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ABSTRACT

The interaction between high-frequency transient disturbances and convection, and the Madden-Julian Os-
cillation (MJO), is investigated using NCEP-NCAR reanalysis and satellite outgoing longwave radiation data
for 15 northern winters. During the phase of the MJO with enhanced convection over the East Indian Ocean
and Indonesia, and suppressed convection over the South Pacific convergence zone, both the Asian—Pecific jet
and the region of upper-tropospheric tropical easterlies over the warm pool are displaced westward. These
changes in the basic state lead to a weaker or ““leakier’” waveguide in the Asian—Pacific jet, with a westward-
displaced ““‘forbidden” region of tropical easterlies, such that high-frequency transient waves propagate equa-
torward into the deep Tropics over the central Pacific near the date line. As these waves induce convection in
the region of ascent and reduced static stability ahead of the upper-level cyclonic disturbances, there is an
enhancement of high-frequency convective variability over the central Pacific intertropical convergence zone
during this phase of the MJO. This enhanced high-frequency convective variability appears to project back onto
intraseasonal timescales and forms an integral part of the slowly varying diabatic heating field of the MJO. In
the opposite phase of the MJO, the Asian—Pacific jet is extended eastward and there is an almost continuous
waveguide across the Pacific. Together with the expanded forbidden region of tropical easterlies over the warm
pool, this leads to a more zonal propagation of high-frequency transients along the waveguide with less equa-
torward propagation, and hence reduced high-frequency convective variability over the tropical central Pacific.
There is also evidence of high-frequency waves propagating into the Indian Ocean region at the beginning of

the MJO cycle, which may be important in the initiation of intraseasonal convective anomalies there.

1. Introduction

In the central and eastern Pacific in northern winter
and spring, deep convection along the intertropical con-
vergence zone (ITCZ) is observed to occur preferen-
tially in conjunction with the equatorward propagation
of extratropical wave trains from the Northern Hemi-
sphere (Liebmann and Hartmann 1984; Kiladis and
Weickmann 1992a,b). The convection occurs ahead of
an upper-level trough or positive potential vorticity (PV)
anomaly in the wave train, in the region of ascent and
reduced static stability (Kiladis 1998). Lagged regres-
sion relationships show that the propagation of the wave
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train into the Tropics precedes the development of the
ITCZ convection, inferring that the convection is in-
duced by the wave dynamics. Even though the circu-
lation and PV anomaly of the waves is a maximum in
the upper troposphere, it still induces ascent throughout
the whol e troposphere down to the boundary layer (Mat-
thewset al. 1996). Subsequently, a southwest—northeast-
oriented cloud band frequently develops from the con-
vection over the ITCZ. The wave trains have a mean
period of about 12 days and therefore occur at a lower
frequency than typical midlatitude baroclinic eddies, but
at a higher frequency than the dominant mode of intra-
seasonal variability over the Pacific—the Madden—Ju-
lian Oscillation [MJO, see Madden and Julian (1994)
for areview].

The equatorward-propagating waves, hereafter re-
ferred to as '‘wave activity,” and the associated con-
vection are an essential part of the general circulation
of the eastern Pacific region. The waves have a positive
southwest—northeast tilt and transport westerly momen-
tum poleward. This momentum transport is a significant
part of the momentum budget in the region (Kiladisand
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Feldstein 1994). Climatological rainfall rates over the
eastern Pacific ITCZ in the northern winter are very
high, estimated to be of the order of 10 mm day—* (Jan-
owiak et al. 1995), corresponding to a latent heating of
300 W m=2, or 2.5°C day*. The response to such a
heat source includes an extratropical wave train over
the Pacific and North America (Jin and Hoskins 1995).

The wave activity in the region of equatorial west-
erlies in the eastern Pacific can be explained by the
Rossby wave theory using ray tracing (Hoskinsand Am-
brizzi 1993) and shallow water calculations (Webster
and Holton 1982) on a time-mean flow that varies in
longitude as well as latitude. The tropical easterlies in
the upper troposphere over the Eastern Hemisphere act
asabarrier to Rosshy wave propagation into the Tropics,
producing a ‘“critical line” for Rossby waves whose
zonal phase speed approaches that of the background
flow (e.g., Yang and Hoskins 1996). However, in north-
ern winter, there are mean upper-tropospheric westerlies
on the equator over the eastern Pacific and the Atlantic.
These mean westerlies allow Rossby wavesto propagate
into the deep Tropics in these regions and even to cross
the equator. As the waves propagate from the midlati-
tudes into the Tropics, their vertical scale shrinks (Ki-
ladis 1998) and they are confined to the region of west-
erlies in the upper troposphere; the mean easterlies in
thetropical lower troposphere preclude barotropic Ross-
by wave propagation there (Tomas and Webster 1994).

Ray tracing and refractive index arguments predict
that the subtropical jetswill act as waveguides (Hoskins
and Ambrizzi 1993). The theory suggests that, upon
exiting the particularly strong waveguide of the Asian—
Pacific jet, a wave train may split into two parts—one
continuing over North America, and the other being
refracted southward into the equatorial westerlies over
the eastern Pacific, in agreement with observations (Ki-
ladis and Weickmann 1992b; Kiladis 1998).

Previous observational and ray-tracing work de-
scribed above indicates that the Asian jet is a source
region for these wave trains. One possible excitation
mechanism is transient convection over the Indian
Ocean. This appears to force a wave train in the jet of
similar zonal wavenumber (5-6) to the waves observed
in the eastern Pacific (Meehl et al. 1996; Kiladis and
Weickmann 1997). Alternatively, midlatitude baroclinic
waves have been observed to travel around the globe
at the latitude of the jet in groups or wave packets (Lee
and Held 1993; Chang 1993). The period of the enve-
lope of wave activity isaround 10 days, which issimilar
to that of the waves observed over the tropical eastern
Pacific (Kiladis 1998).

It is clear that the slowly evolving, large-scal e back-
ground flow, or “basic state”” is crucia to the propa-
gation characteristics of the eastern Pacific wave trains.
Hence, low-frequency changes in the basic state may
lead to different propagation characteristics and sub-
sequently to changes in the convection and the transient
circulation of the region. The largest changes to the
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basic state occur as part of the annual cycle. In northern
summer and fall, the upper-tropospheric equatorial west-
erlies over the eastern Pacific are replaced by easterlies
over amost the whole tropical domain. These easterlies
preclude the propagation of Rossby wave activity into
the eastern Pacific, and there is no connection between
extratropical wave trains and convection over the ITCZ
in northern summer and fall (Kiladis and Weickmann
1997).

The basic state also changes on interannual time-
scales, mainly as a result of El Nifio-Southern Oscil-
lation. For example, the winter of 198283 was a strong
warm event, and the main area of convection was sit-
uated over the central Pacific, eastward of its mean po-
sition. The node between the equatorial easterlies and
westerlies was also shifted eastward, to 130°W, and the
strength of the westerly **duct’ in the equatorial eastern
Pacific was much reduced. Consequently, much less
wave activity propagated into the tropical central Pacific
(Kiladis 1998), and the occurrence of cloud bands was
reduced (McGuirk et al. 1987). In contrast, the winter
of 1988-89 was characterized by cold event conditions.
The westerly duct was stronger than usual, and wave
activity and cloud band occurrence in the eastern Pacific
were enhanced. Over the Atlantic, the situation is re-
versed, with stronger equatorial westerlies during a
warm event. The barotropic model calculations of Am-
brizzi (1994) predict greater cross-equatorial propaga-
tion over the Atlantic during such a warm event.

