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ABSTRACT

Using an initial-value approach with an idealized general circulation model, the mechanisms by which the

Madden–Julian oscillation (MJO) influences the Arctic surface air temperature (SAT) are investigated.

Model calculations corresponding to MJO phases 1 and 5 are performed, as previous studies have shown that

these two phases are associated with a cooling and warming of the Arctic surface, respectively. Observed

MJO-like tropical heating profiles are specified, with the phase 5 (phase 1) heating taking on a more zonally

localized (uniform) spatial structure. A large ensemble of model runs is performed, where the initial flow of

each ensemble member consists of the winter climatology together with an initial perturbation that is selected

randomly from observational data. The model calculations show that MJO phase 5 (phase 1) is followed by

a strengthening (weakening) in the poleward wave activity propagation out of the tropics, which leads to an

increase (decrease) in Arctic SAT. Examination of the corresponding eddy momentum flux convergence and

mass streamfunction fields shows that an eddy-induced mean meridional circulation warms (cools) the Arctic

for phase 5 (phase 1). Further Arctic warming (cooling) takes place through changes in the planetary-scale,

poleward eddy heat flux. In addition, calculations with a passive tracer added to the model show an increase

(decrease) in the high-latitude tracer concentration for MJO phase 5 (phase 1). These results suggest that the

observed changes in Arctic downward infrared radiation associated with the MJO may be associated with

changes in poleward moisture transport.

1. Introduction

Numerous observational studies have suggested that

the Madden–Julian oscillation (MJO), the dominant mode

of intraseasonal time scale variability in the tropics

(Madden and Julian 1971, 1972, 1994), has a substantial

influence on the extratropical circulation of the atmo-

sphere through the modulation of poleward-propagating

Rossby waves (e.g., Matthews et al. 2004; Cassou 2008;

Mori and Watanabe 2008; Lin et al. 2009; Johnson and

Feldstein 2010).

Recently, Yoo et al. (2011) highlighted a possible role

for the MJO in the wintertime Arctic warming trend for

the years 1979–2008. They showed that MJO phases 4–6

are followed 1–2 weeks later by surface warming in the

Arctic, and MJO phases 1 and 2 by surface cooling. [The

multivariate MJO index of Wheeler and Hendon (2004)

was used, where MJO phases 4–6 and 1–2 correspond to

enhanced convection over the tropical western Pacific

and Indian Oceans, respectively.] Over the same 1979–

2008 time period, it was also found that MJO phases 4–6

underwent an increase in their frequency of occurrence,

while the corresponding frequencies of MJO phases 1

and 2 indicated a decline. These changes in the fre-

quency of occurrence of the various MJO phases were

shown to account for about 10% of the observed inter-

decadal time scale Arctic warming trend. This warming

trend was also linked to the spatial structure of the MJO

heating, since compared with the other MJO phases, the

total tropical outgoing longwave radiation (OLR) is

most localized (zonally uniform) for phase 5 (phase 1),

where the total is defined as the sum of the anomalous

and climatological tropical OLR. Consistently, the

poleward Rossby wave propagation out of the tropics

was found to be enhanced during phase 5 and reduced

during phase 1. This relationship between the changes in

the spatial structure of the tropical heating and Arctic

surface air temperature (SAT) is consistent with the

tropically excited Arctic-warming mechanism (TEAM)

hypothesis suggested by Lee et al. (2011a,b).
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Yoo et al. (2012, hereafter YLF) investigated the dy-

namical mechanisms through which the MJO influences

the extratropical SAT. Focusing on MJO phases 1 and

5—which, as discussed above, are followed by Arctic

cooling and warming, respectively, within a time period

of 1–2 weeks—they calculated lagged composites of

each term in the zonal-mean thermodynamic energy

equation. For phase 5, YLF showed that the Arctic SAT

increase takes place via a three-step process: adiabatic

warming is followed by eddy heat flux convergence and

then by enhanced downward infrared radiation (IR).

Phase 1 revealed opposite characteristics, with adiabatic

cooling followed by eddy heat flux divergence and re-

duced downward IR. For both MJO phases, the influence

of sensible and latent heat fluxes at the surface was found

to oppose that of the above three processes. These find-

ings are again consistent with the key processes of the

TEAM hypothesis. However, with an observational

analysis of the MJO, it is difficult to ascertain whether

the above processes are driven by the tropical convec-

tive heating anomalies associated with a particular MJO

phase. This is because the time that the MJO remains

within one phase (i.e., about 5 days) is less than the ap-

proximately 1–2 weeks that it takes for a convectively

driven Rossby wave packet to propagate from the tropics

to high latitudes (Hoskins and Karoly 1981). Therefore,

by the time a Rossby wave packet, excited by one par-

ticular phase of the MJO, reaches high latitudes, the

tropics and subtropics may already be under the influence

of the next one or two MJO phases.

