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ABSTRACT

The Madden—Julian oscillation (MJO) is known to have a substantial impact on the variability of the
Asian—Australian summer monsoons. An important, but not well understood, aspect of the MJO-monsoon
connection is the meridional propagation of bands of enhanced or reduced precipitation that are especially
pronounced during the northern summer. In this study, the nature of the seasonality of the MJO is
examined, with a focus on the meridional propagation, using both observations and simulations with an
atmospheric general circulation model (AGCM).

A key result is that the AGCM, when forced with idealized eastward propagating equatorial dipole
heating anomalies, reproduces the salient features of the observed seasonality in the precipitation and wind
fields associated with the MJO, including meridional propagation into the Indian and Australian summer
monsoon regions. An analysis of the simulations and observations shows that the off-equatorial precipita-
tion anomalies are initiated by surface frictional convergence/divergence associated with the Rossby wave
response to the leading pole of the equatorial heating dipole. The off-equatorial precipitation anomalies
develop further by interacting with the trailing pole of the equatorial dipole heating to produce a northwest—
southeast (or southwest—-northeast) oriented line of surface convergence/divergence that propagates to the
east. Since the prescribed heating does not vary by season, the seasonal asymmetry in the response must be
the result of the seasonal changes in the background state. In particular, the results suggest that seasonal
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changes in both the vertical wind shear and static stability play a role.

1. Introduction

The Madden—Julian oscillation (MJO: Madden and
Julian 1972) is perhaps one of the best known and most
studied atmospheric phenomena. As a result, progress
has been made in our understanding of the basic
mechanism of the MJO (e.g., Hendon and Salby 1994;
Zhang et al. 2005, manuscript submitted to Climate
Dyn.). Nevertheless, the pronounced seasonality of the
MJO is still poorly understood. In particular, it is now
well documented that the boreal winter MJO is pre-
dominately an eastward propagating phenomena, while
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the boreal summer MJO exhibits a more complex be-
havior, including northward propagation over the In-
dian and western Pacific Oceans (Lau and Chan 1986;
Chen and Murakami 1988; Gadgil 1990; Ferranti et al.
1999; Annamalai et al. 1999) and westward propagation
over the western North Pacific (Lau and Chan 1986;
Wang and Xie 1997; Annamalai and Slingo 2001). In
fact, the pronounced differences in the behavior of the
MJO during boreal winter and summer have led some
researchers to distinguish the summer MJO by renam-
ing it the intraseasonal oscillation (ISO).

The meridional propagation of the MJO is of more
than just scientific interest. It appears to be the primary
mechanism by which the MJO impacts the Indian sum-
mer monsoon. The role of 30-50-day oscillations in the
Indian monsoon was recognized in the early observa-
tional studies by Yasunari (1981) and Krishnamurti and
Subrahmanyam (1982). They described a series of zon-
ally oriented meridionally propagating troughs and
ridges that seemed to form over the equatorial Indian
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FIG. 1. (a) Mean GPCP precipitation (mm day ') averaged over central India between 10° and 15°N, 75° and 80°E and (b) over
northern Australia between 20° and 10°S, 130° and 140°E. The black line is total precipitation, and the red line is the precipitation
filtered to retain MJO/ISO time scales using a symmetric, four-pole, low-pass tangent Butterworth filter.

Ocean and dissipate near the Himalayas. This phenom-
enon was described in terms of transient Hadley cells
that appeared to be associated with the active and in-
active phases of the Indian monsoon. Lau and Chan
(1986) showed further that the Indian monsoon onsetas
well as mei-yu onset appear to be correlated with the
40-50-day oscillations. Wu et al. (1999) showed a strong
contribution from the ISO to the northeastward pro-
gression and onset of the monsoon rains over India.
For austral summer, McBride (1983) analyzed satel-
lite imagery for the winter International Monsoon Ex-
periment and found that the sudden monsoon onset in
late December is connected with the activation and
break of large-scale spatially organized convection. Ra-
dok and Grant (1957) and Radok (1971) showed that
the onset of the Southern Hemisphere monsoon is ac-
companied by a sudden shift southward of the Southern
Hemisphere subtropical jet stream. More recent analy-
ses of longer datasets suggest that meridional propaga-
tion of the MJO, while most pronounced in boreal sum-
mer, also occurs during austral summer, acting to
modulate the strength of the Australian summer mon-

soon. Figures 1a and 1b show, for example, time series
of area mean precipitation over the Indian subconti-
nent averaged between 10° and 15°N from, 75° to 80°E
and over northern Australia averaged between 20°—
10°S from 130° to 140°E, respectively. The results show
that the variation of total precipitation over the Indian
subcontinent and northern Australia is highly corre-
lated with precipitation on the MJO time scale (the
filter function for the MJO time scale is described in
section 2d). In particular, the correlation coefficient for
India is 0.69 (May through October) and for northern
Australia it is 0.88 (November through April). Here we
define the MJO as having time scales between 20 and
90 days. These time scales account for 48% (45%) of
the total summer (winter) variance for the Indian sub-
continent (Australia).