On intraseasonal timescales, the MJO involves an
eastward translation of tropical convective anomalies
from the Indian Ocean to the western Pacific, and sub-
sequently to South America and Africa, with a period
of between 30 and 60 days. The convective anomalies
have associated wind and mass perturbations, including
significant anomaliesin the region of thetropical eastern
Pacific (Knutson and Weickmann 1987). Previous work
on the interaction between high-frequency transients
and the MJO has focused on the warm pool region.
Super cloud clusters (SCCs) with horizontal scales of
several thousand kilometers propagate slowly eastward
and can be identified as MJO convective anomalies.
Within the envelope of these SCCs, cloud clusters with
scales of hundreds of kilometers propagate westward in
the opposite direction (Nakazawa 1988; Lau et al. 1991).
Synoptic and mesoscal e activity is also enhanced during
this convectively active phase of the MJO (Hendon and
Liebmann 1994; Weng and Lau 1994). In particular,
there is a westward-propagating mode with a period of
approximately 2 days (Hendon and Liebmann 1994,
Chen et al. 1996; Chen and Houze 1997), which can be
identified with n = 1 westward-propagating inertio-
gravity waves (Takayabu 1994). The diurnal cycle over
the maritime continent is also strongly modulated by
the MJO, although in an inverse sense. During the con-
vectively active (inactive) phase of the MJO, the diurnal
cycle is suppressed (enhanced) (Sui and Lau 1992).

High-frequency transients may have aroleto play in
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the initiation of the convectively active phase of the
MJO over the Indian Ocean. In a case study of an MJO
in the northern winter of 1985-86, Hsu et al. (1990)
found that convection in the Indian Ocean became or-
ganized only when a subtropical Rossby wave train
propagated into the region. The convection wasinitially
located in the ascent region ahead of a trough in the
wave train and then developed into an MJO. In an ide-
alized modeling study, Bladé and Hartmann (1993)
found that baroclinic waves propagating into the Tropics
from the Asian jet could force ascent and deep con-
vection in the subtropics ahead of a trough. Once again,
this deep convection then evolved into an MJO.
However, the interaction between high-frequency
transients and the MJO in the central and eastern Pacific
region appears to have been neglected. The aim of this
paper is to investigate the interaction between high-fre-
guency wave activity and transient convection, and the
MJO, with particular emphasis on the eastern Pacific
ITCZ region, and to attempt to relate these interactions
to changes in the basic state during the MJO life cycle.

2. Data and methodology
a. Data

Data from 15 northern winters (December—February,
DJF) from 1979-80 to 1993-94, were used in this study.
Daily mean winds at 200 mb were obtained from the
National Centers for Environmental Prediction—Nation-
al Center for Atmospheric Research (NCEP-NCAR) re-
analysisdataset (Kalnay et al. 1996). Thereanalysisuses
the same state-of-the-art data assimilation scheme
throughout the whole period and therefore provides a
consistent dataset free of the problems caused by chang-
esto the assimilation schemein the operational analyses.
Outgoing longwave radiation (OLR) data from the Na-
tional Oceanic and Atmospheric Administration
(NOAA) satellites (Liebmann and Smith 1996) were
used as a proxy for tropical convection (Arkin and Ar-
danuy 1989). Both datasets are stored on the same 2.5°
latitude X 2.5° longitude grid.

b. Lagged regression technique

To show the evolution of the slowly evolving basic
state, and the behavior of the high-frequency transients
throughout the MJO, lagged regression techniques were
employed, similar to those in Kiladis and Weickmann
(1992a). A time serieswas constructed from daily values
of an area-averaged OLR over a 20° X 20° box in the
western Pacific warm pool (15°S-5°N, 140°-160°E).
The daily OLR time series was passed through a 30—
70-day bandpass L anczos filter (Duchon 1979) with 241
weights to isolate the MJO signal. This is then the
“warm pool OLR” reference time series against which
other variables were regressed. The regression maps,
shown later, are scaled to a value of —20 W m~2 of the
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Fic. 1. Filter response curves for 30—70-day (solid) and 6-25-day
(dashed) bandpass filters.

reference time series, a typical minimum value during
the passage of an MJO through the region.

The gridded fields of daily mean 200-mb wind and
OLR were passed through the same 30-70-day filter
and regressed against the reference time series. The
slowly evolving wind field anomalies, when added back
to the climatological mean, may be used to describe the
basic state on which the high-frequency transients prop-
agate, and the OLR anomalies describe the slowly
evolving convective envelope of the “typical” MJO.
However, for reasons outlined later, a compositing pro-
cedure, rather than the regression technique described
here, is used to reconstruct the basic state at different
phases of the MJO.

To isolate the high-frequency transients, the gridded
fields of daily mean 200-mb winds and OLR were
passed through a 6-25-day bandpass filter. The 6-day
low-pass cutoff was chosen to exclude higher frequency
baroclinic waves, and the 25-day high-pass cutoff, rather
than the 30-day high-pass cutoff used in the earlier stud-
ies of Kiladis and Weickmann, was chosen to clearly
separate the high-frequency transients from the 30—70-
day filtered MJO signal. As seenin Fig. 1, thereisvery
little overlap between the response curves of the two
filters. The terms “ high frequency” and ‘* 6-25-day fil-
tered” will be used interchangeably from here.

Asthey are from different frequency bands, a simple
regression of the 6-25-day filtered wind fields against
the 30—70-day filtered reference time series would only
yield noise with near-zero correlation. An exact rela
tionship between the phase of the high-frequency tran-
sients and the phase of the slowly evolving MJO would
not be expected in any case. Instead, an enhancement
of convection and wave activity on the 6-25-day time-
scale in a certain phase of the MJO was anticipated.
Hence, the variance of the 6-25-day filtered OLR fields
was regressed against the reference time series. Before
the regression, the squared 6-25-day filtered OLR fields
were passed through the 30—70-day filter to isolate that
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portion of the variance that fluctuates on MJO time-
scales. The regression calculation of the high-frequency
squared OL R perturbations, and of other high-frequency
quadratic quantities described below, is analogous to a
weighted time average, where the reference time series
acts as a weighting function. A similar measure of the
“variance” of the high-frequency waves is the pertur-
bation kinetic energy (PKE):

1 -
PKE = E(u’2 + v'?), 1)

where U’ and v’ are the 6-25-day filtered zonal and
meridional wind, respectively. Daily maps of PKE were
then passed through the 30—70-day filter and regressed
against the reference time series.

Another second-order quantity that can be calculated
from the 6-25-day-filtered wind field is the ** E vector”
(Hoskins et al. 1983):

E=@2z—Uuz —uv). )

The E vectors give information about the shape and
propagation characteristics of eddies and their feedback
onto the mean flow and are approximately parallel to
the group velocity of the waves. Daily maps of both
components of the E vector were passed through the
30-70-day filter and regressed against thereferencetime
series. The lagged regression maps thus produced show
how the high-frequency E vectors, and the propagation
characteristics of the high-frequency eddies they de-
scribe, change over the MJO life cycle.

c. Satistical significance

To ensure that the results of the lagged regression
analysis were not due merely to chance, a statistical
significance test was performed following Livezey and
Chen (1983; hereafter LC). First, the local statistical
significance at each grid point of the regression map
was determined. As both the reference time series and
the gridpoint fields showed considerable temporal au-
tocorrelation, each day of data was not independent.
Hence, a decorrelation timescale for each gridpoint was
calculated [see Eq. (1) of LC]. The number of temporal
degrees of freedom was then calculated from the de-
correlation timescale before assessing local significance
at the 95% level.

If each grid point was independent and the dataset
was of infinite length, then even if there was no deter-
ministic relationship between the reference time series
and the gridpoint fields, 5% of the grid points (weighted
by area) would be expected to be locally significant at
the 95% level purely by chance. However, due to the
existence of spatial correlations between neighboring
grid points and the finite length of the data, considerably
more than 5% of the area of the globe could appear to
be locally significant at the 95% level—still purely by
chance.