Given this limitation of observational data analysis, in

this study, to better understand how MJO-like tropical

heating modifies the extratropical circulation and Arctic

SAT, we employ an initial-value approach. Another

beneficial aspect to these model calculations is that they

allow us to evaluate causal relationships. In the atmo-

sphere, each MJO event not only exhibits different

characteristics in its tropical convection field, but the

background flow will also differ from one MJO event to

the next, as will the transient eddy field that is present.

With observational data, it is difficult to isolate these

effects. In contrast, if the model calculations, with

a specified MJO-like tropical heating and climatological

background flow, do capture much of the observed re-

lationship between the MJO and the middle- and high-

latitude circulation and SAT, then it is likely that this

relationship can be understood primarily in terms of the

response to tropical convection. Moreover, by compar-

ing model runs with and without initial transient eddies,

we can investigate the impact of synoptic-scale eddies on

the extratropical response to the MJO.

In section 2, the model and experimental setup will be

described. Section 3 illustrates the temporal evolution of

the SAT, along with a diagnostic analysis of the dy-

namical mechanisms associated with the response to the

MJO-like tropical heating. We conclude with a discus-

sion in section 4.

2. Model and experiments

a. The model and initial-value calculation

The numerical model used in this study is a spectral

dynamical core from the National Oceanic and Atmo-

spheric Administration (NOAA)/Geophysical Fluid

Dynamics Laboratory. The model is run at triangular 42

horizontal resolution with 19 vertical levels in normalized

pressure (sigma) coordinates. In this model, Newtonian

cooling is applied to the perturbation temperature only,

where a perturbation is defined as the deviation from the

initial state, which corresponds to the observed climato-

logical flow. Rayleigh friction is included in the lowest six

levels (i.e., for s . 0.7), with the damping time scale

prescribed as 1 day at the surface and increasing with

height, as in Held and Suarez (1994). The model also

includes fourth-order horizontal diffusion with a 0.1-day

damping time scale at the model’s smallest scale, and

vertical diffusion with a 1-day damping time scale.

The climatological background flow for our calcula-

tions is obtained by averaging daily fields of the interim

European Centre for Medium-Range Weather Forecasts

Re-Analysis (ERA-Interim) dataset (Dee and Uppala

2009) for the months of December–February for 1979–

2008. Because the resulting climatological state is not

balanced, following the methodology used by Franzke

et al. (2004) to attain a balanced state, a time-independent

forcing term is introduced to the model equations. This

additional forcing term is obtained by initializing the

model with the climatological flow and then by integrating

forward in time by one time step.

b. Experimental design

To construct tropical heating fields that mimic the

observed MJO heating, we perform composite analysis

using the NOAA–Climate Prediction Center Merged

Analysis of Precipitation (CMAP) (Xie and Arkin 1997)

and the MJO index that is obtained from the Bureau of

Meteorology (Wheeler and Hendon 2004; http://www.

bom.gov.au/climate/mjo/) for December–February dur-

ing 1979–2008. For the precipitation data, we interpolate

the pentad data to daily data, remove the seasonal cycle

at each grid point by subtracting the first three har-

monics of the calendar mean for each day, and then

apply a 101-point, 5–100-day, bandpass digital filter.

The precipitation composite for phase 1 has a dipole

pattern with a positive anomaly over the Indian Ocean
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and a negative anomaly over the western Pacific Ocean

(Fig. 1, top left), with its node being close to 1108E,

whereas phase 5 shows opposite features (Fig. 1, top

middle). In previous studies (e.g., Lin et al. 2010; Seo

and Son 2012), it was shown that an anomalous heating

field with this particular dipole spatial structure excites

large-amplitude extratropical circulation anomalies. To

examine the anomalous circulation and SAT response to

the latent heating associated with the MJO pre-

cipitation, in all of our calculations these anomalous

precipitation composites will be used to construct MJO-

like tropical heating anomalies (Fig. 1, top).

Recalling that the zonally asymmetric climatological

flow is used for our basic state, it is important to em-

phasize again that the structure of the total (climatology

plus anomaly) heating is most localized for phase 5 and

most zonally uniform for phase 1 (Fig. 1, bottom). Since

the anomalies tend to be linear (i.e., the MJO phase-1

anomalies tend to have the opposite sign to those for

MJO phase 5), if we add the anomalies to the climatol-

ogy, for one phase the total wave field can have a larger

amplitude than that of the climatology and for the other

phase the total wave field can have a smaller amplitude

than that of the climatology. As will be described later,

this point is important for interpreting the anomalous

wave activity flux.

To confine the heating to the tropics, the precipitation

is multiplied by the following weighting function:

wy(u) 5
cos(3u) juj# 308

0 juj. 308
.