It thus appears that understanding and ultimately
predicting intraseasonal monsoon variability rests
largely on improving our understanding and simulation
of the seasonality and, in particular, the meridional
propagation of the MJO. Lau and Chan (1986) noted
that the eastward propagation appears to occur during
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all seasons and suggest that this is due to the presence
of an intrinsic equatorial wave mode. They speculate
further that meridional propagation arises primarily as
a result of interactions of the oscillation with the mon-
soon circulation. Other studies show that the intrinsic
equatorial wave noted above consists of an eastward
propagating convectively coupled Kelvin—-Rossby wave
in which frictional wave conditional instability of the
second kind (CISK) plays a key role (e.g., Wang and
Rui 1990; Hendon and Salby 1994; Maloney and Hart-
mann 1998). The basic structure of these waves is con-
sistent with the Gill model response to diabatic heating
(Gill 1980), consisting of a Kelvin wave (KW) packet to
the east of the heating and two Rossby wave (RW)
packets to the west. The latter correspond at upper
levels to a pair of anticyclonic (cyclonic) RW gyres that
are symmetric with respect to the equator and trail the
positive (negative) heating anomalies. This suggests the
possibility that the seasonality of the MJO, and in par-
ticular the meridional propagation and off-equatorial
behavior, may be determined by how the seasonally
varying environmental conditions (the basic state and
lower boundary conditions) impact the RW response.
Lau and Peng (1990) suggested that convective feed-
back between the monsoon flow and the equatorial 30—
50-day oscillation could trigger westward propagating
baroclinic modes (unstable RWs under the influence of
vertically sheared flow) over the summer monsoon re-
gion. The disturbances are linked to changes in the lo-
cal Hadley circulation and are associated with en-
hanced convection immediately poleward of the region
of maximum westerly flow over the monsoon region
and a concomitant reduced convection over the equa-
torial region, consistent with the inverse relationship
between the intertropical convergence zone (ITCZ)
and monsoon precipitation found over India. The
model results of Wang and Xie (1997) also show that
the character of the ISO is strongly influenced by the
background circulation and the low-level moisture dis-
tribution (determined in part by the underlying sea sur-
face temperature). They associate the northward
propagation of convection with the eastward movement
of a northwest tilted packet of RW emanating from the
equatorial convection. Kemball-Cook and Wang (2001)
show observational evidence for an important role of
RWs forced by equatorial convection in the northward
propagation of convection over both the Indian and
western Pacific Oceans. Lawrence and Webster (2002)
show observational evidence for a strong link between
equatorial eastward and northward propagation of con-
vection on ISO (25-80 day) time scales over the south
Asian summer monsoon region. They interpret the re-
sults in terms of a propagating equatorial mode where
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the northward-moving convection is forced by surface
frictional convergence into the low pressure center of
the Rossby cell excited by the equatorial convection.
They note that a similar convergence pattern occurs for
the northern winter ISO, but it does not generate pole-
ward movement due to the relatively cooler winter
SSTs.

In this study we use both observations and model
simulations to address further the causes of the season-
ality of the MJO. The focus is on the MJO’s north—
south asymmetries and meridional propagation and its
links to intraseasonal variability of the Asian and Aus-
tralian summer monsoons. We carry out a number of
idealized atmospheric general circulation model
(AGCM) experiments designed to further address the
basic mechanism of meridional propagation proposed
by Lawrence and Webster (2002). Specifically, our goal
is to better understand and quantify the link between
eastward and northward propagation and how that link
varies with season. In our baseline AGCM experi-
ments, the atmosphere is forced with an idealized
“MJO like” heating distribution that is centered on the
equator and propagates to the east with a period of 40
days. Since the specified heating does not vary with the
seasons, any seasonal variations in the response to the
heating (e.g., meridional propagation) must occur as a
result of changes in the background state and/or lower
boundary conditions. Further experiments are done to
isolate the role of the annual cycle in SSTs.

Section 2 describes the observations, the AGCM, the
design of the experiments, and the analysis methods.
Section 3 describes the results of the idealized heating
experiments, while section 4 examines the seasonal
changes in the background state. The conclusions are
given in section 5.

2. Methods and data

a. Observations

We use a number of observational quantities includ-
ing precipitation, surface (10 m) winds, 100- and 200-
hPa winds, and streamfunction. The precipitation prod-
uct is from the Global Precipitation Climatology Proj-
ect (GPCP). The data consist of 5-day averaged
(pentad) values available beginning in January 1979
(Xie and Arkin 1997). The pentad data were produced
by merging several kinds of precipitation data, includ-
ing gauge observations, estimates inferred from infra-
red radiation measurements, and estimates based on
the Special Sensor Microwave Imager (SSM/I) satellite
observations. The winds at 10 m are based on SSM/I
wind speed observations and include a derived wind
direction as discussed in Atlas et al. (1996) and Atlas et
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al. (2001). The wind data covers the period from 1988
through 1998. The streamfunction and winds at 100 and
200 hPa are based on ECMWF Re-Analysis (Gibson et
al. 1996). We note that in Fig. 1 we use the precipitation
data for the period 1982-2000. In all other figures we
use the data for the period from 1988 to 1998 to match
the time period of the surface wind data.

b. Model description

Our experiments are done with version 1 of the Na-
tional Aeronautics and Space Administration (NASA)
Seasonal-Interannual Prediction Project (NSIPP-1)
AGCM. This model is part of the NSIPP coupled at-
mosphere land—-ocean model; however, for these ex-
periments it is run uncoupled from the ocean. NSIPP-1
is a gridpoint model using a fourth-order dynamical
core with explicit leapfrog time differencing. The dy-
namical core is described in Suarez and Takacs (1995).
The vertical coordinate is a standard sigma coordinate
and the vertical differencing follows Arakawa and
Suarez (1983). The experiments were run at a horizon-
tal resolution of 2° latitude and 2.5° longitude. There
are 34 levels in the vertical with higher resolution in the
lower 2 km of the atmosphere (<200 m). The boundary
layer scheme is a simple K-scheme, which calculates
turbulent diffusivities for heat and momentum based on
Monin-Obukhov similarity theory (Louis et al. 1982).
Turbulent diffusivities are determined as a function of
roughness length, the von Kadrmdan constant, and a bulk
boundary layer Richardson number. Vertical mixing of
tracers is accomplished using the diffusivity for heat.

