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Abstract In this study, we investigate the interaction

between the tropical Intraseasonal Oscillation (ISO) and

midlatitude atmospheric low-frequency variability, using

observational data and numerical models, with a special

emphasis on the role of the synoptic eddy feedback. A

statistical closure for the synoptic eddy-to-low frequency

flow feedback is constructed, based on a singular value

decomposition (SVD) method with observational data.

Applying this statistical closure to a barotropic model and a

baroclinic 2½-layer model, we study the role of the syn-

optic eddy feedback in the midlatitude response to the

tropical ISO forcing. Both observational and modeling

studies show that the strongest synoptic eddy forcing ap-

pears at the Pacific and Atlantic storm-track regions, and

the synoptic eddy exerts a positive feedback to the mid-

latitude low-frequency flow induced by tropical ISO forc-

ing. Our numerical experiments demonstrate the possible

role of midlatitude disturbance forcing in the ISO initiation

at the equator. The signal of the midlatitude perturbations

propagates southeastward in the form of a Rossby wave

package. It may reach the equator within several days

under either easterly or westerly basic flow regimes. The

response at the equator has observed ISO-like structure and

eastward propagation characteristics.

1 Introduction

Tropical intraseasonal oscillation (ISO), especially its

dominant component at the equator—Madden–Julian

oscillation (MJO), has been extensively studied over the

past decades (Madden and Julian 1971, 1972; Wang and

Rui 1990). ISO (or MJO) consists of large-scale coupled

patterns in atmospheric circulation and deep convection,

and is characterized by eastward propagation across the

equatorial Indian and western/central Pacific oceans at a

timescale of 20–70 days (Weickmann 1983; Knutson and

Weickmann 1987; Kiladis and Weickmann 1992; Madden

and Julian 1994; Wang and Li 1994; Hendon and Salby

1994; Zhang 2005).

The ISO (or MJO) is often explained on the basis of

equatorial Kelvin wave dynamics due to its eastward

movement and large amplitude at the equator. However,

the slow eastward propagation at an averaged speed of

5 m/s (e.g., Weickmann et al. 1985; Knutson et al. 1986)

distinguishes the MJO from the ‘‘pure’’ dry and wet Kelvin

waves, which propagate eastward at greater speeds of

50 m/s and 15–17 m/s (e.g., Wheeler and Kiladis 1999;

Wheeler et al. 2000), respectively. The large-scale wind

structure of MJO is often described in terms of a convec-

tively coupled Kelvin–Rossby wave package (e.g., Wang

and Li 1994). East of the convective center, the low-level

easterlies and upper level westerlies resemble the equato-

rial Kelvin wave. To the west, low-level westerlies (upper

level easterlies) and the associated pair of cyclonic (anti-

cyclonic) gyres straddling on the both sides of the equator

are the characteristics of the equatorial Rossby wave

(Madden 1986; Nogues-Paegle et al. 1989). Both Kelvin

and Rossby wave structures have been considered

dynamically essential to the MJO (Hendon and Salby 1994;

Wang and Li 1994; Zhang 2005).
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Many studies show that the influence of MJO can extend

to the subtropics and midlatitudes (Liebmann and Hart-

mann 1984; Weickmann et al. 1985; Lau and Phillips

1986; Knutson and Weickmann 1987; Ferranti et al. 1990;

Hsu 1996; Higgins and Mo 1997; Jones 2000; Bond and

Vecchi 2003; Nogues-Paegle et al. 2000; Matthews 2004).

Associated with enhanced (reduced) tropical convection,

the upper-level divergence (convergence) is often accom-

panied by a subtropical upper-level convergence (diver-

gence) counterpart. As the convective region of ISO moves

eastward along the equator from the Indian Ocean to the

western Pacific, the divergent circulation connecting the

tropics and subtropics also moves eastward. The subsea-

sonal wind fluctuations associated with ISO are often ob-

served near the exit region of the Asian-Pacific jet. In

particular, a north–south dipole in the streamfunction field

appears over the north western Pacific in the upper tropo-

sphere when ISO convection is located in the Indian Ocean

(Knutson and Weickmann 1987; Hsu 1996; Kim et al

2006). Tropical convection may also influence midlatitude

low-frequency variability indirectly via zonal wind chan-

ges (Schubert and Park 1991). Frederiksen and Frederiksen

(1993, 1997) found that the MJO is a coupled tropical-

extratropical mode in a baroclinic model with convective

parameterization. Without convective parameterization, the

internal tropical mode structure disappears but the extra-

tropical structure is largely unchanged as is the period. This

implies that tropical and extratropical ISO modes may be

determined by different processes/factors. There is no

generally accepted view on that.

