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Abstract

The Rossby wave source (RWS) and the corresponding extratropical wave response to
tropical convection associated with different phases of the Madden-Julian Oscillation (MJO) is
investigated with the dynamical core of a climate model. The initial flow is specified to
correspond to the boreal winter climatological flow and an imposed tropical heating that is
derived from the observed precipitation for all 8 MJO phases. One key question addressed here is
why does the extratropical Rossby wave train depart the subtropics at a longitude well to the east
of the RWS.

For all 8 MJO phases, it is found that the extratropical response over the North Pacific and
North America is almost entirely due to the MJO convection over the western tropical Pacific.
The RWS is excited within the first 24 hours after the model heating is turned on. For MJO
phases 1-3 and 8, the RWS leads to the development of a cyclonic anomaly over southeast Asia
via advection of the climatological absolute vorticity by the anomalous divergent wind in the
subtropics and by horizontal convergence in the tropics. MJO phases 4-7 show opposite features.
The resulting anomaly is then advected eastward by the climatological zonal wind toward the
central Pacific, after which dispersion into the extratropics and the excitation of a Pacific/North

American teleconnection pattern takes place.
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1. Introduction

The Madden-Julian Oscillation (MJO) is the dominant mode of atmospheric intraseasonal
variability within the tropics. The MJO is a planetary-scale phenomenon that incudes both
convective and circulation components with a 30-60 day period (Madden and Julian 1971). The
convective component of the MJO takes on a dipole spatial structure characterized by enhanced
convection over the tropical Indian Ocean along with a reduction in convection over the tropical
western Pacific Ocean, and vice versa. Many studies have shown that the MJO has a substantial
impact on the extratropics through its excitation of poleward propagating Rossby waves
(Weickmann et al. 1985; Higgins and Mo 1997; Matthews et al. 2004; L'Heureux and Higgins
2008; Seo and Son 2012; Yoo et al. 2012a,b). An active MJO has also been shown to influence
the development of both the North Atlantic Oscillation (NAQO) (Cassou 2008; Lin et al. 2009;
Riddle et al. 2012) and Pacific/North American (PNA) teleconnection patterns (Mori and
Watanabe 2008; Johnson and Feldstein 2010; Moore et al. 2010; Roundy et al. 2010; Franzke et

al. 2011; Riddle et al. 2012) with lead times of one to four weeks. Seo et al. (2016) examined the
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extratropical temperature response to the MJO, focusing on three regions where the MJO has a
large impact. They observed warming over East Asia and North America, and cooling over
Eastern Europe one to three weeks after enhanced MJO convection over the tropical Indian
Ocean. They showed that the warming over East Asia arises primarily from adiabatic subsidence
associated. with an enhanced local Hadley circulation. In contrast, for North America and
Eastern Europe, the temperature changes were found to arise from horizontal temperature
advection associated with Rossby waves that were excited by the MJO. The above long lead
times suggest that the MJO can be used as a basis for the improvement of medium-range weather
forecasting = (Vitart and Molteni 2010; Johnson et al. 2014). (See also

http://www.cpc.ncep.noaa.gov, where the MJO is used for operational forecasts at week 3 and 4

lead times.)

One complication when trying to understand how tropical convection can excite Rossby
waves that depart the tropics and propagate into midlatitudes is that the convection occurs within
a broad region of tropical easterlies. Since the phase speed of quasi-stationary Rossby waves
such as those associated with the MJO is greater than that of the background tropical easterlies,
according to the linear theory of (rotational) Rossby wave dispersion, these Rossby waves cannot
propagate meridionally and are thus trapped within the tropics. However, as shown by
Sardeshmukh and Hoskins (1988), poleward propagating Rossby waves can still be excited by
tropical convection if the divergent circulation induced by convection can advect absolute

vorticity out of the tropics into the subtropical westerlies, or if this divergent circulation is
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associated with strong subtropical divergence or convergence. Mathematically, the former can be
expressed by —vqeVCaps, and the latter by -CansVevq where vy is the divergent wind and C,ps is the
absolute vorticity. The sum of these two terms is commonly referred to as the Rossby wave
source (RWS) (Sardeshmukh and Hoskins 1988). The vorticity anomaly generated by the RWS,
in the presence of these westerlies, is then free to disperse poleward into higher latitudes. It is
through this mechanism that it is usually thought that MJO convection excites Rossby waves that

propagate into middle and high latitudes.

