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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
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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-
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preted as forced by the El Nifio—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
(Nifio-3 index: SST anomalies averaged over 5°N-5°S,
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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,¢) and
J*(x,f) that are functions of space (x) and time (), and
a constraint time series Z(), which is a function of time
only. Now, we construct two new variables &(x,¢) and
J(x,1), by removing the portions of the signals in &* and
J* that are covariant with Z(¢):

E=¢&— Z X COV(¢+,Z)/VAR(Z)/VAR(Z)
Y= y* — Z X COV(y*, Z)/VAR(Z), 1)

and

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 i are represented by lin-
ear combinations of eigenvectors and corresponding
expansion coefficients such that

1x0 = X, a,(t)e,(x)

n

WD) = D Blf,(X),

where e,(x) and f,,(x) are the spatial patterns (eigen-
vectors) associated with & and s, respectively, and «,,(¢)
and 3,,(f) 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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3. Coherent SST and 500-hPa geopotential
patterns associated with the North Pacific and
ENSO modes

The first MCA mode of the GPH and SST anomalies
is shown in Fig. 1, of which covariance fraction (CF) is
74% (here, CF indicates the percentage of the covari-
ance explained by a pair of the eigenvectors to the total
covariance between the two fields); the variance frac-
tion (VF) for the SST pattern of the first MCA is 34%
(VF indicates the percentage of the variance explained
by the first eigenvector to the total variance), and VF
for the GPH pattern is 21%. The GPH pattern re-

MCA1[SST,500mb GPH] (74%)

(21%)

(a) 500mb Geopotential height
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Fi1G. 1. Spatial patterns of the first MCA mode associated with
(a) 500-hPa geopotential height and (b) SST. (c) The correspond-
ing expansion coefficients associated with 500-hPa geopotential
height (black curves) and SST (green curves). The fractions of
covariance and variance of normalized data fields explained by
the respective modes are indicated in the upper-right-hand corner
of each map.
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sembles the PNA pattern, with a low center of action
over the North Pacific near 45°N, 165°W and a high
center of action over western Canada near 55°N,
120°W. The corresponding SST pattern indicates the
positive SST anomalies over the Tropics, the negative
SST anomalies over the central North Pacific, and the
weak positive SST anomalies over the west coast of
North America. The amplitude of the North Pacific
SST anomalies is comparable to that of the equatorial
eastern Pacific.

To obtain coherent patterns between the ocean and
atmosphere that are uncorrelated with ENSO, we apply
the CMCA method to the same datasets as used in the
calculation in Fig. 1. In this calculation, however, the
Nifo-3 index (5°S-5°N, 150°-90°W) was used as the
secondary predictor (the constraint condition) that cor-
responds to Z in Eq. (1). The CF of the first CMCA
mode (Fig. 2) is 45%: the VFs for the SST and GPH
pattern are 13% and 24 %, respectively. The GPH pat-
tern tends to be zonally elongated, and its center is
located at 45°N, 170°W. Similar to the MCA mode
shown in Fig. 1, the area of negative GPH anomalies
matches that of the negative SST anomalies. Different
from MCA mode, however, the ENSO-like pattern in
the tropical Pacific disappears. The ENSO signal in
their corresponding expansion coefficients is also not
detectable. In other words, this mode has little connec-
tion with the tropical SST anomalies. This mode is al-
most identical to the second rotated EOF mode of
Zhang et al. (1996), in which it is referred to as the
“North Pacific mode.” In this study we use the same
name for the first CMCA mode shown in Fig. 2.

It is interesting to compare this NP mode with the
SST anomaly pattern of Zhang et al. (1997). They de-
rived the NP mode by regressing the leading principal
component of the residual SST field over the Pacific
domain, from which the least squares fit to the time
series of the 6-yr high-pass-filtered eastern Pacific cold
tongue index at each grid point has been removed (see
Fig. 4 of Zhang et al. 1997). The significant difference
between the NP mode (Fig. 2) and the regression pat-
tern of Zhang et al. (1997) is found over the equatorial
Pacific: the negative anomaly in NP mode and the posi-
tive anomaly in Zhang et al. (1997). Since we did not
apply any filtering to the data, the large-scale tropical
Pacific horseshoe pattern in Zhang et al. (1997) cover-
ing between 20°S and 20°N might be due to the low-
frequency variability of the tropical SST longer than
6 yr.

