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ABSTRACT

In the context of the Asian—Australian monsoon, the tropospheric biennial oscillation (TBO) is defined as the
tendency for a relatively strong monsoon to be followed by a relatively weak one, and vice versa. Therefore
the TBO is not so much an oscillation, but a tendency for the system to flip-flop back and forth from year to
year. The more of these interannual flip-flops or transitions, the more biennial the system. The transitions occur
in northern spring for the south Asian or Indian monsoon and in northern fall for the Australian monsoon
involving coupled |and—atmosphere—ocean processes over a large area of the Indo-Pacific region. There is
considerable seasonal persistence from the south Asian to Australian monsoon as noted in previous studies, with
a strong south Asian or Indian monsoon tending to precede a strong Australian monsoon and vice versa for
weak monsoons. Therefore, transitions from March-May (MAM) to June-September (JJAS) tend to set the
system for the next year, with a transition to the opposite sign the following year. Quantifying the role of the
conditions that contribute to these transitions in the TBO and their relationship to ENSO is crucial for verifying
their accurate representation in models, which should lead to improved seasonal forecast skill. An analysis of
observed data shows that the TBO (with roughly a 2-3-yr period) encompasses most ENSO years (with their
well-known biennial tendency) as well as additional years that contribute to biennial transitions. Thus the TBO
is a fundamental feature of the coupled climate system over the entire Indian—Pacific region. El Nifio and La
Nifia events as well as Indian Ocean SST dipole events are large amplitude excursions of the TBO in the tropical
Pacific and Indian Oceans, respectively, associated with coupled ocean dynamics, upper-ocean temperature
anomalies, and associated ocean heat content anomalies. Conditions postulated to contribute to TBO transitions
involve anomalous Asian land surface temperatures, Pacific and Indian Ocean SST anomalies, and the associated
strength of the convective maximum over Australasia. These interannual transition conditions are quantified
from singular value decomposition (SVD) analyses on a year-by-year basis using single and cumulative anomaly
pattern correlations. Thistechnique takes into account intermittent influences and secular variationsin the strength
of any particular association in any given year. Anomalous Pacific and Indian Ocean SSTs are the dominant
transition conditions in the TBO, with anomalous meridional temperature gradients over Asia a secondary factor.
There is an intrinsic coupling of the anomalous strength of the convective maximum in the seasonal cycle over
Australasia, surface wind forcing, ocean dynamical response, and associated SST anomalies that feed back to
the strength of the convective maximum, and so on. All are tied together by the large-scal e east—west circulation,
the eastern and western Walker cells, in the atmosphere. By omitting El Nifio and La Nifia onset years from
the analysis, there are similar but lower-amplitude relationships among the transition conditions and Asian—
Australian monsoon rainfall. An SST transition in the Pacific is started by surface wind anomalies in the far
western equatorial Pacific associated with the Australian monsoon, while an SST transition in the Indian Ocean
is started by surface wind anomalies in the western equatorial Indian Ocean associated with the Indian monsoon.
This provides successive forcing and response among I ndian and Pacific SSTs and the Asian—Australian monsoons
half a year apart. The consequent feedback to the monsoon circulations by the SST anomalies results in the
TBO.
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The Tropospheric Biennial Oscillation and Asian—Australian M onsoon Rainfall

1. Introduction

The attribution of the strength of associations of con-
ditions prior to the Asian—Australian monsoon with sub-
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sequent anomalous patterns of monsoon rainfall is one
of the fundamental human and scientific problems fac-
ing the climate research community today. This is of
primary importance to the economies of dozens of coun-
tries and the livelihoods of millions of people in the
monsoon regions stretching from Africa, across Asiato
the Pacific. To accurately represent coupled processes
in the climate system in forecast models, we must first
identify and quantify such processes in the observed
system.

Thetropospheric biennial oscillation (TBO) isdefined
here as the tendency for arelatively strong monsoon to
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be followed by a relatively weak one, and vice versa,
with the transitions occurring in the season prior to the
monsoon involving coupled land—atmosphere—ocean
processes over a large area of the Indo-Pacific region
(Meehl 1997). Thus the TBO is more a tendency for
the system to flip-flop back and forth from year to year,
and not so much an oscillation. The more of these in-
terannual flip-flops or transitions, the more biennial the
system.

The TBO has become recognized as a candidate for
understanding some of the processes that can contribute
to interannual variability of a variety of parametersin
the Indian and Pacific regions in both observations (Ro-
pelewski et al. 1992; Yang et a. 1996; Yasunari 1990;
Yasunari and Seki 1992; Tomita and Yasunari 1996;
Meehl 1987, 1997; Meehl and Arblaster 2001b, here-
after MEAR2) and models (Ogasawara et al. 1999;
Chang and Li 2000). Though there are some alternative
explanations concerning how the TBO can arise (e.g.,
Jin et al. 1994; Goswami 1995), certain deterministic
processes have been postulated to produce the TBO
(Clarke et al. 1998; Chang and Li 2000; Meehl 1987,
1993, 1994, 1997; MEAR?2). One of the difficulties of
these TBO studies has been quantifying the contribution
of various proposed mechanisms. The purpose of this
paper is to address this issue, and attempt to quantify
the year-to-year contributions of conditions associated
with TBO transitions to patterns of Asian-Australian
monsoon rainfall. We will address two questions. 1)
What makesthe TBO transition or *‘flip-flop’” fromyear
to year, and 2) why is northern spring March—-May
(MAM) particularly important for TBO transitions?

In regards to the first question, we hypothesize that
certain conditions in the seasons prior to the monsoon,
set up by coupled interactionsin the preceding year, will
cause the monsoon to be relatively stronger (or weaker)
than the previous or following years, thus introducing
a biennial component in spectra of area-averaged mon-
soon rainfall. These conditions include anomalous SSTs
in the Indian and Pacific Oceansfor both the south Asian
and Australian monsoons, in addition to anomal ous me-
ridional temperature gradients over Asia prior to the
Indian monsoon, and anomalous strength of the con-
vective maximum prior to the Australian monsoon.

With respect to the second question, we hypothesize
that the strength of the Australian monsoon, itself set
up by conditions from the previous year, produces
anomalous wind forcing in the western equatorial Pa-
cific. Thisinturn resultsin an ocean dynamical response
that causes tropical Pacific SST anomalies to change
sign or transition, which then can affect the subsequent
Indian monsoon via the large-scale east-west atmo-
spheric circulation. More details in regards to these hy-
potheses will be provided below (e.g., in the discussion
of Fig. 3).

