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Abstract The atmospheric circulation patterns associated

with the Pacific quasi-decadal oscillation (QDO) are

investigated using available observational data from 1948

to 2007. Previous studies indicate that the Pacific QDO is

characterized by a distinct lifecycle in the form of sea

surface temperature (SST) patterns. In the warm and cool

phases of the Pacific QDO, the SST patterns resemble those

associated with the El Niño-Southern Oscillation (ENSO).

During the warm–cool and cool–warm transitions of the

Pacific QDO, recurrent SST patterns are also clearly visi-

ble. The rotated empirical orthogonal function analysis on

the 10–15 year filtered data shows that the evolutions of

SST and atmospheric circulation are well coupled. While

the warm-/cool-phase Pacific QDO generates an ENSO-

like circulation pattern, the transition phases form a distinct

short-wave train emanating from Southeast Asia towards

North America. This short-wave train is particularly robust

in the streamfunction of water vapor flux. Diagnostic

analyses of the heat budget, the stationary wave flux, and

a barotropic model indicate that this short-wave train is

thermodynamically maintained and is likely forced by

diabatic heating near Southeast Asia. Additional modula-

tions of forcing sources in the western and eastern tro-

pical Pacific on this short-wave teleconnection are also

discussed.

Keywords Pacific QDO � Teleconnection � Wave train �
Transition phase

1 Introduction

The sea surface temperature (SST) variations in the tropical

Pacific Ocean occur at various time scales ranging from

biennial to multi-decadal (e.g., Philander 1990; Trenberth

1990; Allan 2000; Minobe 2000; Mantua and Hare 2002).

The same variation frequencies also characterize the

atmospheric teleconnection patterns induced from the

tropical Pacific (Nakamura et al. 1997; Zhang et al. 1997;

Enfield and Mestas-Nuñez 1999; Barlow et al. 2001; Wu

et al. 2003; Chen et al. 2008), as well as the global

hydrological cycle affected by those teleconnection

patterns (Dettinger et al. 2000; Meinke et al. 2005, and

others). A growing literature which focused on the low-

frequency SST variability in the tropical Pacific identified a

quasi-decadal oscillation (QDO) known as the Pacific

QDO. The frequency of the Pacific QDO ranges between 9

and 13 years (Allan 2000; Tourre et al. 2001) or 10 and

15 years (Wang et al. 2009a, b, hereafter WGJH). Recent

studies (e.g., White and Tourre 2003; White and Liu

2008a) proposed that the Pacific QDO is likely formed by

the solar irradiance cycle through a delayed action/recharge

process, similar to the process that drives El Niño/La Niña

(Jin 1997) but with an expanded latitude range (White et al.

2003a, b; Fyfe and Saenko 2007). The Pacific QDO also
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appears to modulate the biennial activity of the El Niño-

Southern Oscillation (ENSO) (White and Liu 2008b).

The Pacific QDO reveals a complete lifecycle with

distinctive phases in terms of the SST and sea level pres-

sure (SLP) patterns. During the extreme phases of the

Pacific QDO (i.e. warm and cool), an ENSO-like SST

pattern emerges characterized by extensive warming/

cooling areas in the central tropical Pacific (Zhang et al.

1997; Allan 2000; Tourre et al. 2001) and, exhibits largest

variability in the NINO4 region (domain indicated in

Fig. 1). This feature is dissimilar to the typical ENSO

modes in the quasi-biennial and interannual frequencies in

which the SST anomalies prevail in the NINO3 region and

are more confined tropically (e.g., Enfield and Mestas-

Nuñez 1999; Lohmann and Latif 2005). During the warm–

cool and cool–warm transitions of the Pacific QDO, the

SST anomalies in the central tropical Pacific become weak;

however, recurrent SST patterns appear with noticeable

anomalies in the western and eastern tropical Pacific

accompanied by strong SLP anomalies in the midlatitudes

(Tourre et al. 2001; White and Tourre 2003; White and Liu

2008b). While the atmospheric circulation patterns associ-

ated with the warm/cool phases of the Pacific QDO and the

positive/negative phases of the Pacific Decadal Oscillation

have been thoroughly explored (e.g., Chen et al. 2008), what

has not been addressed is whether an atmospheric telecon-

nection may form in response to the SST pattern of the

transition-phase Pacific QDO. The teleconnection, if it exists,

may be important for some regions where the regional pre-

cipitation variations reveal strong quasi-decadal signals but

are not directly correlated with the Pacific QDO.

The central Intermountain West of the United States is

one such example. Elevational variations of the Great Salt

Lake, located near the center of this region, feature a

pronounced 12 year signal (Lall and Mann 1995; Mann

et al. 1995) and are found to be highly coherent with the

Fig. 1 a MTM power spectrum of the SST anomalies in the NINO4

(thick black curve), NINO3 (orange curve), NINO1 ? 2 (green
curve), and WTP (blue curve) regions as outlined in (c). The 95%

confidence levels are indicated by dashed lines with the correspond-

ing color. b MTM phase differences of SST between NINO4 and

NINO3 (orange), NINO1 ? 2 (green), and WTP (blue). The quasi-

decadal frequency is shaded in light yellow. Note that the phase

lags of 180� and -180� are the same. The phase difference at

0.07 \ f \ 0.1 has the NINO4 SST leading other SST indices. c
REOF 1 and d REOF 2 of the monthly Kaplan SST bandpassed by

10–15 year from 1948 to 2007 using the HW filter. Their eigen-

coefficients are shown in Fig. 2c and d. Contour interval is 0.1�C in

(c) and 0.05�C in (d)
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Southern Oscillation Index (Moon and Lall 1996) and the

NINO4 SST anomalies (WGJH) at this same frequency.

