pCUI (m3 s−1 100 m−1)

0 1000 2000 3000 4000
-4

-3

-2

-1

0

1

2

a

c

b

d

Figure 3. Time series and bivariate plots between the preconditioning cumulative upwelling index (pCUI) and: (a, b)
January–February mean of the NPH’s area and (c, d) PC1bio, the leading principal component of four biological production
indices that are sensitive to wintertime upwelling. The black line in the bivariate plots is a model fit.

Table 2. Spearman’s rank correlation between biological time
series and the position (!x and !y), the amplitude (A and pmax), and
pCUI. Number of years in the biological time series is shown in
parentheses; all fully overlap with physical time series. Correlations
that are not significant at the p< 0.05 level are shaded

Biological Time Series
Auklet lay date (35)
Murre lay date (35)
Splitnose Growth (40)
Yelloweye growth (37)
PCIbio (31)

pCUIA
0.50
0.21

-0.34
-0.08
-0.48

-0.65
-0.50
0.34
0.44
0.63 0.67

0.27

-0.74 -0.75
-0.41
0.55
0.30
0.65 0.76

0.49
0.48

-0.54
-0.74

-0.40
0.62
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January–February means of !x , !y , A, and pmax with pairwise
Sr correlations of !0.54, 0.65, 0.78, and 0.78, respectively.
Of the four NPH variables, the January–February mean of A
has the best fit with pCUI. Thus, area is the only variable
retained when comparing NPH to atmospheric patterns and bi-
ological production. A linear model (r2 = 0.57, p < 0.01) best
describes the relationship between pCUI and the January–
February mean of A (Figure 3b). Similar relationships between
pCUI and the mean of January–February A occur at the other
latitudes in the study region, but correlations are highest at
39"N. Area (A) of the wintertime NPH also significantly nega-
tively correlated with the winter MEI (Sr = !0.64; p < 0.01)
and winter NPI (Sr = 0.68; p < 0.01). Thus, during the winter,
the NPH area tends to be smaller during an El Niño and when
the Aleutian Low is strong.
[11] The wintertime (January–February mean) NPH vari-

ables are significantly (p < 0.05) related to auklet lay-dates,
splitnose rockfish growth and PC1bio (Table 2). Yelloweye
growth is most poorly related to the NPH, with only one
significant correlation !yð Þ. The pCUI at 39"N is consistently
related to all biological time series, especially PC1bio
(Sr = 0.76; p< 0.01) (Table 2, Figure 3c). A non-linear model
best fits the relationship between pCUI and PC1bio, more

specifically, an exponential to maximum diminishing returns
model (r2 = 0.64, p < 0.01; Figure 3d). A strong, northerly
wintertime NPH is associated with early seabird lay dates,
high fledgling survivorship, and vigorous rockfish otolith
growth, all of which are consistent with elevated levels
of productivity.

4. Discussion

[12] This paper builds upon a series of previous studies that
document the importance of seasonality when considering
physical-biological interactions in the California Current
[e.g., Bograd et al., 2009]. Indeed, upwelling in the central-
northern CCS occurs in two distinct seasonal “modes” to
which biological processes are differentially sensitive [Black
et al., 2011; Thompson et al., 2012]. The long-term pattern
of winter upwelling is punctuated by anomalies associated
with ENSO, while summer upwelling is characterized by
decadal oscillations and, at some latitudes, long-term
increasing linear trends [García-Reyes and Largier, 2010;
Black et al., 2011]. As winter upwelling is generally weakest
and primary productivity lowest, its relevance to biology has
traditionally not been explored [but see Logerwell et al.,
2003]. Yet a growing number of recent studies document the
importance of atmospheric-oceanographic coupling in winter
(January–March) to ecosystem dynamics, including influences
on both regional upwelling [Black et al., 2011; Thompson et al.,
2012] and broad-scale effects on ocean currents [Sydeman et al.,
2011]. Unlike summer upwelling, winter upwelling strongly
correlates to sea level pressure across a broad region of the
North Pacific from the California coast to Hawaii [Black
et al., 2011], indicating that the North Pacific High may be
the proximal atmospheric driver of wintertime upwelling and
initial ecosystem productivity [Bograd et al., 2002].
[13] Bograd et al. [2002] focused on describing trends,

while here we have focused on quantifying interannual
variability in the NPH. Interannual variability in the amplitude
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Figure 3. Time series and bivariate plots between the preconditioning cumulative upwelling index (pCUI) and: (a, b)
January–February mean of the NPH’s area and (c, d) PC1bio, the leading principal component of four biological production
indices that are sensitive to wintertime upwelling. The black line in the bivariate plots is a model fit.