Though there are a number of different types of
ENSO eventswith protracted episodes that would weak-
en biennial signals (Allan and D’ Arrigo 1999; Reason
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et al. 2000), enough ENSO events haveinherent biennial
tendencies so that a well-known biennial signature, with
opposite sign precipitation and temperature anomalies
the previous and following years, shows up in composite
El Nifio and La Nifia events over a wide domain cov-
ering the tropical Indian and Pacific regions (e.g., Ki-
ladis and van Loon 1988; Kiladis and Diaz 1989).
Therefore, the TBO clearly must encompass this bien-
nial tendency of ENSO. However, it has been shown
that other years display similar patternsto ENSO in this
large region (Meehl 1987; Lau and Wu 2001). In fact,
TBO and ENSO signal strength is closer in magnitude
over the Indian Ocean than the equatorial Pacific (Rea-
son et al. 2000). Therefore the TBO must include most
ENSO (El Nifio and La Nifia) years and some other
years as well. Yet it has been difficult to quantify the
various processes and conditions associated with this
biennial tendency of monsoon—-ENSO interaction and
the additional non-ENSO years that contribute to the
TBO (Webster et al. 1998). It has been argued that, of
the wide array of conditions that could contribute to
monsoon transitions in the TBO, most ultimately relate
to anomalous surface temperature over south Asia and
the tropical Indian and Pacific Oceans (Meehl 1997). It
isthe purpose of this paper to quantify the contributions
from such anomalous surface conditions involved with
a transition from relatively weak (strong) to relatively
strong (weak) monsoon in consecutive years that con-
tribute to the TBO.

To illustrate how a biennial tendency can arise in the
time series of the annually recurring Asian-Australian
monsoons, we show time series of area-averaged pre-
cipitation for the Indian monsoon (JJAS, 1979-99, 5°-
40°N, 60°-100°E, Fig. 1a) and the Australian monsoon
(DJF, 197999, 20°S-5°N, 100°—150°E, Fig. 1b). Solid
dotsindicate monsoon rainfall relatively greater (or less)
than the preceding or following years. That is, if P, is
the value of area-averaged monsoon season precipitation
for a given year i, then a relatively strong monsoon is
defined as

P,<P>P,
and a relatively weak monsoon is defined as
P._,>P <P,

For the Indian monsoon, 13 out of 21 yr are *‘bien-
nial” defined in that way, and 11 out of 21 yr for the
Australian monsoon. El Nifio and La Nifia onset years
correspond to some of those TBO years but not all. This
was first noted by Meehl (1987). The spectra of thetime
seriesin Fig. 1la shows a peak in the TBO period of 2.6
yr with little ENSO peak for this time period in Fig. 2a
(the relative power of ENSO and TBO vary over time,
e.g., Webster et al. 1998). Since there is the possibility
of aliasing with the annual data (Madden and Jones
2001), spectra of the monthly anomalies (including all
12 months each year) for the Indian monsoon region
are shown in Fig. 2b. A similar significant TBO peak
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Fic. 1. (a) Time series of area-averaged Indian monsoon rainfall,
JIAS, 1979-99, 5°-40°N, 60°—100°E; solid dots indicate TBO years
when monsoon rainfall was relatively greater or less than preceding
and following years. (b) Time series of area-averaged Australian mon-
soon rainfall, DJF, 1979-99, 20°S-5°N, 100°-50°E; solid dots as in
(a).

is seen for the monthly data demonstrating that the TBO
peak in the seasonal data in Fig. 2ais real and not an
artifact of aliasing. Comparable spectra for Australian
monsoon rainfall time series in Fig. 1b show TBO and
ENSO peaks around 2.5 and 6 yr, respectively (Fig. 2c).
Use of the monthly anomaly rainfall data to compute
the spectra (Fig. 2d) also shows comparable significant
TBO and ENSO peaks. Therefore, like the Indian mon-
soon, the TBO peak in Australian seasonal average mon-
soon rainfall is not due to aliasing.

Details for the hypotheses posed above are shown in
the conceptual evolution for the TBO in Fig. 3. Thisis
an updated portion of the schematic shown in Meehl
(1997). For this hypothesized evolution, in the DJF sea-
son prior to astrong Indian monsoon thereisarelatively
weak Australian monsoon (Fig. 3a), with warm SST
anomalies to the west in the Indian Ocean, to the east
in the central and eastern Pacific, relatively cool SSTs
north of Australia, and anomalously weak eastern and
western Walker cells (EWC and WWC, respectively).
Asnoted by Meehl (1997) for the case study of the 1987
and 1988 Indian monsoons, relatively strong convection
over the western Indian Ocean and eastern African ar-
eas, along with strong convection over the central equa-
torial Pacific, are associated with an atmospheric Rossby
wave response over Asiasuch that thereis an anomalous
ridge of positive 500-hPa heights and warm land tem-
peratures. At the surface there are anomalous easterly
winds in the southeastern tropical Indian and far western
Pacific indicative of the weak Australian monsoon flow.
These anomalous easterly winds in the western Pacific
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would induce upwelling Kelvin waves in the ocean that
would propagate eastward. These would begin to raise
the thermocline in the central and eastern Pacific over
the course of the next few months as indicated in Fig.
3b. Meanwhile, in the far western Indian Ocean, there
are westerly anomaly surface winds forming just south
of the equator converging with the anomalous easterlies
across most of the tropical Indian Ocean. This contrib-
utes to the anomalous convection over the western In-
dian Ocean and eastern Africa. The westerly wind
anomalies near the equator would set off downwelling
equatorial Kelvin waves in the ocean and deepen the
thermocline in the eastern equatorial Indian Ocean in
MAM (Fig. 3b).

In the MAM season prior to a strong Indian monsoon
(Fig. 3b), the convective heating anomalies associated
with the precipitation and SST anomalies would con-
tinue to contribute to the anomalous ridge over Asiaand
the warm land temperatures there. The upwelling Kelvin
waves from the easterly anomaly winds in the western
Pacific during DJF continuing into MAM would be act-
ing to raise the thermocline in the central and eastern
Pacific thus providing the conditions for a change in
sign or transition of SST anomalies there from MAM
to JAS. In the Indian Ocean, westerly anomaly winds
along the equator associated with stronger convection
in the western Indian Ocean would act to raise the ther-
mocline in the west and lower it in the east.