The dynamical processes responsible for the ISO-mid-

latitude connection have been intensively studied. The

extratropical response to anomalous tropical heating is

essentially that of Rossby wave propagation and dispersion

(Hoskins and Karoly 1981). The barotropically and baro-

clinically unstable background flows can serve potentially

as an energy source for midlatitude response (Simmons

et al. 1983; Frederiksen 1983; Schubert 1985; Straus and

Lindzen 2000). Synoptic eddy feedback, on the other hand,

may also play an important role (Schubert and Park 1991).

Plumb (1985) suggests that transient eddies may act as a

source of stationary wave activities over the oceans. Mod-

eling studies of the role of the transient eddies associated

with the midlatitude response to the El Nino forcing by Held

and Kang (1987) and Held et al. (1989) showed that the

transient eddies, which are modified by changes in the

stationary flow (due to the change of tropical heating), may

strongly feed back to the stationary waves. This synoptic

eddy feedback plays an important role in the Pacific-North

American (PNA) pattern-like response in the midlatitude to

the tropical forcing (Jin et al. 2006b; Pan et al. 2006).

Previous studies based on observational analyses have

suggested the potential role of subtropical Rossby wave

trains, midlatitude baroclinic systems, and cold surges over

the South China Sea in the initiation and intensification of

MJO (e.g., Lim and Chang 1981; Hsu et al. 1990; Kiladis

and Weickmann 1992; Meehl et al. 1996; Compo et al.

1999; Hoskins and Yang 2000; Lin et al. 2000). However,

so far not much modeling simulation has been done to

clearly demonstrate the sole initiation effect by midlatitude

perturbations. In this study we will explore both the impact

of the tropical ISO on the midlatitude low-frequency

atmospheric variability (with a particular focus on the role

of the synoptic eddy feedback) and the effect of midlatitude

perturbations on equatorial ISO initiation. A simple baro-

tropic model and a 2½-layer baroclinic model with a sta-

tistical closure describing the synoptic eddy feedback to

low-frequency flows will be constructed. The rest of the

paper is organized as follows. In Sect. 2 we describe the

two models to be used in this study, and in Sect. 3 we

construct a statistical closure for the synoptic eddy and

low-frequency flow interaction. Sections 4 and 5 present

the observational and modeling results associated with the

impact of tropical ISO on midlatitude circulation. In Sect. 6

we further investigate the effect of midlatitude disturbances

in ISO initiation. A conclusion is given in Sect. 7.

2 The models

Both a barotropic model and a 2½-layer baroclinic model

with a parameterized synoptic eddy feedback to low-fre-

quency flows are used in this paper, to explore the role of

high-frequency transients (synoptic eddy) in the tropical-

midlatitude teleconnection.

2.1 A barotropic model with synoptic eddy feedback

The barotropic model used here is similar to that used in

Pan and Jin (2005; see also Pan 2003; Jin et al. 2006a, b)

except that we use a statistical closure to relate the synoptic

eddy forcing to the low-frequency flow. The barotropic

vorticity equation for the low-frequency variability can be

written as

oD�wa

ot
þ Jð�wa;D�wc þ f Þ þ Jð�wc;D�waÞ

¼ �Jðw0;Dw0Þja þ �Fn ð1Þ

where streamfunction w is separated into three parts: a

climatological basic state �wc; a low-frequency anomaly

component �wa; and a high-frequency synoptic eddy com-

ponent w¢. The D and J are Laplacian and Jacobian opera-

tors, respectively; f indicates the Coriolis parameter, and �Fn

represents dissipations and external forcing (e.g., f*Diver-
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gence). The dissipation terms included here are a bihar-

monic horizontal diffusion with the damping timescale of

one day for the smallest wave, and the Newtonian damping

and Rayleigh friction. The latter is represented by a linear

drag that has an e-folding timescale of 10 days. The forcing

is derived based on regressed 250 hPa divergence fields.

The climatological basic state is obtained by time average at

250 hPa for the northern hemisphere cold season

(November–March) between 1979 and 2002. The baro-

tropic model is a spectral model with triangular truncation

at T42. The time stepping is implicit, with a time increment

of 30 minutes. Without the transient eddy forcing term

Jðw0;Dw0Þja; Eq. (1) is reduced to a traditional linearized

barotropic model. By constructing a statistical relationship

between the observed transient forcing Jðw0;Dw0Þja and

low-frequency anomaly �wa fields, we obtained a statistical

closure for the transient eddy forcing, this is,

�Jðw0;Dw0Þja ¼ Ls
�wa: where Ls is a feedback matrix. The

detailed description of this statistical closure method can be

found in the next section. After this statistical closure is

derived, the system is closed. Then we use this model to

investigate the role of synoptic eddy feedback in the mid-

latitude atmospheric response to the tropical ISO forcing.