Table 2. Spearman’s rank correlation between biological time
series and the position (!x and !y), the amplitude (A and pmax), and
pCUI. Number of years in the biological time series is shown in
parentheses; all fully overlap with physical time series. Correlations
that are not significant at the p< 0.05 level are shaded

Biological Time Series
Auklet lay date (35)
Murre lay date (35)
Splitnose Growth (40)
Yelloweye growth (37)
PCIbio (31)

pCUIA
0.50
0.21

-0.34
-0.08
-0.48

-0.65
-0.50
0.34
0.44
0.63 0.67

0.27

-0.74 -0.75
-0.41
0.55
0.30
0.65 0.76

0.49
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-0.54
-0.74

-0.40
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terms of positioning, latitude !yð Þ shows more variability than
longitude, especially during winter. Thus, the NPH center
can be located as far south as 23#N or as far north as 36#N
in winter; or it can be located in a coastal position (126#W)
or farther offshore (157#W). The seasonal cycle of the four
NPH variables !x , !y , A, and pmax explain 38.0%, 51.3%,
34.5%, and 25.8% of the overall variance, respectively.
When the seasonal signals are removed, all correlate with
one another (n= 528, p < 0.01); longitude !xð Þ negatively
relates to !y , A, and pmax (Sr = $0.22, $0.32, and $0.44,
respectively) such that the NPH center tends to be farther
north, have higher maximum pressure, and a larger area
when it is located farther from land (to the west). The
highest correlation among variables is between A and pmax
(Sr = 0.81), greater than those between !y and the amplitude
variables (Sr = 0.31 for A and 0.43 for pmax).

[9] Monthly averages of NPH position and amplitude
significantly correlate with monthly averages of UI, sea level
and SST over the course of the year. However, the strongest
correlations among these variables occur between January
and March (Figure 2). When the wintertime NPH is located
to the northwest and has larger amplitude coastal upwelling
is enhanced, and coastal sea level and SST decline. Time
series of !y, A, and pmax in January are significantly correlated
with the time series of !y, A, and pmax in February and March.
Thus, NPH amplitude and latitudinal position show significant
correlations from January into early spring. So, when the NPH
is strong in January, it is likely to lead to enhanced upwelling
in early spring.
[10] Our pre-conditioning index (pCUI) at 39#N ranges from

223m3 s$1 to 100m$1 in 1983 to 4153m3 s$1 to 100m$1

in 2007 (Figure 3a). The pCUI correlates (p < 0.01) to

Table 1. Climatological means and coefficients of variation of the position (!x and!y) and amplitude (A and pmax) of the NPH. The position
of the NPH is defined as the weighted center of the 1020 hPa contour and the amplitude of the NPH is defined as the area of the 1020 hPa
contour and the maximum value within the 1020 hPa

Month

Mean Coefficient of Variation

!x (#W) !y (#N) A (%106 km2) pmax (hPa) !x !y A pmax

January 133.6 30.2 2.15 1022.5 0.025 0.100 0.954 0.0031
February 136.7 30.1 2.51 1022.5 0.035 0.107 0.879 0.0031
March 140.1 30.5 3.91 1024.5 0.027 0.079 0.572 0.0032
April 142.8 32.2 5.51 1026.2 0.012 0.048 0.260 0.0023
May 141.8 33.0 4.92 1024.7 0.017 0.050 0.359 0.0022
June 143.7 34.0 5.12 1025.4 0.006 0.027 0.205 0.0019
July 144.8 35.1 5.03 1026.7 0.004 0.019 0.100 0.0020
August 144.9 35.5 4.26 1025.6 0.009 0.023 0.215 0.0024
September 144.7 35.9 2.50 1023.1 0.018 0.042 0.479 0.0021
October 141.6 34.4 2.48 1022.3 0.025 0.062 0.668 0.0016
November 139.9 32.3 3.15 1023.6 0.027 0.070 0.531 0.0022
December 136.5 31.1 2.78 1023.5 0.028 0.081 0.739 0.0027
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terms of positioning, latitude !yð Þ shows more variability than
longitude, especially during winter. Thus, the NPH center
can be located as far south as 23#N or as far north as 36#N
in winter; or it can be located in a coastal position (126#W)
or farther offshore (157#W). The seasonal cycle of the four
NPH variables !x , !y , A, and pmax explain 38.0%, 51.3%,
34.5%, and 25.8% of the overall variance, respectively.
When the seasonal signals are removed, all correlate with
one another (n= 528, p < 0.01); longitude !xð Þ negatively
relates to !y , A, and pmax (Sr = $0.22, $0.32, and $0.44,
respectively) such that the NPH center tends to be farther
north, have higher maximum pressure, and a larger area
when it is located farther from land (to the west). The
highest correlation among variables is between A and pmax
(Sr = 0.81), greater than those between !y and the amplitude
variables (Sr = 0.31 for A and 0.43 for pmax).

