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North Pacific Gyre Oscillation links ocean climate and ecosystem
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[1] Decadal fluctuations in salinity, nutrients, chlorophyll, a
variety of zooplankton taxa, and fish stocks in the Northeast
Pacific are often poorly correlated with the most widely-used
index of large-scale climate variability in the region - the
Pacific Decadal Oscillation (PDO). We define a new pattern of
climate change, the North Pacific Gyre Oscillation (NPGO)
and show that its variability is significantly correlated with
previously unexplained fluctuations of salinity, nutrients and
chlorophyll. Fluctuations in the NPGO are driven by regional
and basin-scale variations in wind-driven upwelling and
horizontal advection — the fundamental processes
controlling salinity and nutrient concentrations. Nutrient
fluctuations drive concomitant changes in phytoplankton
concentrations, and may force similar variability in higher
trophic levels. The NPGO thus provides a strong indicator of
fluctuations in the mechanisms driving planktonic ecosystem
dynamics. The NPGO pattern extends beyond the North
Pacific and is part of a global-scale mode of climate variability
that is evident in global sea level trends and sea surface
temperature. Therefore the amplification of the NPGO
variance found in observations and in global warming
simulations implies that the NPGO may play an increasingly
important role in forcing global-scale decadal changes in
marine ecosystems. Citation: Di Lorenzo, E., et al. (2008), North
Pacific Gyre Oscillation links ocean climate and ecosystem change,
Geophys. Res. Lett., 35, 1L08607, doi:10.1029/2007GL032838.

1. Introduction

[2] Indices of large-scale climate variability such as the
Pacific Decadal Oscillation (PDO) [Mantua et al., 1997]
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and the El Nifo Southern Oscillation (ENSO) are often
invoked to explain physical and biological fluctuations in
the Northeast Pacific Ocean [Lynn et al., 1998; Lavaniegos
and Ohman, 2003, 2007; McGowan et al., 1998]. Changes
in the magnitude and sign of the indices have been corre-
lated with variations in biological properties such as zoo-
plankton displacement volume [Roemmich and McGowan,
1995] and fish populations [Hare et al., 1999]. Particularly
dramatic physical and biological excursions occurred during
the 197677 change in the PDO [Hare and Mantua, 2000]
[McGowan et al., 2003] and during the 1997-99 ENSO
cycle [Peterson and Schwing, 2003]. However, the mech-
anisms coupling fluctuations in the PDO to changes in
biological variables remain unclear. Furthermore, both the
PDO and ENSO fail to explain decadal variations of key
oceanic variables in the North Pacific, particularly the
prominent salinity and nutrient variations seen in the Califor-
nia Cooperative Oceanic Fisheries Investigations (CalCOFI;
www.calcofi.org) records from 1949 to 2005 [Schneider et al.,
2005; Di Lorenzo et al., 2005].

[3] In this study, we present evidence that interannual and
decadal variations of salinity, nutrient upwelling, and sur-
face chlorophyll-a (Chl-a) in the Northeast Pacific are
associated with fluctuations in a climate pattern that we
term the North Pacific Gyre Oscillation (NPGO). We use
the term NPGO because its fluctuations reflect changes in
the intensity of the North Pacific gyre circulations.

2. Methods

[4] The PDO and NPGO modes of climate variability
emerge from analyses of Northeast Pacific sea-surface
temperature anomalies (SSTa) and sea-surface height
anomalies (SSHa) over the region (180°W-110°W;
25°N-62°N). Using empirical orthogonal function (EOF)
techniques, these oceanic fields are each decomposed into a
set of independent/uncorrelated spatial modes (the EOFs)
whose temporal fluctuations are given by the corresponding
Principal Components (PCs). The first EOF and PC spatial
and temporal pattern explain the highest fraction of the
variance; subsequent sets of EOFs and PCs explain succes-
sively less variance of the field. The PDO climate pattern
emerges as the first EOF/PC of both SSTa and SSHa, while
the NPGO represents the second EOF/PC. Because the first
PCs of SSTa and SSHa are highly correlated (R~0.85), we
define a PDO index as the first PC of SSHa and the NPGO
index as the second PC of SSHa (Figure 1). (The NPGO
index can be downloaded at http://www.ocean3d.org/npgo.)
The NPGO index closely tracks the second PC of SSTa,
which is also known as the “Victoria Mode” index [Bond et
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al., 2003], although the NPGO index exhibits more prom-
inent low-frequency fluctuations than the ““Victoria Mode”.
Following these definitions the NPGO is statistically inde-
pendent of the PDO. We also verify that these modes are
distinct and separate in both SSHa and SSTa by performing
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Table 1. Correlations of the Model PDO and NPGO Indices With
CalCOFI Data®