2.2 A 2½-layer baroclinic model

We extend the original 2½-layer model (Wang and Li

1993; Li and Wang 1994; Wang and Xie 1996) to include

the synoptic eddy feedback. The governing equations for

zonal wind (u), meridional wind (v) and temperature (T)

are (Wang and Li 1993):

Du

Dt
¼ fv� oU

ox
þ Fu; ð2Þ

Dv

Dt
¼ �fu� oU

oy
þ Fv; ð3Þ

DT

Dt
� a

Cp
x ¼ Q

Cp
þ FT ; ð4Þ

where F, Q, Cp, x, and a denote geopotential height, di-

abatic heating, specific heat, vertical velocity, and specific

volume, respectively. In the first part that investigates the

midlatitude synoptic eddy feedback, a fixed heating pattern

(regression based on the OLR index) is specified. In the

second part that examines the effect of midlatitude per-

turbations on the equatorial ISO initiation, a circulation-

dependent heating scheme is used, in which the conden-

sational heating rate due to deep convection is parameter-

ized on the basis of a moisture and heat budget, following

Kuo (1974). The basic-state specific humidity is specified

from the observed seasonal mean climatology values. Fu,

Fv, and FT represent both dissipation and external forcing

similar to �Fn: The Newtonian damping and Rayleigh fric-

tion have an e-folding timescale of 15 days (2 days) in the

free atmosphere (boundary layer), and a weak vertical

diffusion with a damping timescale of 1,000 days is also

included.

Similar to the barotropic model, we separate all variables

into climatological mean, low-frequency (intraseasonal)

anomaly, and high-frequency transient (i.e., synoptic eddy

with a timescale between 2 and 8 days) components, i.e.,

u ¼ �uc þ �ua þ u0; ð5Þ

where subscripts ‘‘a’’ and ‘‘c’’ stand for the intraseasonal

(or low-frequency) anomaly and climatology, respectively,

and a prime indicates high-frequency variability. The

linearized low-frequency anomaly equations for zonal

wind ð�uaÞ; meridional wind ð�vaÞ and temperature ð �TaÞ are

o�ua

ot
þ �uc

o�ua

ox
þ �ua

o�uc

ox
þ �vc

o�ua

oy
þ �va

o�uc

oy
þ u0

ou0

ox

� �
a

þ v0
ou0

oy

� �
a

þ�xc
o�ua

op
þ �xa

o�uc

op
þ x0

ou0

op

� �
a

¼ f �va �
o�Ua

ox
þ �Fua; ð6Þ

o�va

ot
þ �uc

o�va

ox
þ �ua

o�vc

ox
þ �vc

o�va

oy
þ �va

o�vc

oy
þ u0

ov0

ox

� �
a

þ v0
ov0

oy

� �
a

þ�xc
o�va

op
þ �xa

o�vc

op
þ x0

ov0

op

� �
a

¼ �f �ua �
o�Ua

oy
þ �Fva; ð7Þ

o �Ta

ot
þ �uc

o �Ta

ox
þ �ua

o �Tc

ox
þ �vc

o �Ta

oy
þ �va

o �Tc

oy
� a

Cp
�xa

þ u0
oT 0

ox

 !
a

þ v0
oT 0

oy

 !
a

þ�xc
o �Ta

op

þ �xa
o �Tc

op
þ x0

oT 0

op

 !
a

¼
�Qa

Cp
þ �FTa ð8Þ

We further relate the synoptic eddy forcing terms to the

low-frequency anomaly terms,

A ¼ LsB; ð9Þ

where

A ¼

u0 ou0

ox

� �
a
þ v0 ou0

oy

� �
a
þ x0 ou0

op

� �
a

u0 ov0

ox

� �
a
þ v0 ov0

oy

� �
a
þ x0 ov0

op

� �
a

u0 oT 0

ox

� �
a
þ v0 oT 0

oy

� �
a
þ x0 oT 0

op

� �
a

0
BBB@

1
CCCA; B ¼

�ua

�va
�Ta

 !
;

ð10Þ
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Ls is a feedback matrix, describing the interaction be-

tween the synoptic eddy and low-frequency flow. It can be

statistically determined based on the observed synoptic

eddy forcing terms A and low-frequency anomalies B.

With this statistical relationship, the 2½-layer model is

closed. In the next section we describe in detail how this

statistical closure for the synoptic eddy feedback is de-

rived.

The baroclinic model is a grid-point model, with finite-

difference schemes applied in both space and time; the

time increment is 30 min. In addition to a leapfrog time-

integration scheme, Euler and Euler-backward schemes

are used every 12 h to reduce numerical noises. Spatial

resolution in standard runs is 5� longitude by 2� latitude.

A finer resolution of 2.5� longitude by 2� latitude was

tested, and the results are not sensitive to the change in

resolution. The climatological seasonal mean basic state is

derived from the NCEP–NCAR (National Centers for

Environmental Prediction–National Center for Atmo-

spheric Research) reanalysis at 200 and 850 hPa, respec-

tively.

3 A statistical closure for synoptic eddy feedback

We derived a statistical closure for synoptic eddy feedback

based on NCEP–NCAR reanalysis data (Kalnay et al.

1996) by using a singular value decomposition (SVD)

method.