Therefore, to determine the **global significance’ of

MONTHLY WEATHER REVIEW

VoLumE 127

the regression fields, 1000 Monte Carlo simulations
were performed for each variable. In each simulation,
a reference time series was generated randomly from a
Gaussian distribution and the daily gridpoint fields were
regressed against it. For each simulation, the percentage
of area locally significant at the 95% level was calcu-
lated and used to build up a histogram giving a fre-
quency distribution of the percentage of locally signif-
icant area. These frequency distributions were centered
near 5% but had considerable spread about this mean
value. If the actual percentage of area significant at the
95% level from the original regression was greater than,
say, the 99th percentile of the histogram, then the re-
gression field was said to be globally significant at this
level (99%). If this criterion was not met, then the seem-
ingly large area of local significance could have just
arisen by chance, and any physical arguments drawn
from the regression analysis must be treated with cau-
tion.

d. Compositing technique

In section 2b, reconstruction of the slowly evolving
basic state (the MJO), upon which the high-frequency
transients propagate, was described. This was accom-
plished by adding back the 30—70-day wind anomalies
to the climatological mean. However, the initial scaling
of these wind anomalies (i.e, the chosen reference OLR
value of —20 W m~2) was rather arbitrary. As one of
the diagnostics to be calculated from the basic state, the
total stationary wavenumber (Hoskins and Ambrizzi
1993), is highly nonlinear and, therefore, sensitive to
this scaling, an alternative approach is preferred.

In this approach, a composite-mean basic state was
constructed using the 30-70-day filtered warm pool
OLR reference time series of the regression analyses.
A day on which this reference time series was a min-
imum and less than one standard deviation was denoted
as a ‘‘day 0.” There were 23 such day Os from DJF
1979-80 to 1993-94—that is, 23 individua MJO
events. To calculate the composite-mean basic state ap-
propriate to, say, day —10 of the MJO life cycle, the
daily mean 200-mb zonal wind fields from day —15 to
day —5 of each of the 23 individual MJO events were
averaged. The 11 days from day —15 to day —5 of each
MJO constitute approximately a quarter cycle of the
MJO, which is about the longest period over which the
slowly varying flow field of the MJO can be assumed
to remain roughly constant—that is, over which it can
be considered a background basic state. The resulting
composite-mean 200-mb zonal wind field was then de-
noted the “‘day —10 phase.” Similarly, the ‘““day +10
phase’” was constructed by averaging over the 253 (11
X 23) daily mean fields from day +5 to day +15 of
the 23 individual MJO events.

The composite mean OLR field for the day O phase
(day —5 to day +5) was also calculated and compared
with the mean DJF OLR field. The anomaly in the com-
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Fic. 2. Mean fields for DJF from 1979-80 to 1993-94. (a) OLR
and 200-mb zonal wind. OLR values less than 245 W m~2 are shaded
from 25°S to 25°N only. Contour interval for 200-mb zonal wind is
10 m s . Positive (negative) contours are solid (dashed), the zero
contour is thickened, and an extra contour at 15 m s—* is|long-dashed.
(b) High-frequency (6-25 day) OLR variance. Contour interval is
200 W2 m~, and values above 200 W2 m~* are shaded. (c) High-
frequency (6-25 day) 200-mb PKE. Contour interval is 25 m? s2,
and values above 25 m? s 2 are shaded.

posite mean OLR field for the day O phase over the 20°
X 20° box (15°S-5°N, 140°-160°E) was very close to
—20 W m~=2, indicating the suitability of the chosen
reference value of —20 W m~2 used in the regression
analysis.

3. Climatological mean basic state

To help interpret the results of the regression analysis,
some northern winter mean fields are first discussed.
The mean 200-mb zonal wind (Fig. 2a) is dominated
by the subtropical jets over the Northern Hemisphere.
In particular, the Asian—Pacific jet maximum is over 70
m s, southeast of Japan. Easterlies cover most of the
equatorial region, except for the ‘‘westerly ducts’ over
the central and eastern Pecific, and the Atlantic. Note
especially the local equatorial maximum in zonal wind,
outlined by the extra, long-dashed 15 m s-* contour in
the eastern Pacific. The mean OLR in Fig. 2a shows the
regions of deep tropical convection over Africa, the
warm pool, and the South Pacific convergence zone
(SPCZ), the Amazon Basin, and along the zonally ori-
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ented ITCZ at about 8°N over the central and eastern
Pacific.

The lower two panels of Fig. 2 show diagnostics of
the high-frequency (625 day) transients. The pattern
of variance of OLR on the 6-25-day timescale (Fig. 2b)
roughly follows that of the mean low OLR (Fig. 2a);
that is, the regions of high-frequency convective vari-
ability coincide with the regions of mean convection.
However, there is a local minimum in the high-fre-
guency convective variability over the islands of the
equatorial warm pool, even though the mean convection
there is strong. Spectral decomposition of the OLR var-
iance over these islands indicates that the diurnal cycle
is the dominant mode of variability (Salby et al. 1991).
Regions of frequent cloud band activity are also seen
as northeastward extensions of variance in the eastern
Pacific and eastern Atlantic.

To indicate the preferred locations of high-frequency
transient activity, 200-mb PKE on the 6-25-day time-
scale is shown in Fig. 2c. The largest values, over 100
m?2 s-2, are found in the subtropics, particularly in the
jet exit regions over the North Pacific and the North
Atlantic. The areas of tropical easterlies are relatively
quiescent, with mean PKE less than 25 m2? s-2, but the
higher values in the westerly ducts over the Pacific and,
to a lesser extent, the Atlantic, reflect the existence of
wave activity in these regions (see Arkin and Webster
1985).

The stationary wavenumber of the 200-mb mean zon-
al flow is shown in Fig. 3 [see Hoskins and Ambrizzi
(1993) for a discussion] with mean high-frequency E
vectors, on the 6-25-day timescal e, superimposed. Total
stationary wavenumber is defined as

B _ Uyy 1/2
(e
where U is the time-mean zonal wind, g is the meridional
planetary vorticity gradient, and —U , is the time-mean
meridional relative vorticity gradient (the contribution
from the meridional wind has been neglected). Theterm
K, acts as a refractive index for stationary Rossby
waves, such that waves are refracted toward (away from)
regions of high (low) K. The regions of mean easterlies
correspond to imaginary values of the stationary wave-
number (darkest shading). The boundaries of these re-
gions are demarcated by a critical, or zero wind, line
toward which Rossby waves are refracted. The critical
line may then act as an absorber or reflector of Rossby
waves (Killworth and Mclntyre 1985). However, once
inside the region of imaginary stationary wavenumber,
the Rossby waves become evanescent and decay rapidly.
Consistent with theory, the amplitude of the E vectors
and the PKE magnitudes (Fig. 2c) are very small in
these regions. Although the 6-25-day waves are clearly
not stationary, a similar total wavenumber for the tran-
sient waves can be calculated (Yang and Hoskins 1996).
Following Kiladis (1998), K, is used here to give a
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DJF mean: Total stationary wavenumber, E-vectors (6-25 day)
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Fic. 3. Mean fields for DJF from 1979-80 to 1993-94. The 200-mb total stationary wavenumber K is contoured at zonal wavenumbers
0,4,5,6, 7,8, 10, 15 with a thickened contour at 25 to represent the transition to regions of easterly zonal wind and imaginary K,. Regions
of negative absolute vorticity gradient are shaded lightly; regions between zonal wavenumbers 6-25 and of easterly zonal wind are shaded
with increasing darkness. Also shown are high-frequency (6-25 day) 200-mb E vectors. Reference vector is 50 m? s—2.

qualitative description of the effects of the basic state
on the propagation of the transient waves.