According to the RWS hypothesis, one might expect that poleward propagating Rossby wave
trains would depart the subtropics from the longitude where the MJO-excited anomalies are first
generated, that is, where the RWS associated with the MJO is a maximum. As we will see in this
study, there are three regions in the Northern Hemisphere where the RWS associated with the
MIJO is a local maximum - over the Indian subcontinent, the eastern coast of China and the
adjacent East China Sea, and southeast Asia, with the former two regions closely overlapping
with the maximum climatological absolute vorticity gradient in the upper troposphere (Fig. 1).
This would suggest that the poleward propagating Rossby wave trains associated with the MJO
should depart the subtropics from eastern Asia. However, in the atmosphere, the poleward
propagating Rossby wave train associated with the MJO departs the subtropics over the central
Pacific and the extratropical response to the MJO occurs primarily over the North Pacific and
North America. In other words, the longitude that the wave train leaves the subtropics differs

from that where Rossby wave anomalies are first generated by the MJO. Furthermore, the
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longitude that the wave train is observed to depart the subtropics corresponds to the jet exit
region, where the climatological zonal wind is much weaker than that at the longitude of the
maximum RWS. This suggests that the location of the jet exit region may play a crucial role in
determining the longitude where the MJO-excited wave train departs the tropics. Based on
geography proximity, this also suggests that perhaps the extratropical response to the MJO is
being driven primarily by the MJO convection anomaly over the western Pacific and not that

over the Indian Ocean.

Motivated by RWS theory, and also by apparent dissonance between the theoretical
expectation and the observations, in this study, we address the following four questions: (1)
What is the contribution of absolute vorticity advection by the divergent wind, i.e., —vq®VCaps,
and horizontal divergence -CapsV vy, to the RWS associated with the MJO? (2) Why is the MJO-
linked North Pacific wave train located well to the east of the RWS? (3) Why does the Rossby
wave train associated with the MJO depart the subtropics in the central Pacific? (4) What are the
individual influences of the Indian Ocean and western Pacific Ocean convection on the

extratropical response to the MJO?

In this study, to address these questions, we use the spectral dynamical core of a National
Oceanic and Atmospheric ~Administration/Geophysical Fluid Dynamics Laboratory
(NOAA/GFDL) climate model. Initial value calculations are performed with MJO-like tropical
diabatic heating profiles, which are superimposed upon the Northern Hemisphere winter

climatological flow. For addressing the questions raised above, there is a particular advantage to
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using a model rather than analysing observational data to address the questions raised above. A
problem with observational data is that there are secondary circulations induced by the ever-
present extratropical synoptic-scale eddies. The secondary circulation, which maintains thermal
wind balance, is characterized by a large horizontal divergence in the subtropics that makes a
substantial contribution to the RWS. Thus, it can be challenging to disentangle the tropical
convection contribution to the RWS from that associated with midlatitude synoptic-scale eddies.
In the model, the initial flow does not include synoptic-scale eddies, i,e., there is no synoptic-
scale eddy-driven secondary circulation at the beginning of the model integration. Furthermore,
as shown in Jin and Hoskins (1995), for the type of model integration performed in this study,
the generation of synoptic-scale eddies by baroclinic instability isn’t fully complete until almost
3 weeks into the model integration. Therefore, since our model integrations will terminate after 9
days, a synoptic-scale eddy-driven secondary circulation remains unimportant throughout the
model integration, which allows us to isolate the impact of MJO tropical convection on the

extratropical circulation.

To investigate how the RWS develops in response to the model’s tropical convective heating,
we will examine the RWS every six hours within the first day of the model integration. This is
because, as we will see, the RWS is established within 12-18 hours after the convective heating
is turned on, and the excitement of Rossby waves is first apparent after 24 hours. In other words,
the step-by-step sequence by which tropical convective heating excites the RWS and then

Rossby waves, occurs very rapidly, within one day. Therefore, to understand the dynamics of the
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causal relationship between MJO tropical convection, the RWS, and the generation of Rossby
waves, it is critical to examine the detailed flow evolution during the first day of the model
integration. To the best of our knowledge, such an examination of the initial evolution has not
yet been performed. Previous studies examined the RWS either after several days in a model run

or from a statistically steady state in either a model run or with observational data.

In section 2, the model, experiments, and method are presented. This is followed by the

results in section 3 and the conclusions in section 4.

2. Model experiments, and method

a) Model experiments

We employ the spectral dry-dynamical core of a NOAA/GFDL climate model (Held and
Suarez 1994). This model numerically solves the primitive equations, and in our application, the
model is integrated at a triangular 42 horizontal resolution with 19 vertical normalized pressure
(sigma) levels. Newtonian cooling is applied only to the temperature deviation from the
climatological state. Rayleigh friction is applied to the six lowest model levels (c > 0.7), with the
damping time set to one day at the surface and decreasing with height. This model includes
fourth-order horizontal diffusion with a 0.1-day time scale at the smallest resolvable scale and
vertical diffusion with a 1.0-day time scale. A more complete description about the model can be

found in Held and Suarez (1994).
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As discussed in the introduction, an initial value calculation is performed. The initial state for
this calculation consists of a background flow that is computed by averaging the daily fields of
the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis
data set (Dee et al. 2011) for the months of December, January, and February (DJF) from 1979 to
2008. To ensure that the initial state in the model is balanced, forcing terms are added to the
model equations. These forcing terms are obtained by integrating the model equations forward in
time by one time step, as in Franzke et al. (2004). MJO-like heating profiles are then added to the
initial state. (Details on the MJO-like heating are presented below.) Yoo et al. (2012a) and Goss
and Feldstein (2015) also used the same modelling approach with the NOAA/GFDL spectral

dynamical core to investigate the extratropical response to the MJO.