The model uses the relaxed Arakawa-Schubert
(RAS) scheme to parameterize convection (Moorthi
and Suarez 1992). RAS uses a sequence of simple lin-
early entraining plumes (clouds types) that originate at
the lowest sigma level and detrain at specific model
levels. The initial cloud-base mass flux for each cloud
type is determined from a convective available poten-
tial energy closure (Arakawa and Schubert 1972). The
RAS scheme effectively acts as a parameterization of
both deep and shallow convection in our model. Bac-
meister and Suarez (2002) show that the model pro-
duces a reasonable simulation of the thermodynamic
structure of the lower troposphere. The parameteriza-
tion of solar and infrared radiative heating used in the
model is described in Chou and Suarez (1994, 1999).
The solar heating includes absorption of O3, CO,, water
vapor, O,, and clouds as well a gaseous and aerosol
scattering.

The climate of the NSIPP-1 model and further details
of its formulation are described in Bacmeister et al.
(2000). Other aspects of the model’s climate and vari-
ability are described in Pegion et al. (2000), Schubert et
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al. (2002), and Waliser et al. (2003). Of particular im-
portance for this study is that the model has only a very
weak signature of the MJO: this is especially true for
the precipitation-related fields (Waliser et al. 2003).
While this is clearly a deficiency of the model, it is to
our advantage in this study since it allows us to more
easily isolate the model’s response to an imposed sub-
seasonal MJO-like heating anomaly (see below).

The extent to which the lack of an MJO affects other
aspects of the model behavior is unclear though, as we
shall see, the imposition of idealized MJO heating
anomalies does seem to produce some improvements in
the model climatology.

¢. The AGCM experiments

The experiments consist of a number of different
model runs. A 20-yr control run was made with a re-
peating annual cycle of climatological monthly SSTs.
The SST climatology is based on the years 1930-98
(Rayner et al. 2003).

Our primary set of experiments consists of a 10-
member ensemble of 1-yr runs with specified idealized
heating anomalies designed to simulate the eastward
propagating equatorial heating associated with the
MJO (Park et al. 1995 and Fig. 2). The sinusoidal heat-
ing and cooling anomalies are imposed on the SST cli-
matology of the control run, are symmetric with respect
to the equator, and propagate to the east with a period
of 40 days. A Gaussian envelope damps the propagat-
ing anomalies to zero west of about 30°E and east of
about 150°W. The vertical distribution is such that the
maximum heating (1.5°C day™ ') occurs at approxi-
mately 500 hPa. The 10 ensemble members are forced
with the same prescribed heating for 12 months starting
on 1 May, but differ in initial conditions, which are
taken from 10 different 1 May restarts from the control
run.

d. Analysis methods

To evaluate the temporal and spatial evolution of
circulation and convection patterns associated with the
MIJO/ISO, we form composites based on an index con-
sisting of area-averaged precipitation at selected equa-
torial base regions. Our base region typically extends
from 4°S to 4°N and covers 30° of longitude. Values are
included in the composite if the value of the index ex-
ceeds one standard deviation. In addition to these (lag
0) composites, we also include composite values at
times immediately before and after the time of the local
maximum in the index. We note that a similar analysis
approach employing regression and/or correlations
with a base index has been applied successfully in a
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FIG. 2. The idealized MJO heating shown here at 500 mb for 5-day averages. The heating is symmetric with
respect to the equator and propagates to the east with a period of 40 days. A Gaussian envelope damps the
propagating anomalies to zero west of about 30°E and east of about 150°W. The vertical distribution is such that
the maximum heating (1.5°C day ') occurs at approximately 500 hPa.

number of other studies of tropical heating variability
(e.g., Kiladis and Weickmann 1992; Lawrence and
Webster 2002).

All of the observational anomalies have a 20-90-day
filter applied. The filter is a symmetric, four-pole, low-
pass, tangent Butterworth filter described in Oppen-
heim and Schafer (1975). The filter is applied twice,
first retaining time scales longer than 20 days and then
retaining time scales longer than 90 days. The bandpass
data are obtained by subtracting the two filtered
datasets.

We have carried out a limited sensitivity study and
have not found a strong sensitivity to the exact defini-
tion of either the MJO time scales or the region (the
results are qualitatively similar). We chose the region to

be large enough to encompass most of the winter and
summer MJO variance. We chose the MJO time scales
to encompass most definitions but to still exclude
weather and seasonal and larger time scales.

For the observations, the base time series is extracted
from the 20-90-day period filtered pentad precipitation
data. The base time series is then used to composite the
filtered time series at various time lags and at all other
grid points as described above. The time lag is from
—20 to +20 days. This method assumes that the rela-
tionship between precipitation and the circulation is
nearly linear and that linear dynamics can describe
much of the atmospheric response to tropical heating
(Webster 1972; Gill 1980; Sardshmukh and Hoskins
1988). The same compositing procedure is applied to
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the AGCM simulations, though in this case no filter is
applied to the data (the regularity of the idealized forc-
ing makes time filtering unnecessary). The model
anomalies are constructed by subtracting the idealized
forcing simulation from the control.