Since the Great Salt Lake is a large closed basin in an arid

region, its variations in elevation closely follow the pre-

cipitation variations but with a 90� phase lag. Moreover,

the quasi-decadal coherence between the Great Salt Lake

elevation and the Pacific QDO manifests a quarter-phase

relationship between the local precipitation regime and the

Pacific QDO. In a recent study, Wang et al. (2009b)

pointed out that precipitation variations in the central

Intermountain West undergo a pronounced QDO, lagging

the warm/cool phases of the Pacific QDO by 3 years which

is equivalent to a quarter-phase of the 12 year cycle. Fur-

thermore, the precipitation QDO in this region is linked to

recurring circulation patterns over the Gulf of Alaska

during the warm–cool and cool–warm transitions of the

Pacific QDO. The regional climate variations noted by

Wang et al. (2009b) suggest that a unique teleconnection

likely develops in the transition phases of the Pacific QDO.

In light of the aforementioned findings, the present study

examines the atmospheric circulation patterns associated

with the evolution of the Pacific QDO. Emphasis is placed

on investigating whether or not the tropical Pacific SST

anomalies during the transition phases of the QDO induce

systematic teleconnection patterns. A diagnostic approach

is adopted with an ensemble of observational data and

analysis schemes, which are introduced in Sect. 2. The

large-scale SST and circulation patterns associated with the

Pacific QDO life cycle, as well as the maintenance of any

circulation anomalies, are discussed in Sect. 3. A summary

with some concluding remarks are provided in Sect. 4.

2 Data and methodology

2.1 Data

Gridded datasets utilized here include the NCEP/NCAR

Global Reanalyses (Kalnay et al. 1996), the version-2 Kaplan

extended SST (Kaplan et al. 1998), the UK Meteorological

Office Hadley Centre’s observed mean sea level pressure

version 2 (HadSLP2; Allan and Ansell 2006), the observed

uninterpolated outgoing longwave radiation (OLR), the

gauge-based Precipitation REConstruction over Land (PREC/

L; Chen et al. 2002) and the gauge and satellite-based PREC

over Ocean (PREC/O; Xie et al. 2002), denoted hereafter as

PREC. The Pacific QDO is often depicted using monthly SST

data (Tourre et al. 2001; White and Tourre 2003; White and

Liu 2008a, b). Thus, monthly data were used in this study. The

analysis of the circulation, SST, and PREC covers a 60 year

period from 1948 to 2007, while the spectral analysis of the

SST covers 108 years from 1900 to 2007 in order to support

the statistical significance of the QDO. Of note was that the

OLR data did not become available until 1975. All gridded

datasets were obtained from the NOAA/OAR/ESRL Physical

Sciences Division, Boulder, CO (http://www.cdc.noaa.gov).

2.2 Diagnostic schemes for large-scale circulation

Water vapor flux is an important form of the tropical circu-

lation because the tropical atmosphere contains considerably

higher moisture compared with the mid-/high latitude atmo-

sphere. Chen (1985) converted the water vapor flux into a

moisture flux streamfunction (wQ) and, a moisture flux

potential (vQ)—defined respectively as

wQ ¼ r�2ðk
*

� r � QÞ

and

vQ ¼ r�2ðr � QÞ:

Since only the divergent moisture flux (QD) directly

participates in the precipitation process, the water vapor

budget equation can be expressed as

oW

ot
þr2vQ ¼ E � P; ð1Þ

where W is precipitable water, E is evaporation and P is

precipitation. Moisture transport mainly occurs in the

moisture flux streamfunction wQ. It will be shown later that

the use of the moisture flux streamfunction, in particular,

enhances the depiction of any circulation patterns associ-

ated with relatively weak tropical SST anomalies.

The diagnostics of possible source regions for the sta-

tionary wave anomalies were carried out by application of

the Plumb flux, an extension of the Eliassen-Palm relation

(Plumb 1985). The Plumb flux is defined on the log pres-

sure coordinate system for the zonally averaged basic state,

and may be expressed as

F ¼ p � cos /

v02 � 1
2Xa sin 2/

oðv0U0Þ
ok

�u0v0 þ 1
2Xa sin 2/

oðu0U0Þ
ok

2X sin /
S v0T 0 � 1

2Xa sin 2/
oðT 0U0Þ

ok

h i

8>><
>>:

9>>=
>>;

ð2Þ

with

S ¼ oT

oz
þ g

CP
;

where (u,v) are the horizontal wind vectors, T is the tem-

perature, U is the geopotential height, X is the earth’s

rotation rate, p* is pressure normalized to the 1,000 hPa

pressure level, CP is the specific heat at constant pressure, a

the radius of the Earth, and / and k are latitude and lon-

gitude. Primes denote deviations from the zonal means and

the caret signifies averaging over the area north of 10�N.

