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ABSTRACT

This study investigates the relationship between El Ni~no–Southern Oscillation (ENSO) and southern an-

nular mode (SAM) events with an idealized general circulation model. A series of model calculations are

performed to examine why positive (negative) intraseasonal SAM events are observed to occur much more

frequently during La Ni~na (El Ni~no). Seven different model runs are performed: a control run, three El Ni~no

runs (the first with a zonally symmetric heating field, the second with a zonally asymmetric heating/cooling

field, and the third that combines both fields), and three La Ni~na runs (with heating fields of opposite sign).

The model runs with the zonally symmetric and combined heating fields are found to yield the same re-

lationship between the phase of ENSO and the preferred phase for SAM events as is observed in the at-

mosphere. In contrast, the zonally asymmetric model runs are found to have the opposite SAM–ENSO phase

preference characteristics. Since a reducedmidlatitudemeridional potential vorticity gradient has been linked

to a greater frequency of positive-phase SAM events, and vice versa for negative SAM events, the meridional

potential vorticity gradient in the various model runs was compared. The results suggest that the phase pref-

erence of SAM events during ENSO arises from the impact of the zonal-mean heating on the midlatitude

meridional potential vorticity gradient.

1. Introduction

The southern annular mode (SAM) is the dominant

pattern of large-scale atmospheric variability in the

Southern Hemisphere (SH) (Thompson and Wallace

2000). The SAM is characterized by a nearly zonally

symmetric vacillation in the latitude of the midlatitude

westerly jet (Kidson 1988; Karoly 1990; Thompson and

Wallace 2000). The positive phase of the SAM corre-

sponds to a poleward displacement of themidlatitude jet

and the negative phase to an equatorward shift of the

midlatitude jet. The SAM exhibits large intraseasonal

variability with an intrinsic 10-day time scale (Feldstein

and Lee 1998; Feldstein 2000; Lorenz and Hartmann

2001, 2003). Many studies have demonstrated that the

excitation and maintenance of the SAM can be un-

derstood within the framework of wave–mean flow in-

teraction (e.g., Limpasuvan andHartmann 2000; Lorenz

and Hartmann 2001). More specifically, both high- and

low-frequency transient-eddy momentum fluxes first

excite the SAM. This is followed by a positive-feedback

process involving the high eddy fluxes that accounts

for the persistence of the SAM. Previous research has

suggested that the SAM arises from the breaking of

synoptic-scale eddies (Gong et al. 2010, hereafter GFL),

as has been found for the North Atlantic Oscillation

(NAO) and northern annular mode (NAM) (Benedict

et al. 2004; Franzke et al. 2004; Feldstein and Franzke

2006; Rivi�ere and Orlanski 2007; Woollings et al. 2008;
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Woollings and Hoskins 2008). In GFL, it was shown that

the positive (negative) phase of the SAMcoincideswith an

increase (decrease) in the frequency of anticyclonic wave

breaking on the equatorward side of the midlatitude jet.

The SAM has been shown to be closely related to El

Ni~no–Southern Oscillation (ENSO) on interannual and

interdecadal time scales (Seager et al. 2003; Fogt and

Bromwich 2006; L’Heureux and Thompson 2006). On

the interannual time scale, the response to ENSO in

both the subtropics and midlatitudes has a strong pro-

jection onto the zonally symmetric component of the

zonal flow (Seager et al. 2003; L’Heureux and Thompson

2006). During La Ni~na (El Ni~no), in the Southern

Hemisphere, this response corresponds to a weakened

(strengthened) subtropical jet and in midlatitudes to the

positive (negative) phase of the SAM (e.g., L’Heureux

and Thompson 2006; Chen et al. 2008).

The perspective taken by several studies is that the

changes to the subtropical jet are due to the direct im-

pact of ENSO diabatic heating on the Hadley cell, and

inmidlatitudes, the changes to the zonal-mean flow arise

from the influence of the altered subtropical jet on the

midlatitude eddy fluxes. Seager et al. (2003) showed for

El Ni~no that the strengthened subtropical zonal winds

lead to an equatorward shift in the critical latitude, which

lowers the midlatitude quasigeostrophic refractive index

and correspondingmeridional wavenumber. This results

in the refraction of waves the away from the region of

reducedmeridional wavenumber, and corresponds to an

eddy momentum flux convergence (divergence) and

westerly (easterly) acceleration between 308 and 458S
(458 and 608S). Chen et al. (2008) examined the space–

time spectra of the eddy momentum flux associated

with La Ni~na. The changes that they find in their space–

time spectra, relative to that of the climatology, are

consistent with the critical latitude/wave-propagation

mechanism proposed by Seager et al. (2003). L’Heureux

and Thompson (2006) also hypothesized that changes in

the subtropical jet affect meridional wave propagation.

