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ABSTRACT

The first leading modes of the interannual variations in low-level circulation over the North and South Pacific are the
Northern Oscillation (NO) and Southern Oscillation (SO), which are oscillations in sea level pressure anomalies (SLPAS)
between the eastern and western Pacific Ocean. The second leading modes are the North Pacific Oscillation (NPO) and the
Antarctic Oscillation (AAO), which reflect oscillations between the subtropics and the high and middle latitudes. The tran-
sition chains of these four oscillations were investigated using the National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) reanalysis data. The general pattern of the transition chain between the
NO and NPO was from the negative phase of the NO {N@ the positive phase of the NPO (NP then from NO to
NPO™ to NO~. The whole transition chain took about 4-6 years. The general pattern and period of the transition between
the SO and AAO were similar to those between the NO and NPO. In addition, the transition chains between the NO and
NPO, and the SO and AAO, were almost simultaneous. The transition chains of the four oscillations were found to be closely
connected, with the eastward propagations of SLPAs occurring along both sides of the Equator.
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1. Introduction analyses since confirmed the existence of the NO (Zeng,

One of the fundamental questions about the nature alngdB?; Fuand Ye, 1988, Chen and Yan, 1989). As the counter-

prediction of El Nifio (EN)/La Nifia (LN) is how a cold statepart of th? SO, the NO is "."ISO closely cqnnected to EN/LN on
fums into a warm state, or vice versa (Wang, 1995). Varioboth the interannual and interdecadal timescale (Chen, 1982,

: 392). During the negative phase of the NO (NQthe sub-
hypotheses for the EN/LN cycle have been developed dunﬂgpical high in the North Pacific is weaker than usual, with

the last few decades, such as the delayed oscillation mode : o
I outhwesterly anomalies prevailing over the northeastern Pa-
(Suarez and Schopf, 1988), recharge oscillation model (Jir . . o
. ) > oo cific, westerly anomalies over the tropical North Pacific, and
1997), and mid-latitude atmospheric variability by produc- ) .
: . ; : : i warm sea surface temperature anomalies (SSTAs) dominat-
ing tropical zonal wind stress anomalies (Li, 1990; Barnett ef_ .

al., 1999; Pierce et al., 2000). Since Bjerknes (1969) clealr% in the tropical eastern Pacific. Jin and Chen (1992) stud-

. L . Ied the differences in the relationship between the SO, NO
linked the anomalous atmospheric circulation patterns known . o ) .
A . .—and SSTAs in the Pacific domain. The SO affects SSTAs in
as the Southern Oscillation (SO) with EN, the connections . .
: S the regions of the Peru—Chile current and the south equato-
between atmospheric oscillations and the EN/LN cycle have . )
rial current, whereas the NO affects those in the regions of

formed the focus of much research.

tt}g north equatorial current and the equatorial countercur-

In the 1980s, Chen and Zhan (1984) discovered an caRnt. Moreover, the asynchronous variations in the SO and

west out-of-phase oscillation in the sea level pressure anomasx . -
. . o . : lead to different types of EN: the eastern Pacific EN and
lies (SLPAS) in the Pacific at latitudes symmetric to the S%fg Central Pacific EN (Peng et al., 2011),

with two centers in Manila and at the SHipstation (30N, Recent research has revealed that mid-latitude atmo-

140°W) respectively, and named it the Northern Oscillation . o . . o
(NO). %\lumzrical s?/mulation of the climate and diagnostiSphe”C variability might affect tropical SST variability. In

