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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 2c
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)

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.
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QUESTION 

What are the precedents for this prolonged warming event?
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