Through the singular value decomposition (Navarra

1993; Bretherton et al. 1992) of the covariance matrix C of

the synoptic eddy forcing anomaly A and the low-fre-

quency flow anomaly B, we have

C ¼ XARðXBÞT; ð11Þ

where XA and XB are orthonormal matrices, which give the

covaring patterns of A and B. The (XB)T denotes the

transpose of XB, and R is a diagonal matrix of real singular

values. The time series YA and YB corresponding to the

spatial patterns XA and XB can be obtained by projecting

them onto A and B,

YA ¼ ðXAÞTA; YB ¼ ðXBÞTB: ð12Þ

Conducting a linear regression between the two time series

YA and YB for each mode i,

YA
i ¼ aiY

B
i ði ¼ 1; 2; . . . ;NÞ ð13Þ

one may relate the eddy-forcing anomaly A to the low-

frequency flow anomaly B,

A ¼ XAYA ¼ XA

a1YB
1

a2YB
2

..

.

aNYB
N

0
BBB@

1
CCCA ¼ XA

a1XB
1

a2XB
2

..

.

aNXB
N

0
BBB@

1
CCCAB; ð14Þ

therefore,

Ls ¼ XA

a1XB
2

a2XB
2

..

.

aNXB
N

0
BBB@

1
CCCA: ð15Þ

Thus we get a closure for the 2½-layer model if A and B

are defined according to Eq. (10). A similar closure can

also be obtained for the barotropic model if we change the

transient forcing A to �Jðw0;Dw0Þja and the low-frequency

anomaly B to �wa; i.e., �Jðw0;Dw0Þja ¼ Ls
�wa: Using the

observed �Jðw0;Dw0Þja and �wa; one may obtain Ls through

the SVD analysis of the covariance matrix for the baro-

tropic model.

4 Observational analysis of tropical ISO influence

on midlatitude low-frequency anomalies

The main datasets used here are daily global gridded fields

(zonal wind, meridional wind, and streamfunction) from

the NCEP-NCAR reanalysis from 1 January 1979 to 31

December 2002. Daily averages of the National Oceanic

and Atmospheric Administration (NOAA) satellite outgo-

ing longwave radiation (OLR) for the same period are used

to represent tropical convection. The OLR data are filtered

at a 20–70-day band to keep the intraseasonal signal. Three

OLR indices are defined at a 10� · 10� box centered at

(100�E, 0�), (120�E, 0�), and (140�E, 0�), respectively, to

represent the tropical convection associated with ISO at

different locations. The streamfunction fields at 250 hPa

and 1,000 hPa are further regressed onto these indices to

reveal large-scale flow patterns associated with ISO.

Figure 1a shows the spatial pattern of the regressed

streamfunction anomaly at 250 hPa for the OLR index at

(100�E, 0�) during November to March. Here the regres-

sion is calculated based on unfiltered original streamfunc-

tion daily data and the OLR index has been normalized.

The regressed pattern has positive centers in the north In-

dian and Atlantic Oceans and over Australia, and negative

centers in the south Atlantic and Indian Oceans. A marked

north–south dipole structure appears in the north Pacific,

consistent with previous results (e.g., Knutson and We-

ickmann 1987; Hsu 1996; Kim et al. 2006).
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The temporal variation of this dipole can be clearly seen

from a lag regression analysis shown in Fig. 1b. It has an

oscillation period of 40 days. The result implies that the

forcing associated with tropical ISO heating may produce

significant atmospheric low-frequency variability in mid-

latitudes on the intraseasonal timescale. The variation of

the dipole can be further seen from a time-longitude cross

section along 20�N and 45�N (Fig. 2), corresponding to its

south and north centers. Along 20�N, the eastward propa-

gation of the streamfunction signal is clearly evident

(Fig. 2a), closely following the eastward propagation of

equatorial convection from the Indian Ocean to the western

Pacific. At 45�N, the eastward propagation is only evident

between 180� and 60�W, while it is unclear over other

longitudes.

Figure 3 illustrates the regressed streamfunction pattern

at 1,000 hPa. Compared to the upper tropospheric field

(Fig. 1a), the low-level streamfunction has a monopole

structure in the north Pacific, with its center located at

(180�, 40�N). The vertical structure of the regressed rota-

tional flow in general exhibits a baroclinic structure in the

tropics (30�S to 30�N). In the midlatitude it exhibits an

equivalent barotropic structure. The time-latitude cross

section at 180� (Fig. 3b) shows a dominant oscillative

period of around 40 days, consistent with the results at

250 hPa. The dominant feature for the time-longitude cross

section at 1,000 hPa is similar to that at 250 hPa.

The midlatitude flow patterns change accordingly when

the forcing associated with tropical ISO moves eastward.