The Plumb flux diagnostic of stationary wave activity,

presented here as a unit vector (unitless), is sensitive to the
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tropics-to-extratropics Rossby wave propagation from a

tropical heating source and, thus, is useful in revealing

remote forcings (Karoly et al. 1989; Barlow et al. 2001).

The atmospheric stationary waves in the tropics are

driven by the divergent circulation which is maintained

largely through diabatic heating (Krishnamurti 1971;

Nigam et al. 1986). To illustrate the role of diabatic heating

in the divergent circulation, we used the following velocity

potential (v) maintenance equation, which is derived from

the combination of the thermodynamic and continuity

equations (Chen and Yen 1991):

v ¼ r�2 o

op
�1

r
V � rT

� �� �

vA

þr�2 o

op

1

r

_Q

CP

� �� �

vH

; ð3Þ

where

r ¼ �RT
1

p

d ln h
d ln p

:

Here R is the gas constant for dry air, h is the potential

temperature, and _Q is the diabatic heating obtained from

the residual method of the thermodynamic equation. In the

tropics, vA(velocity potential attributed to heat advection)

is often neglected as vH(velocity potential attributable to

diabatic heating) is usually dominant in the maintenance of

the velocity potential due to strong diabatic/latent heating

(Chen and Yen 1991).

To supplement the stationary wave activity revealed from

Eq. 2 and the maintenance mechanism diagnosed from Eq. 3,

we utilized a linear barotropic model developed by Branstator

(1983) based on the spherical-surface vorticity equation:

�uZ

a cos u
o

ok
ðr2 �wEÞ þ

1

a2 cos u
o�wE

ok
o

ou

½f � 1

a cos u
o

ou
ð�uZ cos uÞ�

¼ F0 � ar2 �wE þ cr2 �wE; ð4Þ

where �uZ is the annual-mean zonal wind, �wE the eddy

streamfunction, and f the Coriolis parameter. Coefficients

of drag and diffusion are given as a (= 1.57 9 10-6 s-1)

and c (= 2.34 9 1016 m4 s-1), respectively. The forcing F0

is derived from vortex stretching. The vorticity (mass)

source/sink is prescribed as a function decreasing linearly

to a circular boundary with a center value of 3 9 10-6 s-1,

a modification from Branstator’s (1983, 1985) elliptic

boundary. This barotropic model is capable of resolving the

midlatitude Rossby wave response to the equatorial Pacific

SST anomalies and reproducing both the Pacific-North

America (PNA) pattern (Branstator 1985) and the North

Pacific ENSO short-wave train (Chen 2002). Since the

analysis focuses on a time scale much longer than the

seasonal cycle, the annual-mean climatological stream-

function at 500 hPa was used as the background flow.

3 Results and discussion

3.1 QDO in SST

To determine a suitable frequency for the QDO, power

spectrums of the monthly Kaplan SST anomalies in the

NINO4, NINO3, NINO1 ? 2, and the western tropical

Pacific (WTP) regions (domain given in Fig. 1) from 1900

to 2007 were computed. The WTP region was included in

the analysis because tropical convection is very sensitive

to WTP SST variations, which more or less mirrors the

ENSO activity (Chen 2002; DeWeaver and Nigam 2004).

The spectral analysis utilizes the multi-taper method

(MTM) that provides an optimally low-variance, high-

resolution spectral estimate and more accurately deter-

mines the noise component of the spectrum compared to

the periodic (Fourier) method (Mann and Lees 1996;

Mann and Park 1996). Figure 1a shows the robust esti-

mate of SST signals obtained from the MTM spectral

analysis. The pronounced interannual SST signals in the

NINO4, NINO3, and NINO1 ? 2 regions are not the case

for the WTP region, but the WTP SST shows much

stronger low-frequency signals over the NINO4, NINO3,

and NINO1 ? 2 regions. Nevertheless, the SST variations

in all regions do reveal significant signals in the 10–

15 year time scale with the largest spectrum in the NINO4

region. This observation is consistent with the Pacific

SST variabilities presented in previous studies (e.g., Allan

2000).

Given the exceptionally strong quasi-decadal SST var-

iability in the NINO4 region, we computed the phase dif-

ferences of SST in the NINO4 region with other regions

from the MTM spectral coherence analysis (Mann and Park

1996). Figure 1b shows that the SST anomalies in NINO4

and those in NINO3 and NINO1 ? 2 are generally

in-phase. However, within the quasi-decadal frequency

band, the SST phase difference between NINO4 and

NINO1 ? 2 becomes 90� phase shifted. Moreover, the

phase difference between the NINO4 SST and the WTP

SST is mostly opposite (*180�) with the exception of the

quasi-decadal frequency band; here a near 90� phase shift

exits and so, in the quasi-decadal time scale, the SST

variation in NINO4 leads those in the NINO1 ? 2 and the

WTP regions by a quarter-phase. Based on Fig. 1a and

following WGJH, the 10–15 year frequency was adopted

to represent the quasi-decadal time scale, and all variables

were subsequently filtered by this frequency band. Filtering

was performed using the Hamming-Windowed (HW)

method (Hamming 1998) as this preserves the edges with

minimum mean-square error and therefore is suitable for

short-length time series (Iacobucci and Noullez 2005).