Eight separate model runs are performed, one for each of the eight MJO phases, which are
defined by the values of the Real-Time Multivariate MJO index of Wheeler and Hendon (2004).
This index is determined from a combined empirical orthogonal functions analysis of the tropical
200- and 850-hPa zonal wind, and outgoing longwave radiation. MJO phase 1 corresponds to
enhanced convection in the Indian Ocean and reduced convection in the western tropical Pacific
Ocean. MJO phase 5 shows opposite features and the remaining six phases have characteristics
that are intermediate between phases 1 and 5. The determination of the heating fields for the
MJO phases follow the same procedure as in Yoo et al. (2012a). Briefly, anomalous precipitation

composites are obtained for the eight MJO phases using the NOAA -Climate Prediction Center

Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1997) dataset. (In this study, all
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anomalies refer to deviations from the observed climatology.) The horizontal structure of the

model’s heating field, H, is expressed as

H = pwLP
PaCpD

)

where P is the composite precipitation anomaly, p,, the density of water, L the latent heat of
vaporization, p, the air density, ¢, the specific heat capacity of dry air at constant pressure, and
D the vertical depth of the heating. The horizontal structures of the total and anomalous heating
fields are shown in Fig. 2 for MJO phases 1 and 5 (Yoo et al. 2012a). As can be seen, the
anomalous heating fields take on a dipole structure, with one extremum located over the tropical
Indian Ocean and the other over the western tropical Pacific Ocean. As in Yoo et al. (2012a), the
heating is specified to gradually decline from the equator to 30 degrees latitude in both
hemispheres, beyond which it is set to zero, and an analytical vertical structure is specified which
has a single maximum value near 500 hPa (Fig. 2). The model integrations are performed for 9
days, since each MJO phase typically lasts between 5 and 10 days. Also, over this time period,
the additional forcing term has limited impact on the flow evolution (Franzke et al. 2004). The
heating is gradually turned on over a 24-hour time period to suppress the excitement of large
amplitude gravity waves. In our presentation, the number of hours and days that are indicated

correspond to the time period that has passed after the initial 24-hour spin-up time period.

b) Method
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The variables examined in this study include the daily 200-hPa streamfunction, horizontal

wind, divergence, and relative vorticity. These variables are calculated on the model’s sigma

surfaces and are then linearly interpolated onto the 200-hPa pressure surface. The key approach

in this study is to analyse each term in the vorticity equation at 200 hPa (Feldstein 2002) which

can be symbolically written in pressure coordinates as

where

_6(' = 7 + R
at Zfi ’
i=1

f= - (vea)) + (s}

1.1 1.2

&= {=[v] VO3 + {-vi - V[T]} + (=[Va] W} + {—vg - V[T]}
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& = {—vV'{}

In these equations, 9 is the relative vorticity, v the horizontal wind vector, v the meridional wind
component, E the vertical wind component, a the earth’s radius, p the pressure, k the unit vector
in the vertical direction, f the Coriolis parameter, A the diffusivity, and R a residual. The
subscripts - ‘r’ and ‘d’ denote the rotational and divergent horizontal wind components,
respectively. A prime indicates an anomaly in time (i.e., a deviation from the model’s initial

climatological state) and an overbar denotes the time mean of the respective variables. Square

brackets indicate a zonal average, and an asterisk represents a deviation from the zonal average.

oy

5 is computed via centered finite

For the remaining terms, standard definitions apply. The term

differencing. The various contributions to each of the ; are denoted as follows. For &;, the first
and second terms are referred as term 1.1 and term 1.2, respectively. For &,, the four terms are

designated as term 2.1 through term 2.4. The other &; all follow the same format.

As stated in Feldstein (2002), % corresponds to anomalous planetary vorticity advection, ¥a
to the interaction between the anomaly and the zonal mean climatological flow, %3 to the
interaction between the anomaly and the zonally asymmetric climatological flow, % to the
divergence term, %3 the relative vorticity advection by the transient eddies, and % the tilting

terms. The sum of terms 1.2, 2.3, 2.4, 3.3, 3.4, 4.1, 4.2, and 5.2 corresponds to the RWS, while

11
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sum of terms 1.1, 2.1, 2.2, 3.1, 3.2, and 5.1 represents vorticity advection associated with the

rotational wind.