This can be inferred from the regressed patterns associated

with the OLR indices at (120�E, 0�) and (140�E, 0�) (not

shown). In the tropical region, the dominant pattern does

not change much except that the positive and negative

centers shift eastward following the equatorial convection

center (see also Fig. 2a, similar results were also obtained

by Frederiksen 2002), and it still has a baroclinic structure

in the vertical. In the midlatitude, there are wave train

patterns, and their vertical structure remains equivalent

barotropic.

(a)

(b)

Fig. 1 a Spatial pattern and b time-latitude cross section at 180�
longitude of the 250 hPa streamfunction anomalies regressed on the

OLR index centered at (100�E, 0�) during the cold season

(November–March). The contour interval is 106 m2 s–1. The vertical

axis in b represents the leading time (unit: day) by which the OLR

index leads the streamfunction field

(a)

(b)

Fig. 2 As in Fig. 1b except for the time-longitude cross section at a
20�N and b 45�N
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5 Role of synoptic eddy feedback in the midlatitude

response to the tropical ISO

In this section, we investigate the role of synoptic eddy

feedback in the midlatitude atmospheric response to the

tropical ISO forcing in both the barotropic and baroclinic

models.

5.1 Barotropic model results

The extratropical response to anomalous tropical heating is

often explained in terms of Rossby wave propagation and

dispersion (Hoskins and Karoly 1981). Here using a

barotropic model with the synoptic eddy and low-fre-

quency flow interaction, we investigate the role of synoptic

eddy feedback in the response of midlatitude low-fre-

quency flows to the forcing associated with tropical ISO

heating. In the following, we first validate the statistical

closure for the synoptic eddy feedback in the barotropic

model �Jðw0;Dw0Þja ¼ Ls
�wa: and then investigate the

difference in the response fields with and without the

synoptic eddy feedback.

Figure 4 illustrates the model simulated eddy forcing

½D�1ðLs
�waÞ� and observed eddy forcing ½�D�1Jðw0;Dw0Þja�

regressed on the OLR index at (100�E, 0�). The observed

results are well reproduced by the statistical closure and the

pattern correlation between observed eddy forcing and

model simulated one is around 0.8. The eddy forcing

mainly is located at midlatitude storm track regions, and it

has a positive center around 40�N and a negative center to

its south in the Pacific, consistent with the dipole structure

in the streamfunction field (Fig. 1a). The positive correla-

tion between the synoptic eddy forcing and low-frequency

flow in the region implies that there is a positive feedback

between them, which can be further confirmed by sub-

sequent numerical experiments. Similar results are ob-

tained for the OLR indices centered at (120�E, 0�) and

(140�E, 0�) (not shown).

Next we examine the midlatitude response to tropical

ISO forcing at (100�E, 0�), (120�E, 0�) and (140�E, 0�) in

the barotropic model. The forcing patterns are obtained

according to the OLR patterns (not shown) regressed on the

OLR indices centered at (100�E, 0�), (120�E, 0�), and

(140�E, 0�), and are confined mostly in the equatorial re-

gion (15�S–15�N) (Fig. 5). The magnitude of forcing is

determined by regressed 250 mb divergence field (which

has an amplitude around 5 · 10–6 s–1). The Rossby wave

source used here is just f* Divergence. Our focus is on the

difference in the response fields between cases with and

without the synoptic eddy feedback. Figure 6 shows the

observed and the model simulated response fields (The

(a)

(b)

Fig. 3 As in Fig. 1 except for 1,000 hPa

(a)

(b)

Fig. 4 Eddy forcing of the streamfunction anomaly regressed on the

OLR index centered at (100�E, 0�), calculated based on a statistical

closure (a) and from the observations (b). The contour interval is

1 m2 s–2
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observed field is the same as that in Fig. 1a except that only

the northern hemispheric portion is plotted here.) Com-

paring the results with and without the eddy feedback

(Fig. 6b vs. Fig. 6c), it is clear that the response is sig-

nificantly enhanced when the synoptic eddy feedback is

included, implying a positive feedback between the syn-

optic transients and low-frequency flows in the midlati-

tudes. The difference field in Fig. 6d shows that two

maximum centers are located along the Pacific and Atlantic

storm tracks.

The north–south dipole structure in the north Pacific

does exist in both simulations with and without the syn-

optic eddy feedback. However, the strength is weaker than

that of the observed when the synoptic eddy feedback is not

included. To illustrate the role of the zonally asymmetric

mean flow in the generation of the north–south dipole, we

conducted an additional experiment in which we deliber-

ately suppress the zonally asymmetric part of the clima-

tological mean state (i.e., stationary waves) in the model.

Figure 7 shows the model simulation results in this case.

Without the stationary waves in the basic flow, the model

failed to reproduce the observed strength of the response,

as clearly shown in the difference field (Fig. 7b). This

illustrates the important role of the stationary wave–low-

frequency flow interaction in the formation of the north–

south dipole structure. Consistent with previous studies by

Simmons et al. (1983) and others, who pointed out the

importance of the zonally asymmetric basic flow in the

midlatitude response to tropical heating, here we demon-

strate that both the stationary waves and transient eddies

are crucial for the tropical-midlatitude teleconnection.