�
(1)

Here, u indicates the latitude. For its vertical structure,

we use an idealized profile of the form

wz(s) 5

0, s , 1 2 D

2

D
cos2

�
p

(s 2 sc)

2(1 2 D 2 sc)

�
, 1 2 D # s , sc

2

D
cos2

�
p

(s 2 sc)

2(1 2 sc)

�
, sc # s # 1

8>>>>><
>>>>>:

(2)

where D is the vertical depth of the heating, and sc the

level of maximum heating. The values of D and sc are

set to 0.8 and 0.5, respectively (Fig. 1, right). We have

varied the values of D and sc from 0.7 to 0.9, and from

0.4 to 0.6, respectively, and found that the pattern of the

model response to the forcing is insensitive to those

values, although for a fixed value of D the amplitude of

the model response increases as sc decreases. This is

because the vertical gradient of the heating in the upper

troposphere (not shown) increases with sc. To trans-

form the precipitation to a heating rate, the precipitation

is multiplied by the density of water and the latent heat

of vaporization and divided by the density of air, the

specific heat capacity of dry air at constant pressure, and

the vertical depth of the heating.

Two types of runs are performed: perturbations runs,

which include preexisting initial transient eddies, and

climatological runs, which lack initial transient eddies

(see Table 1). For the three sets of perturbation runs

(PER0, PER1, and PER5), each set has a different

tropical heating configuration and consists of 100 en-

semble members, with the flow in each member being

initialized with a randomly chosen observed daily field

(without considering MJO phase) from the ERA-

Interim dataset. To investigate the effect of the pertur-

bations, three climatological runs (CLIM0, CLIM1,

CLIM5) are performed, in which the model is initialized

FIG. 1. Spatial pattern of tropical heating used in this study, which is based on composites of (top) anomalous and (bottom) total

precipitation associated with MJO phases (left) 1 and (middle) 5. Contour intervals are (top) 0.5 and (bottom) 2 K and the zero contours

are omitted. Light (dark) shading indicates positive (negative) values. (right) Vertical structure of the tropical heating profile.

TABLE 1. The model integrations used in this study and their

respective initial conditions, tropical heating, and perturbations. In

all cases, the models are integrated for 20 days. All settings other

than those specified here are identical in all model integrations.

Initial background

flow

Tropical

heating

Number of

ensemble members

PER0 Daily No heating 100

PER1 Daily MJO phase 1 100

PER5 Daily MJO phase 5 100

CLM0 Climatology No heating Single run

CLM1 Climatology MJO phase 1 Single run

CLM5 Climatology MJO phase 5 Single run

AUGUST 2012 Y O O E T A L . 2381



by the climatological flow without the presence of per-

turbations. For both the perturbation and climatological

runs, we carry out calculations with three types of con-

figurations for the tropical heating; one corresponding to

MJO phase 1, another to MJO phase 5, and one with no

tropical heating (see Table 1). As will be shown, the set

of runs with initial transient eddies mimics the observed

extratropical flow features found by YLF better than

those without the transient eddies. Therefore, the per-

turbation runs will be the main focus of this study.

The model is integrated for 20 days, which corresponds

to the time period over which the impact of the clima-

tological transient eddy fluxes remain small (Franzke

et al. 2004) but is long enough for the extratropics to

respond to the tropical forcing (Hoskins and Karoly

1981). Although variable, a single phase of the MJO has

a typical period of about 5 days, but sometimes as long as

10 days. Therefore, the tropical heating is turned on at

day 1 and turned off at day 11. We have varied the

heating period from between 5 and 20 days and found

that the extratropical response is qualitatively insensi-

tive to the time period of the heating (not shown).

3. Results

a. Horizontal pattern

Figure 2 illustrates the temporal evolution of the

composite 300-hPa geopotential height anomalies for the

MJO phase1 (contours in left panels) and MJO phase 5

(contours in right panels) model runs (see Table 1), where

the anomaly is defined as the deviation from the en-

semble mean of the PER0 (no convective heating) runs.

Overall, the circulation response to the MJO-like trop-

ical heating resembles that found in similar modeling

studies (e.g., Hoskins and Karoly 1981; Simmons et al.

1983; Ting and Sardeshmukh 1993; Jin and Hoskins

1995; Lin et al. 2010; Seo and Son 2012), and also in the

composite fields shown by YLF, which are based on the

same MJO phases. By day 6, for both the MJO phase-1

and phase-5 composites, Rossby waves can be seen, with

centers near 308N, 1208E and 408N, 1608E, respectively.