[9] Monthly averages of NPH position and amplitude
significantly correlate with monthly averages of UI, sea level
and SST over the course of the year. However, the strongest
correlations among these variables occur between January
and March (Figure 2). When the wintertime NPH is located
to the northwest and has larger amplitude coastal upwelling
is enhanced, and coastal sea level and SST decline. Time
series of !y, A, and pmax in January are significantly correlated
with the time series of !y, A, and pmax in February and March.
Thus, NPH amplitude and latitudinal position show significant
correlations from January into early spring. So, when the NPH
is strong in January, it is likely to lead to enhanced upwelling
in early spring.
[10] Our pre-conditioning index (pCUI) at 39#N ranges from

223m3 s$1 to 100m$1 in 1983 to 4153m3 s$1 to 100m$1

in 2007 (Figure 3a). The pCUI correlates (p < 0.01) to

Table 1. Climatological means and coefficients of variation of the position (!x and!y) and amplitude (A and pmax) of the NPH. The position
of the NPH is defined as the weighted center of the 1020 hPa contour and the amplitude of the NPH is defined as the area of the 1020 hPa
contour and the maximum value within the 1020 hPa

Month

Mean Coefficient of Variation

!x (#W) !y (#N) A (%106 km2) pmax (hPa) !x !y A pmax

January 133.6 30.2 2.15 1022.5 0.025 0.100 0.954 0.0031
February 136.7 30.1 2.51 1022.5 0.035 0.107 0.879 0.0031
March 140.1 30.5 3.91 1024.5 0.027 0.079 0.572 0.0032
April 142.8 32.2 5.51 1026.2 0.012 0.048 0.260 0.0023
May 141.8 33.0 4.92 1024.7 0.017 0.050 0.359 0.0022
June 143.7 34.0 5.12 1025.4 0.006 0.027 0.205 0.0019
July 144.8 35.1 5.03 1026.7 0.004 0.019 0.100 0.0020
August 144.9 35.5 4.26 1025.6 0.009 0.023 0.215 0.0024
September 144.7 35.9 2.50 1023.1 0.018 0.042 0.479 0.0021
October 141.6 34.4 2.48 1022.3 0.025 0.062 0.668 0.0016
November 139.9 32.3 3.15 1023.6 0.027 0.070 0.531 0.0022
December 136.5 31.1 2.78 1023.5 0.028 0.081 0.739 0.0027
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Figure 2. Spearman’s rank correlations (Sr) between monthly time series of the NPH’s position (!x and !y) and amplitude
(A and pmax) and: 1) top row: upwelling index at six different locations, 2) middle row: sea level from coastal tide gauges
at eight different locations, and 3) bottom row: sea surface temperature means at 1# intervals along the coast. Black contours
indicate significance at the p < 0.01 level.
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coherent along the coast, indicating that the processes governing
the dynamics of this signal could reverse phase or be altered from
north to south (see relation with the climatic indexes below) or
that local characteristics of the different sites make a strong
difference in the signature of the dynamical response of this
signal.

We compared the isolated low-frequency signals of the CUI
with the different climatic indices known to influence the dynamics

of this region to determine the areas that are more influenced by
each climatic index (as in [52]). We also looked for the month with
the maximum correlation, as this could provide clues of the
underlying mechanisms responsible for the correlation patterns
(Fig. 8a).