3. The idealized heating experiments

In the following subsections we present the results
from the various model simulations and compare them
with the observations. Subsection 3a shows the model
climatology and some initial results from the idealized
heating runs, including the impact of the imposed heat-
ing on the model climatology. This is followed by a
focus (in sections 3b and 3c) on the boreal summer and
winter seasons.

a. Model climatology and response to heating

Before examining the time-varying response to the
heating, we take a brief look at the climatology of the
control run. The top four panels of Fig. 3 show the
average summer and winter precipitation from the ob-
servations and control simulation. While the model
captures the basic seasonal variation of the precipita-
tion and winds, the simulation tends to overestimate
the precipitation amounts. There is a tendency to ex-
tend the high precipitation amounts too far to the north
of the Pacific warm pool during boreal summer. There
is also too little boreal summer precipitation over the
eastern equatorial Indian Ocean. The model does a
good job of simulating the seasonal changes in the sur-
face winds.

The impact of the time-varying heating on the model
climatology is shown in the two panels at the bottom of
Fig. 3 in terms of the mean precipitation and surface
wind differences between the idealized heating and
control runs. Overall, the differences are small, except
over the Maritime Continent and equatorial warm-pool
regions. An examination of the surface evaporation and
wind speed for these simulations (not shown) shows
large wind speed variations and surface latent heat flux
variations generated by the strong idealized heating
over these regions. The generally small differences are
the result of the cancellation that occurs when averag-
ing over opposite phases of the imposed MJO heating.

Figure 3 also suggests that the imposed heating im-
proves model performance somewhat by redistributing
precipitation patterns over the summer and winter
monsoon regions. We see, in particular, that during
summer precipitation over the Maritime Continent, the
Bay of Bengal, and east of the South China Sea is re-
duced, while precipitation over northern Sumatra and
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adjacent regions and over the southeastern South
China Sea is enhanced. During winter, precipitation is
suppressed over the eastern Indian Ocean, Sumatra,
and the eastern South China Sea. While the differences
are small, they nevertheless suggest that there is some
rectification of the sinusoidal MJO signal that contrib-
utes to the climatology of these regions.

We next show the time-varying response of the
model to the idealized heating averaged over all sea-
sons. The total diabatic heating and precipitation
anomalies are computed as the composite difference
between the idealized heating simulations averaged
over the 90 MJO cycles (ten cases times nine 40-day
cycles per year) and the average of the control simula-
tion (see sections 2¢ and 2d). The panels on the left side
of Fig. 4 show the time evolution of the response in the
total equatorial diabatic heating and precipitation
anomalies. We note that the eight phases of the im-
posed heating (Fig. 2) correspond to the phases as
shown in Figs. 4 and 5. We see that the total diabatic
heating response and surface precipitation lags some-
what behind (to the west of) the imposed heating, with
the strongest response occurring between about 120°
and 160°E. In the vertical, the diabatict heating re-
sponse maximizes at about 400 mb, slightly higher than
the maximum of the imposed heating. The cross section
at 70°E (right panels of Fig. 4) shows that the main
positive diabatic heating anomaly in the Tropics at day
15 (near 400 mb) is associated with a downward exten-
sion (below 600 mb) of the heating anomalies on either
side of the equator. The heating anomalies show con-
siderable symmetry with respect to the equator. Over
the course of 20 days the off-equatorial positive anoma-
lies move poleward such that at day 35 the two heating
anomalies have moved poleward of 10°, while the equa-
torial anomaly has changed sign.

Our focus in the following sections is on the season-
ality of the model’s response to the heating. Figure 5
shows, for example, the same north-south heating cross
sections shown in Fig. 4, but in this case they are shown
separately for boreal summer and winter. There is
clearly strong asymmetry with respect to the equator
during boreal summer, while the response is consider-
ably more symmetric during boreal winter. In particu-
lar, the heating that develops north of the equator dur-
ing boreal summer eventually dominates the response
so that after day 25 the heating is largely confined to the
northern latitudes (maximum at about 12°N). This oc-
curs in a region of strong easterly shear, surface west-
erlies, and surface temperatures that exceed 28°C. The
boreal winter response has a much stronger equatorial
component with a tendency for the off-equatorial heat-
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FiG. 3. The top four panels show the summer and winter mean precipitation (mm day ') and wind (m s~ ') from
observations and model simulations. The bottom two panels are precipitation (mm day ') and surface wind
differences (m s~ ') between the idealized heating simulation and control simulation.

ing anomaly to be larger in the Southern Hemisphere similar tendency for this to occur during boreal sum-
(SH) during strong positive equatorial heating, while it mer; see left panels of Fig. 5). In the following sections
is larger in the Northern Hemisphere (NH) during pe- we look at the seasonality of the response in more de-
riods with strong negative equatorial heating (we note a  tail.