To isolate the ENSO-related signatures in the North
Pacific, we apply again the CMCA method to GPH and
SST anomalies but with the expansion coefficients as-
sociated with the SST pattern of the NP mode (Fig. 2c)
as the secondary predictor. The CF of the first CMCA
mode is 70%, and VFs for SST and GPH are 38% and
15%, respectively. Clearly, the SST pattern in the tropi-
cal Pacific resembles the ENSO signature (Fig. 3b). In
addition, every peak in the expansion coefficients cor-
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Fi1G. 2. As in Fig. 1 but for the spatial patterns of the NP mode
derived from the leading mode of CMCA. The Niflo-3 index was
used as the secondary predictor.

responds to El Nifio/La Nifia events (Fig. 3c). Hereaf-
ter, this mode will be referred as the “ENSO mode.”

The GPH anomalies associated with the ENSO mode
show some subtle difference with that of the NP mode.
The negative center of the GPH anomalies shifts
slightly southeastward with its axis slanting toward the
southeast (Fig. 3a). There is a weak ridge occurring
near Japan, which is absent in the NP mode. Along this
ridge, positive SST anomalies are found. In the NP
mode, the SST anomalies in this region are negative.
Overall, the NP and ENSO modes show a different
feature in their spatial and temporal behaviors. Note
that the same method was applied to, for example, both
1000- and 200-hPa GPH, and we confirmed that the
correlations among the expansion coefficients associate
with GPH at each level are greater than 0.9, indicating
that the results are quite robust.
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4. Temporal characteristics of North Pacific and
ENSO modes

In this section, we investigate the differences be-
tween the NP and ENSO modes in their temporal char-
acteristics. This is critical for understanding their physi-
cal differences.

The lagged correlation between time series of the
expansion coefficients of the NP mode for SST and
those for GPH (hereafter, the former refers to “NP-
SST” time series and the latter refers to “NP-GPH”
time series) are shown in Fig. 4 (solid line). (The dotted
line in Fig. 4 corresponds to the ENSO mode; as in the
NP mode, “ENSO-SST” and “ENSO-GPH” time series
are defined). The positive lag indicates that GPH leads
SST. As shown in Fig. 4, when the NP-GPH leads NP-

CMCA1[SST,500mb GPH] without NP (70%)
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Fi1G. 3. As in Fig. 2 but for the ENSO mode. The time series of
SST associated with the NP mode was used as the secondary
predictor.
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F1G. 4. Lag correlations between the time series of SST and
GPH anomalies associated with the NP mode (solid) and the
ENSO mode (dotted). Negative lags refer to SST leading GPH.

SST, the correlation is significant over a 99% confi-
dence level from lag 0 to 4 months, while there is no
significant correlation for the negative lag. The maxi-
mum positive correlation appears at a 1-month positive
lag. After 1 month the lag correlation decreases slowly.
It suggests that the atmosphere circulation anomalies
may cause SST anomalies in the NP mode. It is known
that the equivalent-barotropic low-frequency atmo-
spheric anomaly can force the change in SST, and the
atmospheric anomaly experiences a reduced surface
thermal damping due to the SST adjustment as shown
in AGCM experiment (Kushnir et al. 2002). The maxi-
mum correlation at a 1-month lag between NP-SST and
NP-GPH may be attributed to the delayed oceanic
thermal response to the atmospheric forcing, and the
slow decrease of the correlation after 1 month may be
related to relatively slow damping of the ocean tem-
perature. The insignificant lag correlation for the nega-
tive lags suggests that the SST is not a major cause for
changes in the atmospheric variation.

In contrast, for the ENSO mode when SST leads the
GPH by 1 month the maximum correlation between
ENSO-GPH and ENSO-SST occurs (Fig. 4, dotted
line). Different from the NP mode, the correlation be-
tween ENSO-SST and ENSO-GPH time series gradu-
ally increases until 1 month before (—1 month lag) and
then gradually decreases. This is because this ENSO
mode is totally driven by the slowly varying ENSO
cycle. Figure 4 suggests that NP and ENSO modes are
different in terms of air—sea coupling.