During JJAS (Fig. 3c), convection and precipitation
over the Indian monsoon region is strong with strong
WWC and EWC (note in this definition of the monsoon
asin Fig. 1, land and ocean precipitation are included,
the sum of which are presumed to be dynamically im-
portant for the TBO). Winds over the equatorial Indian
Ocean remain westerly, and the shallow thermocline in
the west is evidenced by anomalously cool SSTs ap-
pearing in the western equatorial Indian Ocean, and the
beginning of a dipole of SSTs across the equatorial 1n-
dian Ocean. In the east there is a deep thermocline and
warm SST anomalies. Heavy rainfall over parts of the
Asian land areas contribute to cooler land temperatures.
There are strong trades, and a shallow thermocline and
cool SSTs in the central and eastern equatorial Pacific,
thus completing the SST transition there, with a deep
thermocline and warm SSTs in the western equatorial
Pacific.

The SON season after the strong Indian monsoon
(Fig. 3d) is characterized by a strong convective max-
imum traversing with the seasonal cycleto the southeast,
encountering warm SSTs set up by the dynamical ocean
response to the westerly winds in the equatorial Indian
Ocean in JJAS. This dipole of SST anomalies in the
Indian Ocean, historically a part of the TBO evolution,
(Meehl 1987), is a consequence of the strong WWC and
monsoon and wind interactionsin the Indian Ocean, and
may be associated with an extreme La Nifa event in
the Pacific. However, the tropical Pacific need not be
in aLaNifa extreme at this point in the TBO sequence,
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FiG. 2. (a) Spectra of seasonal Indian monsoon rainfall for time series in Fig. 1a, bandwidth is
as indicated; (b) spectra of area-averaged monthly anomaly Indian monsoon region rainfall (all
months), red noise estimate is middle line, bottom and top lines are 5% and 95% confidence limits,
respectively, bandwidth is as indicated; (c) spectra of seasonal Australian monsoon rainfall for
time series in Fig. 1b, bandwidth is as indicated; (d) spectra of area-averaged monthly anomaly
Australian monsoon region rainfall (all months), red noise estimate is middle line, bottom and

top lines are 5% and 95% confidence limits, respectively; bandwidth is as indicated.

but itislikely to have at least low-amplitude SST anom-
alies as shown in Fig. 3 due to the strong EWC and the
coupled wind—ocean dynamical responses from the pre-
Vious seasons.

Finally, in Fig. 3einthe DJF following astrong Indian
monsoon, the strong convective maximum becomes es-
tablished over the Australian monsoon region, with
westerly anomaly winds dropping south of the equator
in the southeastern tropical Indian Ocean as part of the
anomalously strong WWC and surface inflow to the
Australian monsoon. SSTs in the Indian Ocean have
now completed the transition from mostly warm SST
anomalies the previous DJF to mostly cool in Fig. 3e.
Strong easterlies in the equatorial Pacific as part of the
strengthened EWC are still associated with cool SSTs
there. But anomalous westerliesin the far western equa-
torial Pacific associated with strong convection start to
set off downwelling equatorial oceanic Kelvin waves
that begin to deepen the thermocline to the east and set
up the next transition to warm SSTs in the central and
eastern eguatorial Pacific the following MAM-JJAS.
The combination of convective heating anomalies (weak

over the western Indian—eastern Africa region and cen-
tral Pacific, strong over the Australian monsoon), con-
tribute to an anomal ous Rossby wave responseover Asia
with a trough of negative 500-hPa height anomalies,
and cold land temperatures. The sequence would follow,
with opposite signs, to the following MAM, culminating
in a weak Indian monsoon the following JJAS in this
idealized sequence.

In section 2 we review the data, and in section 3 we
quantify the strength of the associations within the sea-
sons shown in Fig. 3. Then in section 4 we quantify the
linkages in the MAM season to the following season
(JJAS) Indian monsoon rainfall, and in section 5 we
quantify similar associations for the SON conditions
with DJF Australian monsoon rainfall. To identify the
time evolution of the features associated with the tran-
sition conditions in MAM, in section 6 we calculate
regressions from the singular value decomposition
(SVD) expansion coefficient time series corresponding
to the seasonal evolution depicted in Fig. 3. A summary
of the results follows in Section 7.
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2. Data

We use 21 yr of observed data for the period January
1979—October 1999 when the gridded Climate Predic-
tion Center (CPC) Merged Analysis of Precipitation
(CMAP) precipitation data (Xie and Arkin 1996) are
available, and 500-hPa heights and surface winds and
temperatures from the National Centers for Environ-
mental Prediction—National Center for Atmospheric Re-
search (NCEP/NCAR) reanalysis data (Kalhay et al.
1996; Trenberth et al. 2001) for those sameyears. There-
fore, there are 21 Indian monsoon years (1979-99), and
20 Australian monsoon years (1979-98), where Decem-
ber determines the year of the Australian monsoon from
December—February (DJF; e.g., the Australian monsoon
of 1980 would consist of December 1980, January 1981
and February 1981). All data are on a T42 grid.

3. DJF and MAM contempor aneous associations
for Asian land temperatures

We first perform an SVD analysis to define the con-
temporaneous spatial associations between thetransition
conditions in DJF and MAM for Asian land tempera-
tures. First looking at the DJF season (refer to Fig. 3a),
we examine the relationship between precipitation
anomalies in the tropical Indian and western Pecific re-
gion (20°S-20°N, 20°E-180°) and 500-hPa heights over
Asia (30°-70°N, 50°-110°E). It was postulated earlier
that convective heating anomalies in the Tropics could
be associated with anomalous midlatitude circulation
over Asia and, consequently, with surface temperature
anomalies to contribute to anomalous meridional tem-
perature gradients and subsequent monsoon strength.
The patterns of the first SYD component are shown in
Figs. 4a and b. As could be expected from the earlier
case study and specified convective heating anomaly
experiments (Meehl 1997), anomal ous positive 500-hPa
heights over Asia (Fig. 4a) are associated mainly with
positive anomalies (greater than 0.5 mm day —* corre-
sponding to a unit standard deviation of the expansion
coefficient of the first 500-hPa vector) over the equa-
torial Pacific east of Papua New Guinea extending east
toward the date line and southwest over northern Aus-
tralia (Fig. 4b). Additionally, there are negative precip-
itation regression anomalies north of Australia, near
Borneo, and across the tropical Indian Ocean with val-
ues of greater than —0.5 mm day—*. This pattern is
consistent in some wayswith the idealized configuration
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FiG. 4. The contemporaneous first SVD regression patternsrelating
(a) 500-hPa height over the area 30°-70°N, 50°-110°E during DJF
[m (unit std dev of the expansion coefficient of the first DJF precip-
itation vector) 1] to (b) DJF precipitation over the tropical region
20°N-20°S, 20°-180°E [mm day * (unit std dev of the expansion
coefficient of the first 500-hPa height vector) —!]. Note that the plots
of the 500-hPa height and precipitation regressions here extend be-
yond their respective areas used in the SVD calculation.