The waveguide nature of the subtropical jets can be
seen from the axes of maximum stationary wavenumber
that lie along the jet axes, especially in the Asian—Pacific
jet. The E vectors tend to point in an approximately
zonal direction along the Asian jet core, indicating the
tendency for 6-25-day Rossby wave energy to propa
gate along the jet. However, there is also a significant
cross-jet component of the E vectors, indicating the
“leaky’” nature of the waveguide. In the region of the
Asian—Pacific jet exit, the E vectors point southeastward
toward the equatorial central Pacific and the higher val-
ues of stationary wavenumber. These southeastward-
pointing E vectors extend across the equator into the
Southern Hemisphere to 5°S, near 110°W, indicating
cross-equatorial propagation. Southern Hemisphere
waves are also refracted equatorward toward the west-
erly duct, as shown by the northward-pointing E vectors
in aregion centered on 15°S, 150°W.

Over the ITCZ in the eastern Pacific at 8°N, 110°W,
thereisalocal minimum in stationary wavenumber. This
arises from aweakening of the meridional vorticity gra-
dient due to a minimum in the zonal wind between the
equatorial westerly maximum to the south and the North
American jet to the north (Fig. 2a). Asindicated by the
E vectors, Rossby waves will be refracted away from
this region, even though the strongest equatorial west-
erlies are found at this longitude.

4. Slowly evolving basic state of the MJO

The slow evolution of the basic state over an MJO
life cycleis shown (in Fig. 4) by lagged regression maps
of 30-70-day filtered 200-mb zonal wind and OLR,
regressed against the warm pool OLR reference time

series. This brief section is intended as a framework to
put the behavior of the high-frequency transient anom-
alies in context. Results are similar to those of Knutson
and Weickmann (1987) and Hendon and Salby (1994),
for example. Individua MJOs may differ significantly
from the mean life cycle described here. This point is
discussed further in section 7.

On day —10 (Fig. 4a) there is enhanced convection
over the warm pool and Australia, with reduced con-
vection over the date line and the SPCZ. The equatorial
200-mb zonal wind anomalies are westerly over the
western and central Pacific, and easterly from the eastern
Pacific eastward to the Indian Ocean. The Asian—Pacific
jet isretracted over the Pacific, with subtropical easterly
anomalies up to —6 m s~* over the Pacific (30°N, 180°).
The jet entrance region over Asiais strengthened with
westerly anomalies of up to 4 m s

Ten dayslater, on day 0 (Fig. 4b), the MJO convection
has moved eastward to be centered over the western
Pacific, and convection over Brazil, Africa, and the In-
dian Ocean is suppressed. Equatorial 200-mb westerly
anomalies have expanded rapidly eastward from the
central Pacific to North Africa, and the Asian—Pacific
jet is now strengthened, with peak westerly anomalies
at 35°N.

By day +10 (Fig. 4c), the enhanced convection of
the MJO has moved farther eastward to the date line
and the SPCZ, while convection over the whole Indian
Ocean and Maritime Continent is suppressed. There are
easterly anomalies over the tropical western and central
Pacific and westerly anomalies over the rest of the Trop-
ics. The Asian—Pacific jet has positive anomalies over
the western and central Pacific out to 150°W. This phase
of the MJO is approximately opposite to that at day
—10.

On day +20 (Fig. 4d) there is a large region of sup-
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TaBLE 1. Field significance of regression maps shown in Fig. 4.
The percentage of area that is locally statistically significant at the
95% level is shown for 30—70-day filtered OLR and 200-mb zonal
wind regressed against the 30-70-day filtered reference OLR time
series at various lags. All fields are globally significant at the 99%
level.

Day OLR U (200 mb)
-10 21.4 30.7

0 236 24.6
+10 255 36.9
+20 235 255

120E
(c) Day +10

60W 0

120W

180

Fic. 4. Lagged regression maps of 30—70-day filtered OLR and
200-mb zonal wind for an OLR anomaly of —20 W m~2 over the
region (15°S-5°N, 140°-160°E). OLR is shaded darkly below —6 and
—3 W m=2, and lightly above +3 and +6 W m~2. The 200-mb zonal
wind contour interval is 2 m s*. Positive (negative) contours are
solid (dashed), and the zero contour is thickened. (a) day —10, (b)
day 0, (c) day +10, and (d) day +20.

pressed convection over the warm pool, and the en-
hanced convection of the next MJO is beginning over
the Indian Ocean. The Asian—Pacific jet is now at its
weakest with negative zonal wind anomalies at 30°N.
The anomalies at day +30 (not shown) are similar to
those at day — 10, hence one cycle of the MJO has been
completed in approximately 40 days.

All the anomalies described in this section are locally
statistically significant at the 95% level. The results of
the Monte Carlo global significance tests are summa-
rized in Table 1. This shows the percentage of areathat
is locally significant at the 95% level for both 30—70-
day filtered OLR and 200-mb zonal wind for the lags
shown in Fig. 4. Note that all the regression maps are
globally significant at (well above) the 99% level.

5. Interaction between high-frequency transients
and the MJO

Figures 5, 6, and 7 show the lagged regression maps
of the high-frequency (6-25 day) 200-mb PKE, 200-mb
E vectors, and OLR variance anomalies for days — 10,
+10, and +20 of the MJO life cycle, respectively. The
local and global significance of the regression maps of
the high-frequency transients are summarized in Table
2. On day —10, the regression maps of PKE and OLR
variance are highly globally significant at greater than
the 99% level. The regression map of E vectorsis also
globally significant, at the 90% and 95% level, for the
x and y components, respectively. On day 0, the 30—
70-day zonal wind anomalies (Fig. 4b), although still
large, are such that when the basic state is reconstructed
for this phase of the MJO, there is little change in the
stationary wavenumber field from the climatological
mean (Fig. 3). Hence, there is little change in the prop-
agation characteristics of the high-frequency waves, and
the regression map of E vectors is not globally signif-
icant at the 90% level. For days +10 and +20, al
regression maps are globally significant, at greater than
the 95% significance level.

a. Warm pool sector

The relationship between high-frequency transients
and the MJO envelope over the warm pool sector, from
the Indian Ocean to the western Pacific, is described in
this section. On day —10 there is enhanced convection
on the 30—70-day timescale over the warm pool (Fig.
44). However, over the equatorial islands of the warm
pool, especially Borneo and New Guinea, there are only
weak MJO convective anomalies, which is consistent
with previous studies of the MJO. The enhanced 30—
70-day warm pool convection coincides with enhanced
off-equatorial (i.e., along the margins of the envelope)
high-frequency convective variability (Fig. 5¢) in both
hemispheres from around 80°E to 135°E. On the equator
itself, in the region of the local minimum in the mean
high-frequency OLR variance described in section 3,
the anomalies in high-frequency convective variability
are near zero or slightly negative. The largest increase
in variance is over the Bay of Bengal. In this region,
the local correlation coefficient exceeds 0.4; hence, up
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Fic. 5. Lagged regression maps of high-frequency (6-25 day) transients at day —10 for a (30—70-day
filtered) OLR anomaly of —20 W m~2 over the region (15°S-5°N, 140°-160°E). (a) The 200-mb PKE.
Contour interval is4 m? s-2. Positive (negative) contours are solid (dashed), and the zero contour is thickened.
Shading indicates local significance at the 95% level. (b) The 200-mb E vectors. Reference vector is 30 m2
s2. Shading indicates local significance of either component at the 95% level. (c) OLR variance. Contour
interval is 50 W2 m~4. Positive (negative) contours are solid (dashed), and the zero contour is suppressed.

Shading indicates local significance at the 95% level.

to 16% of the variance of the high-frequency convective
variability on intraseasonal timescalesislinearly related
to the MJO.

Although there is enhanced high-frequency convec-
tive variability over the warm pool region, there are
negative PKE anomalies over the region (Fig. 5a). Al-
though small, these anomalies are statistically signifi-
cant, even over the Bay of Bengal where the positive
anomalies in the high-frequency convective variability
are strongest. The E vector anomalies are very small
over the warm pool region and show no consistent pat-
tern (Fig. 5b). Thisisto be expected, as easterliesal most
always cover the whole region (Fig. 2a) and mean E-
vector amplitudes are very small (Fig. 3).