In contrast to previous studies on the PNA that employ the streamfunction tendency equation
(e.g., Feldstein 2002), we instead choose to use the vorticity equation. This is because the model
calculations indicate that there is a large cancellation between the advection of the climatological
relative vorticity by the anomalous rotational and divergent wind fields, i.e., terms 2.2 and 3.2
tend to cancel as well as terms 2.4 and 3.4, when the inverse Laplacian operator is applied. When

this operator is not applied, the contribution by the rotational wind is dominant.

3. Model results

We first focus on MJO phase 1, and then compare the results with those for the seven other

MJO phases.

a) MJO phase 1

For MJO phase 1, the streamfunction tendencies are shown every 6 hours for the first day
and then every two days until day 9 (Figs. 3 and 4). During the first day, a dipole anomaly
develops in the Northern Hemisphere tropics, with a negative anomaly centred near 110°E and a
positive anomaly centred near 100°W (Fig. 3). The negative anomaly propagates eastward and

strengthens over the next two days, followed by continued eastward propagation and then
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poleward dispersion from the subtropical central Pacific at a longitude of about 150°E by day 7
(Fig. 4). (Although it would be more precise to refer to this longitude as the west-central Pacific,
for the rest of this study, for brevity, we refer to this longitude as the central Pacific.) During the
following two days (see day 9), the streamfunction tendency anomalies over the North Pacific
and Alaska strengthen while the subtropical Pacific anomaly weakens. The resulting wave train
exhibits features resembling the negative phase of the PNA, as negative anomalies are seen over
the subtropical Pacific and northwestern North America, and a positive anomaly over the North
Pacific.. The PNA-like wave field at day 9 resembles the wave field found in other idealized
modelling studies with MJO tropical heating (e.g., Matthews et al. 2004; Seo and Son 2012). The
streamfunction tendency anomaly that developed in the tropics near 100°W during the first day
strengthened and propagated eastward during the following two days, and then continued to

propagate eastward with a similar amplitude over the following six days.

To address the questions raised in the introduction, we diagnose the response to the model’s
tropical convection with the vorticity equation, as described in section 2. We first focus on the
RWS terms. A comparison of the magnitude of the RWS terms finds that four terms, i.e., terms
1.2, 2.4, 3.4, and 4.1, are much greater than terms 2.3, 3.3, 4.2 and 5.2 during the first day, i.e.,
the maximum value of the sum of the former four terms is about 8 times larger than that of the
latter four terms. The sum of terms 1.2, 2.4, and 3.4 corresponds to advection of the
climatological absolute vorticity by the anomalous divergent wind, i.e., the divergent wind

excited by the anomalous MJO tropical convection, and term 4.1 corresponds to the anomalous
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horizontal divergence also triggered by the MJO convection. It is to be expected that these terms
dominate the RWS during the first day, as the divergent flow is first excited in response to the
convection, while the remaining RWS terms, which involve the anomalous vorticity, develop
later, as rotational wind and vorticity anomalies are triggered by the above four RWS terms. For

the remainder of this study, we will limit our focus to these four RWS terms.

The advection of the climatological absolute vorticity by the anomalous divergent wind (the
sum of terms 1.2, 2.4, 3.4) and the anomalous horizontal divergence (term 4.1) for the first day
are shown in Figs. 5 and 6, respectively. (Note that the corresponding streamfunction and
vorticity tendency anomalies in Figs. 3, 5 and 6 must be of opposite sign.) As can be seen (Fig.
5), over southeast Asia and the adjacent oceans, the advection of absolute vorticity by the
anomalous divergent wind generates a large positive vorticity anomaly in the subtropics to the
south of the Korean Peninsula, as well as weaker negative vorticity anomalies in the deep tropics
over the eastern Indian, western and central Pacific Oceans and over the Gulf of Mexico, the

Indian subcontinent and Arabian Sea.

One can understand why the advection of the climatological absolute vorticity by the
anomalous divergent wind is dominated by a single positive anomaly by examining the spatial
structure of the climatological absolute vorticity (Fig. 1), the model’s prescribed tropical heating
structure (Fig. 2), as well as the anomalous horizontal divergent wind field (Fig. 6). Figure 1
shows that the meridional gradient of the climatological absolute vorticity reaches its largest