in Fig. 3a. However, the negative precipitation anom-
alies extend farther west as do the positive anomalies
in the Pacific. Convective heating anomalies in the ide-
alized convective heating anomaly experiment in Meehl
(1997) with a comparable configuration to those in Fig.
4b contribute to a Rossby wave response over Asiain

—

Fic. 3. Schematic diagram indicating anomalous convective activity, SST anomalies, midlatitude circulation anomalies, surface wind
anomalies, and equatorial Indian and Pacific Ocean thermocline orientation for hypothesized TBO evolution for (a) the Australian monsoon
season prior to a strong Indian monsoon, (b) the MAM season before a strong Indian monsoon, (c¢) strong Indian monsoon season, JJIAS,
(d) SON season after a strong Indian monsoon and prior to a strong Australian monsoon, and (e€) strong Australian monsoon following a
strong Indian monsoon. Large arrows indicate surface wind anomalies, wedge-shaped outlines below each panel represent thermocline
orientation, with the small arrows in those areas indicative of anomalous movement of the thermocline, and wavy arrows indicating Kelvin
waves with the arrow at the end representing upwelling Kelvin waves (arrow pointing up), or downwelling Kelvin waves (arrow pointing
down). Thick black arrows indicate EWC and WWC, respectively.
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std dev of the expansion coefficient of the first 500-hPa vector) —1].

the form of an anomal ous ridge (positive 500-hPaanom-
alies in Fig. 3a; see aso Meehl 1997, his Fig. 7). The
expansion coefficient time series for the first SVD com-
ponents are correlated at the +0.73 level (Fig. 4c) and
explain 45.9% of the total squared covariance.

To calculate the association with Asian land temper-
atures, the expansion coefficient time series for 500-hPa
height in Fig. 4c is regressed against surface tempera-
tures over Asia and shown in Fig. 5. Again consistent
with the idealized picture in Fig. 3a as well as the case
study and the idealized convective heating anomaly ex-
periment in Meehl (1997), positive regression values
ranging from 0.2° to over 1.2°C per unit standard de-
viation of the expansion coefficient of the first 500-hPa
vector are evident over much of Asiaindicating that the
anomalous 500-mb ridge in Fig. 4a is associated with
anomalously warm land temperatures over Asia (Fig.
5), which contribute to an enhanced anomalous land—
sea or meridional temperature gradient.

We next perform a similar SVD calculation for the
MAM season (refer to Fig. 3b). In this case positive
precipitation regression values of over 0.3 mm day—*
are evident over eastern Africa and the western Indian
Ocean, and with values greater than +1.0 mm day *
over the tropical Pacific near the date line (Fig. 6b),
with negative values of roughly —1.0 mm day ~* north
of Papua New Guinea. These precipitation anomalies
and the implied convective heating anomalies are as-
sociated with positive 500-hPa height regression values
ranging from +3 to over +12 m over Asia (Fig. 6a).
The expansion coefficient time series for the first SVD
components are correlated at the +0.79 level, and ex-
plain 37.5% of the total squared covariance.
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FiG. 6. The contemporaneous first SV D regression patternsrelating
(a) 500-hPa height over the area 30°-70°N, 50°~110°E during MAM
[m (unit std dev of the expansion coefficient of the first MAM pre-
cipitation vector) -*] to (b) MAM precipitation over the tropical region
20°N-20°S, 20°-180°E [mm day—* (unit std dev of the expansion
coefficient of the first 500-hPa height vector) -*]. Note that the plots
of the 500-hPa height and tropical precipitation regressions here ex-
tend beyond their respective areas used in the SVD calculation.

To make the linkage to Asian land temperatures, we
regress the 500-hPa SV D expansion coefficient time se-
ries in Fig. 6¢c with Asian land temperatures and the
result is shown in Fig. 7a. Some similar featuresto those
in the DJF season in Fig. 5 are seen in Fig. 7a with
positive regression values from about +0.2° to over
+0.8°C per unit standard deviation of the expansion
coefficient of the first 500-hPa vector indicating warmer
land temperatures associated with the anomalous ridge
in central Asia. The greatest positive regression values
lie over northern Asia north of about 25°N indicating
an enhanced meridional temperature gradient set up over
Asian land areas. This seems counterintuitive since the
traditional concept of *‘land—sea temperature contrast’
would suggest that the greatest temperature gradient en-
hancement would set up between south Asia and the
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Indian Ocean. However, observational studies (Li and
Yanai 1996; Bamzai and Shukla 1999) have shown that
enhanced meridional temperature gradients over conti-
nental Asia can be associated with greater Indian mon-
soon rainfall, and that appears to be the case here. Ad-
ditionally, the implication is that snow depth anomalies
are symptomatic of large-scale atmospheric circulation
changes (e.g., Bamzai and Shukla 1999; Kripalani and
Kulkarni 1999), and not, by themselves, forcing agents
for monsoon strength (Meehl 1997). The important
quantity is the anomalous Asian land temperatures that
contribute to meridional temperature gradients that af-
fect monsoon strength.

Consequently, the positive surface temperature re-
gression values over Asia are reflected by a warming
through the depth of the troposphere in the composite
differencesfor positive minus negative years of the 500-
hPa expansion coefficient time series in Fig. 7b. Max-
imum positive differences above +0.8°C occur north of
40°N, while negative differencesto the south are around
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—0.4°C. Therefore, the enhancement of the meridional
tropospheric temperature gradient is on the order of
nearly 1.5°C between about 20° and 45°N. GCM sen-
sitivity experiments (Meehl and Arblaster 2001a, here-
after MEAR1) show that enhanced meridional temper-
ature gradients can directly affect monsoon rainfal in
some areas of south Asiaindependent of influencesfrom
the tropical Pacific or Indian Oceans.