The situation has reversed a half cycle later, on day
+10 (Fig. 6). Over the warm pool, reduced convection
on the 30—70-day timescale (Fig. 4c) is coincident with
reduced off-equatorial high-frequency convective vari-
ability (Fig. 6¢) but weakly enhanced PKE (Fig. 6a),

especially over the Bay of Bengal and southeast Asia
Once again, E-vector anomalies over the warm pool
region are very small (Fig. 6b).

As discussed in section 1, tropical—extratropical in-
teraction has been proposed as a possible mechanism
for the initiation of the convective cycle of an MJO in
the Indian Ocean. If it can be shown that there is an
enhancement of high-frequency transients propagating
into the Indian Ocean region at the beginning of atypical
MJO, this would lend further evidence to the existence
of an extratropical forcing mechanism for the MJO.

The slowly evolving basic state of the MJO on day
+20 is such that convection on the 30—70-day timescale
isjust developing in the Indian Ocean; that is, the next
cycle of the MJO is beginning (Fig. 4d). Figure 7 shows
the behavior of the high-frequency transients on day
+20. The enhanced convection on the equator, centered
at 75°E (Fig. 4d), is also a region of enhanced high-
frequency convective variability (Fig. 7c). In contrast
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FiG. 6. Asin Fig. 5 but for day +10.

to the behavior over the warm pool described above, a
consistent signal between the PKE and E-vector fields
is present. A belt of statistically significant PKE anom-
alies covers the northern Indian Ocean, India, and part
of southeast Asia (Fig. 7a). This enhanced PKE is co-
incident with an enhancement of eddy activity propa-
gating into the Indian Ocean, as shown by the anom-
alous southward- and eastward-pointing E vectors in
Fig. 7b. These anomalous E vectors are in approxi-
mately the same direction as the mean E vectors over
theregion (Fig. 3) and, therefore, indicate an anomal ous
pulse or packet of high-frequency waves over the region
during this phase (day +20) of the MJO. Hence, it ap-
pears that extratropical forcing might play arolein the
initiation of the MJO. However, the relative importance
of this role with respect to other potential initiation
mechanisms is still unclear.

b. Central and eastern Pacific sector

On day —10 the MJO isin a state of enhanced con-
vection over the east Indian Ocean and the maritime
continent. Near the date line, the Asian—Pecific jet is
retracted and there are westerly anomaliesin the Tropics

(Fig. 4a). The high-frequency transients at this phase of
the MJO show statistically significant, positive 200-mb
PKE anomalies over the central Pacific, indicating an
increase in wave activity over theregion (Fig. 5a). There
is a relative minimum in the positive PKE anomalies
along 35°N, indicating that the variability in the wave
activity is located on the flanks of the jet rather than in
the jet itself [note that the mean PKE (Fig. 2c) does
have a maximum at the latitude of the jet core (35°N),
though the area of largest mean PKE is downstream
from the jet exit region, over the eastern Pacific]. Local
correlations in the region are up to 0.46 (not shown);
hence, up to 21% of the variance of the high-frequency
PKE on intraseasonal timescalesisaccounted for by this
linear relationship with the MJO.

Figure 5b shows statistically significant, southward-
pointing E-vector anomalies over the central Pacific at
this phase of the MJO. These anomalies are in approx-
imately the same direction as the mean E vectors (Fig.
3) and indicate an enhancement in equatorward-prop-
agating eddy activity near the date line. There are also
large E-vector anomalies eastward along and to the north
of the ITCZ into the eastern Pacific. Consistent with
this anomalously strong equatorward-propagating eddy
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activity, there is enhanced high-frequency convective
variability in the ITCZ region of the central Pacific from
170° to 130°W (Fig. 5¢).

This enhanced high-frequency convective variability
over the central Pacific ITCZ on day —10 of the MJO
does not, by itself, imply that there will be a convective
signal on the slowly varying 30-70-day timescale in
this region. However, inspection of the day —10 re-
gression map of 30—70-day filtered OLR (Fig. 44) in-
deed reveals aregion of enhanced convection along and

TABLE 2. Asin Table 1 but for the high-frequency transients; 200-
mb PKE, x and y components of the E vector (E, and E ), and OLR
variance calculated from 6-25-day filtered data, then passed through
a 30—70-day filter and regressed against the 30—70-day filtered ref-
erence OLR time series. If the field is globally significant at the 90%,
95%, or 99% level, thisisindicated by a bracketed superscript in the
relevant cell.

PKE OLR
Day (200 mb) (200 mb) (200 mb) variance
—-10 17.29 8.9¢0 10.009 12.6%
0 9.1¢9 7.7 6.8 13.79
+10 17.4 10.499 10.5¢9 14.3%9)
+20 12.3%9 10.9¢9 9.3 13.69

to the north of the ITCZ at 160°W, which is coincident
with the signal of enhanced high-frequency convective
variability described above. It seems likely that the two
arerelated, and the enhanced high-frequency convective
variability in Fig. 5c projects onto intraseasonal time-
scales and leads to the enhanced slowly varying con-
vective anomaly in Fig. 4a. This may have important
consequences for the evolution of the MJO, asthe slow-
ly varying convective anomaly or diabatic heating
anomaly may subsequently force, or initiate, a dynam-
ical response on the same timescale.

The regression maps of the high-frequency transients,
approximately half acyclelater, on day + 10, are shown
in Fig. 6. The situation is approximately opposite to that
at day —10 (Fig. 5). The central Pacific is now aregion
of reduced PKE, with the largest (negative) anomalies
once again flanking the jet (Fig. 6a). The anomalous E
vectors near the date line point northward in the opposite
direction to the mean E vectors, indicating a reduction
in equatorward-propagating wave activity (Fig. 6b).
Consistently, the high-frequency convective variability
is also reduced in the ITCZ region of the central Pacific
(Fig. 6¢). This reduction in high-frequency convective
variability appears to project back onto intraseasonal
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timescales, as the positive 30—70-day OLR anomaly
centered at 15°N, 165°W in Fig. 4c.

The original hypothesis of this paper appears, there-
fore, to have been borne out. Slowly varying changes
to the climatological mean basic state through an MJO
life cycle are accompanied by a modulation of the am-
plitude and propagation characteristics of the high-fre-
guency transient eddies, and the intensity of the high-
frequency convective variability, over the ITCZ of the
central Pacific. This modulation is highly statistically
significant and accounts for up to 21% of the variance
(locally) of the relevant variables.

The MJO has been shown to be associated with a
modulation of the high-frequency transients in the Pa-
cific, but is it the dominant control on intraseasonal
modulation? To answer this question, a further regres-
sion analysis was performed. A reference time series of
high-frequency convective variability over the eastern
Pacific ITCZ was constructed by area averaging the var-
iance of 6-25-day filtered OLR over a 20° X 20° box
(5°-25°N, 150°—130°W). This time series was then
passed through the 30—70-day filter, to isolate the in-
traseasonal modulation of the high-frequency convec-
tive variability. Gridpoint fields of 30—70-day filtered
OLR and 200-mb zona wind were then regressed
against this reference time series. The regression maps
(not shown) were very similar to the MJO life cycle of
Fig. 4, indicating that the principal mode of intrasea-
sonal variability of the high-frequency transients in the
eastern Pacific is, indeed, the MJO.