When the ISO forcing shifts to (120�E, 0�) or (140�E,

0�), the model simulates a weaker midlatitude response, in

agreement with the observations. The positive synoptic

eddy feedback still exists except the strength of the feed-

back decreases correspondingly.

To examine the sensitivity of the model solution to non-

steady forcing, we conducted a sensitivity experiment in

which we allow the ISO forcing to propagate slowly

eastward along the equator. The dominant feature of the

response filed is similar to that of the steady forcing except

the magnitude is slightly smaller comparing with the steady

response (not shown).

5.2 Results from the 2½-layer model

We further investigate the role of the synoptic eddy feed-

back in the midlatitude response to tropical ISO heating by

using a 2½-layer model. Similar to what we did in the

barotropic model, we first validate the statistical closure for

Fig. 5 Regressed pattern of OLR anomalies on the OLR index

centered at (100�E, 0�). The contour interval is 6 W m–2

(a)

(c) (d)

(b)Fig. 6 Streamfunction anomaly

patterns in association with the

ISO forcing centered at (100�E,

0�): a observational results, b
barotropic model simulations

without the synoptic eddy

feedback, c barotropic model

simulations with the synoptic

eddy feedback, and d difference

between the cases with and

without the synoptic eddy

feedback. The contour interval

is 2 · 106 m2 s–1 for a, b and c,

and 106 m2 s–1 for d
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the synoptic eddy feedback in the 2½-layer model, and then

investigate the difference in the response field in cases with

and without the synoptic eddy feedback.

Figure 8 compares the observed and simulated eddy

forcing terms in the zonal wind equation, regressed on the

OLR index centered at (100�E, 0�). The correlation be-

tween the observed and simulated patterns is around 0.75,

indicating that the statistical closure is valid. Similar to the

barotropic model results, the eddy forcing mainly locates at

the Pacific and Atlantic storm track regions and it posi-

tively feeds back to the low-frequency flow. The forcing

field has an equivalent barotropic structure in the middle

and high latitudes (not shown). Similar results are obtained

for the forcing centered at (120�E, 0�) and (140�E, 0�).

Therefore, the observed eddy forcing effect is well repre-

sented by the statistical closure.

After the validation of the statistical closure for the

synoptic eddy feedback, we further investigate the role of

the feedback in the midlatitude response to tropical forcing

in the 2½-layer model. Similar to the previous barotropic

study, we put the tropical ISO forcing at (100�E, 0�),

(120�E, 0�), and (140�E, 0�), respectively, and investigate

the difference in the response field between cases with and

without the synoptic eddy forcing. The horizontal pattern

of the forcing (heating) is based on the regressed OLR

pattern while its vertical profile has a maximum in the

middle troposphere. Since the model is linear, changing in

magnitude of the forcing field will linearly change the re-

sponse field. Figure 9 presents a comparison between the

observational result (Fig. 9a) and the model simulations

(Fig. 9b–c) to the ISO forcing centered at (100�E, 0�). The

observational result is obtained by regressing the zonal

wind field onto the OLR index centered at (100�E, 0�).

Figure 9b and c shows simulations with and without the

eddy feedback, while their difference is presented in

Fig. 9d. Similar to the barotropic model results, the dif-

ference mainly appears in the Pacific and Atlantic storm

track regions. The response field is enhanced when the

(a)

(b)

Fig. 7 a Streamfunction anomaly patterns associated with the ISO-

like forcing centered at (100�E, 0�) in a barotropic model under the

zonal symmetric basic state (i.e., without the stationary wave), and b
difference of the streamfunction fields between the cases with and

without the stationary wave in the basic state. The contour interval is

106 m2 s–1

(a)

(b)

Fig. 8 As in Fig. 4 except for the zonal wind anomaly at 200 hPa in

the 2½-layer model. The contour interval is 2 · 10– 6m s–2 and the

zero line is omitted
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synoptic eddy feedback is included, which again implies a

positive feedback between the synoptic eddy and the low-

frequency flow anomaly. Similar experiments are con-

ducted for the forcing centered at (120�E, 0�) and (140�,

0�) and the results are in general similar. A sensitivity

experiment with the specification of a zonal symmetric

mean flow verifies the effect of the stationary waves in

midlatitude response. By converting the streamfunction

field (Fig. 6) to the zonal wind field (not shown), we can

see that the barotropic and baroclinic model responses are

consistent. Thus both the barotropic model and the 2½-

layer model experiments demonstrate the role of the syn-

optic eddy feedback and the stationary waves in the mid-

latitude response to the tropical ISO forcing.