Thus for the regional mechanism of tropical SST
anomalies and associated precipitation and convective
heating anomalies depicted in Fig. 3 prior to arelatively
strong monsoon in the TBO, the observations for the
197999 period seem to be consistent with the earlier
case study and idealized convective heating anomaly
experiment shown by Meehl (1997). The results thus
far suggest that, as aresult of air—sea coupling, the SST
anomalies in the tropical Indian and Pacific Oceans are
associated with precipitation and convective heating
anomalies that are positive in the western equatorial
Pacific, negative northwest of Australia and over the
Indian Ocean, and are associated with an anomalous
ridge of positive 500-hPa heights over Asia and warm
land temperatures over central Asia. These conditions
would lend themselves to an enhanced meridional tem-
perature gradient and a strong subsequent Indian mon-
soon in JJAS (Fig. 3c). We will analyze the role of
surface wind forcing associated with the air—sea cou-
pling in sections 6 and 7.

4, TBO transition conditions from MAM to JJAS

We next perform lagged SVD analyses to define the
maximum covariability of spatial associations between
the transition conditionsin the March-May (MAM) sea-
son with rainfall over the Indian region (5°—40°N, 60°—
100°E) for the monsoon season of June-September
(JJAS). A multivariate regression analysis technique
could also serve to extract forcing and response, but the
SVD analysis provides expansion coefficient time series
that can be used to calculate the strength of year-to-year
associations of the various transition conditions. For
MAM, we use 1) 500-hPa height anomalies over Asia
which, when positive, represent atmospheric circulation
anomalies (e.g., warm air advection from the south) and
associated anomalously warm Asian land temperatures
with an enhanced meridional temperature gradient that
could strengthen subsequent monsoon rainfall as sug-
gested in Figs. 6 and 7 (Li and Yanai 1996); 2) Indian
Ocean SSTs that, if anomalously warm, could provide
a moisture source for greater monsoon rainfall through
enhanced evaporation (Rao and Goswami 1988; Tren-
berth 1999; Clark et a. 2000); and 3) eastern equatorial
Pacific SSTs that could affect monsoon rainfall through
changes in the EWC (the large-scale atmospheric east—
west circulation; Rasmusson and Carpenter 1983).

For positive 500-hPa height anomalies over south
Asiain MAM (on the order of 5 m per unit standard
deviation of the expansion coefficient of the first pre-
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Fic. 8. The first component SVD regression patterns, 1979-99,
relating (a) 500-hPa height over the area 30°-70°N, 50°-110°E during
MAM [unit std dev of the expansion coefficient of the first JJAS
precipitation vector) —*] to (b) JJAS precipitation over the Indian re-
gion 5°-40°N, 60°~100°E [mm day —* (unit std dev of the expansion
coefficient of the first 500-hPa height vector) -*; note that the plot of
the 500-hPa height regressions extends beyond the area used in the
SVD calculation]; (¢) MAM surface temperature for the area in the
tropical Indian Ocean 20°S-20°N, 40°-110°E [°C (unit std dev of the
expansion coefficient of the first JJAS precipitation vector) -], to (d)
JJAS precipitation over the Indian region 5°-40°N, 60°-100°E
[mm day-* (unit std dev of the expansion coefficient of the first
surface temperature vector) ~1]; (€) MAM surface temperature for an
area in the eastern equatorial Pacific 20°S-20°N, 150°E-80°W [°C
(unit std dev of the expansion coefficient of thefirst JJAS precipitation
vector) ~1], to (f) JJAS precipitation over the Indian region 5°—40°N,
60°~100°E [mm day —* (unit std dev of the expansion coefficient of
the first Pacific surface temperature vector) —*]. Shaded areas denote
positive values.

cipitation vector, Fig. 8a), there are positive JJAS mon-
soon precipitation anomalies over much of northern and
northeastern India, Bangladesh, and Burma (on the order
of about 0.3-0.4 mm day ~* per unit standard deviation
of the expansion coefficient of the first 500-hPa vector,
Fig. 8b). The expansion coefficient time series for the
first SVD components (not shown) are correlated at the
+0.76 level, and explain 39.3% of the total squared
covariance. Regressing the lagged SVD expansion co-
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Fic. 9. Regression of the expansion coefficient of the first MAM
500-hPa vector from Fig. 8awith MAM surface temperature [°C (unit
std dev of the expansion coefficient of the firss MAM 500-hPa
vector) ~1].

efficient time series from Fig. 8a onto the surface tem-
perature shows positive MAM regression values of
greater than 0.5°C per unit standard deviation of the
expansion coefficient of the first 500-hPa vector over
much of southwest and central Asia (Fig. 9) similar to
the simultaneous SVD relationship in Fig. 7a.

For positive SSTs in the Indian Ocean in MAM (Fig.
8c), there are positive JJA'S preci pitation anomaliesover
southwestern and southern India, Burma, and the Ara-
bian Sea and Bay of Bengal (Fig. 8d). The expansion
coefficient time series for the first SVD components are
correlated at the +0.75 level, and and explain 58.0%
of thetotal squared covariance. Negative SST anomalies
in the equatorial eastern Pacific in MAM (Fig. 8e) are
associated with positive JJAS monsoon precipitation
anomalies over Sri Lanka and areas of eastern India
(Fig. 8f). The expansion coefficient time series for the
first SVD components are correlated at the +0.70 level,
and explain 39.2% of the total squared covariance. How-
ever, as shown in Fig. 3 and discussed later, the SSTs
in the eastern Pacific transition from MAM to JJAS.
Therefore, the negative SST anomalies in Fig. 8e are
actually associated with positive SST anomalies during
the JJAS season, which would contribute to suppressing
the JJAS monsoon rainfall over most of the domain as
seen in Fig. 8f. When we varied the boundaries of the
regions used in the SVD calculation, the patterns were
not significantly affected.

We use the first SVD components for three separate
conditions since those are the dominant relationships
accounting for amajority of the squared covariance (the
second SVD components for the three transition con-
ditions discussed in Figs. 8ab; 8c,d; and 8e,f account
for 17.9%, 14.2%, and 18.5%, respectively, with the
third through fifth components for all three accounting
for considerably less). However, there clearly is no re-
quirement that the first SVD components from the three
transition conditions be orthogonal. In fact, comparing
Fig. 8d and 8f, there are indications that the patterns of
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precipitation for these two transition conditions are re-
lated. Positive MAM SSTsin the Indian Ocean also can
occur with positive SSTs in the Pacificin MAM (which
would transition to negative anomaliesin JJAS as noted
above and discussed later). Thus the two ocean basins
are linked in some years in their relation to the patterns
of JJAS Indian monsoon rainfall. (We will address this
further in Figs. 14 and 15.)