Previous work (Kiladis and Weickmann 1992b) has
found that the high-frequency waves have a period
around 12 days, hence the choice of the 6-25-day filter
used here. However, it is possible that waves with pe-
riods less than the 6-day cutoff may also be important
in the evolution of the MJO. Therefore, the same di-
agnostics were calculated using 25-day high-pass fil-
tered data instead of the 6-25-day bandpassed data. In
general, the anomaly patterns calculated from the 25-
day high-passed data have qualitatively the same shape
as those calculated from the 6-25-day bandpassed data.
However, the PKE anomalies over the Pacific have ap-
proximately doubled in magnitude, implying that there
is substantial eddy activity that is coherently related to
the MJO, arising from waves with periods less than 6
days (the cross terms between the 6-day high-pass and
the 6-25-day bandpass data were small). On the other
hand, the E-vector anomalies calculated from the 25-
day high-passed data were very similar in both direction
and magnitude to those calculated from the 6-25-day
bandpassed data. This implies that, although the am-
plitude of the higher frequency (<6 day) wavesis mod-
ulated by the MJO in a similar way to the 6-25-day
waves, the propagation characteristics of these higher
frequency waves do not appear to be coherently related
to the MJO.

The 25-day high-passed OLR variance anomalies are
approximately double the magnitude of the 6-25-day
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OLR variance anomalies over the warm pool. This is
consistent with the enhanced synoptic variability over
the warm pool during the wet phase of the MJO, as
reported by Hendon and Liebmann (1994), Chen et al.
(1996), Sui et al. (1997), and others. However, over the
central and eastern Pacific ITCZ regions, the 25-day
high-passed OLR variance anomalies are very similar
to those calculated from the 6-25-day bandpassed data,
implying that the MJO modulates or interacts with con-
vection primarily on the 6-25-day timescale in this re-
gion but not with convection on shorter timescales (ex-
cept for perhaps the diurnal cycle, which was excluded
from this analysis by the use of daily averaged data).

6. Rossby wave dynamics

The regression analysis of the previous section has
revealed a coherent relationship between the slowly
evolving basic state of the MJO and high-frequency
wave activity and convective variability, especially over
the central Pacific ITCZ region. In this section, this
relationship isinterpreted using barotropic Rossby wave
theory (e.g., Hoskins and Ambrizzi 1993). For a given
phase of the MJO, the basic state through which the
high-frequency waves propagate is constructed by the
compositing procedure described in section 2d.

Consistent with the regression analysis (Fig. 4a), the
composite-mean 200-mb total zona wind field for the
day —10 phase (Fig. 8a) shows a westward shift of the
Asian—Pacific jet (stronger over Asia, weaker over the
Pacific), a westward-retracted area of tropical easterlies
over the warm pool (the zero wind line is west of the
date line), and weaker equatorial westerlies over the
eastern Pacific, as compared to that for the day +10
phase (Fig. 8b). These features can be seen more clearly
in the difference field (Fig. 8c), which is very similar
to the difference between the regressed fields of 30—70-
day filtered 200-mb zonal wind (Figs. 4a—=).

The total stationary wavenumber fields, for the day
—10 and day +10 phases of the MJO, are calculated
from the appropriate 200-mb total zonal wind fields de-
scribed above and are shown in Figs. 9a and 9b, re-
spectively. In the day —10 phase, the retracted Asian—
Pacific jet over the Pacific leads to a much weaker, leak-
ier waveguide. The total wavenumber in the Asian—Pa-
cific jet exit region has decreased to about 5. The high-
frequency wavesthat propagate into the central and east-
ern Pacific ITCZ region have typical wavenumbers of
5-6 (Kiladis and Weickmann 1992b); hence, these
waves will not be so tightly confined to the jet exit
region in this phase of the MJO. This could account for
the relative minimum in the high-frequency PKE anom-
aliesin the jet core region itself (Fig. 5a) and the large,
positive high-frequency PKE anomalies on either side
of the jet.

The region of imaginary stationary wavenumber, cor-
responding to the region of mean easterlies over thewarm
pool, has retracted westward, alowing waves to propa-
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Fic. 8. Composite-mean 200-mb total zonal wind for the (a) day
—10 phase of the MJO life cycle (averaged from day —15 to day
—5 of each individual MJO event), (b) day +10 phase (averaged
from day +5 to day +15). Contour interval is 10 m s%, and the
extra 15 m st contour is shown by along-dashed line. Values above
50 m s (below 0 m s*) are shaded lightly (darkly). (c) Difference
field (a)—(b). Contour interval is 5 m s~* and negative values are
shaded. In al diagrams, positive (negative) contours are solid
(dashed), and the zero contour is thickened.

gate into the deep Tropics near the date line. The mean
200-mb total E-vector field of the 6-25-day filtered data
for theday —10 phaseisaso shown in Fig. 9a. Consistent
with the weaker waveguide in the Pacific jet exit and the
retracted region of imaginary total wavenumber, there
are large southward-pointing E vectors near the date line,
indicating equatorward-propagating waves.

Figure 9b shows the total stationary wavenumber and
mean E vectors for the day +10 phase of the MJO. The
Pacific jet is extended and there is an almost continuous
waveguide, with total wavenumber greater than 6 across
the Pacific. The “forbidden’ region of imaginary total
wavenumber, or mean easterlies, over the warm pool,
has expanded eastward to 165°W. Consistent with this
change in basic state, the behavior of the high-frequency
transients has been altered such that southward-pointing
E vectors near the date line have been almost eliminated.

Over the northeast Pecific and North America (20°—
40°N, 130°-90°W) during the day —10 phase, total sta-
tionary wavenumber increases to the south (Fig. 9a).
Consistent with this distribution of total wavenumber, E
vectors also point approximately southward over the
northeast Pacific. During the day +10 phase the wave-
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FiG. 9. Composite-mean 200-mb total stationary wavenumber fields
and high-frequency (625 day) E-vector fields for the (a) day —10
and (b) day +10 phases of the MJO. (c) E-vector difference field
(a)—(b). Conventions as in Fig. 3.

guide is amost continuous across the whole Pacific, and
correspondingly the E vectors are aligned approximately
east—west, along the axis of the waveguide. Along the
northern flank of the waveguide, the E vectors point west-
ward, indicating zonally elongated eddies, whereas along
the southern flank they point eastward, indicating merid-
ionally elongated eddies. Figure 9c shows the difference
in the E-vector fields between the day —10 and day +10
phases. It emphasizes the features described above and
issimilar to the difference in the regressed E-vector fields
of day —10 and day +10 (i.e., Figs. 5b—6b).

The westerly anomalies of 10 m s~ at the jet entrance
region (35°N, 90°-110°E), together with easterly anom-
alies to the north and south (Fig. 8c), strengthen the
meridional vorticity gradient and lead to aslightly stron-
ger waveguide over Asig, in the day —10 phase, com-
pared to the day +10 phase (Figs. 9a,b). However, there
appearsto belittle corresponding change in the behavior
of the high-frequency waves, as the E-vector anomalies
in this region are small (Fig. 9c). Over the equatorial
eastern Pacific, even though the near-equatorial westerly
maximum is weakened with easterly anomalies around
—5ms-t(Fig. 9¢), thereislittle changein the stationary
wavenumber pattern (Figs. 9a,b) and in the E-vector
field (Fig. 9c).

The southward-pointing E vectors over the central
Pacific near the date line in the day —10 phase (Fig.
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Fic. 10. Simultaneous regression maps of high-frequency (6-25
day) filtered OLR and 200-mb streamfunction for an OLR anomaly
of —25 W m~2 averaged over (5°-15°N, 170°-160°W) for (a) day
—10, (b) day +10 phases of the MJO. OLR is shaded darkly below
—10 W m~2 and lightly above +10 W m~2. Streamfunction contour
interval is 10° m? s~1. Positive (negative) contours are solid (dashed),
and the zero contour is thickened.