fhe winter of the negative phase of the North Pacific Oscilla-

tion (NPO™) (Montgomery, 1940), the weakened North Pa-
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surface heat flux. These persistent SSTAs then force westert al., 1996). The observation-based Southern Oscillation
anomalies in the tropical Pacific in the following spring anthdex (SOI) and Antarctic Oscillation Index (AAOI), pro-
summer, acting as a forcing of EN variability (Vimont et al.yided by the National Oceanic and Atmospheric Administra-
2001, 2003). tion/Climate Prediction Center, were also used.
As more comprehensible and more complete data becameFollowing the definition in Chen and Zhan (1984), the
available, the Antarctic Oscillation (AAO), which is the-osNorthern Oscillation Index (NOI) was defined as
cillation between the middle and high latitudes in the Seuth
ern Hemisphere, was discovered by Gong and Wang (1999). NOI = SLPy5. 3751475 135°W) —
Results regarding the relationship between the SO and the
AAO have been contradictory. Many papers have argued
the case for a minimal contemporaneous correlation betwegiere the superscripmeans the normalized area mean. This
the AAO and SO (Gong and Wang, 1999; Schneider agéfinition of the NOI is different to that in Schwing et al.
Steig, 2002), while others have reported that negative-(pg2002), who defined the NOI as the difference in the area
itive) AAO phases are dominant during warm (cold) phas@sean SLP between the climatological center of the North Pa-
of EN/LN (Carvalho et al., 2005). cific High and that near Darwin, Australia. The two areas in
However, most previous studies have been limited to aiis latter definition cross the Equator, whereas the dafinit
alyzing the connections between individual oscillatiorihw we used was limited to the North Pacific.
EN. Wu and Chen (1995) studied the interannual variations of The original definition of the index of the NPO (NPOI)
low-level circulation evolution over two full ranges of BN was defined by the difference in the SLP between Dutch
cycles for the period 1980-89. They found that, between tharbor, Alaska, and Honolulu, Hawaii (Montgomery, 1940).
positive phase of the NO (NQ, corresponding to LN, and However, owing to the lack of station observations, we used
NO~, corresponding to EN, the distributions of circulationhe area mean SLP near the two sites instead of observations
anomalies resembled those of the negative/positive pludiseand defined the NPOI as
the NPO. During each EN/LN cycle, the low-level circulation
in the North Pacific experienced a complete transition chain NOI = SLF{150,27_50,\,’167_50,147.50\,\,) -
between the NO and NPQO, i.e., NG~ NPO" — NO" —
NPO~ — NO~. However, their results were based on a case
study. Apart from the AAQI, all data covered 56 years during the
Thus, whether and how the NO, SO, NPO and AAQeriod 1951-2006, and the long-term monthly means were
(hereafter referred to as “the four oscillations”) intéate, as computed over this 56-yr record. The AAOI covered 1979—
well as their general relationships with the EN/LN cycles ar2006, and its annual cycle was computed over that period.
unclear. To address this question, we discuss in the present
paper: (1) the transition chains of the four oscillatior®) ( 2-2- Methods
the relationship between the transition chains and the EN/L  We began our study by examining the power spectra of
cycle; and (3) a new perspective on prediction of the ongék indices of the four oscillations (Fig. 1). Statistigasig-
of EN based on the transition chains. The study is composgificant peaks at 5.3, 3.7 and 2.5 years were observed for the
of five sections in order to examine the transition chains &0l and the SOI. Spectral peaks at 5.3 and 3.7 years for the
the four oscillations in detail. Section 2 describes theadaliPOI and a spectral peak at 4.7 years for the AAOI exceeded
and the analysis methods. Section 3 presents the leading fria 95% confidence level. The significant interannual pariod
terns of interannual variability of the low-level circulat  were consistent with previous studies (Rasmusson and Car-
over the Pacific domain and their resemblances to the fqanter, 1982; Chen and Zhan, 1984). Based on the spectral
oscillations. Section 4 documents the transition chairte®@f analysis, interannual anomalies (3—7 years) were obtaised
four oscillations and corresponding low-level circulat@vo- ing a second-order Butterworth filter (Li, 1991). The data
lution. The final section offers a summary of the results angere normalized before applying a bandpass filter to high-
the major findings. Further discussion on the relationskip Hight the variability in the tropics, which is generally wea
tween the transition chains and the EN/LN cycle is providetan that in the middle and high latitudes.
in Part Il of the study (Peng et al., 2013). Next, we applied empirical orthogonal functions (EOFs)
to the monthly SLPAs and/jpgp anomalies (denoted as
V000 to search the leading modes of the low-level circula-
2. Data and methods tion over the Pacific basin. A cross-time-lagged correfatio
analysis and principal oscillation pattern (POP) were i@plp!
to examine the connections among the four oscillations and
We analyzed monthly sea level pressure (SLP) and witttke evolution of interannual SLPAs.
over 1000 hPa (denoted 3499 from the National Cen- The level of significance of the time-lag correlation was
ters for Environmental Prediction—National Center for Atestimated by a Monte Carlo approach (Livezey and Chen,
mospheric Research (NCEP-NCAR) reanalysis, which at883; Shi et al., 1997). For a given time lead, the correla-
available on a global 2%5latitude/longitude grid (Kalnay tion coefficient was calculated between two filtered random