Previous studies (e.g., Kawamura 1998; Yasunari and
Seki 1992; Lau and Yang 1996; Clarke et al. 1998) have
shown various connections between Indian monsoon
rainfall, anomalous atmospheric circulation over Asia
in the seasons prior to the monsoon, and tropical Indian
and Pacific SST anomalies. The advantage of the present
SVD technique is that we can quantify the individual
associations year by year to clarify which yearsthe var-
ious associations are working independently and which
years they are linked. To that end we then calculate
spatial anomaly pattern correlations between the ob-
served JJAS rainfall patterns and the SVD projections
individually and cumulatively (Lau and Wu 1999;
MEAR2). The cumulative contribution up to the kth
SVD for i transition conditions (using the first SVD
component from each of the three transition conditions,
so i = 3 here) to the actual observed rainfall anomaly
for the jth year is given by

A, - <o,., > s<k>C(k>,»>,

where () is the spatial anomaly pattern correlation over
the Indian monsoon region. S is a normalized precipi-
tation SVD pattern for JJAS associated with a MAM
transition condition (Fig. 8), C is the precipitation SVD
expansion coefficient for that year, and O is the observed
JJAS Indian monsoon rainfall anomaly. Each anomaly
pattern correlation isfirst calculated separately (Fig. 10a),
and then the cumulative value is computed (Fig. 10b).
A large positive correlation indicates a strong association
with the observed monsoon rainfall pattern for that year.

The association between tropical Pacific and Indian
SSTs and the pattern of Indian monsoon rainfall islarge
in some El Nifio (e.g., 1982) and La Nifia (e.g., 1988)
years when both have pattern correlation values greater
than nearly +0.4 in Fig. 10a. In other years they act
independently (e.g., 1992 and 1994). This demonstrates
that in some years the Indian Ocean can provide a re-
gional input to monsoon rainfall separate from large-
scale influences emanating from the Pacific. Interest-
ingly, the Indian and Pacific conditions follow each oth-
er fairly closely before about 1990, but less so after that.
This likely relates to the sustained warm conditions in
the Pacific in the early 1990s and the consequent effects
in the Indian Ocean (Allan and D’ Arrigo 1999).

In several years the regional 500-hPa atmospheric
circulation—Asian land—meridional temperature gradient
condition is more dominant (e.g., 1980, 1990, 1993,
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Fic. 10. (a) Time series, 1979-99, of individual anomaly pattern
correlations for the regional (500-hPa height, Indian Ocean SST) and
large-scale (Pecific surface temperatures) MAM SVD-derived con-
ditions from Fig. 8 with observed JJAS Indian monsoon rainfall pat-
terns for the area 5°-40°N, 60°—100°E, (b) cumulative anomaly pat-
tern correlations for Indian monsoon rainfall combining the three
conditions in (a@); nominal significance level of 0.40 (marked in Fig.
with thin solid line) is determined by a Monte Carlo technique de-
scribed in the text; (c) time series of an index of Indian monsoon
strength (area-averaged over Indian region, all points, 5°-40°N, 60°—
100°E) of the cumulative precipitation patterns in (b) derived from
the SVD analysis normalized by their respective standard deviations
(dash—dot line), and the full area-averaged normalized precipitation
index over the same region calculated from the original precipitation
data (solid line as in Fig. 1a). El Nifio (EN) and La Nifia (LN) onset
years defined in text are denoted beneath the corresponding years.
Solid dotsin (b) and (c) indicate relatively strong and weak monsoon
years in relation to previous and following years for the observed
index in (c).

1995, and 1996) with values above +0.4 in Fig. 10a.
Connections between tropical Pacific SSTs, 500-hPa
height, and Indian SST are strong in 1984, 1985, and
1989 when all have values near to or greater than +0.4,
thus confirming some of studies cited earlier. In other
years (1991, 1995, 1998) the three conditions are un-
related with widely different values. In 1984 when all
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three transition conditions have high values (Fig. 10a),
the cumulative value is about +0.8 (Fig. 10b) indicating
over 60% of the spatial variance of the pattern of mon-
soon precipitation isaccounted for in that year. However
in 1986 when all of the three conditions are near zero
for their individual associations, the cumulative pattern
correlation is also near zero indicating other processes
or internal dynamics are more important for the pattern
of monsoon rainfall in that year. The point is that in
any given year, we quantify the magnitude of the as-
sociations of the various transition conditions (either
none, some, or all) in MAM with the subsequent JJAS
monsoon rainfall.

A nominal significance level of 0.4 in Fig. 10b is
determined by a Monte Carlo technique whereby the
seasonal pattern correlations from the SVD components
are scrambled to randomly generate 865 sample pattern
correlations with no overlap with the actual cumulative
pattern correlations in Fig. 10b. A Student’s t-test is
performed to determine that the mean value of 0.4 is
significantly different from the mean of the random sam-
ples (using 884 degrees of freedom) at greater than the
1% level. For the 21 yr considered here from 1979 to
1999, 12 (57%) exceed this nominal significance level.

To relate the precipitation anomaly patterns to an
area-averaged monsoon index and consequently the
magnitude of the TBO, regressions of the SVD expan-
sion coefficient time series and the SV D rainfall patterns
over the Indian region are used to produce a cumulative
area-averaged Indian rainfall index (Fig. 10c). The cor-
relation between the SVD-derived normalized cumu-
lative index of monsoon ‘“‘strength” and the full area-
averaged normalized index from the origina CMAP
precipitation data is +0.93 (significant at greater than
the 1% level) thus showing the SV D-derived index can
capture 86% of the variance of the full index. Therefore,
in Fig. 10 we quantify individual contributions to the
pattern of monsoon rainfall from several transition con-
ditions (Fig. 10a), the cumulative contributions to the
pattern of monsoon rainfall (Fig. 10b), and a recon-
structed area-averaged index of strength of the monsoon
(Fig. 10c).