1908 JOURNAL OF CLIMATE VOLUME 19

Equator (mmday™)
v - 10

: ! : 0
5
100

60 90 120 150 180 210 -20 -10 0 10 20
Longitude Latitude
sl [ ] [ [ I I

-5 -4 -3 -2 -1 1 2 3 4 5

FIG. 4. The total diabatic heating (°C day™') and precipitation differences (mm day ') between the idealized
heating simulations and control simulation. The differences are based on the averages of the 90 MJO cycles. The
total diabatic heating differences are color shaded. The contoured field is the idealized heating (contour interval
is 0.3°C, and negative values are shaded). The purple solid lines indicate the precipitation (right-hand axis). (left)
Longitude-height cross sections at the equator and (right) latitude-height cross sections at 70°E.

b. Boreal summer (May-October) evolution of precipitation and circulation that is asso-

ciated with subseasonal variations of the precipitation
Our method for compositing the model simulations at or near the equator.

and observations is described in section 2d. Our focus Figure 6 compares the evolution of the precipita-
in this section is on describing the spatial structure and tion, surface winds, and upper-level streamfunction
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FiG. 5. Total diabatic heating differences (°C day ™', shaded) and zonal winds (ms~!, contour) at 70°E for
summer and winter. The differences are based on the averages of approximately 45 warm or cold season MJO
cycles. The purple line is SST and the horizontal lines are SST at 28°C.

(100 hPa) from the model and observations. We note
that day 0 in Fig. 6 corresponds to the time when the
idealized heating is at a phase halfway between those
shown in Figs. 2d and 2e. Generally, the model repro-

duces the patterns of the observed precipitation and
wind anomalies, though the precipitation and wind
anomalies are about a factor of 2 too large. The simu-
lated precipitation anomalies are especially unrealistic
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FIG. 6. Composite precipitation (mm day ') and surface wind (m s~') anomaly lags ranging from —15 to 0 days.
(left) Observations and (right) observations based on NSIPP-1 AGCM simulations with idealized heating.

over the warm pool region where they are both too
large and spatially too coherent compared with the ob-
servations. Nevertheless, both simulation and observa-
tions show very similar eastward propagation of the

positive and negative precipitation anomalies. Both
also show clear evidence of a northward migration of
bands of enhanced or reduced precipitation that cross
the Indian subcontinent. In particular, the enhanced



15 MAY 2006 WU ET AL. 1911

Observation

NSIPP with Idealized Heating

30' T > V_V
. € >
v\ /l:'l :{\ 5dCly ﬂ*‘ N b 4
P DN SN ” :
i X ‘W ‘5.‘:_‘:"7"'-‘! | <} A -E/ ‘—)\ y 72
20_ & ) l‘l‘ (X R - —~eal s &
sr e\ Wk |
Ay ———
101 s .
ol \
. ! & )I’
.
01 7 < = = €€
2 RS T
[ ? i | Y- =2= g 1 ) <« v 9
—‘10‘ / . / ¥, / / -—“——, ’ Q' A l',l
- s -
':'?', vaAqep < t 7 4, els iyl W5, 3
iy : y - A; % T AT il ¥ Iy
P AR A Ll « PONY 4 [ A0k sl o b AN
-20- TR Y PSRN A vy
AR Y #ni g [l Ll
b /y/f}: v ” dedwime g HHL /S WA\
10 K it Peis : : : 1 S i ’Ill
30 [ & d i [ N @ pELiVY
= 7 ~. . . % \A &, - 4
! ! LA \‘\\‘\ i ‘\\“\‘\ \“ | 1Od0y \ “‘I‘“ “\ | ‘/‘?“ +. l
fa \ NS S, % 5 4 | 1B I
\ 4 ®® 74 ‘}\t ‘\“\“\K‘\‘}ﬁ.ﬁ‘;‘bj"_ . | \)(V\ / /‘( “L
. .
20 - ": Lty |4 \ \“ NeBN \\\ “~.’:“:\‘-"":i-5~ \ \- |
v ot TR By WETLET LY .(z.z wy
% [ Sua : 4 :\;\_,/,,—‘~~ N - -
=1 ) R ~l-4¢4-~. . P S\
10{ 3} A A i« g
-:\’ // \\‘ *‘\ s N, B “s
|22 ? v 4‘&‘:44- A D e d
\ SN
\ Saol e
(A = .
.
St A\ad i <
'§ ’
( s?’-) i, & - |
AT » A i (3 N
\‘ 1
ﬂ-)‘i; >,J > pPAVY {
o
ik
FERY Ui Evesy »
N
," \ mme et \\ 1 5dCl
R % e
7 AWAY q<<"7 < g,a-y—»{ﬂ"y’y\‘.z.‘\c,
201 A TR
EA\N >/ < ¥ <1V G L_V-\,A\\-\
; \\‘ \ \__, 4 \
LA X 3 ) > >11Nv_j-1-4\(~
101 | ‘ 4 ,
’ ’ f 2 . : L <€ & L 4. =
a4 \ b V<" T-=- [- E_ \ /.ﬂ«’é«’l‘
0-.nv AFr MR FEeecc ceq). AR Ae—— €
". S (L) \
- \ \
L N § 1
172 vy allsy ; A>,;v~vv\rvvw O AN
Q DT
> > > ¥ > > 4 a2 K
.
(= LY ]
AT T 1 A9 AA AR aky
L
A LI AN o A ‘*‘ f
T T

-4 =3 =2 =1 =05
F1G. 6. (Continued)

precipitation that occurs over India at day 15 appears to
be the result of a split in the equatorial heating as it passes
just south of the subcontinent at day 5. Associated with
the split there is also evidence for southward migration
of positive precipitation anomalies beginning at day 5,

0.5 1 2 3 4

though that largely disappears by day 15. Similarly, the
band of reduced precipitation that occurs over India at
day —5 appears to be the result of a split in the negative
precipitation anomaly between days —15 and —10.
The evolution of the off-equatorial anomalies de-
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scribed above can be divided into two stages. The initial
development is largely symmetric with respect to the
equator. A split in the equatorial precipitation anoma-
lies [between days —15 (not shown) and —10 for the
negative anomaly and between days 0 and +5 for the
positive anomaly]| is apparently associated with the
Rossby wave responses to the equatorial anomalies
(pair of anticyclonic vortices straddling the equator at
—10 days and cyclonic anomalies at +5 days).