9a), and the zonally oriented E vectors between 25° and
40°N over the eastern Pacific in the day + 10 phase (Fig.
9b) indicate the different propagation characteristics of
the high-frequency waves in the two opposite phases of
the MJO. To further highlight these different charac-
teristics, 6-25-day filtered 200-mb streamfunction and
OLR are regressed against 6-25-day filtered OLR in a
10° X 10° box over the central Pacific ITCZ (5°—15°N,
170°-160°W). This box covers a region of enhanced
high-frequency convective variability on day —10 of
the MJO (Fig. 5¢) and reduced high-frequency convec-
tive variability during the opposite, day + 10, phase of
the MJO (Fig. 6¢). It is also in the region of strong
forcing of ITCZ convection studied by Kiladis and
Weickmann (1992b, 1997). Separate regressionsare per-
formed over the day —10 and day +10 MJO phases
(i.e., two nonoverlapping periods of 253 days each), and
the lag O regression maps are shown in Figs. 10a and
10b, respectively.

Both figures show a northwest—southeast-oriented
wave train and enhanced convection (negative OLR
anomalies) in the ascent region ahead of the trough.
Lagged regression maps (not shown) show the familiar
eastward and equatorward phase and group propagation
of the waves in both cases. However, there are aso
marked differences. The waves in the day —10 phase
(Fig. 108) begin to propagate equatorward well to the
west of the date line, as shown by the southwest—north-
east-oriented phase lines east from 160°E. This is con-
sistent with the southward component to the E vectors
in this region in this phase (Fig. 9a). West of the date
line in the day +10 phase, the waves are weaker and
have little horizontal tilt (Fig. 10b). In a consistent man-
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ner, the E vectors in this region are weaker than in the
day —10 phase and have a very small meridional com-
ponent (Fig. 9b). In the subtropics along 35°N, the
wavesin the day +10 phase (Fig. 10b) are more zonally
oriented than those in the day —10 phase (Fig. 10a),
and the zonal scale is larger than the meridional scale.
This accounts for the strong westward-pointing E vec-
torsinthisregionintheday +10 phase and is consistent
with propagation along the almost continuous wave-
guide across the Pacific in this phase (Fig. 9b).

7. Case studies

The regression and composite analyses of the pre-
vious two sections have established the *‘average’ be-
havior of the high-frequency transientsin different phas-
es of the MJO. Additionaly, the 23 MJO events used
in the composite were examined to determine whether
the relationships can be detected in individual cases.

The 30-70-day filtered fields were subjectively in-
spected for the following key anomalies on each of the
23 day —10 occurrences. OLR for a dipole anomaly
with enhanced convection over the maritime continent
and suppressed convection over the SPCZ, 200-mb zon-
al wind for aretracted Asian—Pacific jet (easterly anom-
alies) and equatorial westerly anomalies in the central
Pacific, high-frequency PKE for enhanced wave activity
over the Northern Hemisphere central Pacific (near the
date line), high-frequency E vectors for southward-
pointing anomalies over the central Pacific, and high-
frequency OLR variance for enhanced variability over
the central Pacific ITCZ. The same fields on the 23 day
+10 occurrences were inspected for anomalies of the
opposite sign.

Even though there was considerable variability be-
tween the different cases, the key anomalies were ob-
served in the majority of cases. When the cases were
restricted to those with the ““ correct’” basi c-state anom-
alies—that isaretracted Asian—Pacific jet and equatorial
westerly anomalies near the date line on day —10 and
the opposite on day +10—the anomalies in PKE, E
vectors, and high-frequency convective variability
agreed even more clearly with those from the regression
analyses.

The quadratic quantities of the high-frequency tran-
sients described above (i.e., PKE, E vectors, and OLR
variance) give information only about their modulation
by the MJO. All phase information of the high-fre-
guency fields has been lost. To show an example of a
typical evolution of transients during different phases
of an MJO, the daily fields of 6-25-day filtered OLR
and 200-mb streamfunction during one particular event,
in January—February 1982, are examined in Fig. 11. Day
0 (i.e., the minimum in the warm pool OLR reference
time series) for this event is 26 January 1982. The 30—
70-day filtered fields of OLR and 200-mb zonal wind,
and of high-frequency PKE, E vectors, and OLR vari-
ance, on 16 January 1982 (day —10) and on 5 February
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OLR, Streamfunction (200 mb). 6-25 day

(a) DAY -10 PHASE (b) DAY +10 PHASE
11 Jan 82. Day -15 31 Jan 82. Day 5

6 Feb 82. Day 11

40N

10 Feb 82. Day 15
40N- 2 \E= ) D

10N
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Fic. 11. High-frequency (6-25 day) filtered OLR and 200-mb streamfunction fields, every 2 days, during the MJO of Jan—Feb 1982. (a)
Day —10 phase, from 11 to 21 Jan 1982 (day —15 to day —5). (b) Day +10 phase, from 31 Jan to 10 Feb 1982 (day +5 to day +15).
OLR is shaded darkly below —30 W m~2 and lightly above 30 W m~2. Streamfunction contour interval is5 X 10° m? s~*. Positive (negative)
contours are solid (dashed) and the zero contour is thickened.
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1982 (day +10), are very similar to the respective re-
gression fields described in section 5b.

Figure 11ashowsthe 6-25-day filtered OLR and 200-
mb streamfunction fields every two days, for 11-21 Jan-
uary 1982 (day —15 to day —5)—that is, the day —10
phase of this event. Consistent with the positive 30—70-
day filtered PKE anomalies and southward-pointing
E-vector anomalies for 16 January 1982, there is strong
equatorward propagation of wave activity around the
date line throughout this period, as shown by the south-
west—northeast tilt to the waves. Thereis enhanced con-
vection (negative OLR anomalies) ahead of the troughs,
as described by Kiladis and Weickmann (1992b).

Twenty days later, the situation is rather different.
Figure 11b shows the 6-25-day filtered OLR and 200-
mb streamfunction, every two days, from 31 January
1982 to 10 February 1982 (day +5 to day +15; the day
+10 phase). During this phase of the MJO there is re-
duced high-frequency PKE and convective variability
over the Pecific near the date line. Thisis evident from
the lack of any strong wave activity near the date line
for most of this period.

Farther east, near 150°W, equatorward-propagating
wave activity is similar in both the day —10 and the
day +10 phases of this particular MJO. This is repre-
sentative of the mean MJO, as indicated by the lack of
meridional E-vector anomaliesin theimmediatevicinity
of 20°N, 150°W (Figs. 5b, 6b, 9c).

8. Discussion

The interaction between high-frequency (6-25 day)
transients and the MJO has been investigated using sat-
ellite OLR data and 200-mb fields from the NCEP-
NCAR reanalyses and interpreted in the framework of
barotropic Rosshby wave theory. According to this the-
ory, the Asian—Pacific jet acts as a waveguide, and the
tropical easterlies are a forbidden region for Rossby
waves. Under mean DJF conditions, both the Asian—
Pacific jet waveguide and the forbidden region of trop-
ical easterlies extend east of the date line, to around
160°W, and equatorward propagation of high-frequency
transients near the date line is weak.

In the phase of the MJO denoted as day —10 in this
study, with enhanced convection over the east Indian
Ocean and Indonesia, and reduced convection over the
SPCZ, the Asian—Pacific jet exit is weak, and the tran-
sition region between upper-tropospheric tropical east-
erlies over the warm pool and equatorial westerliesover
the eastern Pacific is located to the west of the dateline.
Under these conditions, Rosshby waves (high-frequency
transients) can leak out of the weaker waveguide and
propagate into the deep Tropics near the date line.

PKE and E-vector diagnostics of the high-frequency
transients at 200 mb during this phase of the MJO show
that this is indeed the case. There are positive high-
frequency PKE anomalies over most of the central Pa-
cific, except in the jet core itself, indicative of the wave
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activity propagating out of the jet. Anomalous E vectors
point southward near the date linein the Northern Hemi-
sphere, indicative of the anomalous equatorward prop-
agation of the transients in this region.