However, in contrast to the above studies, they argued

that ENSO changes the zonal-mean flow through its

alteration in the strength of the meridional component

of the group velocity vector, which leads to changes in

the latitude of maximum eddy dissipation.

Two additional studies, whose focus was not on either

ENSO or the SAM, may help to further advance of our

understanding of the ENSO–SAM relationship. Chang

(1995) examined the influence of changes in the strength

of the Hadley circulation on the midlatitude flow. His

model calculations showed that changes in theHadley cell

intensity affect the midlatitude zonal-mean flow through

its altering both the eddy fluxes and the eddy-drivenmean

meridional circulation. In another modeling study, Lee

and Kim (2003) showed that when the subtropical jet is

sufficiently strong, the maximum eddy growth coincides

with the subtropical jet, resulting in a weak eddy-driven

jet in midlatitudes. In contrast, when the subtropical jet

is weak, they found that eddies tend to grow most rap-

idly in midlatitudes, which leads to the formation of a

strong midlatitude, eddy-driven jet. Consistent with their

model findings, in the atmosphere, La Ni~na (El Ni~no)

is associated with a strengthened (weakened) mid-

latitude jet.

The above studies all take a zonal-mean perspective.

In contrast, by examining the ENSO–SAM relation-

ship separately during the 1980s and 1990s, Fogt and

Bromwich (2006) showed that the connection between

ENSOand SAM is verymuch influenced by the poleward-

propagating wave train excited by ENSO.

In this study and GFL, the viewpoint taken is that the

SAM events develop on a zonal-mean background flow

that is driven by ENSO. Thus, we distinguish between

the synoptic-scale eddy processes that drive the SAM

events and the synoptic-scale eddies that drive the

background time-mean flow in response to ENSO. Al-

though the synoptic-scale eddy driving of SAM events

and the corresponding synoptic-scale eddy driving of the

ENSO background time-mean flow are not mutually

exclusive, it is found that the former eddy driving has

only a very small impact on the ENSO time-mean flow.

The above studies find that the SAM exhibits inter-

esting behavior on both intraseasonal and interannual

time scales. A linkage between these intraseasonal and

interannual characteristics of the SAM was found by

GFL, who showed that positive SAMevents occur much

more frequently than negative SAM events during La

Ni~na, and vice versa for El Ni~no.Moreover, they showed

that the frequency of anticyclonic wave breaking on the

equatorward side of the midlatitude jet increases (de-

creases) during La Ni~na (El Ni~no). Consistent with the

results of studies such as Postel and Hitchman (1999),

who found that the strongest wave breaking tends to

coincide with local minima in the meridional potential

vorticity gradient (›q/›y hereafter), GFL showed that

on the equatorward side of the midlatitude jet the zonal-

mean ›q/›y field decreases (increases) during La Ni~na

(El Ni~no). These findings led GFL to suggest that the

above relationship between the phase of the SAM events

and that of ENSO arises from changes in the zonal-mean

›q/›y and its impact on wave breaking.

The results of GFL suggest that it is the structure of

the zonally symmetric component of the background

flow associated with ENSO that accounts for the above

SAM phase preference. However, it remains unclear as

to whether the zonally symmetric response to ENSO is

driven by the anomalous zonally symmetric or the
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anomalous zonally asymmetric component of the trop-

ical convective heating associated with ENSO. In this

study, we investigate the relationship between the phase

preference of the SAM and the characteristics of the

tropical convective heating by utilizing a simple ideal-

ized general circulation model (GCM). We will focus

on the separate impact of the zonally symmetric and

zonally asymmetric components of ENSO convective

heating on the strength and location of the Southern

Hemisphere subtropical and eddy-driven jets, the cor-

responding ›q/›y, and their subsequent influence on the

frequency of occurrence of SAM events.