In the next stage the development is largely asym-
metric, favoring the environment of the summer hemi-
sphere. Focusing on the evolution over the Indian mon-
soon region after day —10, we see that the north—-south
split (and resulting divergence) in the surface easterly
anomalies, which was initiated by the Rossby wave an-
ticyclone, expands across the Arabian Sea, India, and
Bay of Bengal (Fig. 6). This occurs as a result of the
northeasterlies that develop to the south, apparently as
a response to the positive precipitation anomalies that
move into and grow over the equatorial Indian Ocean.
The northeasterlies (and associated reduced precipita-
tion) eventually extend from the northern Arabian Sea
southeastward across India into the Bay of Bengal and,
together with the equatorial negative precipitation
anomaly that at day 0 has moved over the Pacific warm-
pool region, defines a northwest-to-southeast band of
reduced precipitation. In contrast, in the winter hemi-
sphere the off-equatorial negative precipitation anoma-
lies fail to develop much beyond the initial split of the
equatorial precipitation anomaly at day —10 (Fig. 6).
The anomalies fail to develop despite the existence be-
tween days —5 and —10 of surface convergence (not
shown) associated with the Southern Hemisphere
Rossby wave anticyclone. The reasons for this are dis-
cussed in section 4.

An analogous development occurs for the positive
precipitation anomalies after day +5 (Fig. 6). In this
case, the cyclonic circulation anomalies, together with
southwesterlies that develop to the south in response to
the developing negative precipitation anomalies over
the equatorial Indian Ocean, produce a northwest to
southeast oriented band of enhanced precipitation. Af-
ter the initial symmetric development tied to the
Rossby wave response, the subsequent development
(after day 5) again favors the summer hemisphere.

The upper-level streamfunction in the Fig. 6 shows
that both observations and simulations have a quadra-
pole structure with a coherent eastward movement tied
to the precipitation/heating anomalies. The structure is
coherent, with westerly wind anomalies just to the east
of the heating and easterlies to the east. Overall, the
symmetric component of the wind anomalies at a given
time is consistent with the classical Gill (1980) response
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to heating on the equator, consisting of a KW packet to
the east of the heating and two RW packets to the west.
The latter correspond at upper levels to a pair of anti-
cyclonic (cyclonic) RW gyres that are symmetric with
respect to the equator and trail the positive (negative)
heating anomalies.

Recently, Drbohlav and Wang (2005) used an axially
symmetric model to examine the mechanism of north-
ward propagation. They show that the northward
propagation in the model is produced by the free-
troposphere barotropic divergence, which leads con-
vection by about a quarter of a cycle. The vertical ad-
vection of summer mean easterly vertical wind shear by
perturbation vertical motion inside the convective re-
gion induces barotropic divergence (convergence) to
the north (south) of convection. This barotropic diver-
gence triggers moisture convergence in the boundary
layer to the north of convection, causing the northward
propagation of precipitation. Another possible mecha-
nism for northward propagation is what it develops as a
result of surface frictional convergence within the RW
response (highlighted by Lawrence and Webster 2002).
A third possibility is that the off-equatorial precipita-
tion develops as a result of wind—evaporation feedback
(Maloney and Esbensen 2005).

We examine the above mechanisms in Fig. 7, which
shows the northward propagation of the precipitation
anomaly around 80°-85°E during the MJO cycle to-
gether with surface divergence, barotropic divergence,
and evaporation. The barotropic divergence is com-
puted as a mean of the divergence at 200 and 850 hPa
following Drbohlav and Wang (2005). The figure shows
that only surface frictional convergence leads the north-
ward propagation of the positive precipitation anoma-
lies (neither barotropic divergence nor surface evapo-
ration). This suggests that the most likely mechanism
responsible for the northward propagation is surface
frictional convergence, as suggested by Lawrence and
Webster.

c¢. Boreal winter (November—April)

We next focus on boreal winter (Figs. 8 and 9). Here
we are primarily interested in the links between the
MJO and the Australian summer monsoon, so we pick
a base region index that is farther to the east (4°—-4°N,
90°-120°E). Figure 8 shows the observed and simulated
precipitation, surface wind, and 200-hPa streamfunc-
tion composites. The spatial patterns of the eastward-
moving anomalies are reasonably well simulated. The
main discrepancies with the observations are largely the
same as those of the boreal summer season: the anoma-
lies are roughly a factor 2 too large, especially over
Indonesia and the Pacific warm pool.
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FIG. 7. Latitude-time cross section of (a) precipitation (mm day !, contour at every 0.5 mm day '; red is for positive

anomalies and blue for negative anomalies) and surface frictional divergence (107° s

-1

, shaded), (b) precipitation

(contour) and barotropic divergence (shaded), and (c) precipitation (contour) and evaporation (W m~2, shaded).

