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Abstract This study examines the response toMadden-Julian Oscillation (MJO)-like heat forcing in a nonlinear
shallow-water model, includingmonopolar heating source traveling eastward with an around the world period of
48 days and dipolar heating with zonal wave period of 48 days, with zonal wave number 2 confined in longitude
to the MJO active regions. A jet localized in the Pacific is compared to a zonally uniform boreal basic flow. The
results show that the Rossby wave response downstream exhibits intensified quasi-stationary anomalies in
the Pacific jet exit region when the MJO-like heat forcing passes the Maritime Continent, in accord with the
observational analysis by Adames and Wallace (2014). The dynamical mechanism suggested in this study can
be used to interpret the intraseasonal MJO-Pacific North American pattern coherence and other extratropical
intraseasonal events.

1. Introduction

The Madden-Julian Oscillation (MJO) is the dominant mode of tropical intraseasonal variability [Madden and
Julian, 1971, 1972]. As its convection center propagates from the Indian to Pacific Oceans, the MJO affects
various weather and climate phenomena [Zhang, 2013]. The teleconnection patterns associated with the MJO
have been analyzed since the early 1980s (references in Lau et al. [2012]). Intraseasonally, the negative phase of
the Pacific North American (PNA) pattern is most likely to occur when MJO convection is active over the region
from the Bay of Bengal to the western Pacific [Mori and Watanabe, 2008; Lin et al., 2009; Johnson and Feldstein,
2010; Adames and Wallace, 2014]. This MJO-PNA connection explains about 30% of the variance of the PNA
pattern [Mori and Watanabe, 2008]. Moreover, the MJO also influences other prominent extratropical general
circulation features, including the Arctic Oscillation [Zhou and Miller, 2005; L’Heureux and Higgins, 2008], North
Atlantic Oscillation [Cassou, 2008; Lin et al., 2009], stratospheric polar vortex and stratospheric sudden warmings
[Garfinkel et al., 2012], and corresponding climate anomalies reviewed by Zhang [2013].

It has been shown that the Rossby wave train is excited by tropical heating or MJO convection, propagating
from the tropical Pacific into the extratropics in modeling studies of Sardeshmukh and Hoskins [1988], Jin and
Hoskins [1995], Bladé and Hartmann [1995], Matthews et al. [2004], Seo and Son [2012], and Yoo et al. [2012].
Recently, Adames and Wallace [2014] decomposed the MJO vertical structure into baroclinic and barotropic
modes by performing amaximumcovariance analysis on vertical profiles of zonal wind and geopotential height
in the equatorial belt. The most prominent features are a PNA-like wave train of the barotropic mode when the
convection center of theMJO is located over theMaritime Continent. They pointed out that the anomalies seem
to originate over the tropical central Pacific with a negative height anomaly centered near the dateline at ~28°N.
The Pacific centers of the Z field straddle the subtropical jet exit region and appear to be an “indirect” response
to tropical convection (unlike a direct response close to apparent heating source). Thus, the anomalies are
capable of extracting kinetic energy from the mean flow [Simmons et al., 1983]. A key feature of the barotropic
signature that Adames andWallace [2014] noted is that the traveling barotropic component amplifies and slows
down to become almost stationary in the central North Pacific. This feature can be simulated with the model
presented here.

In order to investigate the possible “indirect” response to MJO forcing, we use a shallow-water model to
examine the effect of subtropical jet exit region on the North Pacific response to MJO-like heat forcing [Gill,
1980]. To simulate the tropical MJO structure accurately, a shallow equivalent depth will be used. The shallow
equivalent depth does not allow Rossby waves to propagate to high latitudes, but the subtropical response is
well simulated. The effect of a localized subtropical jet on the subtropical response to MJO-like forcing is
isolated by comparison to uniform jet basic states.
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2. Model and Experiments

We use the Geophysical Fluid Dynamics Laboratory “Flexible Modeling System” shallow-water model. Details
of the shallow-water equations are described in Kraucunas and Hartmann [2007]. The experiments described
in this paper were performed at T85 resolution with a ∇8 hyperdiffusion that damps the smallest resolved
features at a time scale of roughly 1 day.