The Kaplan SST was then bandpassed by this 10–

15 year frequency band and subsequently subjected to a
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rotated empirical orthogonal function (REOF) (Horel 1981)

with the sum variance of the recombined leading modes

exceeding 75%. REOF1 of the SST (Fig. 1c; 51.2% of the

total bandpassed variance) outlines an ENSO-like pattern

with widespread central tropical Pacific warming centered

at the NINO4 region, which is consistent with Allan (2000)

and previous studies (cited earlier). REOF2 (Fig. 1d;

26.1%) reveals weak cooling in the tropical central Pacific

with noticeable warming in the NINO1 ? 2 and WTP

regions. These features are consistent with their MTM

phases (Fig. 1b) indicating that the NINO4 SST leads the

NINO1 ? 2 SST and the WTP SST by a near 90� phase.

Meridionally stratified SST anomalies appear over the

midlatitude North Pacific in both leading modes. The first

two eigen-coefficients of SST are uniformly in-quadrature

(Fig. 2c, d; shaded lines), suggesting that the REOF2 rep-

resents the rising/falling transitions of REOF1. Compared

with the SST pattern shown in Tourre et al. 2001 (their

Fig. 2) and White and Tourre (2003; their Fig. 2b), REOFs

1 and 2 represent the warm phase and the warm–cool

transition phase of the Pacific QDO, respectively. The

transition-phase SST pattern in Fig. 1d also resembles the

SST structure forced by the 11-year solar cycle. The solar-

forced SST pattern is most apparent in the warm–cold

transition process of the Pacific delayed action/recharge

oscillator and thereby leads the warm-phase Pacific QDO

by 90� (White and Liu 2008a).

3.2 Circulation structure

Applying the REOF analysis on the bandpassed moisture

flux streamfunction (wQ; with the global zonal mean

removed for the depiction of stationary eddies), REOF 1 of

wQ (Fig. 2a; 48.4% of the bandpassed variance) reveals a

circulation pattern dominated by the zonal wavenumber-1

component with a large cyclonic circulation in the mid-

latitude North Pacific. This broad cyclonic circulation

reflects the deepened and eastward-shifted Aleutian low

associated with the positive-phase Pacific Decadal Oscil-

lation (Mantua et al. 1997) and the warm-phase North

Pacific decadal variation (Trenberth and Hurrell 1994).

Cyclonic flows over the WTP region depict the Southeast

Asian-WTP monsoon trough that typically deepens during

warm ENSO events (e.g., Wang and Chan 2002; Chen

et al. 2006). The significant correlation between the eigen-

coefficients of wQ and SST (Fig. 2c) supports their close

association, keeping in mind that the REOFs of wQ and

SST were computed independently.

Fig. 2 a REOF 1 and b REOF 2 of the bandpassed moisture flux

streamfunction (wQ). The normalized eigen-coefficients are shown in

(c) and (d) as solid curves, with the eigen-coefficients of the

bandpassed SST superimposed as shaded curves. Their correlation

coefficients are given in the upper left. The short-wave train is

indicated by a dashed arrow line in (b)
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In contrast to the dominant wavenumber-1 structure,

REOF2 of wQ in Fig. 2b (22.5% of the bandpassed vari-

ance) reveals a pronounced short-wave train pattern. This

short-wave train emanates from the WTP region and con-

nects to the northwest US across the North Pacific. The

highly correlated eigen-coefficients between wQ and SST

(Fig. 2d) indicate that this short-wave train develops during

the transition phases of the Pacific QDO (i.e. temporally in

quadrature with REOF1). The circulation pattern of wQ in

the central tropical Pacific is considerably weak, likely due

to the relatively weak SST anomalies in this area (Fig. 1d).

The cyclonic cell over the Gulf of Alaska, found to modu-

late the precipitation QDO in the central Intermountain

West (WGJH), is embedded in the downstream region of

the short-wave train. To validate the transition-phase pat-

tern revealed from REOF 2, Fig. 3 shows the departure of

the composite wQ during high-index and low-index years

based on the REOF2 coefficient of the SST (Fig. 2d). The

years with positive values exceeding the 0.8 standard

deviation of the eigen-coefficient are 1958–1960, 1970–

1973, 1983–1985, 1996–1999, and 2006. Years with sig-

nificant negative values are 1952, 1965–1967, 1976–1979,

1990–1992, and 2002–2003. The data used for the com-

posites were not filtered. Summer included June through

August while winter was composed of December from the

previous year through February. The anomalous patterns of

wQ during winter (Fig. 3a) and summer (Fig. 3b) are very

similar to each other and both reveal the short-wave train.

The circulation magnitude appears to be weaker in summer

than in winter, but the wave train pattern remains statisti-

cally significant at the 95% confidence level.