SLFY(103717.50N,,117.5071225°E) )

SLI:((50°760°N,175)—155)W) :

2.1. Dataand theindices of the four oscillations
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Fig. 1. Power spectra of the indices of (a) NO, (b) SO, (c) NPO and @pAsolid lines).
Smooth dashed lines represent the 5% significance levets:Umi

series repeatedly. For each lead, 10 000 iterations were pescillations in the tropics (Fig. 2, top row), which is casisi
formed to develop a null distribution. If the actual cortela tent with previous work (Fu and Ye, 1988). The second mode
coefficient was at or above the 95th percentile of the null disf SLPA (V7o) Was characterized by two pairs of positive
tribution, significance at the 5% level was determined. and negative anomaly centers (anticyclonic and cyclome ce

Phase space analysis was used to study the characteristics) that reflected the south—north oscillations near #te d
of the transition chains of the four oscillations. Phasecspdine over the North and South Pacific Ocean (Fig. 2, bottom
is anM-dimensional Euclidean space whose coordinates dew). The spatial structures of the four oscillations resem
scribe the state of a system (Lorenz, 1963). The state didd the SO, NO, AAO and NPO, respectively, thus provid-
variation of the system are represented by the phase pdrg more evidence for the existence of the four oscillations
cle and a trajectory in the space, respectively. In practideurthermore, the four oscillations were the leading modes o
there are many different kinds of orthogonal bases to recdhe interannual variations in SLPAs over the Pacific basin.
struct phase space. The EOF basis is one of the best choiceSo examine the relationship between the PCs of SLPAs
because it attempts to account for the maximum varianegd the indices of the four oscillations, EOF analysis was ap
and the principal component (PC) time series of each E@Hed to the interannual variation in SLPAs over the Nortt an
is orthogonal to one another. Wang and Wang (2000) co®euth Pacific, respectively. The first two modes of SLPAs
bined EOF and phase space analysis to discuss the evolutiver the North Pacific (-60°N, 1000E-80'W) (hereafter re-
of EN/LN. We used the PCs obtained in the EOF analysis fefrred to as NEOF1 and NEOF2, and their principal compo-
SLPAs to reconstruct the phase space. nents as NPC1 and NPC2) explained 44.65% and 22.22% of

the variability, respectively. NEOF1 reflected the easstwe
out-of-phase oscillation in the tropical North Pacific, alhi
3. Examination of the existence of the four os- was similar to the NO (Fig. 3, top left). NEOF2 depicted a
cillations zonal SLP dipole on either side of 4% and resembled the
NPO (Fig. 3, top right).

