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ABSTRACT

Conditional maximum covariance analysis is applied to investigate the coherent patterns between the
tropical and North Pacific SST and the North Pacific 500-hPa geopotential height anomalies. Two leading
modes are identified. One is an intrinsic midlatitude mode, the North Pacific (NP) mode, for which SST
anomalies are mainly confined to the extratropical North Pacific. The other is a tropical ocean–atmosphere
coupled mode, the ENSO mode, in which an ENSO-like SST pattern dominates the Tropics but extratro-
pical SST anomalies are relatively weak.

The NP and ENSO modes exhibit distinct spatial and temporal characteristics. For the NP mode, atmo-
spheric variation leads to changes in SST, while for the ENSO mode the opposite is true. The NP mode
displays a persistence barrier during August–September whereas the ENSO mode has a March–April
persistence barrier. The upper-tropospheric jet stream associated with the NP and ENSO mode intensifies,
respectively, over the central North Pacific and the subtropical northeastern Pacific; consequently, the
transient activities maximize in their corresponding jet exit regions. The expansion coefficients of the
500-hPa geopotential height associated with the two modes appear to be significantly correlated. However,
by reducing the high-frequency part (e.g., shorter than the interannual time scale) in expansion coefficients,
the correlation becomes insignificant, indicating that the significant correlation results from high-frequency
signals that are unrelated to the corresponding SST variation. The results presented here suggest that the
intrinsic coupled mode in the midlatitude North Pacific may be distinguished from the forced mode by
remote ENSO, especially on the interannual time scale.

1. Introduction

The low-frequency, midlatitude atmospheric circula-
tion anomalies are characterized by a geographically
elongated pattern such as the Pacific–North American
(PNA) and North Atlantic patterns (Wallace and Gutz-
ler 1981). The PNA pattern is described as a wave train
with a north–south dipole pattern in the central North
Pacific. This pattern is somewhat reminiscent of the
North Pacific Oscillation pattern found by Walker and
Bliss (1932) and Bjerknes (1969). The North Pacific
dipole extends farther downstream to North America
with centers of action over western Canada and the
southeastern United States. The PNA has been inter-

preted as forced by the El Niño–Southern Oscillation
(ENSO) via atmospheric teleconnections (e.g., Horel
and Wallace 1981; Graham 1994). This dynamic link
between the extratropical circulation and tropical heat
source was simply explained in a way of a linear Rossby
wave ray-path theory (Hoskins and Karoly 1981). The
atmospheric general circulation model (AGCM) ex-
periments suggested that the PNA-like pattern is only
possible under the tropical SST anomaly condition
(Shukla and Wallace 1983; Kang and Lau 1986). Not
only the mean circulation but also the variance is influ-
enced by ENSO. For example, Renwick and Wallace
(1996) argued that the occurrence of blocking in the
Bering Strait region is sensitive to the averaged polarity
of the PNA pattern but is even more sensitive to the
phase of the ENSO cycle.

On the other hand, many studies showed that the
internal atmospheric dynamical processes in the mid-
latitude atmosphere could generate a PNA-like pattern
through the barotropic and baroclinic instability of the
atmospheric mean state (Frederiksen 1983; Simmons et
al. 1983). Further, Kok and Opsteegh (1985) and Held
et al. (1989) stressed the role of the transient flux
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anomaly in maintaining the PNA pattern. Dole and
Black (1990) and Black and Dole (1993) demonstrated
that the barotropic and baroclinic energy transport be-
tween the mean state and eddies could amplify the
PNA pattern. Recently, Straus and Shukla (2000, 2002)
analyzed winter ensemble GCM simulation, and con-
cluded that the PNA pattern is characteristic of internal
dynamics that is distinct from the ENSO-forced mid-
latitude circulation pattern.

Observationally, relationships between the atmo-
spheric geopotential height anomalies and SST anoma-
lies over the North Pacific have been investigated by
Namias et al. (1988), Wallace et al. (1990, 1992), and
Zhang et al. (1996, 1998), among others. Zhang et al.
(1996) separated the intrinsic midlatitude air–sea
coupled mode in the North Pacific [hereafter the North
Pacific (NP) mode] from the ENSO-induced midlati-
tude coupled pattern (hereafter the ENSO mode) by
removing the influence of ENSO via linear regression.
However, some modeling studies (Lau and Nath 1994;
Lau 1997; Saravanan 1998) asserted that it is not the
structure but the strength and consistency of the mid-
latitude atmospheric response that are more meaning-
ful for distinguishing ENSO and non-ENSO influences.
So far, it is uncertain whether those two modes are
really different, not only statistically but also physically
from the observational standpoint.

