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amplitude of NPH determines winter upwelling and resulting biological processes in the central-northern CCS [Sydeman et al., 2011]. Here, we quantify the mean and
variance of NPH amplitude and positioning and relate these
attributes to upwelling, proxied by the upwelling index,
coastal sea level and coastal sea surface temperature (SST).
We relate NPH metrics to ﬁsh and seabirds measurements
to assess if measurements of NPH positioning, amplitude,
and timing provide indices of “winter preconditioning” of
the ecosystem. A ﬁnal preconditioning index is developed
that quantiﬁes pulses of upwelling in the winter, which are
sensitive to the amplitude and position of the NPH.

[1] Variations in large-scale atmospheric forcing inﬂuence
upwelling dynamics and ecosystem productivity in the
California Current System (CCS). In this paper, we
characterize interannual variability of the North Paciﬁc High
over 40 years and investigate how variation in its amplitude
and position affect upwelling and biology. We develop a
winter upwelling “pre-conditioning” index and demonstrate its
utility to understanding biological processes. Variation in the
winter NPH can be well described by its areal extent and
maximum pressure, which in turn is predictive of winter
upwelling. Our winter pre-conditioning index explained 64%
of the variation in biological responses (ﬁsh and seabirds).
Understanding characteristics of the NPH in winter is therefore
critical to predicting biological responses in the CCS.

2. Data and Methods
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[3] The U.S. Navy Fleet Numerical Meteorology and
Oceanography Center (FNMOC) Sea Level Pressure (SLP)
data were used to describe variation in the positioning and
amplitude of the NPH (http://www.pfeg.noaa.gov/). Monthly
averaged SLP values were obtained (1  1 resolution) for
the period 1967 through 2010 (n = 528 months over 44 years).
Time series of position and amplitude of the NPH were
constructed from monthly SLP ﬁelds over the domain
160 W–110 W, 0 –50 N. We deﬁned the position of the
NPH as the center of the 1020 hPa isobar. To account for
non-isotropic pressure distributions within the 1020 hPa
isobar, the center of the SLP contained within the 1020 hPa
contour was found by calculating the weighted mean:

1. Introduction
[2] Winter (January–March) coastal upwelling in the
California Current System (CCS) has been associated with
early phytoplankton production [Chenillat et al., 2012],
increased zooplankton abundance [Dorman et al., 2011],
and favorable physical and biological conditions for top
predators including ﬁsh, seabirds, and mammals [Logerwell
et al., 2003; Schroeder et al., 2009; Black et al., 2010;
Thompson et al., 2012]. Winter upwelling is correlated with
basin-scale atmospheric conditions represented by the
Northern Oscillation Index [NOI; Black et al., 2011], which
in turn reﬂects variation in the North Paciﬁc High (NPH)
relative to other large-scale pressure systems in the Paciﬁc
Ocean [Schwing et al., 2002]. The NPH is generally weak
and centered farthest south in winter, but strengthens
and migrates to more northerly latitudes at different rates
and times each year [Kenyon, 1999]. This migration of
the NPH is responsible for the annual strengthening of the
equatorward winds that drive coastal upwelling in the summer. In this paper, we hypothesize that the positioning and
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where xik ( yik) was the longitude (latitude) at time k and grid
cell i, pik was the SLP at the location of (xik,y ik), and n was
the total number of grid points within the 1020 hPa contour.
If an SLP ﬁeld for a given month did not have pressures above
or equal to 1020 hPa, then the next lowest (decreasing by
0.5 hPa) level was used. Of the 528 months used, only 18 failed
to have pressures above or equal to 1020 hPa. To quantify the
amplitude of the NPH, two additional variables were calculated: (i) the areal extent of the 1020 hPa or equivalent isobar
[A (km2)] and (ii) the maximum SLP value contained within
the 1020-hPa contour or equivalent isobar [ pmax (hPa)].
[4] To identify how the positioning and amplitude of the
NPH affects upwelling, the four variables outlined above
(x,y, A, and pmax) were correlated with two upwelling response
variables: coastal sea level and sea surface temperature. Data
for the monthly time series of adjusted, detrended coastal sea
level were obtained from the University of Hawaii Sea Level
Center (http://uhslc.soest.hawaii.edu). Sea level anomalies at
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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 aboveaverage growth for that year [Black et al., 2008, 2011]. As
top-level predators, seabirds and rockﬁsh integrate bottomup processes and show signiﬁcant correlations with environmental 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 series, we normalized each and calculated their principal components, 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.