These anomalies evolve into a Pacific–North American

(PNA)-like pattern of the positive and negative phase,

respectively, for phase 5 and phase 1. This result is con-

sistent with the findings of Mori and Watanabe (2008)

and Johnson and Feldstein (2010), who revealed that the

positive (negative) PNA takes place with increased fre-

quency of occurrence 1–2 weeks after MJO phase 5 (1).

Accompanying the above circulation changes, the

composite Arctic SAT anomaly over the Western

Hemisphere shows warming for phase 5 (shading in Fig.

2, right) and cooling for phase 1 (shading in Fig. 2, left).

For instance, on days 9–18, for phase 5, a positive SAT

anomaly over northern Canada and the Arctic Ocean

strengthens and widens. Similarly, for phase 1, over the

same time period, a strengthened and broadened nega-

tive SAT anomaly can be seen at a similar location.

Unlike the observations (see Fig. 1 in YLF), however,

the Arctic SAT response shows the opposite sign over

the Eastern Hemisphere.

We next examine the poleward wave activity flux as-

sociated with MJO phases 1 and 5. It is important to note

that both the stationary and transient eddies contribute

to the anomalous wave activity flux. We illustrate this

point by considering the meridional component of the

Eliassen–Palm (E-P) flux (Edmon et al. 1980), which is

proportional to [u*y*] 1 [u*y9*] 1 [u9*y*] 1 [u9*y9*],

where the square brackets denote a zonal average, the

asterisk a deviation from the zonal average, the overbar

a time mean, and the prime a deviation from the time

mean. The first term is the meridional component of the

climatological stationary wave activity flux, and the

latter three terms correspond to the meridional com-

ponent of the model’s anomalous wave activity flux. This

equation indicates that the anomalous wave activity flux

is not solely from the product of the anomalies (i.e.,

[u9*y9*]). If the anomalies were completely linear with

regard to the phase of the MJO, the contribution by

[u9*y9*] would be identical for the two phases (Fig. 2

indicates that the anomalies are nearly linear). The re-

sults from a calculation of the anomalous E-P flux, av-

eraged over days 7–13, show that the stationary eddies

do play an important role, because the poleward wave

activity flux is weakened for MJO phase 1 (Fig. 3, left)

and strengthened for MJO phase 5 (Fig. 3, right).

The above properties for the MJO phase-1 and phase-5

wave activity flux can also be inferred from the zonal-

mean-subtracted 300-hPa total streamfunction field,

where the total streamfunction is the sum of the anoma-

lous and climatological streamfunction (Fig. 4). As can

be seen, the phase-1 (left) and phase-5 (middle) stream-

function closely resemble each other, with the MJO

phase-5 amplitude being larger than that for MJO phase 1

(right, which show the difference between the total

streamfunction field of the two MJO phases). This result

is consistent with the larger (smaller) poleward wave

activity flux for MJO phase 5 (phase 1) as indicated by

the anomalous wave activity flux vectors (Fig. 3). These

differences in the MJO phase-1 and phase-5 wave ac-

tivity flux and streamfunction fields are consistent with

findings of Lee et al. (2011a,b), who showed that a more

localized and intense (zonally uniform) tropical heat-

ing leads to strengthened (weakened) poleward wave

activity propagation. This result agrees well with the

observations (see Fig. 2 in YLF).
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To examine the processes by which the SAT response

takes place, we start from the thermodynamic energy

equation,

›T

›t
5 2u � $T 2 N2HR21w 1 Q, (3)

where N is the buoyancy frequency defined as

N2 5
R

H

kTo

H
1

dTo

dz

� �
, (4)

and Q is the diabatic heating. Here, R is the gas constant

for dry air, H is the scale height, k is the ratio of the gas

constant to the specific heat capacity at constant pres-

sure ([R/C
p
), and T

o
is the horizontal mean tempera-

ture f5To(z)g.
Following YLF, we investigate the relative timing and

amplitude of the terms on the right-hand side (rhs) of (3),

namely horizontal thermal advection, adiabatic warming,

and diabatic heating, respectively. Since it takes about

1–2 weeks for tropically forced Rossby waves to reach

high latitudes (Hoskins and Karoly 1981), we project

each of the terms on the rhs of (3) onto the SAT pattern

averaged over days 7–13, for the domain 608–908N

(Feldstein 2002, 2003; YLF). The SAT anomaly pattern,

averaged over this time period, is a measure of the re-

sponse of the high-latitude temperature field to the MJO

tropical heating. The projection P
i

is written as

Pi 5 �
j

jij(l, f)Tj(l, f) cosf, (5)

where jij is the ith term on the rhs of (3), and Tj is the

SAT pattern averaged over days 7–13, both terms being

evaluated at the jth grid point. The anomalous SAT at

any time t is defined as

T(l, f, t) 5 a(t)T(l, f) 1 T9(l, f, t), (6)

where a(t) satisfies

FIG. 2. The composite evolution of the anomalous 300-hPa geopotential height (contours) and SAT (shading) for