To examine the existence of the four oscillations, we ap- In the South Pacific region (88-C0, 500E-80W), the
plied EOF analysis to the interannual variations of SLPAS affirst two modes (SEOF1 and SEOF2, with principal compo-
V000 OVver the Pacific basin (75-75N, 90°CE-90°'W) dur- nents SPC1 and SPC2) explained 46.55% and 20.21% of the
ing 1951-2006. The first two modes of SLPAs explainedariability, respectively. The dominant pattern of SEOE1 r
46.27% and 17.74% of the variability, respectively. Theembled that of the SO (Fig. 3, bottom left), while SEOF2
first two modes ofV},,, explained 22.62% and 11.11% ofreflected the atmospheric oscillation in the middle and high
the variability. The first modes of SLPA arid/,, showed latitudes in the South Pacific (Fig. 3, bottom right), which
clearly that the four oscillation centers were located koth was similar to the AAO. In fact, the so-called South Pacific
the north and south of the Equator, reflecting two east-wesgion extended to the eastern part of the southern Indian
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Fig. 2. The first two EOF modes from the interannual variation in S&R#&p row) andVy,
(bottom row) in the Pacific basin. The green dashed linestdehe four oscillations.
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Fig. 3. The first two EOF patterns from the interannual variationli®S over the North Pacific (top row) and
South Pacific (bottom row).

Ocean to obtain a full image of SEOF1. when we concestatistically significant relationships existed betwdsnil Ol
trated on the South Pacific (88-0°, 105E-80'W), the first and NPC1, the NPOI and NPC2, the SOl and SPC1, and the
two EOF modes (not shown) were similar to those in FIAAOI and SPC2. The EOF related to the physical modes
3. Thus, SEOF1 and SEOF2 were the leading modes of theough the correlation of the time series and spatial patte
South Pacific. namely, the NO to NEOFL1, the NPO to NEOF2, the SO to

We calculated the correlation coefficients of the indicé8EOF1, and the SEOF2 to part of the AAO in the South
of the four oscillations and the PCs (Table 1), and found thacific section. Although it is a global oscillation, the oraj
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Table 1. The correlation coefficients between the PCs and interan-  NOI=SOI
nual variations in the indices of the four oscillations. 71—~ NOI=NPO|
0.75 - SO\*AAO\/\
NPC1 NPC2 SPC1 SPC2 05 / N
NOI 0.86* 0.30 0.82+ ~0.14 0.25 /S / RN \ e /
NPOI —0.15 0.86* 0.07 0.39 0 ya k8
SOl 0.90* 0.24 0.94* -0.17 _0.951 i / % \ ya
AAQI 0.16 0.46 0.30 0.83* 05 Ve \ L7
_ R S
\/ \\_X/
*Significant at the 5% level. -0.7591 5o leading NO SO lag NO
—1 A NPOleading NO NPOlag NO
AAO leading SO AAO lag SO

spatial features of the AAO are one prominent action cen-
ter near 57S over the Pacific and one of the three out-of-
phase centers over the southern Pacific Ocean (Raphael aEFI 4. Lagged correlation between the NO and SO (solid line
Holland, 2006; Zhu and Wang, 2010). This may explain they &' (0 and NPO (dashed line), the SO and AAO (d(otted Iine))l,
significant correlation coeff_|C|ent between _SPCZ and AAOI'and the 95% confidence level (horizontal dashed line). The os
SEOF2 represented most interannual variation of the AAO gjjjation indices are replaced by corresponding PCs.

Thus, we refer to SEOF2 as the AAO, and use NPC1 and

NPC2 (SPC1 and SPC2) to represent the NOI and the NPOI
(SOl and AAOI), respectively. The lagged correlation between the SO and AAO was

The first two EOFs in the North and South Pacific agimilar to that between the NO and NPO. The maximum pos-

counted for nearly two-thirds of the variance of interarinufive (negative) correlation was with the AAO leading (lag-

variations in SLPs. Thus, the NO and NPO (SO and AAG)NQ) the SO by 14 (13) months. This explained why the
were the leading modes of low-level circulation in the NortRontemporaneous correlation between the SO and AAO was

(South) Pacific. very weak. The whole process also lasted approximately 54
months from the SO (SO") — AAO* (AAO~) — SO'
(SO), and again from the SO(SO") — AAO~ (AAO™)
4. The connections and transition chains of the — SO (SO").
four oscillations

—40-30-20-10 0 10 20 30 40mor

4.2. The evolution of circulation during the transition
4.1. The connections among the four oscillations chains of the four oscillations