PDO NPGO
SSTa 0.44 0.29
SSSa 0.06 0.42
Chl-a 0.21 0.47
NO; 0.26 0.51
PO, 0.19 0.35
Sio, 0.31 0.53
0, 0 —0.50

“The time series of SSTa, SSSa and Chl-a are averages of surface
observations from the CalCOFI program in the Southern California Current.
The nutrient time series are spatial averages of samples from 150 m depth.
Bold numbers indicate correlations significant at the 95% level or higher.

an analysis of the eigenvalues spectrum from the EOF
decompositions [North et al., 1982].

[s] We investigate the NPGO and PDO climate patterns
and their underlying dynamics using a high-resolution
model of the Northeast Pacific Ocean. The Regional Ocean
Modeling System (ROMS) [Shchepetkin and McWilliams,
2005] is used in a nested configuration representing the
Northeast Pacific (180°W—110°W; 25°N—-62°N). The mod-
el grid has 15 km average horizontal resolution and 30
vertical terrain-following layers. The model is forced with
surface wind stresses and heat fluxes from the US National
Center for Environmental Prediction (NCEP) [Kalnay et al.,
1996] over the period 1950-2004. The SST boundary
condition includes a time-dependent relaxation to SST
reanalysis [Smith and Reynolds, 2004] with a timescale ~~
1 month to account for errors in the NCEP surface heat
fluxes [Josey, 2001]. The SSS boundary condition is a
corrected monthly climatology of freshwater flux, which
ensures that changes in salinity on periodicities larger than
the seasonal cycle are only controlled by changes in ocean
advection. Chl-a and NO; are modeled with a simple
nutrient-phytoplankton-zooplankton-detritus (NPZD) eco-
system model [Powell et al., 2006].

[6] The numerical model has significant skill in recon-
structing the regional oceanic biological and physical con-
ditions between 1950-2004, and tracks the observed
temporal fluctuations of SSTa, sea surface salinity anomaly
(SSSa), Chl-a, and subsurface 150 m NO; in the CalCOFI
region (Figure 1; all > 95% significance). The significance
of the correlations for the monthly-averaged timeseries is
estimated from the Probability Distribution Functions

Figure 1. PDO and NPGO compared to the model and
CalCOFI observations. The PDO and NPGO indices (black)
are plotted in standard deviation units with their 2 yr low-
pass filtered time series (grey). All other time series are
spatial averages from the Southern California Current
System model (black) or data (color). Correlations of raw
monthly data between the model and data are given below
each time series pair in color. All correlations are significant
at the 95% level or greater. The nitrate timeseries uses
samples from 150 m. The Chl-a anomaly data have been
smoothed with a 2 yr running average, and normalized by
their standard deviation. The upwelling winds are calculated
from NCEP reanalysis data, smoothed with a 2 yr running
average, and standardized to psu units for comparison to
CalCOFI SSSa. Positive winds are directed equatorward,
implying upwelling favorable conditions.
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Figure 2. PDO and NPGO patterns from model and data. (a) Time series of La Jolla Scripps Pier (32°N, 117°W) SSTa
(red) compared to the PDO index (correlation R = 0.4; 99% significance), defined as the first PC of model SSHa (black).
(b) Time series of La Jolla Scripps Pier SSSa (blue) compared to the NPGO index (correlation R = 0.51, 99% significance),
defined as the second PC of model SSHa (black). Thin black lines are 2 yr running averages of the model PCs. The SSTa
and SSSa records are detrended and a 12 months running mean is applied. (c, d) Regression maps of model PDO and
NPGO indices with the model SSHa. The white (black) contours indicate regions of positive (negative) wind stress curl
(Ekman upwelling) as inferred from a regression of the model PCs with the NCEP wind stress curl. The % variance
accounted for by each regression map is indicated. (e, f) Regression maps of the model PDO and NPGO indices with
satellite altimeter data gathered between 1993—-2004. The colour range is modified to [—3.5 3.5] in Figure 2f to properly
display the map (black contours are satellite/drifter-derived mean dynamic height [Niiler et al., 2003]).

(PDFs) of the correlation coefficient of two red noise
timeseries that possessed same autoregression coefficients
as the original signals. The PDFs are computed numerically
by generating 3000 realizations of the correlation coefficient
of two random red noise timeseries.