The tropospheric circulation associated with the warm-/

cool-phase Pacific QDO was examined by regressing the

bandpassed eddy streamfunction (wE) upon the normalized

eigen-coefficient of SST given in Fig. 2c. While the 200-

hPa streamfunction (Fig. 4a) depicts the classic PNA pat-

tern (Horel and Wallace 1981), the 850-hPa streamfunction

(Fig. 4b) shows the deepened and shifted Aleutian low

similar to that revealed in wQ (Fig. 2a). Statistical signifi-

cance of the regressed streamfunction patterns are provided

separately at http://cliserv.jql.usu.edu/paper/CD/Si_test.pdf

. The tropical circulation patterns at both levels together

with the SLP pattern are dominated by a globally zonal

wavenumber-1 structure alternating between the eastern

Pacific and the Asian-Australian monsoon region. These

features bear a resemblance to the circulation anomalies

associated with the positive-phase Pacific Decadal Oscil-

lation (Zhang et al. 1997; Enfield and Mestas-Nuñez 1999;

Chen et al. 2008).

When regressed upon REOF2 of the SST, the 200-hPa

streamfunction (Fig. 4c) reveals wave-form circulation

anomalies across the midlatitude North Pacific connected

to the cyclonic cell of wQ over the Gulf of Alaska (cf.

Fig. 2b). WGJH noted that the circulation dipole west of

North America, consisting of a cyclonic cell in the Gulf of

Alaska and an elongated anticyclonic cell to the west of the

California coast, strengthens the jet stream and, conse-

quently enhances the synoptic transient activity across the

central Intermountain West. At 850 hPa, the streamfunc-

tion pattern (Fig. 4d) basically resembles the wQ short-

wave train but shows weaker anomalies in the tropics. The

SLP anomalies are noticeably weaker at lower latitudes and

do not show any meaningful patterns throughout the tro-

pics; this demonstrates the strengthening effect of the

moisture flux on the tropical circulation anomalies, espe-

cially when the tropical SST forcing is weak. According to

Fig. 4c and d, the short-wave train is barotropic in the

midlatitudes and becomes vertically reversed (or baro-

clinic) in the upstream tropics, suggesting the occurrence of

latent heating through tropical cumulus convection. Such a

short-wave train structure and the inferred forcing source

are consistent with previous findings of North Pacific wave

trains emanating from East Asia and the WTP region

during winter (Chen 2002; DeWeaver and Nigam 2004)

and summer (Lau and Weng 2002; Barlow et al. 2001).

To diagnose the possible forcing source region of this

short-wave train, the stationary wave flux activity (F) at

200 hPa from Eq. 2 was regressed upon the normalized

eigen-coefficients of the SST. During the warm/cool phase

of the Pacific QDO, as shown in Fig. 4a, the flux of sta-

tionary wave activity at 200 hPa emanates from two main

Fig. 3 Difference of the wQ composites between high-index and

low-index years based on REOF2 of SST as in Fig. 2d during

a December–February and b June–August using unfiltered data. Areas

with wQ values above the 95% confidence level (t test) are shaded in

light yellow. The dashed red arrow line indicates the short-wave train

following Fig. 2b
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regions: the central equatorial Pacific and the western

North Pacific. During the transition phase of the Pacific

QDO, however, only the western North Pacific source of

the stationary wave activity is present (Fig. 4c). In the

transition phase, the flux of stationary wave activity mainly

propagates along the short-wave train in the midlatitudes

from the western North Pacific to North America. The

forcing source of this transition-phase stationary wave

structure will be discussed further in Sect. 3.4.

The contrast of the zonal wavenumber-1 structure

between the warm/cool phases and the transition phases of

the Pacific QDO is notable (cf. Fig. 4a, c). During extreme

ENSO events, the midlatitude short-wave train is often

found embedded in the prominent global long-wave cir-

culation structure (Rasmusson 1991); this can be observed

in Fig. 4a, which reveals a weak ENSO-like wave train

along 60�N (Chen 2002). It is likely that the prominent

wavenumber-1 component of the tropical circulation

anomalies, which are a major feature in the warm/cool

ENSO phases (Rasmusson and Mo 1993), diminishes

during the transition phases of the Pacific QDO when the

SST anomalies in the NINO4 region are considerably

weaker (cf. Fig. 1d). As a result, the circulation’s response

in the short-wave regime may become relatively strong.

To validate, the spatial variances of the wavenumber-1

components of the 200-hPa streamfunction [w(200 hPa)],

wQ, and SST in a global domain [0�–360�, 20�S–60�N]

were bandpassed with 10–15 years using the HW filter and

displayed in Fig. 5a. The evolution of the variances in

w(200 hPa), wQ, and SST are consistent with each other

and, all of them correspond well with the Pacific QDO

(yellow-shaded curves). Such observations suggest that the

magnitude of the zonal wavenumber-1 component of the

circulation anomalies closely follows that of the SST

anomalies. While the maximum wavenumber-1 variances

occur during both the warm and cool phases of the Pacific

QDO, the minimum variances take place in both the rising

and falling transitions of the Pacific QDO. These results

support the observation by White and Tourre (2003) that

SST and SLP covarying with ENSO at different time scales

are characterized by a dominant zonal wavenumber-1

structure—as observed in Figs. 1d and 4b. In the mean-

time, the variances of w(200 hPa), wQ, and SST in the

short-wave regime, with both wavenumber-1 and zonal

mean components removed, also fluctuate coherently

(Fig. 5b). In this case, the peaks (troughs) of the short-

wave variances systematically occur in the falling (rising)

transitions of the Pacific QDO when the wavenumber-1

variances are minimal. The results of Fig. 5 illustrate a

magnitude alternation between the wavenumber-1 structure

and the shorter-wave structure in SST and circulation fol-

lowing the Pacific QDO evolution.