We calculated the lagged correlation between the NOI Figure 5 shows the sequence of lag correlation fields of
and SOI, the NPOI and NOI, and the AAOI and SOI to déhe NOI and SLPAs, with maximum lags of 30 months, to
termine the connections among the four oscillations (Fjg. 4tudy the evolution of SLPAs during the transitions. Here,
We allowed a maximum lag of 48 months to cover the futhey are given at intervals of 6 months. We defined the NO
period of 3—7 years. leading SLP at 30 months as mon#f80, the zero-lag as

The highest correlation between the NOI and SOI was noonth 0, and the NO lagging SLP at 30 months as month
a simultaneous one, but appeared at the time when the SE&0. The characteristics of circulation evolution revedigd
led the NOI by two months, as shown in previous findingdfferent oscillation indices were similar to each othéifea-

(Fu and Ye, 1988; Jin and Chen, 1992). The maximum statigg only by a time delay.

tically significant negative lagged correlations were vtith At month—30, the negative SLP correlations occurred in
NO leading (lagging) the SO by 27 (22) months. This indthe eastern equatorial Pacific basin, and the positive SE-P co
cated that the time variations in the NO and SO presentetidations occupied the rest of the tropical area, includiirey
period of approximately 3-5 years, i.e., the NO coupled withestern equatorial Pacific and the tropical Indian Oceae. Th
the SO strongly in the 3-5-yr period. SLP correlations displayed a classic N@nd SO struc-

The lagged correlation between the NO and NPO differédre. There were quasi-stationary Rossby wave trains from
from that between the NO and SO. The maximum statisticalliye eastern Pacific to the middle and high latitudes follow-
significant positive correlation was with the NPO leading thng a large circular route in the North and South Pacific
NO by 15 months, and the maximum statistically significatiat yielded the Pacific—North American pattern (Wallacg an
negative correlation was with the NPO lagging the NO by 1@utzler, 1981) and the Pacific-South American pattern (Cai
months. These results suggested that the IKO™) led the and Baines, 2001).

NPO' (NPO") by approximately 12 months, and the NPO  In the next one and a half years (montf80 to —12),
(NPO") led the NO (NO™) by approximately 15 months. the negative SLP correlations in the tropics propagatet eas
This process took approximately 27 months from the*NOwardly from the western Pacific to the middle Pacific. Mean-
(NO™) — NPO™ (NPO') — NO~ (NO*). The whole pro- while, the positive SLP correlations in the eastern Pagiiiic s
cess took approximately 54 months, being identical with tfieto two parts: one moving eastward into the tropical At-
period of the so-called EN/LN cycle. These results are colantic Ocean, and the other moving northwestward along the
sistent with previous case studies (Wu and Chen, 1995). western shore of North America and reaching the Aleutians.
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Fig. 5. The distribution of cross correlation between the intetahiNOI (NPC1) and interan-
nual SLPAs during 1951-2006 with a maximum 30-month lag.d8taareas indicate correla-
tions that are significant at the 95% confidence level. Theozorinterval is 0.15. Solid lines
represent positive values; dashed lines represent negaiives. The thick solid line is the zero
line, while the plus symbols represent the centers of pesitbrrelation and the minus symbols
the centers of negative correlation.
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The NO™ transitioned into the NPOapproximately at month distribution of POP1 and its coefficients are shown in Fig. 7.
—12. Due to the open oceans in the Southern Hemisphere, Tine pattern of the real part of POP1 (top left of Fig. 7) re-
positive and negative SLP correlations displaced seqalnti flected the out-of-phase variations in SLPAs between the sub
eastwardly and encircled the globe. From mon80to—12, tropics and the mid-latitudes, and resembled the strustifre
the positive SLP correlations in the southeastern Pacific nthe NPO and AAO . The pattern of the imaginary part of
the Drake Strait moved into the southern Atlantic Ocean, aR®DP1 (top right of Fig. 7) reflected the east—west osciltegtio
the negative SLP correlations in the southwestern Pac#ic din the tropics, and resembled the structures of N@d SO'.
placed into the Ross Sea and enhanced the meridional SItie time series of the POP coefficients oscillated regularly
gradients in the southern Pacific. The S@ansitioned into (Fig. 7, bottom row). The POP patterns appeared in sequence
the AAO". These characteristics of the evolution of interaff-.. — NPO~ (AAO~) — NO~ (SO ) — NPO' (AAOT)