The boreal winter precipitation anomalies show
much more of an equatorial east-west dipole structure
and symmetry with respect to the equator compared
with boreal summer (cf. Fig. 6). Beginning at —10 days,
we see that negative anomalies extend over much of the
Tropics from the eastern Indian Ocean into Indonesia,
while positive anomalies are beginning to develop in
the western Indian Ocean in association with easterly
surface wind anomalies. At —5 days there is a split in
the negative anomalies over Indonesia in association
with cyclonic wind anomalies in both hemispheres. The
negative anomalies in the Southern Hemisphere extend
southward, acting to reduce precipitation over northern
Australia through day 0. The off-equatorial negative
anomalies do not develop further and by day 5 have
largely been replaced by the large equatorial positive
anomaly that propagates into the western Pacific.

At day 10 the precipitation maximum has split so that
east-west bands of precipitation stretch across the In-
dian Ocean on either side of the equator (Fig. 8). In the
Southern Hemisphere, the positive anomalies extend
sufficiently far eastward to enhance precipitation over

northern Australia. The observations show a clear
asymmetry with respect to the equator at this time, with
larger (smaller) anomalies occurring in the Southern
(Northern) Hemisphere. The larger summer hemi-
sphere anomalies develop in association with north-
westerly surface wind anomalies emanating from the
developing negative equatorial precipitation anomaly,
reminiscent of the Northern Hemisphere summer re-
sults discussed earlier. Similar asymmetries also occur
between the hemispheres somewhat earlier (days 0 and
5) in both observations and simulation though, overall,
both the observations and simulations show much
greater symmetry with respect to the equator than was
the case for the boreal summer. These differences be-
tween the two seasons are explored further in the next
section.

The composite upper-level streamfunction at 200 hPa
for the observations and the model simulations (Fig. 8)
are quite similar though, as was the case for the boreal
summer, the amplitude is roughly a factor of 4 larger in
the simulation. The main features again consist of an
eastward propagating quadrapole pattern of stream-
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function anomalies, though in this case they are most
evident somewhat lower in the troposphere (about 200
mb) compared with boreal summer. The anomalies
span the region from Africa to well west of the date
line. For example at day —15, two anticyclonic anoma-

lies straddle the equator over the eastern equatorial
Pacific, while cyclonic anomalies occur to the west. The
associated easterlies to the east and westerlies to the
west are consistent with upper-level convergence over
the western Pacific and suppressed precipitation (see
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Fig. 8). At day 0, the pattern has propagated far enough
to the east so that the anomalies have changed sign and
the region is apparently now dominated by large-scale
divergence. The basic structure of the wind, stream-
function, and precipitation is again generally consistent

with the Gill model response to equatorial heating, with
a KW packet to the east and RW gyres to the west of
the heating.

As in the summer case, the upper-level streamfunc-
tion in Fig. 8 shows that both observations and simula-
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tions have a quadrapole structure with a coherent east-
ward movement tied to the precipitation/heating
anomalies. The structure is again coherent, with west-
erly wind anomalies just to the east of the heating and
easterlies to the east.

Looking at the nature of the southward propagation
of the precipitation, we again plot (Fig. 9) the precipi-
tation anomalies together with surface divergence,
barotropic divergence, and evaporation. Similar to the
boreal summer case, we see that only the surface fric-
tional convergence leads the southward propagation of
the positive precipitation anomalies, suggesting that the
mechanism proposed by Lawrence and Webster (2002)
is also operating during boreal winter.

We now turn our attention to the causes of the hemi-
spheric asymmetries in the off-equatorial precipitation
anomalies.

4. Seasonal changes in the base state

Since the prescribed heating does not vary by season,
the above results support the idea (Wang and Xie 1997)
that the seasonal differences in the off-equatorial pre-

cipitation and surface winds are primarily driven by the
seasonal changes in the basic state (e.g., including ver-
tical wind shear, low-level moisture distribution).

We begin by looking at the seasonal changes in the
vertical shear of the zonal wind (Fig. 10). Xie and Wang
(1996) and Wang and Xie (1996, 1997) show that east-
erly shear favors emanation of Rossby waves. They dis-
cussed that the tropical Rossby wave have two energy
sources: one is vertical shear of the mean zonal flow via
baroclinic instability and the other is the surface fric-
tion-induced moist convergence. Both processes con-
tribute to the development of the tropical Rossby wave.
In the presence of the boundary layer, the moist Rossby
wave instability is remarkably enhanced by easterly
vertical shears. This results form the fact that an east-
erly shear confines the wave to the lower level, gener-
ating a stronger Ekman-pumping-induced heating.
When the shear is asymmetric relative to the equator,
the unstable Rossby wave is constrained to the hemi-
sphere where the shear is prominent. This helps in the
explanation of the emanation of equatorial waves to-
ward midlatitudes. The northwestward emanation of
Rossby waves were observed and documented by
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Re-Analyses, and (bottom) model simulations.

Kemball-Cook and Wang (2001) and Lawrence and
Webster (2002).