Fig. 4 Distributions of regression coefficients of the bandpassed

a 200-hPa eddy streamfunction (wE) and stationary wave activity flux

(F; vectors) and b 850-hPa eddy streamfunction (wE; contours) and

sea level pressure (HadSLP2; shadings) with REOF1 of SST in

Fig. 2c. For plots c and d, same as (a) and (b) but regressed upon

REOF2 of SST in Fig. 2d. Contour intervals and vector length are

given in the lower right and upper right, respectively. The short-wave

train is indicated in (c) and (d). Only vector and sea level pressure

signals surpassing the 95% significance level were plotted. The

significance test for the eddy streamfunction is presented separately

(ref. text)
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3.3 Circulation maintenance

It is generally accepted that the ENSO/ENSO-like tele-

connection patterns are excited from tropical heating

influenced by the SST and/or convective anomalies (Phi-

lander 1990; Clarke 2008). Because the atmospheric

divergent circulation directly responds to such heating

(e.g., Krishnamurti 1971), examining the thermodynamic

maintenance of the divergent circulation may help in the

verification of the circulation patterns associated with

transition phases of the Pacific QDO. The ENSO-like cir-

culation structure and the dynamics coupled to the warm-/

cool-phase Pacific QDO have been thoroughly discussed

(e.g., Chen et al. 2008). For brevity, the following analysis

only focuses on the transition phases of the Pacific QDO.

Following Fig. 4c and d, the bandpassed velocity

potential (v) was regressed upon the normalized REOF2

coefficient of SST given in Fig. 2d and is shown in Fig. 6.

Wave-form patterns of v emerge at both the 200 hPa

(Fig. 6a) and 850 hPa (Fig. 6b) pressure levels. In the

tropics, v(200 hPa) reveals distinct divergence centers

over the Maritime Continent, the central-eastern Pacific

(140�W), and the western Atlantic (*60�W), together with

marked convergence centers over the central-western

Pacific (*170�E) and the eastern North Pacific (*120�W).

The trans-Pacific wave train is readily visible over the

midlatitude North Pacific and appears to be horizontal in

quadrature from the w and wQ short-wave trains. Each of the

divergence and convergence centers at 200 hPa is accom-

panied by opposite-phase anomalies in v(850 hPa), indi-

cating a vertically coupled mass-flux circulation. Statistical

significance of the regressed v(200 hPa) and v(850 hPa) are

presented separately at http://cliserv.jql.usu.edu/paper/CD/

Chi_test.pdf.

Velocity potential is mainly driven by diabatic heating

near the tropics (e.g., Chen and Yen 1991) in which the

OLR portrays well the radiative emission of cloud tops in

areas of deep convection. The regression patterns of the

OLR and precipitation are superimposed in Fig. 6a and b,

respectively. The patterns of the OLR and precipitation are

phase coincident with each other and with the divergent

circulation. Negative OLR and positive precipitation (i.e.

enhanced convection) are co-located with upper-level

divergence and low-level convergence, while positive OLR

and negative precipitation (i.e. suppressed convection) are

phase-coincident with upper-level convergence and low-

level divergence. In the midlatitude North Pacific, the

spatial phases of the OLR and precipitation are also con-

sistent with the short-wave train. In the western US, the

low-level convergence and upper-level divergence are co-

located with the enhanced precipitation (Fig. 6b). Such a

finding further supports the quadrature phase association

between the precipitation QDO in the Intermountain West

and the Pacific QDO as outlined in WGJH. Because of the

shorter overlap between the OLR data and the NCEP/

NCAR Reanalysis data, statistical significance was not

calculated, therefore the results should be considered sug-

gestive rather than conclusive.

To illustrate the role of diabatic heating in the divergent

circulation, the velocity potential maintenance equation for

stationary waves in Eq. 3 was examined. At the 200 hPa

level (Fig. 6c), the regression patterns of diabatic heating-

induced velocity potential (vH) and diabatic heating _Q
� �

resemble v(200 hPa) and the OLR shown in Fig. 6a. The

resemblance is strong not only over the tropical Pacific but

also over the Gulf of Alaska and the Western US. Spatial

Fig. 5 Spatial variances within the global domain (0�–360�, 20�S–

60�N) of the a zonal wavenumber-1 and b residual-wave components

of the bandpassed 200-hPa streamfunction (w; red long-dashed line),

moisture flux streamfunction (wQ; blue dashed line) and SST (gray
solid line). For comparison, the normalized REOF1 coefficient of

SST, adopted from Fig. 2c, is superimposed as shaded curves in
yellow
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correlation coefficients between _Q
� �

and OLR and between

v(200 hPa) and vH(200 hPa) are 0.8 and 0.92, respectively,

supporting their near-balanced state in the maintenance

relationship of Eq. 3. Compared to v(200 hPa), the ampli-

tude of vH(200 hPa) is smaller in the middle and high lat-

itudes where the magnitude of heat transport [vA(200 hPa)]

increases (not shown). It was found that vA(200 hPa)

accounts for 12% of the variance of v(200 hPa) north of

35�N and less than 5% of the variance south of 35�N. Over

the Western US, the increased contribution of vA(200 hPa)

to v(200 hPa) reflects the enhanced westerly jet across 45�N

(cf. Fig. 4c).