nual SLPs in both hemispheres are consistent with previousNO™ (SO") — NPO~ (AAO ™) — ...] and the transition
observations and modeling studies (Lau and Nath, 1994; Raains of the four oscillations and their periods revealgd b
terson and White, 1998; White and Cayan, 2000; Ribera atii POP method were similar to those obtained through the
Mann, 2002, 2003). cross-time-lag correlation analysis.

During month—12 to 0, the positive SLP correlations in  Thus, the empirical analysis provided distinct evidence
the subtropical middle Pacific moved eastward, reached tifethe eastward propagation of alternate positive/negativ
eastern Pacific and increased strongly. Meanwhile, the n&i-PAs in the North and South Pacific, leading to a com-
ative SLP correlations from the tropical Indian Ocean amlete transition chain (NO — NPO"™ — NO* — NPO™ —
from the middle latitudes of Asia moved into the western P&#O~ and SO — AAO'T — SO" — AAO~ — SO ) in 4—
cific warm pool and strengthened. The zonal gradients of S6Ryears. The travelling paths of the interannual SLPAs are
in the tropical Pacific Ocean increased, and the"N@d the drawn schematically in Fig. 6.

SO" were prominent. o -

Tracing the negative SLP correlations in the tropical If-3- Characteristics of the transitions
dian Ocean revealed their four origins: (1) the middle lat- The characteristics of the transition chains of the four os-
itudes of Asia (A in Fig. 6), from where the SLP correlacillations was studied by their trajectories in 2D phasecepa
tions propagated southeastward into the western Pacifrmwanf the North and South Pacific spanned by NPC1 and NPC2
pool; (2) the tropical Atlantic Ocean (B in Fig. 6), from wieer and by SPC1 and SPC2, respectively (Fig. 8). The phase im-
the SLP correlations propagated eastward across Afriteeto ges indicate the characteristics of the transition chafitiee
Indian Ocean; (3) the Southwest Indian Ocean (C in Fig. 8pur oscillations to be as follows:
from where the correlations propagated northeastwardacro (1) Periodicity. The trajectory rotated around its center i
the Indian Ocean from high latitudes to the tropics; and (e phase space, and represented the transition chaingamon
the North Atlantic Ocean and Northern Europe (D in Fig. 6)he four oscillations. There were 11 nearly closed cycles in
from where the correlations propagated southeastwardscrooth phase spaces, with two unclosed ones: one from 1951
Europe. to 1953, and the other from the summer of 2004 to the end of

From month 0 to+30, a similar evolution of SLP cor- 2006. The beginning and end of each closed cycle are shown
relations appeared, albeit with the opposite sign. The"NO
(SO") transitioned to the NPO (AAO ™) at approximately
month+18, and the NPO (AAO ") to the NO (SO ) at 29N T
approximately month-24 to+30. BON =

The results described above were based on the oscillezgp -
tions represented by PCs. The cross-lag-correlationseof th £Q @
observed oscillation indices against SLP (not shown) resem
bled those in Figs. 4 and 5. 309S A

POP analysis is used widely to extract information ongpg
spatial propagating modes (von Storch et al., 1995; Tang
1995). In the present study, POP analysis was applied t 9> 0  B0F 120F 180 120W 60w O
the interannual variations in SLPAs over the Pacific basin
(75°S-75N, 9C°E-90W). An EOF expansion was first per- Fig. 6. IIIustration o_f the _global circuit_linking thg four c_)scil-
formed, and only the first four EOF time series were retained!2tions. The solid line (line 1 and 2) in the tropics deliresat
which explained 74.0% of the total variance. The decaythe _p_ath Of_ the SLPAs as they propagate eastward across the
time of the first POP mode (POP1) was the longest (458.356“3IfIC b.as'n' Lines 3 and 4 delineate t.he path of the SLPAs