This paper is outlined as follows. In section 2, we

describe the datasets, model, and methodology. The

results from the model integrations are presented in

section 3, followed by the conclusions and a discussion

in section 4.

2. Data, model description, and methodology

a. Model description

For this study, to determine the ENSO diabatic

heating field for the model, which is calculated as a re-

sidual from the thermodynamic energy equation, we

use the daily (0000 UTC) National Centers for Envi-

ronmental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis dataset extending

from 1 January 1958 to 31 December 2005. The data

used to calculate the diabatic heating field correspond

to the austral spring season (October–December). This

choice of months is motivated by the observed link be-

tween the frequency of positive and negative SAM

events and phase of ENSO during these months. The

primitive equation (PE) model used in this study is a

global spectral model that is based on the dynamical

core of the Geophysical Fluid Dynamics Laboratory

GCM (Held and Suarez 1994). The horizontal resolu-

tion is truncated at rhomboidal 30, and there are 28

unequally spaced sigma levels that are identical to those

in the NCEP–NCAR reanalysis dataset. Realistic zon-

ally varying topography is included for all model runs.

The top of the model is represented by a sponge layer.

For each model run, a statistically steady state is ob-

tained by averaging a 3000-day integration after dis-

carding the first 200 days.

For this model, dissipative processes, including surface

friction and boundary layer processes, are parameterized

by a linear damping: dV/dt } 2KmV. Following Held

and Suarez (1994), the damping coefficientKm takes the

form of

Km 5

8><
>:

1

tm

�
s2ss

12ss

�
for s$ss ,

0 otherwise

. (1)

The parameter tm is the damping time scale, s5 p/ps is

the vertical coordinate, tm 5 1 day21, and ss equals 0.7.

The maximum value ofKm is applied at the surface, and

Km decreases with height.

The model atmosphere is subjected to vertical diffu-

sion with a coefficient y5 2m2 s21 within the tropo-

sphere and y5 1m2 s21 in the stratosphere, and scale

selective eighth-order horizontal diffusion with a co-

efficient value of 83 1037 m8 s21.

b. Empirical TE obtained by the ‘‘residual method’’

The model is driven by relaxation of the temperature

field toward an empirical radiative–convective equilib-

rium temperature profile TE:

dT

dt
}
T2TE

t
, (2)

where T is temperature and t5 20 days is the radiative

relaxation time scale. The empirical TE is obtained by

adopting a ‘‘residual method’’ (James 1994; Kim and

Lee 2004), which involves calculating the zonal and time

mean of each term in the thermodynamic energy equa-

tion in sigma coordinates:

[Q]5

�
›T

›t
1$ � (VT)2T$ �V1 _s

›T

›s
2
kTv

pss
1Kh=

8T

�
,

(3)

where the square brackets denote a zonal mean and the

overbar denotes a time mean, V5 (u, y) is the horizontal

wind vector, [Q] is the residual diabatic heating, and other

variables follow standard notation. After specifying [Q]5
2([T]2TE)/t , the ‘‘empirical’’TEprofile takes the formof

TE5 [T]2 t

�
2$ � (VT)1T$ �V2 _s

›T

›s
1

kTv

pss
2Kh=

8T2
›T

›t

�
. (4)

All terms on the right-hand side (rhs) of (4) are obtained

from observational data. For all model experiments, the

TE profiles remain constant in time. In essence, given

thatKh is specified, the formulation in (4) leaves us with
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t and the surface friction coefficient Km [see (1)] in the

momentum equation as the only free parameters in the

model.

c. ENSO events

ENSO events are defined and selected in the same

manner as in GFL, which is based on the monthly mean

Ni~no-3.4 index (defined as the sea surface temperature

averaged over the region 58S–58N, 1708–1208W) from

the NOAA/Climate Prediction Center (data available

online at http://www.cpc.ncep.noaa.gov/data/indices/sstoi.

indices; Reynolds et al. 2002). Specifically, if the ampli-

tude of the austral spring seasonal mean Ni~no-3.4 index

exceeds 1.0 standard deviation, then that season is

chosen as an ENSO season.

d. SAM events

The SAM is defined as the leading empirical orthog-

onal function (EOF) of the daily zonal-mean zonal wind

field, poleward of 208S, in the basic model run. The

EOF analysis is performed with h[u]i0 ffiffiffiffiffiffiffiffiffiffi
cosu

p
, where u is

the latitude, the angle brackets denote a mass-weighted

vertical integration (from 950 to 50 hPa), and the prime

indicates a deviation from the time mean. The positive

(negative) phase of the EOF pattern is defined such

that the most poleward peak of the pattern is positive

(negative).