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

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 through March (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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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
Mean

Coefﬁcient of Variation

Month

x ( W)

y ( N)

A (10 km )

January
February
March
April
May
June
July
August
September
October
November
December

133.6
136.7
140.1
142.8
141.8
143.7
144.8
144.9
144.7
141.6
139.9
136.5

30.2
30.1
30.5
32.2
33.0
34.0
35.1
35.5
35.9
34.4
32.3
31.1

2.15
2.51
3.91
5.51
4.92
5.12
5.03
4.26
2.50
2.48
3.15
2.78

6

2

terms of positioning, latitude ðyÞ 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 ðxÞ 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).

48

A

pmax

1022.5
1022.5
1024.5
1026.2
1024.7
1025.4
1026.7
1025.6
1023.1
1022.3
1023.6
1023.5

0.025
0.035
0.027
0.012
0.017
0.006
0.004
0.009
0.018
0.025
0.027
0.028

0.100
0.107
0.079
0.048
0.050
0.027
0.019
0.023
0.042
0.062
0.070
0.081

0.954
0.879
0.572
0.260
0.359
0.205
0.100
0.215
0.479
0.668
0.531
0.739

0.0031
0.0031
0.0032
0.0023
0.0022
0.0019
0.0020
0.0024
0.0021
0.0016
0.0022
0.0027

[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
223 m3 s1 to 100 m1 in 1983 to 4153 m3 s1 to 100 m1
in 2007 (Figure 3a). The pCUI correlates (p < 0.01) to
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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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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.

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 biological production. A linear model (r 2 = 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 negatively 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 variables 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 ðyÞ. 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 centralnorthern 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

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

A
pCUI
Biological Time Series
Auklet lay date (35)
0.50 -0.65 -0.74 -0.75 -0.74
Murre lay date (35)
0.21 -0.50 -0.40 -0.41 -0.54
Splitnose Growth (40) -0.34 0.34 0.62 0.55 0.48
Yelloweye growth (37) -0.08 0.44 0.27 0.30 0.49
PCIbio (31)
-0.48 0.63 0.67 0.65 0.76
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elongate or provide an early start to the annual growing season
[Schroeder et al., 2009], or a strong wintertime NPH may alter
current ﬂows which pre-condition the system in other ways
[Sydeman et al., 2011]. In either case, decomposing the NPH
in winter and developing the pCUI may serve as important
early-season indicators for aspects of CCS productivity and
underscore the importance of considering seasonality in key
climatic and biological relationships in the CCS and perhaps
other eastern boundary current systems worldwide.

and positioning of the winter NPH relates closely to interannual variability in winter upwelling, and is also reﬂected
in coastal SST and sea level. Indeed, the sum of positive
upwelling events in winter, which we develop as a preconditioning cumulative upwelling index or pCUI, is most closely
related to the areal extent and maximum pressure of the
NPH (A, pmax). The pCUI also appears to be the most
biologically-relevant measurement of this coherent winter
climate pattern, as independently veriﬁed by multiple ﬁsh
(rockﬁsh) and seabird (auklet, murre) time series (Table 2).
The underlying pCUI–biology relationship appears to be
non-linear, and suggests an exponential response (Figure 3b).
Extremely low values of pCUI exert a disproportionately
strong inﬂuence on the biology of the system, while
increasingly larger values result in diminishing returns in
terms of the biological responses, which include growth,
phenology (timing of breeding), and reproductive performance of the rockﬁsh and seabird species. There is no
apparent ﬂattening of the response between PC1bio and the
pCUI, indicating that this relationship is probably not
asymptotic, but without more samples at the upper extent of
the pCUI, this conclusion remains equivocal.
[14] The winter NPH is teleconnected to broad-scale
atmospheric patterns in the tropical and extratropical Paciﬁc
Ocean as highlighted by its strong correlations to the MEI
and NPI. Given the connection of this winter pattern across
such broad regions and diverse physical indicators, the
mechanisms that favor biological responses may be much
more diverse than upwelling alone. High vales of the NPH
could also be directly or indirectly associated with transport
of water masses and associated plankton communities [Keister
et al., 2011], latitude of the subarctic current bifurcation
[Sydeman et al., 2011], or insolation and ocean stratiﬁcation
and associated properties of the water column. Sydeman
et al. [2011] showed that when the NPH in April 2002 was
greatly enlarged, the North Paciﬁc Current shifted to the north
with positive effects across multiple trophic levels of the CCS.
Thus, the bio-physical interactions captured by the NPH are
probably complex and integrate climate-ocean forcing over
multiple spatial and temporal scales.
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