. . ropagating eastward around the globe in the Southern Ocean
months). Its period was 62.91 months, which was roughl)):,:1

_ e > nd propagating northwestward from the eastern Pacificeto th
the period of the four oscillation transition cycles ob&in  ajeytian area, respectively. The dashed lines delineat@dth

by the cross-time-lag correlation analysis. The POP1 coefof the SLPAs propagating into the western Pacific warm pool
ficients explained 71.31% of the variance, so they containegom the mid-latitudes of Asia (A), the tropical Atlantic ©an
74.0% x 71.31%= 54.25% of the total variance in the inter- (B), the southwestern Indian Ocean (C), and Northern Europe
annual SLPA data. The real and imaginary parts of the spatiaD).
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Fig. 7. (a) The patterns and (b) the coefficient time series of thglef§) and imaginary (right) parts of POPL1.

Table 2. The beginning and end times and the type of each transitiaim dietween the NO and NPO and the SO and AAO. The durations
of each cycle are also shown (units: yr).

NO-NPO South Pacific

Time Duration Type Time Duration Type
1 Jan 1955-Jan 1961 5.08 T Jan 1954—Apr 1959 5.33 E
2 Feb 1961-Apr 1964 3.25 E May 1959-Jul 1964 5.25 T
3 May 1964—Mar 1967 2.92 T Aug 1964—-May 1968 3.75 E
4 Apr 1967-Aug 1971 4.33 E Jun 1968-Aug 1971 3.25 E
5 Sep 1971-Jan 1975 3.42 E Sep 1971-Jan 1975 3.42 E
6 Feb 1975-Dec 1980 5.92 T Feb 1975-Dec 1980 5.92 T
7 Jan 1981-Jan 1985 4.08 E Jan 1981-Dec 1984 4.00 T
8 Feb 1985-Jan 1989 4.00 E Jan 1985-Jan 1989 4.08 E
9 Feb 1989-May 1995 6.33 E Feb 1989-Apr 1995 6.25 E
10 Jun 1995-Aug 1999 4.25 E May 1995—-Apr 2000 5.00 E
11 Sep 1999-Apr 2004 4.67 E May 2000—Apr 2004 4.00 E

Average 4.38 4.57

Note: E, elliptical orbit; T, two-bladed orbit.

in Table 2. The shortest transition chain in the North Pacifiioth the North and South Pacific lasted for 4—6 years.
occurred from May 1964 to March 1967, and lasted for 35 (2) Synchrony. Although the phase spaces were con-
months. The shortest one in the South Pacific was from Jwsteucted independently, the time of the beginning and end
1968 to August 1971, and lasted for 39 months. The long@dteach transition chain of the North and South Pacific were
cycle in the North and South Pacific spanned from appromearly the same, especially after the 1970s. This was consis
imately February 1989 to May 1995, and lasted for 76 arteint with synchronous variations in the NO and the SO (Fu
75 months, respectively. The average period of one transitiand Ye, 1988).
chain in the North Pacific was 4.38 years, while it was 4.57 (3) Multiple types. There were two types of orbits. Most
years in the South Pacific. Eight of the 11 transition chains @rbits (eight of 11 cycles, Table 2) in either the North or hou
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Fig. 8. (Left) 2D phase portrait in the plane spanned by NPC1 and NPgZrom Jan 1951 to Mar 1967;
(b) from Apr 1967 to Jan 1985; and (c) from Feb 1985 to Dec 2@@dt¢m). (Right) The same as (left)
but by SPC1 and SPC2: (d) from Jan 1951 to May 1968; (e) froml9&8 to Dec 1984; and (f) from
Jan 1985 to Dec 2006. The numbers represent years. The das®ih (a) are the positions representing
eight typical phases of the transition chain of the four ltetddns. Four transition phases are denoted by
the down arrow(|). For example, NO | represents the transition phase from N®© NPO".