In this study, we try to identify the coupled patterns
of variability between midtroposphere geopotential
height and SST anomalies over the tropical and North
Pacific using a newly developed method called condi-
tional maximum covariance analysis (CMCA). Our in-
tention is to derive a coupled North Pacific pattern that
is statistically unrelated to ENSO and then compare its
behavior with the ENSO-forced mode. The comparison
aims at identifying their differences in the context of
coupled dynamics and atmospheric internal dynamics.
The paper is organized as follows. Data and analysis
methods are outlined in the next section. In section 3,
we present CMCA results, which lead to air–sea
coupled patterns over the North Pacific. In section 4, by
means of lag correlation, the temporal characteristics of
the ENSO and North Pacific modes that appeared in
the expansion coefficients of each pattern are analyzed.
Sections 5 and 6 document, respectively, the spatial sig-
nature of upper/lower atmospheric circulations and the
transient activities associated with the ENSO and
North Pacific modes. Section 7 discusses a puzzling re-
lationship: the temporal concurrence between the
ENSO and North Pacific modes in their 500-hPa geo-
potential height pattern. The last section presents a
summary.

2. Data and methodology

The datasets used in this study are an ENSO index
(Niño-3 index: SST anomalies averaged over 5°N–5°S,

150°–90°W), monthly mean North Pacific 500-hPa geo-
potential height (hereafter GPH) obtained from the
National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–
NCAR) reanalysis data (Kalnay et al. 1996), and Pacific
SST obtained from Reynolds (Reynolds and Smith
1994). Each dataset covers the period from 1950 to
1999.

To obtain coherent patterns between GPH and SST
and to remove unwanted signals, we adopt the CMCA
method (An 2003). The method is briefly discussed
here.

Consider two geophysical variables, �*(x,t) and
�*(x,t) that are functions of space (x) and time (t), and
a constraint time series Z(t), which is a function of time
only. Now, we construct two new variables �(x,t) and
�(x,t), by removing the portions of the signals in �* and
�* that are covariant with Z(t):

� � �* � Z � COV��*, Z��VAR�Z��VAR�Z� and

� � �* � Z � COV��*, Z��VAR�Z�, �1�

where COV(x,y) denotes the temporal covariance be-
tween variables x and y, and VAR(z) denotes the vari-
ance of z. The methodology used in Eq. (1) resembles
the method used in Wallace et al. (1992) and Zhang et
al. (1996) for removing the signatures of ENSO.

From Eq. (1), COV(�,Z) and COV(�,Z) become
zero at each spatial grid of � and �. Thus, the � and �
are not correlated with Z. Using these newly defined
variables, one may construct the temporal covariance
matrix COV(�,�), whose total dimension becomes the
spatial dimension of � by the spatial dimension of �.
This matrix is also referred to as the “covariance matrix
between �* and �* conditional on Z.” The maximum
covariance analysis [MCA; also known as singular
value decomposition (SVD); Wallace et al. 1992] iden-
tifies pairs of spatial patterns that explain as much as
possible of the mean-squared temporal covariance be-
tween two variables. Thus, MCA of COV(�,�) {hereaf-
ter MCA[COV(�,�)] or equally the conditional MCA,
CMCA(�*,�*;Z)} provides coupled patterns between �
and �, in which the signals related to Z have been ex-
cluded. Here, Z will be referred to as the secondary
predictor.

By applying CMCA, � and � are represented by lin-
ear combinations of eigenvectors and corresponding
expansion coefficients such that

��x,t� � 	
n

�n�t�en�x�

��x,t� � 	
m

�m�t�fm�x�,

where en(x) and fm(x) are the spatial patterns (eigen-
vectors) associated with � and �, respectively, and 
n(t)
and �m(t) denote the expansion coefficient associated
with � and �, respectively, and they are calculated by
projecting � and � at a given time on each eigenvector.
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