For all model experiments, the SAM indices are

constructed by projecting the daily model h[u]i0 onto to

the EOF pattern derived from the base run. In this

manner, the SAM pattern for each model experiment

has the same definition. A SAM event is defined to

have taken place if the magnitude of the SAM index

exceeds 1.5 standard deviations for 5 or more consec-

utive days. If two SAM events occur within 10 days of

each other, then the event with the smaller amplitude

is discarded. Within a SAM event, the particular day

when the SAM index reaches its extreme value is called

the lag-0 day.

3. Results from the model integrations

a. Basic run and idealized ENSO runs with zonally
symmetric heating

We start with the basic-run experiment for which the

model temperature field is relaxed toward an October–

December 1958–2005, Te-basic profile obtained from

observational data using the residual method (section

2b). The Te-basic profile for the basic run is illustrated in

Fig. 1. [Because satellite data were not assimilated for

those years prior to 1979, Te-basic was also calculated for

the 1979–2005 time period. The results were found to be

very similar to those in Figs. 1 and 2a (not shown).] As

expected, Te-basic is largest in the tropics and in the lower

troposphere. Figure 2 shows the time-mean, zonal-

mean zonal wind u for the basic run (Fig. 2a) along with

that from the observations (Fig. 2b). As can be seen for

the observed u, during the austral spring, the eddy-

driven and the subtropical jets in the troposphere tend

to overlap with a maximum wind speed of 25 m s21

near the 0.2 sigma level. By comparing the climatology of

the model simulated u to that from the observations, one

can see a close resemblance not only within the tropo-

sphere but also within much of the lower stratosphere

outside of the tropics, where the model’s easterlies are

shallower and stronger. This degree of resemblance gives

us confidence that this idealized PE model is capable of

addressing the SAM–ENSO questions raised in the in-

troduction, outside of any possible impacts from the

tropical stratosphere. It should also be noted that for all of

the following model experiments, the anomaly fields are

defined relative to the climatology of the basic model run.

In the atmosphere, the difference in the zonal-mean

diabatic heating between El Ni~no and La Ni~na is posi-

tive throughout much of the tropical troposphere (not

shown) (e.g., DeWeaver and Nigam 2004). Therefore, in

order to simulate the zonal-mean contribution to the

diabatic heating from El Ni~no and La Ni~na, we add a

zonally symmetric heating and cooling term, respec-

tively, DTe to the basic Te profile. The new Te profile

consists of the base profile Te-basic and an anomalous

DTe, both of which are symmetric about the equator (see

Fig. 2 of Son and Lee 2005), and takes the form

Te(H,u,s)5Te2basic(u,s)1DTe(H,u,s) , (5)

where H denotes the additional zonal-mean tropical

heating. The basic profile corresponds to that used in the

FIG. 1. The Te-basic profile calculated with the residual method.

The vertical coordinate indicates sigma level, and the contour in-

terval is 10 K.
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basic run. In (5), we setH5 0.165 K day21 for El Ni~no,

H 5 20.165 K day21 for La Ni~na, equatorward of 108,
so as to isolate the extratropical response to tropical

forcing. (With this value of H, the difference between

the idealized zonal-mean heating of El Ni~no and

La Ni~na runs and the difference between the separate

El Ni~no and La Ni~na Te is found to be small. There-

fore, H 5 0.165 K day21 is a good approximation for

the ENSO zonal-mean diabatic heating in the atmo-

sphere.) For conciseness, the model runs with the above

zonally symmetric heating profile will be referred to as

the DH and 2DH runs, respectively.

It can be seen from Fig. 3 that the DH (2DH) run

produces a stronger (weaker) subtropical jet than that in

the basic run (Fig. 2a). These differences can be ex-

plained by the stronger (weaker) Hadley cell in the DH
(2DH) run compared to that of the basic run (not

shown). In midlatitudes, we find a weaker (stronger)

eddy-driven jet for the DH (2DH) run. These results are

consistent with the findings of Lee and Kim (2003), as

described in section 1, and with the observed ENSO

zonal-mean zonal wind.