As noted earlier in relation to Fig. 1, TBO monsoon
years can be defined as a monsoon index value greater
than the previous or following year, or less than the
previous or following year (Meehl 1987). These are
denoted in Fig. 10c (as in Fig. 1a) for 13 yr (out of 21
yr total). We define onset years for El Nifio (1982, 1986,
1991, 1997) and La Nifia (1984, 1988, 1995, 1998) as
the initiation of a 5-month running mean area-averaged
SST anomaly in the eastern tropical Pacific Nifio-3 area
(5°N-5°S, 150°-90°W) of at least +0.5°C for two con-
secutive seasons after the MAM transition season over
the following 1-yr period. Of the TBO years, 1982,
1986, 1997 are El Nifio onset years, and 1984, 1988,
and 1998 are La Nifia onset years for a total of 6 TBO
years out of 8 possible ENSO onset years. That leaves
1980, 1983, 1987, 1989, 1992, 1993, and 1996 as 7
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non-ENSO onset years that also are contributing to the
interannual flip-flops that characterize the TBO in mon-
soon rainfall. In Fig. 10b, 10 of these 13 TBO years
have greater than the nominal significance value of 0.4,
indicating that the transition conditions in Fig. 8 are
strongly associated with 77% of the years with TBO
transitions.

Another way of quantifying the TBO is to first com-
pute spectra of area-averaged time series of SVD-re-
constructed JJAS monsoon rainfall as in Fig. 10c for
each condition in Fig. 10a individually and then cu-
mulatively, and then average the power in the TBO band
of 2.1-2.8 yr. The TBO spectral density [(mm? day 2 yr)
X 10-1] for the individual 500-hPa SVD is0.1. Adding
the contribution of the Pacific SST conditions increases
the TBO amplitude to 2.2. Including the effects from
the Indian Ocean SST conditions, such that all three
transition conditions are accounted for, increases TBO
amplitude to 8.3, which is 8% greater than the spectral
density in the ENSO periods of 3—7 yr derived in the
same way. This increase in TBO amplitude with the
inclusion of Indian Ocean SSTs is related to area-av-
eraged precipitation and is not as clear for the pattern
correlations in Fig. 10a. In that figure, neither of the
three conditions exhibits a dominant overall effect on
the pattern of monsoon rainfall. For the monsoon index
computed from the original data (solid linein Fig. 10c,
and spectra shown in Fig. 2c), spectral density in the
TBO periods is 52% greater than in the ENSO periods.
Thus there is more power in the TBO periods than the
ENSO periods for both the reconstructed and original
monsoon indices. These results confirm the hypothesis
above such that the more transition conditions included
in the analysis and the more these processes work, the
more likely it is for atransition to occur in agiven year,
and thus the higher the amplitude of the TBO.

To determine to what extent ENSO years influence
the SVD associations, in Fig. 11 we perform the SVD
analyses in Fig. 8 again, but remove the ENSO onset
years (defined earlier in Fig. 10). If the patterns with
and without ENSO years are similar, we can conclude
that similar sets of processes are occurring in ENSO
and non-ENSO years, the |l atter encompassing the great-
er number of years of the TBO with a 2-3-yr period.
Indeed the SVD patterns are very similar. The pattern
correlation for MAM 500-hPa height in Figs. 8a and
11a is +0.96, and for corresponding JJAS monsoon
rainfall in Figs. 8b and 11b is +0.86. The pattern cor-
relation for MAM Pacific SST in Figs. 8e and 1le is
+0.96, and for associated JJAS monsoon rainfall in
Figs. 8f and 11f is +0.89. This indicates that for the
500-hPa Asian land meridional temperature gradient,
and for the tropical Pacific SST conditions, comparable
processes are taking place in ENSO and TBO, thusin-
extricably linking TBO and ENSO for those processes.
The pattern correlations between Indian Ocean SSTsand
associated monsoon rainfall patterns without ENSO
(Figs. 11c,d) are somewhat lower than with all years
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Fic. 11. Same as in Fig. 8 except for the El Nifio and La Nifa
onset years (noted in Fig. 10c) are removed. Removal of 4 El Nifio
onset years and 4 La Nifia onset years leaves 13 yr in this SVD
analysis.

included (Figs. 8c,d). The pattern correlationsfor Indian
SSTs in Figs. 8c and 11c are +0.71, and for the cor-
responding monsoon rainfall in Figs. 8d and 11d +0.53.
In the non-ENSO years the warmer SSTs are concen-
trated mostly south of India(Fig. 11c) and are associated
with increases in JJAS Indian monsoon rainfall over
mostly ocean areas, with suppressed rainfall over central
and northeastern India (Fig. 11d). Thus we conclude
that the Indian Ocean does not act as strongly in unison
with the tropical Pacific during MAM in non-ENSO
years in their contribution to the TBO as has been sug-
gested by recent studiesfor other parts of the year (\Web-
ster et al. 1999; Sgji et a. 1999; Chang and Li 2000;
Loschnigg and Webster 2000).

5. SON to DJF transitions

Following the progression in Fig. 3, we now turn to
the subseguent Australian monsoon in DJF Though we
discussed earlier that we identified ‘“transition” con-
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ditions for the Australian monsoon, it is well known
that thereis persistence from consecutive Indian to Aus-
tralian monsoons, with a strong Australian monsoon of -
ten following a strong Indian monsoon and vice versa
for weak Indian and Australian monsoons (e.g., Shukla
and Paolino 1983; Kiladis and van Loon 1988; Webster
and Yang 1992). Thisisrepresented by the strong Indian
monsoon followed by a strong convective maximum in
SON over Southeast Asialeading to astrong Australian
monsoon the following DJF in the idealized depiction
in Fig. 3.

To quantify this association for the full time series
from 1979 to 1999, we perform SVD analyses similar
to that in the Indian monsoon using conditions in SON
that are hypothesized to lead to astrong Australian mon-
soon in Fig. 3d. These include SON precipitation from
the area of maximum precipitation over Southeast Asia
(10°N-10°S, 90°-130°E); Indian Ocean SST (equator to
25°S, 90°-120°E); and Pacific SST (20°N-20°S, 150°E~
80°W) and their respective associations with Australian
monsoon rainfall (5°N-20°S, 100°-150°E) in DJF

Results in Fig. 12 from the SVD analyses show a
“dipole’”” of SST in the Indian Ocean as depicted in Fig.
3c (warm in the eastern equatorial Indian and cool to
the west). The positive SST regression values over the
ocean areas of Southeast Asia and north of Austraia
are several tenths of a degree per unit standard deviation
of the expansion coefficient of the first precipitation
vector in Fig. 12a. Thisis associated with positive pre-
cipitation regression values of over +1.0 mm day ~* over
parts of Indonesia, Papua New Guinea, and the southeast
tropical Indian Ocean during the following DJF with a
correlation of expansion coefficient time seriesof +0.72
accounting for 82.5% of the total squared covariance
(Fig. 12b). Similarly, cold Pacific SSTs in SON with
regression values of around —1.0°C in Fig. 12c are as-
sociated with a comparable pattern and magnitude of
Australian monsoon rainfall anomalies with a correla-
tion of expansion coefficient time series of +0.79 ac-
counting for 94.5% of the total squared covariance
(Figs. 12c,d). Thus, asfor the Indian monsoon, the trop-
ical Indian and Pacific Oceans are strongly connected
in their patterns of SSTs and associated Australian mon-
soon rainfall.