3. Results and Discussion

[7] Consistent with previous observational analyses we
find that the PDO is the dominant mode of variability of
monthly SSTa and SSHa in the ocean model: the first EOF
accounts for 34% of the variance of SSTa and 22% of the
variance of SSHa. The NPGO mode — the second EOF of
SSTa and SSHa — explains 22% and 8% of the variance of
those fields, respectively. However, while the PDO index is
significantly correlated with the observed CalCOFI SSTa
record (Figure 1 and Table 1), only the NPGO is signifi-
cantly correlated with observed fluctuations of CalCOFI
SSSa, Chl-a, and subsurface NOjz, PO4, SiO4 and O,
concentrations (Figure 1 and Table 1). The coastal times-
eries of SSTa and SSSa collected at the La Jolla Scripps Pier
(32°N, 117°W), which are continuous in time, show similar

correlations to the PDO and NPGO respectively (Figure 2).
These correlations speak to the different dynamics under-
lying the two indices.

[s] In the California Current System (CCS) the NPGO
reflects changes in wind stress, in particular the winds that
force coastal upwelling. This is evident in the strong
correlation of the NPGO index with CalCOFI SSSa over
the past 50 years: observed fluctuations in SSSa are very
strongly correlated with alongshore wind stress, the driver
of coastal upwelling in the CalCOFI region (Figure 1).
These results strongly support the use of the NPGO as the
primary indicator of upwelling strength, nutrient fluxes, and
the potential for ecosystem change in the CalCOFI region.

[v] Changes in nutrient fluxes drive fluctuations in mod-
eled Chl-a that are highly correlated to observed Chl-a. In
the model the primary mechanism for change of the Chl-a is
through variations in wind-driven vertical nutrient flux.
Therefore, the high correlation of modeled and observed
Chl-a (Figure 1) supports the hypothesis that fluctuations in
phytoplankton biomass in the CalCOF]I region are primarily
driven by changes in wind-driven upwelling correlated with
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Figure 3. Atmospheric forcing patterns of the PDO and NPGO modulate decadal changes in coastal upwelling.
Regression maps of (a) PDO and (b) NPGO indices with NCEP windstress vectors and sea level pressure (color scale). (c)
Coastal upwelling depth index from inverse model calculations [Chhak and Di Lorenzo, 2007] averaged from 38N to 48N
(area denoted by red circle in Figures 3a and 3b) compared to PDO index. (d) Coastal upwelling depth index averaged from
30N to 38N (area denoted by blue circle in Figures 3a and 3b) compared to NPGO index. A positive upwelling index

implies a deeper upwelling cell.

the NPGO. This “bottom-up” forcing is consistent with the
conclusions from previous analyses of fish catch data
and satellite-derived Chl-a [Ware and Thomson, 2005;
Rykaczewski and Checkley, 2008], and underscores the need
to better understand the influences of physically forced
nutrient fluxes on higher trophic levels in the ocean.

[10] Fluctuations of the PDO have often been implicated in
major physical-biological regime shifts in the North Pacific
(e.g. 1976, 1999) [Hare and Mantua, 2000; Lavaniegos and
Ohman, 2003]; however, the NPGO mode shows equally
dramatic transitions during these periods (Figure 1). Indeed
these recent major ecosystem regime shifts have occurred
when the PDO and NPGO show strong, simultaneous, and
opposite sign reversals (Figure 1). The alternating impor-
tance between the PDO and NPGO fluctuations on decadal
timescales may explain why some changes in the sign of the
PDO index did not correspond to dramatic ecological shifts.
Diagnosing and predicting ecosystem climate variability in
the North Pacific will depend on determining the effects of
the phase relationship between fluctuations of the PDO and
NPGO modes.

[11] The regional spatial patterns of the PDO and NPGO
in the SSHa are distinct, and give further insights into the
dynamics they represent (Figure 2). Assuming that the
SSHa reflect changes in the geostrophic flow, the PDO
mode shows a single large gyre north of 25°N and an
anomalously strong poleward flow along the entire coast