In the shallow-water system, a basic-state circulation resembling themean flow in the upper troposphere can
be generated by imposing a zonally invariant mass source near the equator with compensating mass sinks at
higher latitudes or by relaxing the height field toward a zonally invariant reference height distribution that is
large near the equator and decreases toward the poles. A deep fluid layer at the equator is inconsistent with
the shallow equivalent depths implied by the slow-phase speeds and weak static stabilities observed in the
tropical troposphere. Therefore, as in Kraucunas and Hartmann [2007], basic states in this study are imposed
in the nonlinear shallow-water model by specifying a thin fluid layer over a large, zonally symmetric topog-
raphy distribution that decreases smoothly from the tropics to poles. This method yields realistic basic-state
winds without artificially enhancing tropical wave speeds or potential vorticity gradients, thus providing a
consistent framework for studying eddy circulations at low latitudes [Kraucunas and Hartmann, 2007]. The
zonally symmetric topography distribution has the following form:

hs ¼ H0 1� sinθ � sinθ0ð Þ2
n o

: (1)

Here H0(H0 = 1500 m) represents the maximum height of the topography, θ0 is the latitude where this peak
occurs, and the sine-squared profile provides a meridional gradient that approximates the observed upper

Figure 1. Geopotential anomalies for the (left) uniform jet and the (right) local jet (black solid contours indicate the zonal wind with minimum speed 30m s
�1
, 10m s

�1
intervals), and the

(middle) zonal wind profiles of the uniform jet for equivalent depths of 400 to 1000m (from top to bottom). The green solid contours indicate positive geopotential anomalies, and the red
dashed contours indicate negative anomalies (contour interval is 40 geopotential meters, and the zero line is omitted). The shaded region indicates the steady heating (units : m d

� 1
).
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tropospheric geopotential height gradient. Solstitial basic states for Northern Hemisphere winter are
created when θ0 = 5°S.

In order to investigate the role of a localized jet in the western Pacific, the zonally asymmetric topography
distribution is specified as follows:

hs ¼ H0 1� sinθ � sinθ0ð Þ2 þ AN exp � λ� λN
ΔλN

� �2

� θ � θN
ΔθN

� �2
( )

� AS exp � λ� λS
ΔλS

� �2

� θ � θS
ΔθS

� �2
( )( )

:

(2)

Here AN and AS are amplitudes of the imposed Gaussian bumps. The additional positive topography is
centered at longitude 145°E (λN) and latitude 45°N (θN), with a longitudinal scale of ΔλN = 35°, a latitudinal
scale of ΔθN = 12°, and a coefficient of AN = 0.45. The additional negative topography is centered at lon-
gitude 145°E (λS) and latitude15°N (θS), with a longitudinal scale of ΔλS = 35°, a latitudinal scale of ΔθS = 15°,
and a coefficient of AS =0.25. The topography functions (1) and (2), combined with the global uniform fluid
depth, yield a realistic zonally symmetric subtropical jet and zonally asymmetric subtropical jet with center in the
northwest Pacific (Figure 1). Hereafter, we call them uniform jet and local jet, respectively. The zonally symmetric
and asymmetric topography are raised over the first 25 days of each experiment.

A zonally asymmetric mass source/sink distribution is given to mimic steady or traveling tropical heat forcing:

Q� λ; θð Þ ¼ Qe exp � λ� λe
Δ λ

� �2

� θ � θe
Δθ

� �2
( )

� Q
―

θð Þ: (3)

Q� λ; θ; tð Þ ¼ Qe exp � λ� λe tð Þ
Δ λ

� �2

� θ � θe
Δθ

� �2
( )

� Q
―

θ; tð Þ: (4)

Steady heat forcing is given at the Maritime Continent when λe= 120°E. Traveling heat forcing representing
monopole MJO heating is given when the mass source travels (λe(t) moving with time from 0° to 360° as a
cycle) along the equator (θe= 0°) with a longitudinal scale of Δλ=42°, a latitudinal scale of Δθ = 7°, and an

amplitude of Qe=100 m day� 1. Q
―

θð Þ and Q
―

θ; tð Þ represent the zonal average of the mass source, which is
removed in order to prevent the direct forcing of a zonal-mean response.