Since our analysis is not for the particular season, it is
unclear during which season the ocean and atmosphere
are highly correlated. In Fig. 5, we further show the
correlation coefficients between NP-SST time series
and NP-GPH time series (solid line) for each calendar
month. In general, during the late winter (January and
February) the correlation is the highest, while during
the late summer (July-September) the correlation is
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F1G. 5. Correlations between time series of SST and GPH
anomalies associated with the NP mode (solid) and the ENSO
mode (dotted) for a particular calendar month.

the lowest. It is known that the air-sea interaction over
the North Pacific is more active during the winter
(Zhang et al. 1996) as is shown in this figure. The
ENSO mode (dotted line) shares the similar feature
with the NP mode. Because the GPH pattern of the
ENSO mode is mainly driven by the tropical SST forc-
ing, the higher correlation during the winter is consis-
tent with the higher SST anomaly during the winter.
To see whether there is any difference between the
two modes in the predictability, we examine the persis-
tence. The persistence indicates how long the memory
of the system sustains, and hints at potential predict-
ability of the system. Here, the persistence is defined in
terms of lagged autocorrelation coefficients and the ex-
tent to which these coefficients remain at significantly
high levels for extended lead times. The lag correlation
of NP-SST time series and ENSO-SST time series has
been calculated for each calendar month (Fig. 6). Using
the correlation greater than 0.7 as a criterion for mea-
suring the significance of the persistence, the NP mode
has the most significant persistence in February—April
with lead times of 3 months, while it has the least per-
sistence in July-September (correlation falling below
0.7 after 1 month). This indicates that the signal of NP
mode present in early boreal spring may persist for one
season whereas that present in July-September may
not persist long. This July—-September persistence bar-
rier in the NP mode is consistent with Namias and Born
(1970), who showed that thermal anomalies that devel-
oped in the shallow summertime mixed layer are oblit-
erated by vertical mixing in the next season. On the
other hand, the ENSO mode starting in January—-April
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Fi1G. 6. Lagged autocorrelation of the time series of SST asso-
ciated with (a) the NP mode and (b) the ENSO mode as a func-
tion of start month (ordinate) and lead time (abscissa). Correla-
tions greater than 0.7 are shaded.

has the least persistence and that in June—August has
the longest persistence. This seasonality leads to a well-
known boreal spring persistence barrier in which cor-
relations drop to insignificant levels during the spring

(a) COR(200mb winds; NP Mode)
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season. The signal of ENSO mode present in summer
and early winter will persist for two to three seasons. In
summary, there is an August-September persistence
barrier in the NP mode but a March—April persistence
barrier in the ENSO mode.

5. Difference between North Pacific and ENSO
modes in upper and lower atmospheric
circulation anomalies

The linear regression maps of 200- and 1000-hPa
wind vectors (zonal and meridional winds) with NP-
SST time series are shown in Figs. 7a,b, respectively.
Figures 7c,d are the counterparts corresponding to the
ENSO mode. The correlation was calculated in the
same domain as the SST pattern. The upper-level cir-
culation associated with the NP mode (200 hPa, Fig. 7a)
shows a strong westerly along the zonal band between
30° and 40°N. To the north and south of the westerly,
there are easterlies. In North America, the northerly
wind extends to the subtropical central Pacific, where it
changes its direction to become easterly; the winds in
the Tropics (20°S-10°N) are weak. On the other hand,
for the ENSO mode (200 hPa, Fig. 7c), the winds over
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the midlatitude are weak; easterly winds are dominant
over the tropical central and eastern Pacific, and the
westerly winds prevail over the subtropical eastern Pa-
cific.

In the lower-level circulation associated with the NP
mode (1000 hPa, Fig. 7b), the strong westerly and east-
erly occur, respectively, between 30°-40°N and 50°-
60°N. It is similar to the upper-level circulation in Fig.
7a, indicating the low-frequency barotropic response of
the midlatitude atmosphere. In the subtropical north-
eastern Pacific, the southwesterly wind is dominant,
which is in the opposite direction to the upper-level
winds, indicating a baroclinic structure representing the
local meridional circulation that may be due to the sur-
face warming in the subtropical eastern coast (see Fig.
2b). The lower-level circulation of the ENSO mode
(1000 hPa, Fig. 7d), on the other hand, shows a prevail-
ing westerly over the tropical central Pacific, and thus
with the upper-level easterly, it represents the weaken-
ing of Walker circulation, which is typical during El
Niflo. Note that the westerly in the midlatitude is not
statistically significant.

In summary, both the upper- and lower-level wind
patterns associated with the NP mode are basically con-
fined to the North Pacific, whereas those associated
with the ENSO mode are confined to the tropical Pa-
cific. The upper-tropospheric jet stream associated with
the NP and ENSO modes intensifies, respectively, over
the central North Pacific and the subtropical northeast-
ern Pacific.