One common feature of the correlations between the low-
frequency CUI signal and all the analyzed climatic indices is that
the month with the strongest correlation always corresponded to

Figure 4. Analysis of the annual signal at 396N. a) Climatologic (gray) and SSA (black) annual cycles of the CUI at 39uN. b) Percentage of
difference between both annual cycles.
doi:10.1371/journal.pone.0030436.g004
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IPCC AR5 - CMIP5
• 38 models output, 21 “different” models
• RCP8.5
• period: 2006-2095

Modeling Groups and their Terms of Use 

The “official” model and group names given in the table below should be used in all 

presentations and publications (e.g., in tables and figure legends).   

Output from highlighted models is available for unrestricted use.  Output from the others 

may only be used for non‐commercial research and educational purposes. [See complete 

“Terms of Use”: http://cmip-pcmdi.llnl.gov/cmip5/terms.html] 
 

Modeling Center (or Group)  Institute ID Model Name 
Commonwealth Scientific and Industrial Research 
Organization (CSIRO) and Bureau of Meteorology 
(BOM), Australia 

CSIRO-BOM 
ACCESS1.0 

ACCESS1.3 

Beijing Climate Center, China Meteorological 
Administration 

BCC 
BCC-CSM1.1 

BCC-CSM1.1(m) 

Instituto Nacional de Pesquisas Espaciais (National 
Institute for Space Research) 

INPE BESM OA 2.3
*
 

College of Global Change and Earth System 
Science, Beijing Normal University 

GCESS BNU-ESM 

Canadian Centre for Climate Modelling and Analysis CCCMA 

CanESM2 

CanCM4 

CanAM4 

University of Miami - RSMAS RSMAS CCSM4(RSMAS)* 

National Center for Atmospheric Research NCAR CCSM4 

Community Earth System Model Contributors 
NSF-DOE-

NCAR 

CESM1(BGC) 

CESM1(CAM5) 

CESM1(CAM5.1,FV2) 

CESM1(FASTCHEM) 

CESM1(WACCM) 

Center for Ocean-Land-Atmosphere Studies and 
National Centers for Environmental Prediction 

COLA and 
NCEP 

CFSv2-2011 

Centro Euro-Mediterraneo per I Cambiamenti 
Climatici 

CMCC 

CMCC-CESM 

CMCC-CM 

CMCC-CMS 

Centre National de Recherches Météorologiques / 
Centre Européen de Recherche et Formation 
Avancée en Calcul Scientifique 

CNRM-
CERFACS 

CNRM-CM5 

CNRM-CM5-2 

Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland 
Climate Change Centre of Excellence 

CSIRO-QCCCE CSIRO-Mk3.6.0 

EC-EARTH consortium EC-EARTH EC-EARTH 

LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences and CESS,Tsinghua 
University 

LASG-CESS FGOALS-g2 

                                                        
* Model output not yet available. 

LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences 

LASG-IAP 
FGOALS-gl 

FGOALS-s2 

The First Institute of Oceanography, SOA, China FIO FIO-ESM 

NASA Global Modeling and Assimilation Office NASA GMAO GEOS-5 

NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL 

GFDL-CM2.1 

GFDL-CM3 

GFDL-ESM2G 

GFDL-ESM2M 

GFDL-HIRAM-C180 

GFDL-HIRAM-C360 

NASA Goddard Institute for Space Studies NASA GISS 

GISS-E2-H 

GISS-E2-H-CC 

GISS-E2-R 

GISS-E2-R-CC 

National Institute of Meteorological Research/Korea 
Meteorological Administration 

NIMR/KMA HadGEM2-AO 

Met Office Hadley Centre (additional HadGEM2-ES 
realizations contributed by Instituto Nacional de 
Pesquisas Espaciais) 

MOHC 
(additional 

realizations by 
INPE) 

HadCM3 

HadGEM2-CC 

HadGEM2-ES 

HadGEM2-A 

Institute for Numerical Mathematics INM INM-CM4 

Institut Pierre-Simon Laplace IPSL 

IPSL-CM5A-LR  

IPSL-CM5A-MR  

IPSL-CM5B-LR 

Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo), and National 
Institute for Environmental Studies 

MIROC 
MIROC-ESM 

MIROC-ESM-CHEM 

Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology 

MIROC 
MIROC4h 

MIROC5 

Max-Planck-Institut für Meteorologie (Max Planck 
Institute for Meteorology) 