MJO phases (left) 1 and (right) 5. All panels show the deviation from the ensemble mean of the PER0 (no convective

heating) runs. The panels show days (top to bottom) 3, 6, 9, 12, 15, and 18. The contour interval is 4 m. Solid contours

are positive, dashed contours negative, and the zero contours are omitted.
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a(t) 5

�
j

T(l, f, t)T(l, f) cosf

�
j

T
2
(l, f) cosf

8>><
>>:

9>>=
>>;

. (7)

The quantity a(t) corresponds to a time series that

measures the similarity between the daily anomalous

temperature pattern and T. After substituting (7) into

(6), multiplying both sides of (6) by T
j
cosf, and in-

tegrating over 608–908N, we obtain the orthogonality

relationship �jT9(l, u, t) T (l, u) cosu 5 0. Then, after

substituting (6) into (3), and applying the same orthog-

onality relationship over 608–908N, (3) becomes

FIG. 3. The time-mean (days 7–13) composite of the E-P flux (vectors) and its divergence (contours) for MJO

phases (left) 1 and (right) 5. The contour interval is 5 m s22. Solid contours are positive, dashed contours negative,

and the zero contours are omitted.

FIG. 4. The composite evolution of the zonal-mean-subtracted 300-hPa streamfunction for (left) MJO phase 1 and (middle) MJO phase

5, and (right) phase 5 minus phase 1. The panels show days (top to bottom) 3, 6, 9, 12, 15, and 18. The contour intervals are 5 3 106 s21 for

the left and middle panels and 1 3 106 s21 for right panels. Solid contours are positive, dashed contours negative, and the zero contours are

omitted.
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da

dt
5

�
2

i51

Pi

�
j

T
2
j cosf

, (8)

where the P
i

are for the projections of the composite

terms from the rhs of (3) onto T, such as dynamical

warming (the sum of horizontal thermal advection and

adiabatic warming; i 5 1) and the residual (i 5 2).

Equation (8) enables us to determine the relative am-

plitude and timing of each term in the thermodynamic

energy equation toward the driving of T.

In Fig. 5, it is seen that the dynamical warming term

(thin solid curve) plays the dominant role in driving the

Arctic SAT, as it closely follows da(t)/dt (thick curve) on

most days. The relative amplitude of each term is con-

sistent with Fig. 3 in YLF: horizontal thermal advection

(dotted curve) makes a much larger contribution than

the adiabatic warming (dashed curve). YLF also found

that adiabatic warming leads the horizontal thermal

advection. In our model, however, this lead–lag rela-

tionship is not present. Finally, the residual (curve with

asterisks) remains relatively small throughout the in-

tegration, as for the sum of the downward IR and the

surface heat flux in Fig. 3 of YLF. Apparently, the

Newtonian cooling can mimic this aspect of the down-

ward IR and surface heat flux.

b. Zonal mean diagnostics

Having demonstrated that the Arctic SAT change in

the model is driven primarily by dynamical warming, we

next address the question of how the MJO heating can

bring about the warm horizontal thermal advection and

adiabatic warming at high latitudes for phase 5, and vice

versa for phase 1. Again, as in YLF, we investigate this

question within the wave–zonal-mean flow framework.

Figure 6 illustrates the temporal evolution of the zonal-

mean temperature anomaly (shading). In the extratropics,

phase 1 (left) shows that a negative temperature response

emerges near 508N at day 9. By day 18, the northern

edge of the cold air reaches 758N. For phase 5 (right), an

analogous pattern of warming can be seen. This high-

latitude temperature anomaly is somewhat shifted

equatorward compared to the observations, but the

overall picture remains consistent (Fig. 5 in YLF).

The zonal-mean zonal wind composite (thin contours

in Fig. 6, right) shows evidence of an anomalous wave

source at the equator for phase 5, since the anomalous

zonal wind is positive in this region [wave–zonal mean

flow interaction theory (Andrews and McIntyre 1976,

1978) indicates the presence of a wave source in regions

of eddy momentum flux convergence and thus a zonal

wind acceleration]. Similarly, the phase-1 zonal-mean

zonal wind composite indicates the presence of an

anomalous wave sink at the equator (thin contours in

Fig. 6, left). Consistent with previous studies (Suarez

and Duffy 1992; Saravanan 1993; Lee 1999; Caballero

and Huber 2010), the more zonally localized tropical

heating of phase 5 excites an enhanced poleward prop-

agation of wave activity away the equator and shows an

eastward acceleration at the equator. Furthermore,

comparison between the zonal-mean zonal wind ten-

dency (the tendency can be inferred by comparing ad-

jacent days in Fig. 6) and the eddy momentum flux

convergence anomaly (shading in Fig. 7) suggests that

the zonal-mean zonal wind is driven mostly by the eddy

momentum fluxes. For both MJO phases, the anomalous

eddy momentum flux (contours in Fig. 7) first appears in

the tropics and expands poleward with time. Since the

direction of the eddy momentum flux is opposite to that

of the wave activity flux (Held 1975), it can be seen for

phase 5 (phase 1) that there is enhanced (reduced)