6 ISO initiation by midlatitude disturbances

While the tropical ISO may force a low-frequency atmo-

spheric response in the midlatitude, the disturbances in the

midlatitude, on the other hand, may initiate ISO convection

at the equator, possibly through the southward propagation

of subtropical Rossby wave trains (e.g., Lim and Chang

1981; Hsu et al. 1990; Compo et al. 1999; Lin et al. 2000).

In this section we intend to simulate and investigate this

subtropical triggering process in the 2½-layer model.

Before conducting the model simulation, we investigate

the observed relationship between the southward propa-

gation of extratropical disturbances and the equatorial ISO

convection, as revealed from the composite analysis based

on daily streamfunction anomalies. Using the OLR index

centered at (0�, 100�E) defined in the paper, we get the

composite of the streamfunction anomalies when the OLR

index is lower than one standard deviation and the

box-averaged (10� · 10�) streamfunction anomaly cen-

tered at (45�N, 20�E) is also lower than one standard

(a) (b)

(d)(c)

Fig. 9 As in Fig. 6 except for

the zonal wind anomaly at

200 hPa in the 2½-layer model.

The contour interval is 1 m s–1

for a, b and c, and 0.5 m s–1 for

d

Fig. 10 Composite of streamfunction anomaly associated with

convection in the Indian Ocean. The contour interval is 3 · 106 m2

s–1
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deviation (Fig. 10). The streamfunction field is obtained

from NCEP–NCAR reanalysis and the data period is from

1979 to 2002. Figure 10 illustrates clear equatorward wave

propagation characteristics.

Next we examine the influence of extratropical distur-

bances on equatorial ISO initiation in the 2½-layer model.

A January monthly mean climatology averaged between

1979 and 2002 is specified as the model basic state. Ini-

tially, a midlatitude vorticity perturbation is introduced,

with a center located at (20�E, 45�N). We integrate the

model forward to examine how this perturbation evolves

with time and whether or not it can initiate the tropical ISO.

Figure 11 shows the evolution of simulated zonal wind

anomalies at 850 hPa. As time advances, the midlatitude

disturbance propagates eastward and equatorward in both

the lower level (Fig. 11a–d) and the upper troposphere

(Fig. 12a–d). Greater signals appear to the east of the initial

perturbation, owing to the effect of the mean flow. An ISO-

like pattern appears in the low-level zonal wind field on the

equator at t = day 4 (Fig. 11e), when a coupled Kelvin–

Rossby wave structure is more evident in the upper tro-

posphere (Fig. 12e). The vertical structure of the equatorial

response at day 4 appears to be a baroclinic structure with

the low-level convergence and upper-level divergence

around 60�E, coinciding well with strong mid-tropospheric

ascending motion and positive rainfall anomalies. The

equatorial wave perturbations grow slowly with time while

propagating eastward along the equator, resembling a

typical ISO event. The enhanced equatorial convection

may further excite a poleward propagation of Rossby wave

trains in the upper troposphere, as seen in Fig. 12f.

The ISO initiation on the equator may be further re-

vealed by the time-longitude cross section of the zonal

wind at the equator (Fig. 13). During the initiation stage,

the lower-level winds grow at a much faster rate than their

upper-level counterparts. For example, the low-level east-

erly is enhanced from –0.2 to –1 m s– 1 during day 2–6,

while the upper-level westerly increases only 0.2 m s– 1.

The ISO-like signal, once initiated, propagates eastward

along the equator, and completes one cycle at a period of

about 40 days.

It is noted that the midlatitude triggering process is

associated with the southeastward Rossby wave energy

dispersion. This can be seen from a time-longitude cross

section along 45�N and a time-latitude cross section at

25�E of perturbation kinetic energy [(u¢2 + v¢2)/2] (Fig. 14).

Figure 14 shows that during the initial four days there is

clear southward and eastward energy propagation at 850

and 200 hPa. Both the upper- and lower-level energy

propagations show that the signal can reach the equator

within several days. The propagation speed is about 10�
latitude per day, within the range of observed Rossby wave

southward propagation speeds (Compo et al. 1999).

To test the sensitivity of the equatorial ISO response to

the longitude location of the midlatitude disturbance, we

shift the initial disturbance from (20�E, 45�N) to (180�,

45�N) (Fig. 15). While an equatorial ISO can still be ini-

tiated, the amplitude of the equatorial response appears

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 11 Evolution of the model

zonal wind anomalies at

850 hPa at a t = day 0, b t = day

1, c t = day 2, d t = day 3, e t =

day 4, and f t = day 6. An initial

disturbance is located at (20�E,

45�N). The contour interval is 1

m s–1 for a and 0.1 m s–1 for b,

c, d, e, and f

384 L.-L. Pan and T. Li: Interactions between the tropical ISO and midlatitude low-frequency flow

123



weaker and the initiation location is shifted further to the

east compared to the previous case. Given that the basic-

state upper-level zonal wind in the tropics is easterly

(westerly) to the west (east) of around 180�, the experi-

ments above demonstrate that the midlatitude wave per-

turbation can penetrate into the tropics and initiate an ISO

under both the easterly and westerly flow regimes.