MPI-M 

MPI-ESM-MR  

MPI-ESM-LR 

MPI-ESM-P 

Meteorological Research Institute MRI 

MRI-AGCM3.2H 

MRI-AGCM3.2S 

MRI-CGCM3 

MRI-ESM1 

Nonhydrostatic Icosahedral Atmospheric Model 
Group 

NICAM NICAM.09 

Norwegian Climate Centre NCC 
NorESM1-M 

NorESM1-ME 
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Dec-Feb

Apr-Aug

nine locations on the west coast were used: San Diego, CA;
Port San Luis, CA;Monterey, CA; San Francisco, CA; Crescent
City, CA; Charleston, OR; South Beach, OR; Astoria, OR and
Neah Bay, WA. The lengths of the time series were different,
but 6 out of 9 covered the 1967–2008 period. SST data
were gridded (1! " 1! resolution) monthly averages compiled
by the Met Office Hadley Centre’s sea ice and SST data set
(HadISST; http://coastwatch.pfeg.noaa.gov/erddap/index.html).
We used the grid point located closest to the shore over the
32! to 48!N study region. To put the central–northern CCS
region in broader context, we obtained daily upwelling indices
[UI; Bakun, 1975; Schwing et al., 1996] for six locations
(http://www.pfeg.noaa.gov) separated by three latitudes
(33!N 119!W; 36!N 122!W; 39!N 125!W; 42!N 125!W;
45!N 125!W; and 48!N 125!W). These daily upwelling data
were averaged with respect to month.
[5] To assess linkages with the broader Pacific basin, the

area (A) of winter (January–February) NPH was compared
to winter values of the Multivariate ENSO Index (MEI) as
well as the North Pacific Index (NPI). The MEI [Wolter and
Timlin, 2011] is an indicator of El Niño Southern Oscillation
(ENSO) activity; positive values indicate El Niño conditions.
The NPI is an indicator of the Aleutian Low, the dominant
pressure system in the northeast Pacific during the winter,
and is calculated by averaging the SLP over the 30!N–65!N,
160 E–140!W. Low NPI values indicate a more intense
Aleutian Low [Trenberth and Hurrell, 1994].
[6] We calculated a direct index of winter “pre-conditioning,”

the pCUI, or pre-conditioning cumulative upwelling index,
measured as the cumulative sum of only positive values of
the daily UI between January 1 and March 1 each year. The
pCUI was calculated for all UI locations mentioned above,
but we focus on 39!N because most of the biological data used
in this paper were collected near this latitude. We interpret the
pCUI as an index of pulses in upwelling in January–February,
which we relate to amplitude and positioning of the NPH.
Time series of upper-trophic biological productivity were then
compared to the pCUI.
[7] Next, we used Spearman’s rank correlations (Sr) to

associate the position and amplitude of the NPH (anomalies

of the four NPH metrics after removing annual cycle) to the
UI, pCUI and 4 biological time series that represent ecosystem
productivity in the region. The biological time series were: the
average annual egg-laying date for a planktivorous and
omnivorous seabirds (Cassin’s auklet and common murre),
both datasets from Southeast Farallon Island (~37!N,
~123!W; data in Schroeder et al. [2009]), and otolith-based
growth chronologies for planktivorous and piscivorous
rockfishes (splitnose and yelloweye rockfish; data from Black
et al. [2008, 2011]). On average auklets lay their eggs in April
(standard of 15 days), and murres lay their eggs at the end of
May (standard 9 days) [Schroeder et al., 2009]. The rockfish
chronologies were derived from the widths of annual otolith
increments; any value greater than one indicates above-
average growth for that year [Black et al., 2008, 2011]. As
top-level predators, seabirds and rockfish integrate bottom-
up processes and show significant correlations with environ-
mental variability and indices of lower-trophic variability
[Sydeman et al., 2006; Wells et al., 2008; Thompson et al.,
2012]. These four time series overlap spatially and temporally
from 1973 to 2003. To reduce dimensionality of these time se-
ries, we normalized each and calculated their principal compo-
nents, retaining those with an eigenvalue >1. The first PC
(PC1bio) explained 64% of the total variability and was the
only PC to meet the criteria for inclusion in the subsequent
analysis.