poleward wave activity propagation throughout the

model integration (see also Fig. 3). For both MJO pha-

ses, the anomalous eddy momentum flux reaches high

latitudes by day 9, consistent with the theoretical time

scale of Rossby wave packet propagation (Hoskins and

Karoly 1981).

FIG. 5. The time rate of change of a(t) (thick curve), dynamical warming (thin solid curve), adiabatic warming

(dashed curve), horizontal thermal advection (dotted curve), and the residual (curve with asterisks), for MJO phase 1

(left) and phase 5 (right). Values have been multiplied by 1 3 1026.
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As suggested by the results of the projection analysis

(Fig. 5), adiabatic processes also play an important role in

Arctic SAT change. We examine the adiabatic warming/

cooling by calculating the anomalous mass stream-

function field [the green contours in Fig. 7; positive

(negative) values indicate a clockwise (counterclock-

wise) mean meridional circulation (MMC) anomaly].

Since an anomalous eddy momentum flux convergence

(divergence) accelerates (decelerates) the zonal-mean

zonal wind, to maintain thermal wind balance, a ther-

mally indirect (direct) MMC must be generated. From

this relationship, it can be seen from Fig. 7 that the adi-

abatic warming (cooling) near 708N for phase 5 (phase 1)

is driven by eddy momentum flux divergence (conver-

gence). For phase 5, the MMC response indicates down-

ward motion poleward of the eddy momentum flux

divergence maximum, and hence adiabatic warming

over the Arctic. Likewise, for phase 1, the thermally

indirect MMC response at a similar latitude is associated

with upward motion and hence adiabatic cooling over

the Arctic.

Next, we examine the vertically averaged (500–

1000 hPa) eddy heat flux anomaly, which plays the

dominant role in the Arctic SAT change, as suggested by

the time rate of change of a(t) (Fig. 5). [Note that the eddy

heat flux field is very similar to the horizontal thermal

advection (not shown). This is to be expected for large-

scale flows for which quasigeostrophic theory is most

applicable.] As was shown in YLF, the change in eddy

heat flux does not take place through baroclinic in-

stability. That is, changes in baroclinicity, which can be

measured by the negative meridional gradient of the

FIG. 6. The composite evolution of the zonal-mean zonal wind (thin contours) and zonal-mean temperature

(shading) for days (top to bottom) 3, 6, 9, 12, 15, and 18, superposed on the climatological zonal-mean zonal wind

(thick contours) for (left) MJO phase and (right) MJO phase 5. The contour intervals for the anomalous and cli-

matological zonal-mean zonal wind are 0.1 and 15 m s21, respectively.
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zonal-mean temperature, do not precede changes in the

eddy heat flux. Instead, the eddy heat flux anomaly ap-

pears to occur as a direct response to the tropical heating,

since most of the contribution to the eddy heat flux prior

to day 15 is from zonal wavenumbers 1–3 (Fig. 8), the

same spatial scales that dominate the model’s anomalous

tropical heating field. As can be seen, phase 1 (Fig. 8,

right) shows that the vertically averaged (500–1000 hPa)

eddy heat flux anomaly for zonal wavenumbers 1–3 (thin

contours) dominates over that of zonal wavenumbers

4–8 (thick contours). In particular, the negative anomaly

of the planetary-scale eddy heat flux near 458N plays

a key role in Arctic cooling. This reduction in the eddy

heat flux causes warming (cooling) on the southern

(northern) flank of its maxima and results in increased

baroclinicity (shading in Fig. 8). This increased baro-

clinicity is then followed by growth in zonal wave-

numbers 4–8. Analogous behavior in the eddy heat flux,

but with opposite sign, can be seen for phase 5 (Fig. 8,

right).

Given the interest in literature on the recent poleward

jet shift (Kushner et al. 2001; Fu et al. 2006; Lorenz and

DeWeaver 2007; Archer and Caldeira 2008; Lu et al.