Low-level velocity potential was compared with the

moisture flux potential (vQ) derived from Eq. 1. The

regression pattern of vQ (Fig. 6d) is very similar to

v(850 hPa) (Fig. 6b) with a spatial correlation coefficient

of 0.9. The regressed pattern of water vapor flux con-

vergence (-r�QD) also resembles that of precipitation

(Fig. 6b) and is supported by a spatial correlation coeffi-

cient of 0.81. The remaining difference between precipi-

tation (Fig. 6b) and the water vapor flux convergence

(-r�QD; Fig. 6d) is theoretically balanced by evaporation

in the context of the global hydrological cycle as shown in

Ruane and Roads (2008). Noteworthy is that the short-

wave train appears more clearly in vQ than v(850 hPa).

Furthermore, the opposite phases between vH(200 hPa)

and vQ reflect the moist teleconnection mechanism

(Su and Neelin 2002; Neelin 2007) in which the moist

stability equilibrium of the tropical teleconnection is

maintained by horizontal motions (with moisture) con-

verging at low levels, rising and diverging aloft (with

heating). Such a mechanism is particularly important

given the small horizontal pressure gradients that exist in

the tropics and is well depicted in the moisture flux

streamfunction (cf. Fig. 2b) and the moisture flux poten-

tial (cf. Fig. 6d).

3.4 Possible forcing

Trans-Pacific wave trains excited from the Southeast Asia-

WTP region are not a new discovery. Numerous studies

(e.g., Branstator 1985; Lau and Weng 2002; Jiang and Lau

2008) suggest that diabatic and/or sensible heat sources in

that area can induce Rossby wave trains toward the mid-

latitudes. For instance, during El Niño (La Niña) condi-

tions, trains of stationary Rossby waves spanning the North

Pacific can be induced by anomalous cooling (warming) in

the Philippine Sea (*140�E) either directly through a

Rossby-wave response (DeWeaver and Nigam 2004) or

indirectly through a local Hadley circulation (Chen 2002).

However, as shown in the panels of Fig. 6, the major

heating and precipitation/OLR anomalies near the South

China Sea (*110�E) and the cooling over the NINO4

region appear to deviate from those typically found in the

El Niño and La Niña episodes. To examine if these

anomalous heating distributions can indeed induce a

Rossby-wave response, as was noted earlier, as well as to

verify the Plumb flux diagnostic given in Fig. 4, the

Fig. 6 Same as Fig. 4 but for regression coefficients of bandpassed a
200-hPa and b 850-hPa velocity potential (v), c 200-hPa velocity

potential derived from Eq. 3, (vH) and d moisture flux potential (vQ)

with the normalized REOF2 coefficient of SST, superimposed with

regressions coefficients of the OLR, precipitation (PREC), diabatic

heating _Q
� �

, and convergence of water vapor flux (-r�Q) (shadings),

respectively. The divergent wind and water vapor flux vectors are

derived from the regression coefficients. The short wave train is

indicated by red dashed arrow lines in (c) and (d)
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barotropic diagnostic model described by Eq. 4 was

applied and tested.

Based on the distribution of the precipitation and

velocity potential anomalies in the tropics (Fig. 6), two

mass sources were placed near the South China Sea

(115�E, 10�N) and the eastern equatorial Pacific (140�W,

EQ) and a mass sink was set up in the central equatorial

Pacific (165�E, 5�N), as illustrated in Fig. 7. When forced

only from the South China Sea (Fig. 7a), the steady solu-

tion reveals a train of waves emanating from the mass

source toward the Gulf of Alaska, first directed poleward

and then eastward. The wave path coincides with the

subtropical jet known to direct the wave-activity flux

(Takaya and Nakamura 2001; Barlow et al. 2001; Jiang and

Lau 2008). The cyclonic cell to the west and the anticy-

clonic cell to the east of the vorticity source delineate a

Rossby wave response to diabatic heating typical in the

tropical region, which is described in Gill (1980). Mean-

while, the mass sink in the central equatorial Pacific, cor-

responding to anomalous cooling there (cf. Fig. 6c),

enhances the anticyclone in the WTP as well as the short-

wave train structure (Fig. 7b). An additional mass source

set up in the eastern equatorial Pacific (Fig. 7c) further

enhances the short-wave train in the downstream region.

According to the Gill model, this eastern equatorial Pacific

forcing forms an extensive cyclonic circulation to its west

and subsequently weakens the WTP anticyclone as was

previously observed in Fig. 7b.