3. Results

[8] The NPH is of the lowest amplitude (low pmax and small
A values), centered farthest south, and located the closest to
land during January and February. It then intensifies, enlarges,
and shifts northwestward through the spring and summer
months (April–September) (Figure 1, Table 1). Variance in
NPH location and strength is lowest during the summer and
peaks from January throughMarch (Figure 1). Area (A) shows
the most within-month variability, especially in January
and February with an interannual coefficient of variation
of 95% and 85%, respectively. As expected, pmax shows
little interannual variability within each month (Table 1). In

37oN

27oN

37oN

27oN

37oN

27oN

37oN

27oN

150oW 130oW 150oW 130oW 150oW 130oW

Jan Feb Mar

Apr May Jun

Jul Aug Sep

Oct Nov Dec

A
re

a 
(k

m
2 )

1

2

3

4

5

6

7

x 106

Figure 1. The position and amplitude of the North Pacific High (1967–2010) with respect to month. Each dot indicates the
position of the NPH for a given year; color denoted the area of the 1020 hPa contour. The black contour is the climatological
1020 hPa isobar.
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terms of positioning, latitude !yð Þ shows more variability than
longitude, especially during winter. Thus, the NPH center
can be located as far south as 23#N or as far north as 36#N
in winter; or it can be located in a coastal position (126#W)
or farther offshore (157#W). The seasonal cycle of the four
NPH variables !x , !y , A, and pmax explain 38.0%, 51.3%,
34.5%, and 25.8% of the overall variance, respectively.
When the seasonal signals are removed, all correlate with
one another (n= 528, p < 0.01); longitude !xð Þ negatively
relates to !y , A, and pmax (Sr = $0.22, $0.32, and $0.44,
respectively) such that the NPH center tends to be farther
north, have higher maximum pressure, and a larger area
when it is located farther from land (to the west). The
highest correlation among variables is between A and pmax
(Sr = 0.81), greater than those between !y and the amplitude
variables (Sr = 0.31 for A and 0.43 for pmax).

[9] Monthly averages of NPH position and amplitude
significantly correlate with monthly averages of UI, sea level
and SST over the course of the year. However, the strongest
correlations among these variables occur between January
and March (Figure 2). When the wintertime NPH is located
to the northwest and has larger amplitude coastal upwelling
is enhanced, and coastal sea level and SST decline. Time
series of !y, A, and pmax in January are significantly correlated
with the time series of !y, A, and pmax in February and March.
Thus, NPH amplitude and latitudinal position show significant
correlations from January into early spring. So, when the NPH
is strong in January, it is likely to lead to enhanced upwelling
in early spring.
[10] Our pre-conditioning index (pCUI) at 39#N ranges from

223m3 s$1 to 100m$1 in 1983 to 4153m3 s$1 to 100m$1

in 2007 (Figure 3a). The pCUI correlates (p < 0.01) to

Table 1. Climatological means and coefficients of variation of the position (!x and!y) and amplitude (A and pmax) of the NPH. The position
of the NPH is defined as the weighted center of the 1020 hPa contour and the amplitude of the NPH is defined as the area of the 1020 hPa
contour and the maximum value within the 1020 hPa

Month

Mean Coefficient of Variation

!x (#W) !y (#N) A (%106 km2) pmax (hPa) !x !y A pmax

January 133.6 30.2 2.15 1022.5 0.025 0.100 0.954 0.0031
February 136.7 30.1 2.51 1022.5 0.035 0.107 0.879 0.0031
March 140.1 30.5 3.91 1024.5 0.027 0.079 0.572 0.0032
April 142.8 32.2 5.51 1026.2 0.012 0.048 0.260 0.0023
May 141.8 33.0 4.92 1024.7 0.017 0.050 0.359 0.0022
June 143.7 34.0 5.12 1025.4 0.006 0.027 0.205 0.0019
July 144.8 35.1 5.03 1026.7 0.004 0.019 0.100 0.0020
August 144.9 35.5 4.26 1025.6 0.009 0.023 0.215 0.0024
September 144.7 35.9 2.50 1023.1 0.018 0.042 0.479 0.0021
October 141.6 34.4 2.48 1022.3 0.025 0.062 0.668 0.0016
November 139.9 32.3 3.15 1023.6 0.027 0.070 0.531 0.0022
December 136.5 31.1 2.78 1023.5 0.028 0.081 0.739 0.0027
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Figure 2. Spearman’s rank correlations (Sr) between monthly time series of the NPH’s position (!x and !y) and amplitude
(A and pmax) and: 1) top row: upwelling index at six different locations, 2) middle row: sea level from coastal tide gauges
at eight different locations, and 3) bottom row: sea surface temperature means at 1# intervals along the coast. Black contours
indicate significance at the p < 0.01 level.