Pacific were elliptical. For the elliptical orbits, the @difences results from the cross-time-lag correlation analysis.

between the amplitudes of the NO and the NPO, or the SO Another type was the two-bladed orbit, whose amplitudes
and the AAO, were small. The phase points travelled throughthe NO (SO) were larger than those for the NPO (AAQO).
the four quadrants and displayed a regular motion in phy3ihe two-bladed orbits corresponded to the standing mode
cal space. We divided the entire transition chains of the foin the evolution of SLPAs during the transition. For exam-
oscillations into eight phases, as shown in Fig. 8a. The copile, from February 1975 to December 1980, the meridional
posite phases in physical space (Fig. 9) were similar to tB&P gradients in the North and South Pacific were weak (not
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Fig. 9. Composites of monthly SLPAs associated with the eight Bigihases of the transition
chains of the four oscillations indicated in Fig. 7. Intdnél.

shown). The transitions between the positive and negatB®  — AAO™ — SO" — AAO~ — SO in 4-6 years.
SLPAs over the tropical Pacific were fast, and thus the ampli-
tudes of the NPO and AAO were much weaker than those of . . .
the NO and SO. . Discussion and conclusions

The results of the empirical analysis and the phase spaceThe present reported study investigated the connections
analysis showed that the general pattern of the transitiand transition chains of four major oscillations (the NO,, SO
chains of the four oscillations was the elliptical orbit,ialih  NPO and AAQ) on the interannual scale. The main results
corresponded to the travelling wave mode of the interacan be summarized as follows:
nual variation in SLPAs over the Pacific Ocean. The east- (1) The leading modes of the interannual variations in the
ward propagation of alternate positive/negative SLPAs whmsv-level circulation over the North and South Pacific were
distinctly evident during the transition chains of the fmsr the NO and SO, reflecting the oscillations between the east-
cillations as NO — NPO" — NO™ — NPO™ — NO~ or ern and western Pacific. The second leading modes were the
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NPO and AAO, which reflected the oscillations between thafic. These cold SSTAs lead to anticyclonic anomalies in the
subtropics and the high and middle latitudes. east (Weisberg and Wang, 1997), and the subsequent east-

(2) The four oscillations were found to be closely conwvard propagation of the anticyclone pairs could be due to an
nected. In general, the transition chains of the four oseean—atmosphere coupling process between SSTAs and the
cillations followed the pattern NO— NPO" — NO™ — overlying SLPAs (Tourre and White, 1997). When the anticy-
NPO™ — NO~ or SO — AAO" — SO" — AAO~ — SO". clone pairs arrive in the middle tropical Pacific, N@ansi-
The beginning and end of the transition chains of the oscilldons to NPO". In the Southern Hemisphere, the paths of the
tions in the North and South Pacific were roughly simultané&avelling SLPAs in the Southern Hemisphere resemble Fig.
ous, especially after the 1970s. The period of transitios wa0 in White et al. (2002), which summarizes the feedback
approximately 4-6 years. between the Antarctic Circumpolar Wave and the EN.

(3) The eastward propagation of alternate positive/ Thus, the transition chains of the four oscillations con-
negative SLPAs was distinctly evident during the transitionected with the EN/LN cycle closely. Their connection is
chains of the four oscillations. The eastward propagatioiscussed in Part Il of this paper, along with the presetati
of SLPAs along the tropical Pacific, and the northwestwand a new statistical approach to predict EN/LN.
propagation of SLPAs from the eastern Pacific toward the
Aleutian region, led to the transition between the NO and Acknowledgements. The authors are grateful to Prof. JI Liren,
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transition between the SO and AAO. Figure 6 summarizeéChina (Grant No. 2012CB957800) and the National Key Tech-
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