2008), we briefly note that phase 5 has a positive zonal-

mean zonal wind anomaly (thin black contours in Fig. 6,

right) on the poleward side of the subtropical jet near

308N (thick black contours in Fig. 6, right) and a negative

anomaly on the equatorward side of the jet. For phase 1

(Fig. 6, left), the opposite behavior can be seen. This

result is consistent with the observational findings of

FIG. 7. The composite evolution of the anomalous eddy momentum flux (black contours), the eddy momentum flux

convergence (shading), and zonal-mean mass streamfunction (green contours) for (left) MJO phase 1 and (right)

MJO phase 5. The contour interval is 1 m2 s22 for the eddy momentum flux. For the mass streamfunction, the

contour levels are 2100, 225, 210, 25, 22.5, 21, 20.5, 20.25, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 100.
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YLF and suggests that the interdecadal trend in the

zonal wind may be in part be driven by an increased

(decreased) frequency of occurrence in more zonally

localized (uniform) tropical heating as is observed for

MJO phase 5 (phase 1) (Yoo et al. 2011).

c. Passive tracer transport

In the atmosphere, as shown in YLF, the dynamical

cooling (warming) associated with phase 1 (phase 5)

coincides with a decrease (increase) in downward IR

and a corresponding decline (rise) in specific humidity.

As discussed in YLF, these changes in downward IR

may in part originate from an alteration in the poleward

moisture flux. To examine this process, a passive tracer

is added to the model. For this calculation, as for the

initial flow, each tracer field within the 100-member

ensemble is initialized by a randomly chosen daily spe-

cific humidity field obtained from the ERA-Interim

dataset. With a calculation of this type, albeit somewhat

crude because of the neglect of sources and sinks, we

attempt to estimate the impact of MJO convection on

the transport of middle- and high-latitude water vapor.

Figure 9 illustrates that the zonal-mean tracer con-

centration anomaly steadily increases (decreases) over

a wide range of latitudes centered near 608N for phase 5

(phase 1). For phase 5 (Fig. 9, right), a positive tracer

anomaly first appears near 508N and then moves pole-

ward. Similar behavior, but of opposite sign, can be seen

for phase 1. These results indicate that the circulation

excited by the model’s MJO convective heating has

a large impact on the tracer concentration, with the

spatial structure of the tracer concentration resembling

that observed for the specific humidity at middle and

high latitudes during MJO phase-1 and phase-5 events

in the atmosphere. Such a result is supported by the

findings of Lee et al. (2011b), who showed that a change

in downward IR occurs in response to tropical heating.

Also, Vecchi and Bond (2004) found that the SAT change

associated with the MJO arises in part from a circulation-

induced change in the specific humidity and its impact

on downward IR.

d. Sensitivity to the initial transient eddies

To examine the sensitivity of the Arctic SAT response

to the initial transient eddies, we calculate the projection

of the SAT for each ensemble member onto the time-

mean (7–13 days), ensemble-mean SAT, over the do-

main 608–908N. The results, presented in Figs. 10a and

10b for MJO phases 1 and 5, respectively, show that the

spread of the projections grows in time, but it is rela-

tively small until day 12. It is interesting that day 12

corresponds to the time when synoptic-scale waves

(zonal wavenumbers 4–6) start to grow (Fig. 8). Prior to

that time, when the spread was relatively small, the

planetary-scale wave heat flux was already fully de-

veloped. These concurrences further support the view

that the planetary-scale wave heat flux is associated with

the direct wave response to the localized tropical con-

vective heating, whereas the synoptic-scale wave heat

flux depends upon the interaction between the planetary-

scale wave response to the tropical heating and the pre-

existing transient eddies. Analogous behavior can be seen

for 300-hPa eddy geopotential height anomalies for both

MJO phase 1 and phase 5 (Figs. 10c,d).

For the CLM1 and CLM5 runs (Fig. 11), in which the

initial transient eddies are set to zero, the overall hori-

zontal structure of the circulation anomalies is compa-

rable with those of the corresponding runs with the

nonzero initial transient eddies (the PER1 and PER5

model runs). For instance, the 300-hPa geopotential

height anomalies from CLM1 and CLM5, respectively,

show development of negative and positive PNA-like

patterns (contours). Also, over the Arctic, the SAT

(shading) indicates negative (positive) anomalies near

FIG. 8. The composite evolution of the anomalous vertically averaged (500–1000 hPa) eddy heat fluxes for zonal

wavenumbers 1–3 (thin contours) and zonal wavenumbers 4–8 (thick contours) superposed on the anomalous baro-

clinicity (shading) for (left) MJO phase 1 and (right) MJO phase 5. The contour interval is 0.15 K s21.
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the date line for CLM1 (CLM5). These particular

anomalies in the circulation and SAT can also be seen

in the zonal mean (Fig. 12). Nonetheless, there are also

noteworthy differences. The PNA-like wave train ampli-

tude is weaker in the presence of the initial transient eddies,

while over the North Atlantic a north–south-oriented

dipole that resembles North Atlantic Oscillation (NAO)

only appears with the transient eddies. These impacts of

the initial transient eddies on the PNA-like and NAO-like

structures are consistent with the previous findings that

the PNA results primarily from a linear process (Feldstein

2002) whereas the NAO is essentially a nonlinear phe-

nomenon (Feldstein 2003).