SCHROEDER ET AL.: NPH

543

terms of positioning, latitude !yð Þ shows more variability than
longitude, especially during winter. Thus, the NPH center
can be located as far south as 23#N or as far north as 36#N
in winter; or it can be located in a coastal position (126#W)
or farther offshore (157#W). The seasonal cycle of the four
NPH variables !x , !y , A, and pmax explain 38.0%, 51.3%,
34.5%, and 25.8% of the overall variance, respectively.
When the seasonal signals are removed, all correlate with
one another (n= 528, p < 0.01); longitude !xð Þ negatively
relates to !y , A, and pmax (Sr = $0.22, $0.32, and $0.44,
respectively) such that the NPH center tends to be farther
north, have higher maximum pressure, and a larger area
when it is located farther from land (to the west). The
highest correlation among variables is between A and pmax
(Sr = 0.81), greater than those between !y and the amplitude
variables (Sr = 0.31 for A and 0.43 for pmax).

[9] Monthly averages of NPH position and amplitude
significantly correlate with monthly averages of UI, sea level
and SST over the course of the year. However, the strongest
correlations among these variables occur between January
and March (Figure 2). When the wintertime NPH is located
to the northwest and has larger amplitude coastal upwelling
is enhanced, and coastal sea level and SST decline. Time
series of !y, A, and pmax in January are significantly correlated
with the time series of !y, A, and pmax in February and March.
Thus, NPH amplitude and latitudinal position show significant
correlations from January into early spring. So, when the NPH
is strong in January, it is likely to lead to enhanced upwelling
in early spring.
[10] Our pre-conditioning index (pCUI) at 39#N ranges from

223m3 s$1 to 100m$1 in 1983 to 4153m3 s$1 to 100m$1

in 2007 (Figure 3a). The pCUI correlates (p < 0.01) to

Table 1. Climatological means and coefficients of variation of the position (!x and!y) and amplitude (A and pmax) of the NPH. The position
of the NPH is defined as the weighted center of the 1020 hPa contour and the amplitude of the NPH is defined as the area of the 1020 hPa
contour and the maximum value within the 1020 hPa

Month

Mean Coefficient of Variation

!x (#W) !y (#N) A (%106 km2) pmax (hPa) !x !y A pmax

January 133.6 30.2 2.15 1022.5 0.025 0.100 0.954 0.0031
February 136.7 30.1 2.51 1022.5 0.035 0.107 0.879 0.0031
March 140.1 30.5 3.91 1024.5 0.027 0.079 0.572 0.0032
April 142.8 32.2 5.51 1026.2 0.012 0.048 0.260 0.0023
May 141.8 33.0 4.92 1024.7 0.017 0.050 0.359 0.0022
June 143.7 34.0 5.12 1025.4 0.006 0.027 0.205 0.0019
July 144.8 35.1 5.03 1026.7 0.004 0.019 0.100 0.0020
August 144.9 35.5 4.26 1025.6 0.009 0.023 0.215 0.0024
September 144.7 35.9 2.50 1023.1 0.018 0.042 0.479 0.0021
October 141.6 34.4 2.48 1022.3 0.025 0.062 0.668 0.0016
November 139.9 32.3 3.15 1023.6 0.027 0.070 0.531 0.0022
December 136.5 31.1 2.78 1023.5 0.028 0.081 0.739 0.0027
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Figure 2. Spearman’s rank correlations (Sr) between monthly time series of the NPH’s position (!x and !y) and amplitude
(A and pmax) and: 1) top row: upwelling index at six different locations, 2) middle row: sea level from coastal tide gauges
at eight different locations, and 3) bottom row: sea surface temperature means at 1# intervals along the coast. Black contours
indicate significance at the p < 0.01 level.
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nine locations on the west coast were used: San Diego, CA;
Port San Luis, CA;Monterey, CA; San Francisco, CA; Crescent
City, CA; Charleston, OR; South Beach, OR; Astoria, OR and
Neah Bay, WA. The lengths of the time series were different,
but 6 out of 9 covered the 1967–2008 period. SST data
were gridded (1! " 1! resolution) monthly averages compiled
by the Met Office Hadley Centre’s sea ice and SST data set
(HadISST; http://coastwatch.pfeg.noaa.gov/erddap/index.html).
We used the grid point located closest to the shore over the
32! to 48!N study region. To put the central–northern CCS
region in broader context, we obtained daily upwelling indices
[UI; Bakun, 1975; Schwing et al., 1996] for six locations
(http://www.pfeg.noaa.gov) separated by three latitudes
(33!N 119!W; 36!N 122!W; 39!N 125!W; 42!N 125!W;
45!N 125!W; and 48!N 125!W). These daily upwelling data
were averaged with respect to month.
[5] To assess linkages with the broader Pacific basin, the