value to the south of the Korean Peninsula and Japan. In fact, the meridional gradient of the
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climatological absolute vorticity reaches its Northern Hemispheric maximum value at this
location. From Figs. 2 and 6, it can be seen that the negative heating anomaly in the western
tropical Pacific excites equatorward anomalous divergent wind vectors that extend poleward to
30°N where the climatological absolute vorticity gradient reaches its maximum value (Fig. 1). As
a result, the advection of the climatological absolute vorticity by the anomalous divergent wind
is dominated by a single large positive anomaly in the subtropics. This result highlights the
importance of suppressed rainfall, because for MJO phase 1, the extratropical response to the
MIJO appears to arise primarily in response to the reduction in western Pacific tropical
convection. Also, over the Indian and western Pacific Oceans, at 24 hours into the model
integration, the corresponding horizontal divergence shows a quadrupole pattern, with positive
anomalies centred over the Philippines and the Indian subcontinent and negative anomalies to the
south of the Korean Peninsula and over the northern Indian Ocean. This quadruple horizontal
divergence pattern can be understood as arising in response to the positive heating anomaly over
the tropical Indian Ocean and the negative heating anomaly discussed above. It is also seen that
the positive horizontal divergence anomaly over southeast Asia and the western tropical Pacific
is larger in magnitude than the corresponding negative anomaly over the northern Indian Ocean.
This can be explained by noting that the negative heating is located about 10° farther northward
where the climatological absolute vorticity is larger. By comparing Figs. 5 and 6, we see that
the northern half of the negative streamfunction tendency anomaly centred near 110°E (Fig. 3)

arises in response to the positive advection of absolute vorticity by the anomalous divergent wind
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(the opposing anomalous horizontal divergence at this location is weaker) and the southern half
of the same negative streamfunction tendency in response to anomalous horizontal convergence.
This dominance of the advection of absolute vorticity by the divergent wind over the horizontal
divergence in the subtropics matches the findings of Mori and Watanabe (2008) for the RWS

associated with the MJO in observational data.

The vorticity advection associated with the rotational wind, i.e., the sum of terms 1.1, 2.1,
2.2, 3.1, and 3.2 is shown for the first day in Fig. 7. As can be seen, the sum of these terms is
small compared to the RWS terms throughout the first day. As is discussed above, this is to be
expected, since the rotational wind and vorticity develop in response to the RWS. Important
features that can be seen to emerge in Fig. 7 at 18-24 hours into the model integration are
positive anomalies at 140°E, 20°N and 90°E, 25°N, and a negative anomaly at 120°E, 25°N.
This tripole pattern contributes toward the weakening and longitudinal broadening of the

negative streamfunction tendency anomaly in Fig. 3.

The amplitude of the RWS remained larger than that of the vorticity advection associated
with the rotational wind through to the end of day 2, but by day 3, the relative amplitude of these
two quantities reversed. By comparing Fig. 4 and Fig. 8, the latter showing the vorticity
advection associated with the rotational wind from day 3 to day 9, it can be seen that positive
vorticity advection (the weak positive anomaly across the western and central Pacific centred
between 20°N and 25°N at days 7 and 9) associated with the rotational wind accounts for the

eastward propagation of the negative streamfunction tendency anomaly toward the central
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Pacific. (It should be noted that at the southeastern end of the negative streamfunction tendency
anomaly in Fig. 4, where the eastward propagation is most apparent, the amplitude of the
streamfunction tendency anomaly is weaker than it is farther upstream. This is consistent with
the weak positive vorticity advection at this location.) The zonally-elongated spatial structure of
this positive vorticity advection anomaly is consistent with trapping by the strong subtropical jet
(Hoskins and Ambrizzi 1993). It is the trapping feature of the climatological zonal wind that
prevents the streamfunction tendency anomaly in the subtropics from being able to propagate
poleward from the western subtropical Pacific, where the RWS is largest, into the extratropics.
As the zonal wind over the central subtropical Pacific is much weaker than that over the western
subtropical Pacific, over the central subtropical Pacific, the anomaly is no longer trapped. We
interpret this flow feature as allowing for Rossby waves to disperse into the extratropics.
Consistently, as can be seen over the day 7 to day 9 time interval, the vorticity advection
associated with the rotational wind accounts for the poleward wave propagation from the central
Pacific toward Alaska, i.e., for the negative PNA-like response to MJO phase 1, as discussed in

the introduction.

We next examine two key terms that contribute to the vorticity advection associated with the
background climatological rotational wind: the vorticity advection by the background
climatological wind (the sum of terms 2.1 and 3.1) and stationary eddy advection (Feldstein
2003) (relative vorticity advection associated with the climatological stationary eddies, i.e., the