One may question why we use idealized zonal-mean

heating to represent El Ni~no and La Ni~na diabatic

heating, instead of relaxing the model to Te profiles

based on the residual method (section 2b). We use this

approach in order to isolate the impact of ENSO trop-

ical heating on the extratropical flow. This is an impor-

tant point, since as discussed above (Lee and Kim 2003),

the strength of the model’s subtropical jet, which de-

pends on the tropical Te profile, affects the midlatitude

eddy-driven jet and thus the midlatitude temperature

field. Thus, if the residual method were to be applied to

midlatitudes, then the model Te is in some sense speci-

fying the midlatitude response to ENSO rather than

allowing the model’s midlatitude flow to freely respond

to the ENSO tropical heating.

b. Idealized El Ni~no and La Ni~na runs with zonally
asymmetric heating

In the above experiments, the zonal-mean heating

(cooling) added to the Te-basic profile has been shown to

generate flows with ENSO characteristics. However,

this method cannot provide us with a tropically forced

midlatitude Rossby wave response, a typical feature of

ENSO (e.g., Horel and Wallace 1981), since the Te-basic

profile in the model lacks zonal variation. To address

this problem, we further modify the Te profile by adding

an idealized zonally asymmetric heat source between 308S
and 308N to the model’s tropical troposphere. As we will

see, this additional heat source will excite poleward-

propagating Rossby waves. To allow for zonally asym-

metric heating, we express the thermodynamic energy

equation as

dT

dt
}Tdyn2

[T]2 [Te2basic]

t
1Q*(i, j,k) , (6)

FIG. 2. The time-mean, zonal-mean zonal wind for (a) the basic run and (b) the NCEP–NCAR reanalysis dataset for

October–December 1958–2005. The vertical coordinate indicates sigma level, and the contour interval is 5 m s21.
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where Tdyn corresponds to the sum of temperature ad-

vection and diffusion, and Q* is the zonally asymmetric

(i.e., a zero zonal mean) tropical heat source term. In

terms of specifying the Q* structure so that it has a sig-

nature of ENSO-type heating, we calculate the observed

diabatic heating field with the residual method for

El Ni~no and La Ni~na, respectively, and construct an

ENSO-type Q* by subtracting QLa Ni~na from QEl Ni~no

(Fig. 4), followed by the removal of the zonal mean. It is

found that this ENSO diabatic heating has two maxima

in the vertical direction: one in the lower troposphere (at

about s 5 0.75) and the other in the upper troposphere

(near s 5 0.25). The lower-tropospheric heating likely

corresponds to a heat flux from the ocean surface and

the upper-tropospheric heating to the latent heat release

associated with deep tropical convection. Our focus is on

the latter heating, as it can generate Rossby waves that

propagate from the tropics into midlatitudes. We specify

aQ* profile that has the s5 0.253 (QEl Ni~no2QLa Ni~na)*

horizontal structure along with a vertical structure that

has two maxima: one near s 5 0.75 and the other close

to s5 0.25. Cosine weighting is also applied to allow for

a gradual decline to zero in the strength of the heating

from 108 to 308 latitude in both hemispheres.

Figures 3c and 3d show the simulated zonal-mean

zonal wind anomalies for the zonally asymmetric El

Ni~no (DQ) and La Ni~na (2DQ) runs. Relative to the

basic climatology, it can be seen that the DQ run has a

FIG. 3. The time mean, zonal-mean zonal wind anomalies for the (a) DH, (b)2DH, (c) DQ, (d)2DQ, (e) DH1 DQ,

and (f) 2DH 2 DQ runs. The vertical coordinate indicates sigma level, and the contour interval is 0.5 m s21.
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weaker subtropical jet, while the2DQ run has a slightly

stronger subtropical jet—features that are opposite to

those of the DH and 2DH runs, respectively. In the

midlatitudes, the jets also show opposite features com-

pared to those of the zonally symmetric heating exper-

iments, (i.e., the midlatitude eddy-driven jet is stronger

in the DQ run and weaker in the2DQ run). However, it

is important to point out that the responses for the DQ
and DH 1 DQ (El Ni~no) runs are more robust and in-

dicate some notable differences compared to those in

the 2DQ and 2DH 2 DQ (La Ni~na) runs (Fig. 3). This

implies that nonlinearities also play an important role in

the El Ni~no and the La Ni~na responses to tropical con-

vection. One possible explanation is that the wave train

response to El Ni~no is of greater amplitude than that

associated with La Ni~na (see Fig. 7). Such differences in

the wave field are likely to lead to eddy momentum and

heat fluxes associated with El Ni~no and La Ni~na that

cannot be understood with a simple linear interpretation.