6. Transient activities associated with the North
Pacific and ENSO modes

The upper- and lower-level wind patterns associated
with the NP and ENSO modes shown in Fig. 7 indicate
monthly mean wind responses. Given the changes in
these monthly mean quantities, transient fluctuations
such as midlatitude weather can be modified. It was
known that the midlatitude transient activities in turn
influence the midlatitude mean circulation pattern (i.e.,
the monthly mean quantities) by providing heat and
momentum flux (Held et al. 1989). However, in this
section, we only focus on the changes in transient ac-
tivities related to NP and ENSO modes. The transient
activity in a given month, W, is defined as

n=N
W, = >, (H,,— H,)*N,
n=1

where H indicates the height; m and n are the indices
for the month and day, respectively; N indicates the
total number of days; and the overbar indicates the
monthly mean. The correlation map of the transient
activity at 250-hPa level against the NP-SST time series
(ENSO-SST time series) is shown in Fig. 8a (Fig. 8b).

The transient activity pattern associated with the NP
mode shows a maximum over the central North Pacific,
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FIG. 8. (a) Correlation map of 250-hPa transient activity against
the time series of SST associated with the NP mode. (b) Same as
in (a) but for the ENSO mode.

which is in accord with the anomalous westerly jet exit
region shown in Fig. 7a. On the other hand, the domi-
nant positive correlation between the transient activity
and ENSO-SST time series occurs in the subtropical
eastern Pacific near the west coast of North America.
This region corresponds to the anomalous westerly jet
exit region shown in Fig. 7c. The intensification of the
upper-level jet stream over the central North Pacific
and the subtropical northeastern Pacific is associated
with NP and ENSO modes, respectively, and in each jet
exit region, the transient activities are intensified.

7. Is there a link between the North Pacific and
ENSO modes?

To see whether there is any link between the NP and
ENSO modes, the lag correlation between the NP-SST
and ENSO-SST time series is calculated. In this corre-
lation, a positive lag indicates that the ENSO mode
leads the NP mode. As shown in Fig. 9 (solid line),
when the NP mode leads the ENSO mode, the corre-
lation is insignificant, while the correlation is significant
at the 95% confidence level when ENSO leads the NP
mode by 6-12 months. The gradual change in the posi-
tive lag correlation indicates that the NP mode is re-



15 MARCH 2005

0.6
SST ;
-------- GPH #
0.41 i
i
0.2 i
= Y ”'/‘“
AN H ‘\‘ ,.—---' ‘\\
0 \\ '; e . S ” il
\vl \“"t
-0.2-
. NP leads ENSO ENSO leads NP
-8 -12 -6 0 6 12 18

Lag (months)

FiG. 9. Lag correlation between the NP-SST and ENSO-SST
time series (solid line), and that between NP-GPH and ENSO-
GPH time series (dotted line).

lated to the slowly varying part of ENSO mode in a
delayed manner. It should be noted that the Nifio-3
index is used as a constraint in the calculation of the NP
mode, the lag correlation between NP-SST and ENSO-
SST time series may be artificially affected by this con-
straint, resulting in zero simultaneous correlations.

The lag correlations between the NP-GPH and
ENSO-GPH time series (Fig. 9, dotted line) are overall
insignificant except for one peak over the 99% signifi-
cance level at zero lag. This significant simultaneous
correlation is expected because the GPH pattern of the
NP mode (Fig. 3b) is similar to that of the ENSO mode
(Fig. 2b) in many aspects. In this sense, one may argue
that Fig. 9 contradicts the previous results, which
showed that the NP mode differs from the ENSO
mode. To resolve this dilemma, we examine their rela-
tionship in the low-frequency variability more closely.
For this purpose we suppress the high-frequency vari-
ability that is contained in both the NP-GPH and
ENSO-GPH time series. The idea is that the ocean
tends to respond to integrated atmospheric stochastic
forcing such as midlatitude weather, which results in
“reddened” noise with increased power at low frequen-
cies and decreased power at high frequencies (e.g.,
Frankignoul and Hasselmann 1977). We follow New-
man et al. (2003), who set up a very simple model to
predict the Pacific decadal oscillation (PDO) and ob-
tained a high skill score from the model prediction.
Here, the same model is adopted as

Pn:aPnfl+§n’ (2)

where P is a predictand, ¢ is a predictor, « is a redden-
ing factor, and n denotes time (in months).