The convection anomalies associated with the MJO can be measured by the first two empirical orthogonal
functions of outgoing longwave radiation [e.g., Wheeler and Hendon, 2004]. In this study, we configure the
dipole MJO heating as follows:

Q� λ; θ; tð Þ ¼ Qe cos 2λ� 360°
T

t

� �
exp � θ � θe

Δθ

� �2
( )

exp � λ� 120°
Δλ

� �2
( )

(5)

HereQe, θe, andΔθ are same values as in formula (4). The function cos 2λ� 360°
T t

� �
indicates zonal wave period

T of 48 days with zonal wavenumber 2, and Gaussian window exp � λ�120°
Δ λ

� �2n o
centered at 120°E with

longitudinal scale of Δλ=50° localizes the forcing to the MJO active longitudes. The response is displayed as an
anomaly field with zonal mean removed. All the heat forcing including the steady heating and the
monopolar/dipolar heating is increased linearly from the 26th day to 50th day of each run. Results are shown
after day 200 when an equilibrated response has been achieved.

3. Results

First, the sensitivity of the steady heat forcing response to different equivalent depths is examined (Figure 1).
Robust geopotential anomalies in the Northern Hemisphere arise for a range of different equivalent depths,
both in the uniform jet (left) and local jet (right) cases. The uniform zonal flow in the uniform jet experiments
has only weak response to equivalent depth changes, but a slightly weaker subtropical jet appears with
deeper equivalent depths (middle). Both experiments suggest that the wave response shifts upstream as the
equivalent depth increases as one would expect, and the negative response is located more equatorward
and eastward for the shallower equivalent depth. When the jet is localized, negative anomalies are located
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near the jet exit region and shifted eastward compared to the uniform jet case. The 600m equivalent depth
used hereafter gives a response that is closest to the observations of Adames and Wallace [2014, Figure 7]
while still being appropriate to simulate the tropical waves. The main conclusions are not sensitive to the
exact choice of equivalent depths.

The response to monopole traveling heat source with a period of 48 days is shown in Figure 2. Time differ-
ence between panels is 4 days. For the uniform jet case (left), the geopotential response moves with same
speed as the traveling heating. For the local jet (right), the negative anomalies appear quickly in the central
Pacific, amplify, and then slow down, appearing nearly stationary for about a week, much as in observations.
The subtropical negative anomaly achieves its maximum amplitude when the heating forcing is located over
the Maritime Continent. The negative anomaly then moves much more slowly than the heat forcing, which is
like the behavior of the first geopotential anomaly of the wave train in the central Pacific described by

Figure 2. Geopotential anomalies (contours) and wave activity flux (vectors) for travelingmonopole heating with (left) a uniform jet and (right) a local jet. The contours are same as Figure 1.
Vectors are plotted poleward of 10°N (arrows, m

2
s
�2
) at one fifth of the model grid points and vectors with magnitude less than 0.05m

2
s
�2

are omitted for clarity. The shaded region
indicates the traveling heating moving from (top) 30°E to (bottom) 180°E (units : m d

� 1
). Time difference between panels is 4 days.
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Adames and Wallace [2014, Figure 10]. The negative geopotential anomaly is localized and intensified at the
subtropical jet exit region.