c. Idealized El Ni~no and La Ni~na runs with both
zonally symmetric and asymmetric heating

In this subsection, we include both zonally sym-

metric and asymmetric heating in the model simula-

tions. We will call these the DH 1 DQ and 2DH 2 DQ
runs. Figures 3e and 3f show the model simulated

zonal-mean zonal wind anomalies for6D(H1Q) runs.

Similar to the DH and 2DH runs (Figs. 3a and 3b), the

zonal-mean DH 1 DQ (2DH 2 DQ) flow response

exhibits a strengthened (weakened) subtropical jet and

weakened (strengthened) eddy-driven jet.

As found in GFL, the zonal-mean ›q/›y of the back-

ground flow is a useful indicator for determining wave

breaking characteristics and the subsequent excitation

of the SAM. In their study, it was shown that the exci-

tation of the positive SAM is preceded by a reduction in

›q/›y followed about 5 days later by enhanced anticy-

clonic wave breaking, and then the establishment of the

positive SAM. The excitation of the negative SAM was

found to exhibit the opposite ›q/›y and wave breaking

properties. These results suggest that the changes in the

wave breaking and subsequent development of both

SAM phases are first triggered by the anomalies in

›q/›y. They also showed that La Ni~na (El Ni~no) events,

which coincide with a reduced (increased) ›q/›y on the

equatorward side of the eddy-driven jet, occur with an

increase (decrease) in the frequency of anticyclonic

wave breaking. Consistent with these findings, several

observational studies have shown that regions with a

small meridional potential vorticity gradient are asso-

ciated with a greater frequency of wave breaking (e.g.,

Postel and Hitchman 1999; Scott and Cammas 2002;

Abatzaglou and Magnusdottir 2006). We present the

anomalous ›q/›y in the upper troposphere relative to

that from the basic run for the 6DH and 6DQ runs in

Fig. 5. It can be seen that on the equatorward side of the

eddy-driven jet there is an increase (decrease) in ›q/›y

for the DH (2DH) run, suggesting that there is a de-

creased (increased) likelihood of anticyclonic wave

breaking. Very similar features for ›q/›y are also found

in 6D(H 1 Q) runs (not shown). In contrast, for the

local heating runs, the sign of the anomalous ›q/›y field

is opposite to those in the zonal-mean heating runs; that

is, ›q/›y decreases (increases) on the equatorward side

of the eddy-driven jet in the DQ (2DQ) run, suggesting

an increased (decreased) likelihood of anticyclonic wave

breaking and positive (negative) SAM.

We next decompose the eddy momentum flux con-

vergence into its anomalous total, stationary, and

transient-eddy contributions for the 6DH, 6DQ, and

6D(H 1 Q) runs (Fig. 6). The daily zonal-mean mo-

mentum transport for each model integration is sub-

divided as follows:

[u*y*]5 [(u1 u0)*(y1 y0)*] , (7)

where u and y are decomposed into a time mean and a

perturbation (e.g., u5u1 u0). For the individual model

runs, the anomalous time-mean momentum flux can be

written as

(u*y*)a2 (u*y*)b 5 (u*y*)a 2 (u*y*)b

1 (u*0y*0)a2 (u*0y*0)b , (8)