These linear model solutions are a crude representation

of the atmospheric response to tropical forcings, since a

reasonable choice for a forcing magnitude remains uncer-

tain and the background large-scale flows may change from

year to year. Nevertheless, the resemblance between the

‘‘simulated’’ and observed circulation patterns (cf. Figs. 7c,

4d), together with the established knowledge of trans-

Pacific wave trains outlined in previous studies, indicate

that this short-wave train is dynamically possible and, that

it emerges in close association with the transition-phase

SST pattern of the Pacific QDO. How the precipitation and

heating anomalies respond to the SST pattern remain open-

ended questions and will require further analyses.

We do however note that the forcing source in the

eastern equatorial Pacific which acts to enhance the

cyclonic cell over the Gulf of Alaska is not apparent in

the Plumb flux (Fig. 4c); this may be a result of the ocean–

atmosphere coupled feedback proposed by van Loon et al.

(2007), who suggested that weak, cold ENSO-like SST

anomalies in the eastern Pacific associated with the solar

cycle can strengthen the trade winds and increase precipi-

tation in the South Pacific convergence zone. The con-

vergence zone subsequently generates local Hadley-like

circulations with an ascending branch over the eastern

tropical Pacific and a descending branch over the eastern

subtropical Pacific which, in turn, induces a secondary

circulation with an ascending branch at higher latitudes

(40�–50�N). Similar features are also discernable in Fig. 6a

and b: across the eastern Pacific near 130�W, the strong

low-level convergence between 20�S-EQ is paired with a

divergence center between 10�N–30�N south of a local

convergence center over the Western US (*45�N). This

divergent circulation portrays a meridional secondary cir-

culation with an ascending branch over the Western US

and a descending branch in the subtropical eastern North

Pacific. As pointed out in van Loon et al. (2007) and pre-

viously by Karoly et al. (1989), a secondary circulation

such as this may enhance, through geostrophic adjustment,

the downstream cyclonic cell of the short-wave train.

4 Summary and conclusions

The Pacific QDO features a well-defined lifecycle with

distinctive phases reflected in the SST and SLP patterns; it

forms not only ENSO-like patterns in the warm/cool phase,

but also recurrent patterns during the transition phases

(Tourre et al. 2001; White and Tourre 2003). Here, we

Fig. 7 a–c The eddy streamfunction response to three combinations

of mass sources/sink (ref. text). The locations of the mass sources

and sink are indicated by red and blue dots, respectively. The annual-

mean 500-hPa westerly jet core, following the 20 m s-1 isotach,

is indicated by the blue arrow line in (a). The contour interval is

107 m2 s-1
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examined the impact of the transition-phase SST pattern

of the Pacific QDO on the atmospheric teleconnection.

Using various diagnostic methods and applying existing

theories, this study reports on a teleconnectional short-

wave train that develops during the transition phases of

the Pacific QDO. Substantial agreement between the

anomalous patterns of the OLR, precipitation, diabatic

heating, and the moisture flux convergence in the quasi-

decadal time scale were demonstrated, suggesting that

this short-wave train is indeed thermodynamically main-

tained. It appears that the short-wave train is mainly

induced by heating anomalies in the WTP region, but

additional modulations from forcing sources in the central

and eastern equatorial Pacific are also present. Previous

findings regarding similar wave trains across the North

Pacific also lend some support to this particular short-

wave train. Moreover, the absence of widespread ENSO-

like tropical Pacific SST anomalies during the transition

phases of the Pacific QDO diminishes the zonal wave-

number-1 component of the circulation patterns, thereby

revealing short-wave circulation patterns in response to

heating anomalies scattered across Southeast Asia and the

tropical Pacific.

Due to limited availability of global wind observations,

studies that focus on decadal or longer time scales of the

Pacific climate variability often utilize long-term SLP

(such as the decade-long HadSLP2) instead of observations

of tropospheric winds. However, the surface pressure fields

are generally incapable of depicting the tropical circula-

tion. A well-known deficiency of SLP, it again becomes

apparent in Fig. 3d in which the short-wave train south of

30�N is only discernable in the streamfunction fields while

the SLP anomalies are too weak to make an evaluation.

Additionally, the use of the water vapor flux dramatically

enhances the depiction of any circulation anomalies in the

moist tropics, as was demonstrated by contrasting the

short-wave train structure between the moisture flux

streamfunction (Fig. 2b) and the streamfunction (Fig. 3d);

this implies that moisture weighting is important to lower-

tropospheric circulations in the tropics. Readers are refer-

red to a review by Neelin (2007) for the role of moisture on

the tropical teleconnection.

The direct impacts of ENSO, the Pacific QDO, and other

interdecadal variation modes on the global hydrological

cycle have been extensively studied (e.g., Dettinger et al.

2000). In addition, a ‘‘non-linear coupling’’ of precipitation

variations around the globe with those Pacific climate

modes have been observed in part of the tropical Pacific

(Khan et al. 2006), East Asia (Li 1998), Eurasia (Ye 2001),

and the Western US (WGJH). The precipitation variations

in these regions exhibit similar spectrums with the SST

variations in the central tropical Pacific, but their phases

are consistently different (or shifted). It is likely that the

transition phase teleconnection of the Pacific QDO may

play a role in such spectral coherence and phase difference,

as it does in forming the quasi-decadal cycles of the

Intermountain precipitation in the US which, as reported in

WGJH, consistently lags the Pacific QDO by a quarter-

phase.
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