Previous work by Kiladis and Weickmann (1992b,
1997), among others, has shown that deep convection
in the tropical central and eastern Pacific, on the 6-30-
day timescale, is induced by equatorward-propagating
waves. The convection arises in the regions of ascent
and reduced static stability ahead of the troughs in the
wave trains. Hence the anomalous, equatorward-prop-
agating high-frequency waves near the date line in the
day —10 phase of the MJO may be expected to induce
anomalous convection on the 6-25-day timescale. The
positive anomalies in high-frequency OLR variance
over the tropical central Pacific in this phase of the MJO
are consistent with this hypothesis.

During the opposite or day +10 phase of the MJO,
areversed situation isfound. Convection isreduced over
the east Indian Ocean and Indonesia, and enhanced over
the SPCZ, on the 30—70-day timescale. The Asian-Pa-
cific jet is now extended, and an amost continuous
waveguide extends across the Pacific. The forbidden
region of tropical upper-tropospheric easterlies above
the warm pool is now also extended east of the date
line. Consistent with these changes in basic state, E
vectors for this phase of the MJO show little equator-
ward propagation near the date line and more zonal
propagation along the stronger, more extensive wave-
guide over the North Pacific. The reduced wave activity
in the central Pacific ITCZ does not induce as much
transient convection, as reflected by a negative anomaly
in high-frequency OLR variance.

The anomalies in high-frequency convective vari-
ability or OLR variance over the central Pacific ITCZ,
positive (negative) in the day —10 (+10) phase, appear
to project back onto intraseasonal timescales and form
an integral part of the slowly varying diabatic heating
field of the MJO. Hence, there appears to be a two-way
interaction between the high-frequency transients and
the more slowly varying MJO over the central Pacific.
When the MJO convection is in the east Indian Ocean,
the basic state allows the high-frequency transients to
propagate into the deep Tropics near the dateline. These
transients then induce enhanced high-frequency con-
vective variability, which is seen on the MJO timescale
as a slowly varying positive diabatic heating anomaly.
This heating anomaly may then force, or initiate, alow-
frequency dynamical response as part of the MJO. Mod-
eling studies should help to determine the nature of this
two-way interaction. Note that such causal relationships
can only be inferred, not proven, from our approach
here. However, as they are supported by predictions
from Rossby wave theory, this type of approach appears
to be justified.

This scenario for the devel opment of MJO convection
along the ITCZ inthe Northern Hemisphere can be com-
pared to the development of MJO convective anomalies



676

along the SPCZ in the Southern Hemisphere (Matthews
et al. 1996). In their study, large-scale deep convection
over Indonesia, associated with the MJO, generated a
subtropical Rossby wave train in the Southern Hemi-
sphere. The deep ascent ahead of, and induced by, an
upper-level trough in this wave train then forces, or
triggers, deep convection over the SPCZ. Hence the
MJO convection over the SPCZ arises as a direct dy-
namical response to the MJO convection over Indonesia.

The situation in the Northern Hemisphere, examined
in the present study, is somewhat different. Although
the changes to the basic state (i.e., the retraction of the
Pacific jet and the region of equatorial upper-tropo-
spheric easterlies over the warm pool in the day —10
phase) can be explained as a direct response to forcing
by the MJO convection over the Indian Ocean and In-
donesia (Ting and Sardeshmukh 1993; Jin and Hoskins
1995), the subsequent devel opment of MJO convection
over the ITCZ does not appear to be directly linked to
a large-scale Rosshy wave response. Instead the anom-
alous basic state allows high-frequency waves to prop-
agate equatorward near the date line. These high-fre-
quency transients induce enhanced convection on asim-
ilar timescale, which projects back onto the longer, in-
traseasonal timescale and produces an MJO convective
anomaly over the ITCZ. Hence, the interaction between
the two timescales of the MJO and the high-frequency
transients appears to be important over the ITCZ in the
central Pacific.

The ray-tracing theory and the use of the total sta-
tionary wavenumber as a useful diagnostic rely on a
separation of scales between the variations in the time-
mean basic state and transient waves. Hoskins and Am-
brizzi (1993) conceded that the condition of spatial-scale
separation is violated, and in this study there is not a
strict separation of temporal scales. The different basic
states during an MJO life cycle remain approximately
constant for about a quarter-cycle, or 12 days, which is
the same as the average period of the transient waves.
Hence, during a particular phase of the MJO, there is
only time for one transient wave to propagate through
aregion and feel the influence of the change to the basic
state. It is a testament to the robustness and general
applicability of the theory that consistent results are
obtained.

In addition to changesin the basic state and subsequent
changes to the propagation characteristics of the high-
frequency transients, the source of the transients also
needsto be considered. The high-frequency waves appear
to have their origins in the Asian jet. On the 6-30-day
timescale, convection over the east Indian Ocean in
Northern Hemisphere winter is associated with a wave
train in the Asian jet. The convective anomaly peaks
before the circulation anomalies, indicating that the wave
train is forced by the tropical convection (Kiladis and
Weickmann 1992a, 1997). The wave train propagates
aong the jet and then equatorward over the eastern Pa-
cific and forces deep convection in the ITCZ about two
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days later (Meehl et al. 1996). The modeling study of
Slingo (1998) also supports this sequence of events.

This interaction between convection over the Indian
Ocean and convection over the eastern Pacific ITCZ may
be relevant to the MJO. In the day —10 phase, there is
enhanced convection on the 6-25-day timescale (positive
OLR variance anomalies) over the east Indian Ocean
(Fig. 5¢). According to the scenario described above, this
will induce enhanced high-frequency wave activity, as
indicated by the positive high-frequency PKE anomalies
in the Asian jet (Fig. 58). The enhanced convective var-
iability over the east Indian Ocean may not be the only
explanation for the enhanced wave activity in the Asian
jet. On the 30—70-day timescale, the Asian jet is stronger
at day —10 (westerly anomalies near 35°N cover the
whole of Asiain Fig. 4a). Hence the Asian jet waveguide
is stronger at this phase of the MJO (Fig. 9a8) and tran-
sients of wavenumbers 6—7 will be more tightly con-
strained to propagate along the Asian jet. Additionally,
the stronger Asian jet will be more baroclinically unstable
and the enhanced PKE observed in the jet may arisefrom
the stronger baroclinic instability of the basic state. How-
ever, the positive high-frequency PKE anomalies during
the day —10 phase of the MJO, although they cover the
whole Asian jet region, are only statistically significant
over a smal region. Hence, the changes in the wave
source during the MJO is likely to be of secondary im-
portance compared to the changes in the basic state and
the propagation characteristics of the high-frequency
waves over the Pacific.

There is also evidence for interaction between high-
frequency transients and the MJO during the initiation
phase of the MJO in the Indian Ocean. Anomal ous high-
frequency wave activity propagates from the Middle
East into the Indian Ocean region (Fig. 7b), just as the
slowly varying convection of the MJO is developing
there (Fig. 4c). Propagation of extratropical waves into
the tropical Indian Ocean region has been shown to
initiate the MJO in case studies (Hsu et al. 1990) and
simple modeling studies (Bladé and Hartmann 1993).
Theregression analysis of this study has established that
such tropical—extratropical interaction is representative
of thetypical MJO in northern winter. However, acausal
link between the high-frequency waves and convection
over the Indian Ocean has not been established. It is
not clear either why there should be this anomalous
high-frequency wave activity over the Indian Ocean dur-
ing this phase of the MJO. The tropical zonal wind
anomalies are westerly, but weak, and therefore changes
to the basic state will be small. Alternatively, the ex-
tratropical source of the high-frequency transients may
have changed rather than the propagation characteristics
of the transients themselves. One possible candidate is
the enhanced convection over equatorial South America
during this phase and an associated increase in high-
frequency convective variability (not shown). This may
act as an enhanced source of wave activity that quickly
disperses downstream over the Indian Ocean region.
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