FIG. 4. The residual diabatic heatingQ* at s5 0.25, calculated fromQEl Ni~no2QLa Ni~na with

the NCEP–NCAR reanalysis dataset. The contour interval is 1.0 3 1025 K s21, with the ab-

solute value of the minimum contour being 2.0 3 1025 K s21.
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where the subscript b represents the basic run and the

subscript a the other model runs. This indicates that the

anomalous total eddy momentum flux equals the dif-

ference between the stationary-eddy flux [first two terms

on the rhs of (8)] and the transient-eddy flux [last two

terms on the rhs of (8)]. For the 6DQ and 6D(H 1 Q)

model runs, it can be seen that throughout the lower

stratosphere and tropical troposphere, the eddy mo-

mentum flux convergence is dominated by its stationary-

eddy contribution, whereas within the midlatitude

troposphere, it is the transient-eddy contribution that is

largest. As expected, for the 6DH runs, because of the

absence of zonally asymmetric diabatic heating/cooling,

the transient contribution dominates everywhere. Further-

more, within the midlatitude troposphere, the transient-

eddy momentum flux convergence for the 6DH runs

resembles those of the6D(H1Q) runs. In contrast, the

spatial structure of the transient-eddy momentum flux

convergence anomalies in the 6DQ runs is opposite to

those in the 6D(H 1 Q) runs. Therefore, the opposing

zonal-mean flow changes between the zonally uniform

(6DH) and zonally asymmetric (6DQ) model runs (Fig. 3)

are most likely due to the impact of the transient-eddy

momentum fluxes.

To further examine the wave response due to the

zonally asymmetric tropical heating, we next look at the

250-hPa Rossby wave source (RWS) (Sardeshmukh and

Hoskins 1988; Qin and Robinson 1993) along with the

corresponding anomalous streamfunction field (Fig. 7).

A calculation of the various terms that constitute the

RWS indicates that equatorward of about 208S the RWS

is mostly due to the advection of the climatological ab-

solute vorticity by the anomalous divergent wind, y0x � $z
(it is the contribution to the RWS by this term that is

shown in Fig. 7) (i.e., where y0x is the anomalous di-

vergent wind and z the absolute vorticity). As can be

seen, for the1DQ run, the RWS is positive in the central

subtropical South Pacific with an anticyclone (cyclone)

located to the west (east) of the heating. For the 2DQ
run, the opposite features can be seen. Such findings

match those of Qin and Robinson (1993) for the re-

sponse to a stationary tropical heat source. An inspec-

tion of the stationary wave anomalies in the 6DQ runs

reveals wave trains of opposite sign that propagate from

the subtropics to high latitudes (Fig. 7). Based on the

results in Fig. 6, it appears likely that the changes found

in the zonal-mean zonal wind and ›q/›y in the (6DQ)

model runs (Figs. 3d, 3d, 5c, and 5d) arise from the

stationary wave trains altering the midlatitude synoptic-

scale transient-eddy momentum flux convergence.

d. Temporal evolution of SAM events

We next examine the extent to which the SAM events

in the model runs resemble those in the atmosphere. As

in GFL, we limit our analysis to positive SAM events

during La Ni~na and negative SAM events during El

Ni~no (designated as SAM–ENSO events) since the

FIG. 5. The anomalous, upper-tropospheric, zonal-mean meridi-

onal potential vorticity gradient anomalies for the (a)DH, (b)2DH,

(c) DQ, and (d) 2DQ runs. The vertical coordinate indicates sigma

level, and the contour interval is 7.5 3 10213 m21 s21.
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opposite phase SAM events are found to occur at

a much lower frequency both in observations and in our

DH1DQ and2DH2DQmodel experiments (Table 1).

For the basic run, which is independent of ENSO, all

SAM events are considered in the composite analysis.

Figure 8 shows the lag-0 composite zonal-mean zonal

wind anomalies associated with the SAM events in the

basic run. As has been shown in many previous studies

(e.g., Lorenz and Hartmann 2001, 2003; Thompson and

Wallace 2000), for both SAM phases, the zonal-mean

zonal wind anomalies are dominated by an equivalent

barotropic dipole structure in the extratropical tropo-

sphere with centers of opposite polarity located near

458 and 608S.

e. Frequency of positive and negative SAM events

Using the definition of SAM events as described in

section 2, we present in Table 1 the number of positive

and negative phase SAM events for all model experi-

ments. It can be seen for the basic run that the number of

positive and negative SAM is about equal, which is

similar to the observed SAM in non-ENSO years. For

FIG. 6. The (left) anomalous total, (middle) stationary-, and (right) transient-eddy momentum flux convergence for the DH 1 DQ,