area (A) of winter (January–February) NPH was compared
to winter values of the Multivariate ENSO Index (MEI) as
well as the North Pacific Index (NPI). The MEI [Wolter and
Timlin, 2011] is an indicator of El Niño Southern Oscillation
(ENSO) activity; positive values indicate El Niño conditions.
The NPI is an indicator of the Aleutian Low, the dominant
pressure system in the northeast Pacific during the winter,
and is calculated by averaging the SLP over the 30!N–65!N,
160 E–140!W. Low NPI values indicate a more intense
Aleutian Low [Trenberth and Hurrell, 1994].
[6] We calculated a direct index of winter “pre-conditioning,”

the pCUI, or pre-conditioning cumulative upwelling index,
measured as the cumulative sum of only positive values of
the daily UI between January 1 and March 1 each year. The
pCUI was calculated for all UI locations mentioned above,
but we focus on 39!N because most of the biological data used
in this paper were collected near this latitude. We interpret the
pCUI as an index of pulses in upwelling in January–February,
which we relate to amplitude and positioning of the NPH.
Time series of upper-trophic biological productivity were then
compared to the pCUI.
[7] Next, we used Spearman’s rank correlations (Sr) to

associate the position and amplitude of the NPH (anomalies

of the four NPH metrics after removing annual cycle) to the
UI, pCUI and 4 biological time series that represent ecosystem
productivity in the region. The biological time series were: the
average annual egg-laying date for a planktivorous and
omnivorous seabirds (Cassin’s auklet and common murre),
both datasets from Southeast Farallon Island (~37!N,
~123!W; data in Schroeder et al. [2009]), and otolith-based
growth chronologies for planktivorous and piscivorous
rockfishes (splitnose and yelloweye rockfish; data from Black
et al. [2008, 2011]). On average auklets lay their eggs in April
(standard of 15 days), and murres lay their eggs at the end of
May (standard 9 days) [Schroeder et al., 2009]. The rockfish
chronologies were derived from the widths of annual otolith
increments; any value greater than one indicates above-
average growth for that year [Black et al., 2008, 2011]. As
top-level predators, seabirds and rockfish integrate bottom-
up processes and show significant correlations with environ-
mental variability and indices of lower-trophic variability
[Sydeman et al., 2006; Wells et al., 2008; Thompson et al.,
2012]. These four time series overlap spatially and temporally
from 1973 to 2003. To reduce dimensionality of these time se-
ries, we normalized each and calculated their principal compo-
nents, retaining those with an eigenvalue >1. The first PC
(PC1bio) explained 64% of the total variability and was the
only PC to meet the criteria for inclusion in the subsequent
analysis.

3. Results

[8] The NPH is of the lowest amplitude (low pmax and small
A values), centered farthest south, and located the closest to
land during January and February. It then intensifies, enlarges,
and shifts northwestward through the spring and summer
months (April–September) (Figure 1, Table 1). Variance in
NPH location and strength is lowest during the summer and
peaks from January throughMarch (Figure 1). Area (A) shows
the most within-month variability, especially in January
and February with an interannual coefficient of variation
of 95% and 85%, respectively. As expected, pmax shows
little interannual variability within each month (Table 1). In
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Figure 1. The position and amplitude of the North Pacific High (1967–2010) with respect to month. Each dot indicates the
position of the NPH for a given year; color denoted the area of the 1020 hPa contour. The black contour is the climatological
1020 hPa isobar.
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