To further examine the sensitivity of the equatorial re-

sponse to upper or lower-level perturbations, we conducted

two parallel experiments in which an initial disturbance is

placed only at the lower or upper level. The sensitivity

experiments show that the equatorial response is not sen-

sitive to the initial perturbation positions. An initial upper-

(or lower-) tropospheric perturbation may quickly excite a

lower- (or upper-) level counterpart during a short adjust-

ment period (within 1–2 days), and as a result, the south-

eastward Rossby wave propagation feature remains similar

(not shown).

The effect of the zonally asymmetric mean flow (i.e.,

stationary waves) in the southeastward Rossby wave prop-

agation is examined by conducting an additional experi-

ment in which we specify a zonal symmetric basic state.

Figure 16 shows the model simulation at t = day 6. Com-

paring it to Fig. 11f, the equatorial wind response is slightly

weaker, and appears more symmetric about the equator. A

further sensitivity experiment points out that the conden-

sational heating is a primary energy source for the main-

tenance and growth of the ISO; without this process, no

ISO-like response can be excited at the equator even though

there is southward energy propagation from midlatitudes.

7 Conclusion

In this study, the interaction between tropical ISO and

midlatitude low-frequency flow is investigated with focus

(a) (b)

(d)(c)

(e) (f)

Fig. 12 As in Fig. 11 except

for the zonal wind field at

200 hPa. The contour interval is

1 m s–1 for a and 0.2 m s–1 for

b, c, d, e, and f

(a) (b)

Fig. 13 Time-longitude cross

section of the zonal wind field at

the equator at a lower level and

b upper level. The contour

interval is 0.2 m s– 1
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on the effect of the synoptic eddy feedback. A statistical

closure that relates the synoptic eddy forcing to the mid-

latitude low-frequency flow is constructed, which leads to a

new estimation of the role of the synoptic eddy feedback on

the response of midlatitude low-frequency circulation to

the forcing associated with tropical ISO. By applying the

newly constructed statistical closure, the observed eddy

feedback can be well represented in both a simple baro-

tropic model and a 2½-layer baroclinic model.

Our observational analysis and modeling study show

that the heating associated with tropical ISO can excite a

significant midlatitude response. In particular, the ISO

heating in the equatorial Indian Ocean may produce a

north–south dipole structure at the upper layer in the North

Pacific, with an oscillation period of about 40 days. The

midlatitude response has an equivalent barotropic structure

while a baroclinic structure appears in the tropics. When

the heating moves eastward in association with the east-

ward propagation of the ISO, the response pattern in the

midlatitude also shifts eastward. Both the barotropic model

and the 2½-layer model show that the strong synoptic eddy

feedback appears at the Pacific and Atlantic storm track

regions, in agreement with the observation. The synoptic

eddy forcing has a positive feedback to the midlatitude

low-frequency anomaly forced by the tropical ISO.

Our 2½-layer model experiments demonstrate, for the

first time, the ‘‘pure’’ effect of the midlatitude disturbance

forcing in the ISO initiation, given that the model does not

contain the cloud-radiation and ocean feedbacks and pre-

existing global-encirculating MJOs. Given a midlatitude

disturbance initially, the signal may propagate southeast-

ward, reach the equator within several days, and trigger

ISO convection at the equator. This midlatitude triggering

scenario is consistent with previous (e.g., Compo et al.

1999) and current observational analysis results. The pen-

(a)

(c) (d)

(b)
Fig. 14 Time-longitude section

at 45�N and time-latitude

section at 25�E of the model

simulated kinetic energy at

850 hPa (a, b) and 200 hPa (c,

d). The initial disturbance is

located at (20�E, 45�N). The

kinetic energy field has been

normalized by its maximum

magnitude at each time level

Fig. 15 Simulated 850 hPa zonal wind field at t = day 6 for the case

with an initial disturbance located at (180�, 45�N)

Fig. 16 As in Fig. 11f except for the specification of a zonal

symmetric basic state
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etration of the disturbance from the midlatitude to the

tropics is in the form of Rossby wave packets. Unlike a

stationary Rossby wave, the southward propagation of the

transient Rossby wave packets does not require the pres-

ence of westerly winds in the basic state (Hoskins and

Yang 2000). Thus the midlatitude forcing may trigger a

significant equatorial ISO response in both the easterly and

westerly regimes.

The dynamics of the tropical–midlatitude teleconnection

require a full interaction among the stationary wave, zonal

mean flow, low-frequency variability, and transient wave

(synoptic eddy). In the current study, we linearize the

model about a time-independent basic state, so that the

nonlinear feedback to the mean flow is neglected. It is

desired to incorporate all interactive processes (including

the nonlinearity of the system and feedbacks between

dynamics and physical processes) into the models for more

comprehensive studies of the tropical–midlatitude inter-

action.
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