4. Conclusions and discussion

In this study, we used an initial-value approach to ad-

dress the question of how MJO-like tropical convective

heating influences the Arctic winter SAT. The model

calculations showed that an enhanced zonal localization

of tropical convective heating, which resembles the

precipitation anomaly associated with MJO phase 5,

strengthens the poleward propagation of Rossby waves

out of the tropics, which in turn leads to an increase in

the Arctic SAT. In contrast, for MJO phase 1, with its

more zonally uniform tropical convective heating, the

poleward Rossby wave propagation is reduced, and

the Arctic SAT declines. Specifically, corresponding to

the more localized tropical heating of MJO phase 5, the

eddy momentum flux associated with the enhanced

poleward-propagating Rossby waves drives sinking mo-

tion in high latitudes, which warms the Arctic air adia-

batically. The larger-amplitude poleward-propagating

waves also coincide with a strengthened poleward eddy

heat flux. Because this increase in eddy heat flux is car-

ried out by planetary-scale waves (zonal wavenumbers

FIG. 9. Composite evolution of the anomalous zonal-mean tracer concentration for (left) MJO phase 1 and (right)

MJO phase 5. The contour levels are 225, 220, 215, 210, 25, 22.5, 21, 1, 2.5, 5, 10, 15, 20, and 25.
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1–3) that have a zonal scale similar to that of the anom-

alous tropical heating, and also because the planetary

waves are dominant prior to the excitation of synoptic-

scale waves (zonal wavenumbers 4–7), we interpret the

eddy heat flux as arising directly from the poleward-

propagating waves excited by tropical convection.

Likewise, corresponding to the less localized heating of

MJO phase 1, there is anomalous adiabatic cooling in

FIG. 10. The one standard deviation (bars) of projections for 100 ensemble members in (a),(c) MJO phase 1 and

(b),(d) MJO phase 5 for (a),(b) SAT and (c),(d) geopotential height fields. The black curve indicates the ensemble

mean.

FIG. 11. The 300-hPa geopotential height (contours) and SAT (shading) for the (left) CLM1 and (right) CLM5 model

runs. The contour interval is 8 m.
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the Arctic and a reduced poleward eddy heat flux by the

planetary-scale waves.

This relationship between the zonal structure of the

tropical heating and poleward wave activity propagation

is consistent with the TEAM hypothesis proposed in Lee

et al. (2011a,b). The model results were also consistent

with the observational study of YLF, which showed

that dynamical processes, including adiabatic warming/

cooling and eddy heat flux convergence/divergence,

contribute to Arctic SAT change. The initial-value ap-

proach employed in this study helps to elucidate the in-

traseasonal time scale causal relationships among the

tropical convection, poleward-propagating Rossby waves,

and Arctic SAT.

In addition to the above two dynamical processes, the

model integrations further support the finding in YLF

that the Arctic SAT change is amplified by a change in

downward IR associated with anomalous specific hu-

midity. In this study, it was shown that a passive tracer

added to the model is transported more (less) heavily

toward high latitudes in response to the more zonally

local (uniform) tropical heating. This result suggests that

the alteration in downward IR that is important for

Arctic SAT change is, at least in part, attributable to

moisture transport caused by circulation changes asso-

ciated with tropical convection.

The results of this study can also provide further in-

sight into the findings of Lee et al. (2011b), who showed

that the P2 (1982–2001) minus P1 (1958–76) Arctic SAT

trend arises from changes in the frequency of occurrence

of intraseasonal time scale teleconnection patterns.

Because the P2 2 P1 precipitation and circulation trend

patterns comprise a number of different intraseasonal

time scale teleconnection patterns, the trend patterns

are, in some sense, not physical, since at any given time

the P2 2 P1 trend patterns may not occur in nature. In

contrast, because MJO-like tropical heating does occur

in the atmosphere, the calculations presented in this

study may help us to better understand the interdecadal

trend in the circulation and SAT.

In the context of future climate projections, the sen-

sitivity of the Arctic SAT to the zonal structure of the

FIG. 12. The zonal-mean zonal wind (contours) and zonal-mean temperature (shading) for the (left) CLM1 and

(right) CLM5 model. The contour interval is 0.2 m s21.
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tropical heating suggests that a reliable prediction of

Arctic SAT may hinge on a faithful modeling of tropical

convection. Because the zonal structure of tropical

convection is in turn dependent on coupled atmosphere–

ocean dynamics, this result also underscores the impor-

tance of accurate simulations of tropical atmosphere–ocean

interaction.
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