First, we take the normalized NP-GPH as & Using
Eq. (2), we calculate the value P for a given & where P
can be considered as a predicted SST anomaly of the
NP mode. Thus, P becomes the reddened quantity of
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the NP-GPH time series. We perform the sensitivity
test on the reddening factor « (between 0 and 1) for the
same & The correlation coefficients between the red-
dened quantities and the NP-SST time series are shown
in Fig. 10 (solid line). The increase of the reddening
factor results in an increase of the correlation up to
0.77, which is much higher than the original calculation
(when a = 0). On the other hand, the correlation co-
efficients between the reddened quantities and the
ENSO-GPH time series decrease gradually to zero as «
approaches 1. In other words, as the high-frequency
fluctuation of GPH decreases (corresponding to in-
creasing «), the correlation between the NP-GPH and
ENSO-GPH time series becomes meaningless. It indi-
cates that the high correlation between NP-GPH and
ENSO-GPH is due to high-frequency fluctuations (e.g.,
shorter than interannual).

Second, we have reddened the ENSO-GPH time se-
ries (here, ¢ becomes the normalized ENSO-GPH time
series) and calculated the correlation between the red-
dened ENSO-GPH and NP-SST time series. As shown
in Fig. 10 (dash-dotted line), as the reddening factor
increases, the correlation also increases. However, its
maximum value is below 0.3, which is far less than the
correlation between the NP-GPH and NP-SST time se-
ries. In other word, the reddening of the ENSO-GPH
time series cannot improve the relationship between
ENSO-GPH and NP-SST, indicating that the NP mode
is clearly different from the ENSO mode in this regard.

08 1

0.6
Reddening factor

0 02 04

FiG. 10. Correlation between the reddened NP-GPH and the
NP-SST time series as a function of the reddening factor (solid
line). Dashed and dash—dotted lines indicate correlation between
the reddened NP-GPH and the ENSO-GPH time series and cor-
relation between the reddened ENSO-GPH and the NP-SST time
series, respectively.
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Thus, the significant simultaneous correlation between
the NP-GPH and ENSO-GPH time series is surely due
to the high-frequency signals that are unrelated to the
corresponding SST variation.

8. Concluding remarks

Using the conditional maximum covariance analysis
method, we have derived two linearly independent
coupled modes between the North Pacific 500-hPa geo-
potential height and the SST in the tropical and North
Pacific Ocean—the North Pacific (NP) and the ENSO
modes. Analysis of spatial and temporal behaviors of
the two modes reveals the following distinct character-
istics.

1) The NP mode does not have a significant SST
anomaly in the tropical Pacific; its expansion coeffi-
cient does not show any ENSO-like fluctuation.

2) The lag correlation between SST and geopotential
height anomalies associated with the NP mode sug-
gests that atmospheric changes cause the SST
changes; while in the ENSO mode the tropical SST
anomalies drive the atmospheric anomalies.

3) Both modes exhibit season-dependent persistence.
However, the NP mode has an August-September
persistence barrier, while the ENSO mode has a
March—-April persistence barrier.

4) The upper and lower circulation patterns associated
with the NP mode show a barotropic structure that
is mostly confined in the North Pacific, but those
associated with the ENSO mode show a baroclinic
structure that is dominant over the tropical Pacific.

5) The upper-level jet stream associated with the NP
mode is intensified over the central North Pacific,
while that associated with the ENSO mode is inten-
sified over the subtropical northeastern Pacific.

6) The transient activities associated with the two
modes are intensified in their corresponding jet exit
regions.

Despite the above different features, the geopoten-
tial height time series associated with the two modes
are significantly correlated. However, by suppressing
the high-frequency variability of each time series (e.g.,
shorter than the interannual), this simultaneous corre-
lation becomes insignificant, whereas the correlation
between the geopotential height and SST associated
with the NP mode increases. This indicates that the
significant simultaneous correlation between the atmo-
spheric anomalies of two modes is due to the coherence
in the high-frequency band.

The NP mode arises from the midlatitude intrinsic
atmosphere variability, while the ENSO mode origi-
nates from the Tropics. For the NP mode, the intrinsic
atmospheric variability influences SST so that the at-
mospheric signal leads the SST, while for the ENSO
mode, the midlatitude North Pacific SST anomalies are
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directly linked to the variations of tropical SST through
atmospheric teleconnection. One possible process by
which the changes in atmospheric circulation can influ-
ence SST is through changing surface heat flux (mostly
due to the latent heat flux). The correlation maps of the
wind speed against the SST time series associated with
the NP and ENSO modes show that the cold (warm)
SST region agrees with the intensification (reduction)
of the wind speed, especially in the central North Pa-
cific for the NP mode and in the equatorial central/
eastern Pacific for the ENSO mode (for brevity, these
figure are not shown here). Either the midlatitude
storm track or Rossby wave train that originated from
the Tropics is rectified by the mean flow in the midlati-
tudes, which may cause both effects to generate a simi-
lar SST anomaly pattern in the midlatitudes.
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