from 25°N to 55°N (Figure 2c). This flow is forced by
predominantly downwelling conditions at the coast; a
positive PDO results in a strengthening of the Alaskan Gyre
but a weakening of the California Current. In contrast, the
NPGO mode in its positive phase shows a pair of counter-
rotating gyres that reflect the gyre-scale mean geostrophic
circulation inferred from satellite [Niiler et al., 2003]
(Figure 2d). The northernmost Alaskan Gyre is separated
from the more southerly Subtropical Gyre by the North
Pacific Current (NPC), which flows eastward along ~40°N.
The NPC bifurcates at the coast, flowing northward to form
the Alaskan Coastal Current, and southward to form the
California Current. When positive, the NPGO represents an
intensification of the geostrophic circulation, that is a
strengthening of the NPC, and (in contrast to the PDO) an
increase in the transport of both the Alaskan Coastal Current
and California Current (Figure 2). This intensification of
both the subpolar and subtropical gyres is driven in the
model by open-ocean wind stress curl anomalies (Figures 2¢
and 2d, contour lines) and by variations in wind-driven
coastal upwelling. The spatial structure of the wind anoma-
lies is consistent with the positive phase of the North Pacific
Oscillation (NPO) [Walker and Bliss, 1932], which is a
dominant mode of variability in atmospheric sea level
pressure. This suggests that the NPGO is the oceanic
expression of the atmospheric NPO. When the NPGO is
positive, the associated changes in wind forcing (Figure 3)
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Figure 4. Global patterns of the NPGO in the SSHa and
SSTa fields. Correlation map of the model NPGO index
with (a) satellite altimetry and (b) SSTa reanalysis during
the period 1993-2004. The double-gyre structure of the
Northeastern Pacific NPGO is apparent in both maps, and is
part of a global pattern that is symmetric across the equator,
which suggest that coupled dynamics in the tropics are
involved in the dynamics of the NPGO. The correlation
between the NPGO index and the second PC of Pacific
SSTa (c) is R = 0.47 and is significant at the 99% level.

create upwelling-favorable conditions in the California
Current and Alaskan Gyre, but downwelling conditions in
the Subtropical Gyre and the Alaskan Coastal Current.
However, upwelling variability along the Northeast Pacific
coast is strongly correlated with NPGO only south of 38°N;
farther north, upwelling is more strongly controlled by
changes in alongshore winds correlated with the PDO
(Figure 3), as indicated by previous findings [Chhak and
Di Lorenzo, 2007].
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[12] The PDO and NPGO spatial patterns found in our
model are clearly seen in observations such as satellite-
derived sea level data (Figures 2e and 2f). Over the period
1993-2005 a regression of the model-reconstructed PDO
and NPGO indices with the merged satellite altimeter
analysis from AVISO (http://www.jason.oceanobs.com/)
reproduces the spatial patterns of the modeled NPGO and
PDO modes (Figure 2). Interestingly, both the satellite
regression maps and our model show that the NPGO
amplitude was larger than the PDO amplitude during the
last decade, a finding confirmed by independent analyses of
both in situ and other satellite data [Cummins and Freeland,
2007]. This recent strengthening of the NPGO mode is also
revealed by the fact that the second EOF of SSTa (which is
an expression of the NPGO and is referred to in the
literature as the “Victoria” mode) explains more wintertime
North Pacific SSTa variance than the PDO pattern during
the 1990—-2002 period [Bond et al., 2003].

[13] The NPGO spatial pattern extends well beyond the
Northeast Pacific and CalCOFI regions, and is part of a
global climate pattern. This is apparent in correlations of the
NPGO index with global SSTa reanalysis [Smith and
Reynolds, 2004] and satellite SSHa (http://www.jason.ocea-
nobs.com/) (Figure 4). The global NPGO SSHa pattern
explains a trend uncovered in global sea-level data during
the period 1990—-2000 [Kohl et al., 2007], when the NPGO
index shows a near monotonic increase (Figure 4c). The
NPGO SSTa pattern corresponds to the second EOF of
Pacific SSTa that is isolated in both observations and global
ocean model integrations [Doney et al., 2007]. Indeed, the
NPGO index shows a significant correlation with the second
PC of Pacific SSTa (Figure 4c). The SSTa NPGO spatial
pattern is strongly symmetric across the equator, suggesting
that tropical coupled dynamics are involved in forcing the
NPGO fluctuations. The large-scale structure of the NPGO
pattern also suggests that its underlying dynamics drive
spatially coherent decadal fluctuations in ecosystems across
the Pacific Ocean.

[14] The observed strengthening of the NPGO mode
since 1993 reported here and in other studies [Cummins
and Freeland, 2007; Bond et al., 2003; Douglass et al.,
2006] may represent a response to anthropogenic forcing
and global warming. This hypothesis is supported by
preliminary analyses of climate projections from the GFDL
2.0 coupled climate model (experiments GFDL CM2.0,
20C3M and GFDL CMZ2.0, SRES A2), which show an
amplification of the NPGO variance by 38% and a reduction
of the PDO variance by 58% between the periods 1900—
2000 and 2000-2100. If true, we expect the dynamics
underlying the NPGO to play an increasingly important
role in Pacific-wide ecosystem transitions in coming deca-
des. Further work is in progress to explore the utility and
implications of the NPGO for understanding past, and
predicting future global climate and ecosystem change.
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