Figure 3 shows the response to the dipole forcing for the uniform jet (left) and local jet (right), during a half
period from�12 days to +12 days. The heat forcing shown varies like the composite convection anomalies in
Wheeler and Hendon [2004], with day 0midway between the eastern and western extremes of the convection
region. Compared to the uniform jet run, a negative anomaly appears in the central Pacific from �8 days
when the anomalous strong convection in the Indian Ocean dominates the heat forcing in the local jet run.

Figure 3. Same as Figure 2 but for the dipolar heating. Panels from top to bottom represent a half period from �12 days to +12 days.
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The negative response under the local jet run is localized at the subtropical jet exit region until +8 days,
while the negative response moves from the western Pacific to the central-eastern Pacific for the uniform
jet case. So the jet exit region provides a region where the traveling forcing produces a quasi-stationary
response for part of the cycle.

In the classic Gill pattern [Gill, 1980], the tropical response to thermal forcing on the equator produces a pair of
Rossby waves propagating westward and Kelvin wave to the east. It has been shown that a Rossby wave quad-
rupole appears in some baroclinic models [Jin and Hoskins, 1995; Bladé and Hartmann, 1995], with subtropical
anticyclonic and cyclonic Rossby waves to the west and east of the forcing, respectively. In this study, a strong
Rossby wave response appears downstream with a quasi-stationary character (Figures 2 and 3), while the
dominant heating moves from the Indian Ocean to the western Pacific Ocean, in agreement with Adames
and Wallace [2014].

Figure 2 also shows the Plumb wave activity flux [Plumb, 1985] for the monopole heating. The Plumb flux is
well suited to show the propagation characteristics of large-scale quasi-stationary Rossby waves. The wave
flux pattern moves with the same speed as the traveling heating for the uniform jet case (left). The northward
wave flux is stronger upstream (to the west) of the heating than downstream, perhaps indicating the influ-
ence of the westward propagating Rossby wave, whereas the downstream flux has a greater longitudinal
extent. In contrast, for the local jet the wave flux downstream appears earlier in the central Pacific, indicating
a strong northeastward propagation and amplifies greatly when the heating arrives the Maritime Continent
(right). As the heating moves from the western Pacific to the central Pacific, the wave flux downstream of the
heating develops a strong southeastward component, indicating turning of the Rossby wave back toward the
equator. The strong eastward wave propagation in the jet exit region is consistent with extraction of eddy
energy from the jet. A similar effect of the localized jet on wave propagation is seen for the dipolar heat
forcing (Figure 3). For the uniform jet (left), the wave is confined in the western Pacific until the strong con-
vection in the western Pacific dominates the heat forcing. For the local jet (right), the wave response occurs
sooner in the central Pacific and extends farther east where it is supported by strong eastward wave activity
flux from the west. The wave activity analysis reveals that the quasi-stationary geopotential anomalies in the
central Pacific subtropical jet exit region are the result of Rossby wave propagation from theMJO heat forcing
and the extraction of kinetic energy from the mean flow in the subtropical jet exit region.

4. Conclusions

The response to MJO-like forcing in a nonlinear shallow-water model with a localized subtropical jet basic state
is able to simulate the strong quasi-stationary Rossby wave response in the central and eastern Pacific when the
MJO forcing is over the Maritime Continent as observed by Adames and Wallace [2014]. The anomalies in the
subtropical central Pacific are intensified when the monopole convection appears at the Maritime Continent.
The results show that climatological-mean Pacific jet has important effects on the intraseasonal MJO-PNA
coherence and that the mechanisms are barotropic to first order. Rapid propagation of the Rossby wave
through the jet region and extraction of kinetic energy from the mean flow in the jet exit region play key roles.

While the midlatitude response to MJO forcing cannot be reproduced in the simple shallow-water model with
small depth, the essential dynamicmechanism for understanding the intraseasonal subtropical variations linked
with the tropical MJO forcing are clearly indicated. The middle and high-latitude response is mostly the prop-
agation of the subtropical response into midlatitudes. A more realistic global primitive equation model could
provide the midlatitude signal, at the cost of introducing more complexity into the interpretation.
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