sum of terms 3.1 and 3.2). The vorticity advection by the background wind is shown at days 3
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and 5 and the stationary eddy advection is shown at days 5 and 7 (Fig. 9). For the vorticity
advection by the background climatological wind, it is helpful to compare the location of the two
negative streamfunction tendency anomalies near 30°N at days 3 and 5 in Fig. 4 (centred near
105°E and 140°E at day 3, and near 105°E and 150°E at day 5) with the corresponding positive
vorticity.advection anomalies in Fig. 9 (centered near 105°E and 155°E at day 3, and near 115°E
and 160°E at day 5). It can be seen that the two vorticity advection anomalies are located
between 0 and 15 degrees to the east of the two streamfunction tendency anomalies. This
indicates that the vorticity advection by the climatological wind is both amplifying the
streamfunction tendency anomalies, and contributing to the eastward propagation of these
anomalies. These results show that the eastward advection of the negative streamfunction
tendency anomaly from southeast Asia to the central tropical Pacific is due to vorticity advection
by the climatological subtropical jet. Furthermore, we see that stationary eddy advection in the
central subtropical Pacific accounts for further amplification of the positive streamfunction
tendency anomaly in this region, as well as the negative streamfunction tendency anomaly
farther to the north. This behaviour follows that described in Hoskins et al. (1983), where low-
frequency (period greater than 10 days) anomalies are amplified in the jet exit region, where the
zonal gradient of the climatological zonal wind is negative. This takes place because zonally-
elongated low-frequency anomalies, such as those in Fig. 4, are isotropised by the stretching
deformation field in this region. As shown in Hoskins et al. (1983), isotropisation of eddies

results in an increase in eddy kinetic energy.
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b) The other MJO phases

The streamfunction tendencies for MJO phases 3, 5 (see Fig. 2), and 7 are shown for days 1
through 9 in Fig. 10. As can be seen, the streamfunction tendencies for MJO phase 3 show a
negative PNA-like pattern at days 7 and 9 that resembles the spatial pattern for MJO phase 1,
with the wave train departing the subtropics from the central Pacific, but with a smaller
amplitude and being displaced about 20° longitude to the east. The most striking difference
between the streamfunction tendencies for MJO phases 1 and 3 is the absence of positive
anomalies in the Western Hemisphere. Figure 10 also shows that the MJO phase 5 and 7
streamfunction tendencies closely resemble those for phases 1 and 3, respectively, but with the
signs of the anomalies reversed. The extratropical responses for MJO phases 8 and 2 were found
to resemble that for MJO phase 1, i.e., a negative PNA-like spatial pattern, with the former phase
having a smaller amplitude and the latter phase showing a larger amplitude (not shown). The
extratropical responses for MJO phases 4 and 6 were found to resemble those for MJO phases 8
and 2, respectively, with anomalies of the opposite sign (not shown).

The two dominant RWS terms, i.e., the advection of the climatological absolute vorticity by
the anomalous divergent wind (the sum of terms 1.2, 2.4, and 3.4) and the anomalous horizontal
divergence (term 4.1) are shown at 24 hours into the model integration in Fig. 11, for MJO
phases 3, 5, and 7. For MJO phase 3 (Fig. 11a), over the subtropical northwest Pacific, the
positive vorticity advection by the anomalous divergent wind has a smaller amplitude, is

displaced about 20° eastward, and has a smaller zonal extent than that for MJO phase 1. This is
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to be expected since the negative heating anomaly for MJO phase 3 is much weaker than that for
phase 1, and it is located at a longitude well to the east of the maximum climatological absolute
vorticity gradient (see the OLR anomaly in Fig. 8 of Wheeler and Hendon (2004)). For MJO
phases 5 and 7 (Figs. 11b and 11c¢), similar RWS anomalies are found but with the anomalies
being of opposite sign to those for MJO phases 1 and 3, respectively. For the anomalous
horizontal divergence, for MJO phase 3 (Fig. 11d), as for MJO phase 1, this quantity also takes
on a quadrupole structure over southeast Asia and the northwest subtropical Pacific. Most
notably, the positive horizontal divergence anomaly is similar to that for MJO phase 1, and the
corresponding negative anomaly is weaker. For MJO phases 5 and 7 (Figs. 11e and 11f), the
horizontal divergence anomalies are also found to be of opposite sign to those for MJO phases 1
and 3, respectively. With regard to the remaining four MJO phases, both RWS terms for MJO
phase 8 (2) exhibit anomalies with a similar spatial structure but with a slightly smaller (larger)
amplitude than that for MJO phase 1 (not shown). MJO phases 4 and 6 RWS terms show similar
features to those for MJO phases 8 and 2, respectively, but with anomalies of opposite sign (not
shown).

The above findings indicate that the responses to the heating associated with the 8 MJO
phases can be placed into two categories. The heating for MJO phases 1-3 and 8 excite a
negative PNA-like pattern whose amplitude varies with MJO phase. Analogously, the heating
for MJO phases 4-7 excites a positive PNA-like pattern, also with different amplitudes.