2DH2 DQ, DH,2DH, DQ, and2DQ runs. The vertical coordinate indicates height (km), and the contour interval is 1.03 1026 m s22.
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the DH run, there are many more negative- than

positive-phase SAM events. The 2DH run shows op-

posite characteristics. Similar features are also found in

the DH 1 DQ and 2DH 2 DQ runs. In contrast, for the

DQ and2DQ runs, opposite features in the frequency of

positive and negative SAM events are found; that is,

positive (negative) SAM events are dominant in the DQ
(2DQ) run. From the findings of GFL, as described in

section 1, and from Fig. 5, it is plausible that the different

frequencies of occurrence of positive and negative SAM

events in the various model runs are due to the changes

in the zonal-mean ›q/›y on the equatorward side of the

eddy-driven jet and its subsequent impact on anticyclonic

wave breaking. For La Ni~na, such changes in ›q/›y

would suggest that the zonal-mean (zonally asymmetric)

heating contributes to an enhancement (weakening) in

anticyclonic wave breaking, with the zonal-mean heat-

ing influence being dominant. Similarly, these results

suggest for El Ni~no that a reduction in anticyclonic

breaking associated with its zonal-mean heating also

dominates. Thus, these results suggest that the phase

preference for the model SAM during El Ni~no and La

Ni~na, and perhaps also for the atmosphere, is due to the

changes in ›q/›y associated with the zonal-mean com-

ponent of the ENSO tropical heating.

4. Conclusions and discussion

In this study, a simple GCM is used investigate the

mechanisms that account for the strong preference

of positive SAM events during La Ni~na and negative

SAM events during El Ni~no for the late austral spring

(October–December). The model is forced by thermal

relaxation toward an empirical radiative–convective

equilibrium temperature profile that is obtained by the

‘‘residual method.’’ Although this is a simple GCM,

the model climatology is capable of capturing the key

characteristics of the basic flow and the variability as-

sociated with ENSO. To address the above question,

three El Ni~no and three La Ni~na runs were performed,

represented by zonally symmetric, zonally asymmetric,

and combined (zonally symmetric plus asymmetric)

heating and cooling fields, respectively.

The model simulations show that the zonally sym-

metric heating associated with El Ni~no produces a

stronger subtropical jet and weaker eddy-driven jet.

These changes in the wind field correspond to a strength-

ened midlatitude meridional potential vorticity gradient

on the equatorward side of the eddy-driven jet. The

opposite features are found in the zonally symmetric

La Ni~na model run. In contrast, for the runs with ENSO

zonally asymmetric heating, the relationship between

ENSO and the basic-flow changes (as well as the me-

ridional potential vorticity gradient) is reversed. In

GFL, it was shown that a reduced midlatitude meridio-

nal potential vorticity gradient coincides with a greater

frequency of positive phase of SAM events, and vice

versa for negative SAM events. Consistently, the model

runs with zonally symmetric El Ni~no heating, and their

increased midlatitude meridional potential vorticity

FIG. 7. (a),(b) The 250-hPa Rossby wave source anomalies due to the advection of the climatological absolute vorticity by the

anomalous divergent wind and (c),(d) the 250-hPa anomalous eddy streamfunction for (left) DQ and (right) 2DQ. The contour

interval is (a),(b) 1.5 3 10211 s22 and (c),(d) 2.0 3 106 m2 s21. The shading corresponds to the residual diabatic heatingQ* at s 5 0.25.

TABLE 1. The number of positive- and negative-phase SAM events

in each model experiment.

Basic

run DH 2DH DQ 2DQ DH1DQ 2DH2DQ

SAM1 14 8 31 20 8 14 21

SAM2 13 19 12 12 22 17 13
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gradient, indicate a strong preference for negative

phase SAM events. Similarly, for the zonally symmetric

La Ni~na cooling runs, these features were reversed.

The corresponding runs with zonally asymmetric ENSO

heating and cooling yielded opposite results. In the

ENSO simulations with the full heating and cooling

fields, it was found that the zonally symmetric contri-

bution dominates in terms of both its impact on ›q/›y

and also the phase preference for the SAM events.

Therefore, the results from these model runs suggest

that it is the zonally symmetric contribution to the

ENSOheating that accounts for the strong preference of

negative SAM events observed during El Ni~no and vice

versa for La Ni~na.
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