In Figure 10 both the observations (reanalysis) and
the model simulations show a strong asymmetry with
respect to the equator in the region of easterly shear
during boreal summer. The easterly shear occurs pri-
marily in the Northern Hemisphere extending from
about 5°S latitude to about 25°N latitude and covers
much of the South Asian monsoon region. The largest
shear occurs at about 10°N and extends from the east
coast of Africa across the southern tip of India. In the
simulations, the region of high shear extends still far-
ther east to Indo—China. In contrast, during boreal win-
ter the observations show that the region of easterly
shear is largely symmetric with respect to the equator,

with the region of largest shear centered over Indone-
sia. The model results, however, show greater asymme-
try with respect to the equator with substantially less
easterly shear north of the equator. Overall, the east-
erly shear during boreal winter is weaker and latitudi-
nally more confined compared with that of boreal sum-
mer.

We next consider that changes in the thermodynamic
structure of the base state can influence the occurrence
of precipitation. To do this we examine the convective
available potential energy, defined as

pi
R,CAPE = R, J (T, — T,) dInp, )
pn
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FIG. 11. As in Fig. 10, but for the convective available potential energy (J kg™ ').

where R, is the gas constant, T\, and T, are the virtual
temperature of parcel and environment, respectively,
and p,, and p; are cloud-top pressure and pressure to
which the parcel lifted, respectively. This is a vertical
integral of buoyancy of a lifted parcel and can be inter-
preted as the maximum available energy that can be
transferred to the deep convective motion.

The seasonal mean differences (boreal summer mi-
nus boreal winter) in the observed and simulated
CAPE (Fig. 11) show the expected larger CAPE in the
summer hemispheres. In the Northern Hemisphere, the
differences are largest over the eastern Pacific north of
about 15° and over the Arabian Sea and Bay of Bengal.
In the Southern Hemisphere, the differences are largest
near 15°S in the eastern Indian Ocean and just north of
Australia. The above results suggest that both the shear

(through its affect on the Rossby wave response) and
CAPE favor an off-equatorial response in the Northern
Hemisphere during boreal summer.

5. Conclusions

Considerable progress has been made in understand-
ing the basic mechanism of the MJO. Nevertheless, the
pronounced seasonality of the MJO is still poorly un-
derstood. In this study, observations and AGCM
(NSIPP-1) simulations were used to further address a
key aspect of that seasonality, namely, the apparent
meridional propagation that appears to be a major fac-
tor in how the MJO influences the Asian and Austra-
lian summer monsoons.

The NSIPP-1 model, like many other AGCMs, pro-
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duces only a weak MJO. Here, we take advantage of
that model’s shortcoming to isolate the model response
to an imposed equatorial (MJO like) heating.

A key result of this study is that the AGCM, when
forced with idealized eastward propagating equatorial
dipole heating anomalies, reproduces the salient fea-
tures of the observed MJO seasonality. This includes
the greater east—west orientation and symmetry with
respect to the equator of the precipitation anomalies
during boreal winter and the tendency for the anoma-
lies to have a more north—south structure during boreal
summer. The simulations also show clear evidence of
apparent meridional propagation and the associated
impacts on the Asian and Australian summer mon-
soons, which are similar to those observed. Since the
prescribed heating has no seasonality, these features of
the MJO are driven by the seasonal changes in the basic
state.

An analysis of the model simulations shows that the
response to the prescribed heating consists of surface
easterlies to the east of the heating center and wester-
lies over and to the west of the heating center, while an
anticyclone pair develops on either side of the equator.
The basic structure of the wind is consistent with the
classical Gill response to heating on the equator con-
sisting of a KW packet to the east of the heating and
two Rossby wave cells to the west of and over the heat-
ing.

Further analysis shows that the initial development
of the off-equatorial response to the leading pole of the
equatorial heating is the result of frictional convergence
within the Rossby wave response, consistent with the
findings of Lawrence and Webster (2002). Further de-
velopment of the off-equatorial response, however, ap-
pears to depend crucially on the east-west dipole na-
ture of the equatorial heating. In particular, it is the
interaction of the nascent off-equatorial precipitation
and wind anomalies with the trailing pole of the equa-
torial dipole that acts to enhance and extend the
anomalies to produce the characteristic northwest to
southeast (or southwest to northeast) tilt of the off-
equatorial precipitation anomalies.

An analysis of the seasonal changes in the back-
ground state suggest that changes in both the static sta-
bility (CAPE) and the vertical wind shear favor the
development of off-equatorial precipitation anomalies
in the Northern Hemisphere during boreal summer,
consistent with Wang and Xie (1997). During boreal
winter, there is some tendency to favor off-equatorial
development in the Southern Hemisphere, though less
s0.

To summarize, Fig. 12 presents a schematic of the
development of the precipitation and surface wind
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FiG. 12. A schematic depiction of the precipitation and low-
level wind anomalies associated with the MJO over the Asian
summer monsoon region.

anomalies during boreal summer. The first panel shows
the initial split of the equatorial positive precipitation
anomaly associated with the surface cyclones of the
Rossby wave response. The remnants of the previous
negative precipitation anomaly (together with north-
easterly wind anomalies) are situated to the northeast.
During the next stage (second panel), only the North-
ern Hemisphere cyclonic anomaly survives. Southwest-
erlies develop in association with the developing trail-
ing negative pole of the equatorial precipitation dipole.
The southwesterlies, together with the surface cyclone,
produce a line of convergence and enhanced precipita-
tion anomalies that eventually extend in a northwest to
southeast direction across the Arabian Sea, India, and
the Bay of Bengal (third panel). If we include the rem-
nants of the eastward propagating positive pole of the
equatorial anomaly, the line extends well into Indone-
sia. The subsequent development for the negative
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anomalies is analogous (see, e.g., the fourth and fifth
panels).
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