Furthermore, the generation mechanisms for the extratropical responses to MJO phases 1-3 and 8
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are essentially the same, i.e., the initial negative streamfunction tendency anomaly over southeast
Asia is triggered by positive vorticity advection by the anomalous divergent wind in the
subtropics and by horizontal convergence farther southward. For MJO phases 4-7, the generation
mechanism is the same but with anomalies of opposite sign, i.e., negative vorticity advection in
the subtropics and horizontal divergence farther southward. After the initial excitation of the
streamfunction tendencies, for all § MJO phases, an examination of the vorticity advection
associated with the rotational wind finds that all PNA-like patterns develop from eastward
vorticity advection by the climatological background flow followed by downstream dispersion

from the central subtropical Pacific (not shown), as was found for MJO phase 1.

4. Conclusions

The model results presented in this study suggest the following sequence for the response to
the tropical heating (see the schematic diagram, which relates to MJO phase 5; Fig. 12). (1) The
positive heating anomaly over the Warm Pool region generates a RWS (due to both advection of
the climatological absolute vorticity by the anomalous divergent wind in the subtropics and by
anomalous horizontal divergence in the tropics) which excites a vorticity anomaly over southeast
Asia. (2) This anomaly is then advected eastward by the climatological subtropical jet from
southeast Asia toward the jet exit region over the central subtropical Pacific. Both from the time
that this anomaly is generated and during its subsequent eastward propagation this anomaly

appears to be trapped by the strong subtropical jet. As a result, the anomaly cannot propagate

21
This article is protected by copyright. All rights reserved.



poleward from the region of the largest RWS. (3) Once the anomaly enters the jet exit region,
where the climatological zonal wind is much weaker, the anomaly is no longer trapped and
poleward Rossby wave propagation ensues. Furthermore, the anomaly can be isotropised and
amplified via stationary eddy advection. This leads to the formation of a positive PNA-like
pattern. In response to MJO phase 1 where convection is suppressed over the warm pool, the

anomalies take on the opposite sign, and a negative PNA-like pattern emerges.

It was found that the essential development features shown in Fig. 12 also describe the
excitation of negative PNA-like features for MJO phases 8, 2, and 3, and positive PNA-like
features for MJO phases 4, 6, and 7. For MJO phases 8, 2, and 3, the RWS anomalies were of
the same sign as those for MJO phase 1, and for MJO phases 4, 6, and 7, the RWS anomalies
were of same sign as those for MJO phase 5. For MJO phases 8, 1, 2 and 3, this resulted in the
generation of a negative streamfunction anomaly over southeast Asia which was followed by
eastward propagation due to advection by the climatological subtropical jet, followed by
dispersion from the central subtropical Pacific and the formation of a negative PNA-like pattern.
All features were reversed for MJO phases 4 to 7, as a positive streamfunction anomaly was
generated over southeast Asia, followed by eastward advection by the background subtropical jet

and the excitation of a positive PNA-like pattern.

The results from this study may have implications for the extratropical response to the MJO
during El Nifio events, when the jet exit region is extended eastward, and for La Nifa events

when the jet exit region retracts westward. Since it was found that the Rossby wave train departs
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the subtropics in the jet exit region, the results of our study allude to their being an eastward-
displaced PNA during El Nifio and a westward-displaced PNA during La Nifa. Our results also
allude to a relationship between the strength of the subtropical jet and the amplitude of the PNA
response to the MJO. For example, a stronger and narrower subtropical jet than that for the
climatological background state may result in an increase in the amplitude of the advection of the
climatological absolute vorticity by the anomalous divergent wind relative to that for the
anomalous horizontal divergence. This would likely result in a PNA response with a larger
amplitude. A weaker subtropical jet may yield opposite features. These types of calculations are

planned for in future research.

In the introduction, the question was raised as to what is the individual influence of MJO
convection over the tropical Indian Ocean compared to that over the western tropical Pacific
Ocean on the extratropical wave train. With observational data, Goss and Feldstein (2016) found
that the response to MJO convective heating over the western Pacific is much stronger than that
associated with the convective heating over the Indian Ocean. An examination of the RWS for
MIJO phase 1 shows that the RWS associated with the Indian Ocean MJO convective heating is
much smaller than that associated with the western tropical Pacific MJO heating (Figs. 5 and 6).
These differences can be understood by the climatological absolute vorticity gradient in the
subtropics being much stronger at the longitude of the western tropical Pacific MJO heating (Fig.
1). For this reason, it appears that Indian Ocean MJO convection has a much smaller impact on

the extratropical wave train than does MJO convection over the western tropical Pacific.
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List of Figures

Figure 1: Climatological absolute vorticity. The contour interval is 1.0 x 107 5™

Figure 2: 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. [Reprinted from Yoo et al. (2012) with permission from the American

Meteorological Society.]

Figure 3: Streamfunction tendency every 6 hours for the first 24 hours for MJO phase 1. Panels

(a), (b), (c),.and (d) correspond to the first 6 hours, 12 hours, 18 hours, and 24 hours in the
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integration, respectively. The contour interval for the first panel is 0.1 m® s, with values
exceeding -0.1 and 0.1 shaded. The contour interval for the remaining panels is 0.5 m* s, with

values exceeding -0.5 and 0.5 shaded.

Figure 4: Streamfunction tendency for MJO phase 1. Days 3, 5, 7, and 9 are shown in panels (a),
(b), (¢), and (d), respectively. The contour interval is 3.0 m’ s, with values exceeding -3.0 and

3.0 shaded.

Figure 5: Advection of the climatological absolute vorticity by the anomalous divergent wind
(sum of'terms 1.2, 2.4, and 3.4) every 6 hours for the first 24 hours for MJO phase 1. Panels (a),
(b), (¢), and (d) correspond to the first 6 hours, 12 hours, 18 hours, and 24 hours in the
integration, respectively. The contour interval is 4.0 x 10> m? s, with values exceeding -4.0 x

102 and 4.0 x 10"'? shaded.

Figure 6: Coloured contours show the anomalous horizontal divergence (term 4.1) overlaid with
associated wind vectors every 6 hours for the first 24 hours for MJO phase 1. Panels (a), (b), (¢),
and (d) correspond to the first 6 hours, 12 hours, 18 hours, and 24 hours in the integration,
respectively. Coloured contours have a contour interval of 2.0 x 107> m* s, with values

exceeding -2.0 x 107% and 2.0 x 10™'* shaded.

Figure 7: Vorticity advection associated with the rotational wind (sum of terms 1.1, 2.1, 2.2, 3.1,
and 3.2) every 6 hours for the first 24 hours for MJO phase 1. Panels (a), (b), (c), and (d)

correspond to the first 6 hours, 12 hours, 18 hours, and 24 hours in the integration, respectively.

30
This article is protected by copyright. All rights reserved.



The contour interval for the 6-hour panel is 0.2 x 102 m? s, with values exceeding -0.2 x 1072
and 0.2 x 10" shaded. The contour interval for the 12-hour panel is 1.0 x 10™"? m? s, with
values exceeding -1.0 x 1072 and 1.0 x 10" shaded. The contour interval for the remaining

panels is 2.0 x 107* m? s, with values exceeding -2.0 x 102 and 2.0 x 107" shaded.

Figure 8: Vorticity advection associated with the rotational wind (sum of terms 1.1, 2.1, 2.2, 3.1,
and 3.2) for MJO phase 1. Days 3, 5, 7, and 9 are shown in panels (a), (b), (¢), and (d),
respectively. The contour interval is 0.5 x 10™"! m? s, with values exceeding -0.5 x 10" and 0.5

x 10! shaded. The -0.5 x 107" and 0.5 x 10"'! m* s contour lines are drawn.

Figure 9: Left column shows the vorticity advection by the background wind (sum of terms 2.1
and 3.1) for MJO phase 1 on (a) Day 3 and (b) Day 5. Right column shows the stationary eddy
advection (sum of terms 3.1 and 3.2) for MJO phase 1 on (c) Day 5 and (d) Day 7. The contour
interval for all panels is 1.0 x 10" m* s, with values exceeding -1.0 x 10" and 1.0 x 107"

shaded.

Figure 10: Streamfunction tendency for (a) MJO phase 3, (b) MJO phase 5, and (c) MJO phase 7.
The contour interval is 3.0 m* s, with values exceeding -3.0 and 3.0 shaded. Each column

shows days 1, 3, 5, 7, and 9 of the integration for each phase.

Figure 11: Left column shows the advection of the climatological absolute vorticity by the
anomalous divergent wind (sum of terms 1.2, 2.4, and 3.4) at 24 hours for (a) MJO phase 3, (b)

MIJO phase 5, and (c) MJO phase 7. Right column shows the anomalous horizontal divergence
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(term 4.1) as coloured contours and corresponding wind vectors at 24 hours for (d) MJO phase 3,
(e) MJO phase 5, and (f) MJO phase 7. The contour interval for the left column is 4.0 x 10" m?
s, with values exceeding -4.0 x 10™'? and 4.0 x 10"'? shaded. The contour interval for the right

column is 2.0 x 10™? m? s, with values exceeding -2.0 x 10? and 2.0 x 10™'? shaded.

Figure 12: A schematic diagram of the three-step process through which tropical convection
excites poleward propagating Rossby waves. See the text for details. The thick red contour
represents the initial vorticity anomaly generated by the Rossby wave source (RWS), the thick
blue contour the vorticity anomaly at later steps, the arrow denotes the Pacific subtropical jet,

and the thin contour corresponds to a contour of upper tropospheric geopotential height.
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