The strong convective maximum over Southeast Asia
during SON (positive regression values of around 0.2—
0.3 mm day —*) is associated with enhanced precipitation
over most of the Australian monsoon domain again with
a comparable pattern and magnitude to the other two
conditions in Figs. 12b and 12d. The correlation of ex-
pansion coefficient time seriesis +0.79 accounting for
94.2% of the total squared covariance (Figs. 12¢,f).

Judging from the similarity of the Australian mon-
soon patterns and the large percent covariance explained
for the three SON conditionsin Fig. 12, it would appear
that the conditions prior to the Australian monsoon are
less independent from each other than for the MAM
conditions for the Indian monsoon in Fig. 8. Indeed
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Fic. 12. Thefirst component SV D regression patterns, 1979-99, relating (a) surface temperatures
in the eastern Indian Ocean region from 25°S to the equator, 90°~120°E during SON [°C (unit std
dev of the expansion coefficient of the first DJF precipitation vector) -] to (b) DJF precipitation
over the Australian monsoon region 20°S-5°N, 100°-~150°E [mm day ~* (unit standard deviation
of the expansion coefficient of the first SON surface temperature vector) '], (¢) SON surface
temperature for the area in the tropical Pacific Ocean 20°S-20°N, 150°E-80°W [°C (unit std dev
of the expansion coefficient of the first DJF precipitation vector) ~'], to (d) DJF precipitation over
the Australian monsoon region 20°S-5°N, 100°-150°E [mm day ~* (unit std dev of the expansion
coefficient of the first surface temperature vector) -], (€) SON precipitation over the Southeast
Asian area 10°S-10°N, 90°-130°E [mm day* (unit std dev of the expansion coefficient of the
first DJF precipitation vector) -*], to (d) DJF precipitation over the Australian monsoon region
20°S-5°N, 100°-150°E [mm day —* (unit std dev of the expansion coefficient of the first SON
Southeast Asian precipitation vector) ~*]. Note that the regression plots can extend beyond their
respective areas used in the SVD calculation. Shaded areas indicate positive values.
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constructing the single SVD pattern correlations (Fig.
13a) and cumulative pattern correlations (Fig. 13b)
shows that the three conditions in SON act in unison
in most years, either al contributing to the pattern of
subsequent monsoon rainfall or not. Clearly they act
much more uniformly than the transition conditions for
the Indian monsoon in Fig. 10. Thisislikely due to the

seasonal coherence of the strength of the convective
maximum asit evolvesfrom the Indian to the Australian
monsoon system mentioned earlier and that, once set in
JJAS, has greater persistence as the seasonal cycle pro-
gresses from JJAS to the following DJF as depicted in
Fig. 3. Since this coherence of the system also involves
tropical Pacific and Indian Ocean SST anomalies as
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Fic. 13. (a) Time series, 1979-99, of individual anomaly pattern
correlations for the regional (Indian Ocean SST and Southeast Asian
precipitation) and large-scale (Pacific surface temperatures) SON
SVD-derived conditions from Fig. 12 with observed DJF Australian
monsoon rainfall patterns for the area 20°S-5°N, 100°-150°E, (b)
cumulative anomaly pattern correlations for Australian monsoon rain-
fall combining the three conditions in (a); nominal significance level
of 0.40 (marked in Fig. with thin solid line) is determined by aMonte
Carlo technique described in the text; (c) time series of an index of
Australian monsoon strength (area-averaged over Australian monsoon
region, all points, 20°S-5°N, 100°-150°E) of the cumulative precip-
itation patterns in (b) derived from the SVD analysis normalized by
their respective std dev (dash—dot line), and the full area-averaged
normalized precipitation index over the same region calculated from
the original precipitation data (solid line as in Fig. 1b). EN and LN
onset years defined in text are denoted beneath the corresponding
years. Solid dots in (b) and (c) indicate relatively strong and weak
monsoon years in relation to previous and following years for the
observed index in (c). Warm (W, western Indian Ocean warmer than
east, “‘positive dipole”) and cold (C, western Indian Ocean colder
than east, ‘‘negative dipole’’) extreme SST dipole years from Saji et
al. (1999) also noted below years at bottom.

shown in Figs. 12 and 13, these must be rel ated to upper-
ocean temperature anomalies and ocean dynamics. This
is addressed in a subsequent paper (Meehl et al. 2002,
manuscript submitted to J. Climate).

The reconstructed area-averaged rainfall index in Fig.
13c from the SVD patternsis highly correlated with the
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total area-averaged index from the original precipitation
data (+0.97) indicating, as for the Indian monsoon rain-
fall data, that the SVD reconstructions can reproduce
much of the original time series of monsoon strength
(94% of the variance) using just the first SVD com-
ponents. The tendency for persistence from Indian to
Australian monsoon noted above can be demonstrated
by correlating the JJAS Indian monsoon area-averaged
precipitation index (Fig. 10c) with the following DJF
Australian monsoon area-averaged precipitation index
(Fig. 13c). This value is +0.55, which is significant at
the 1% level corroborating earlier results that in many
years a strong Indian monsoon is followed by a strong
Australian monsoon, and vice versafor weak monsoons.
Alsoitisclear from Fig. 3 why thereislittle persistence
from Australian monsoon to subsequent Indian monsoon
since the TBO transition period is across the seasons
MAM-JJAS.

As noted above, the SST dipole in the Indian Ocean
with maximum values in the SON season is seen here
to be an integral part of the TBO and is a consequence
of coupled air—sea interaction directly involving the In-
dian and Australian monsoons. Extreme dipole mode
events from Sgji et al. (1999) are 1982, 1994, and 1997
(warm or ‘““positive dipole’” with positive SST anoma-
lies in the western Indian and negative in the east, op-
posite in sign to the depiction in Figs. 3 and 12), and
1984, 1992, and 1996 (cold or *‘negative’” dipole with
signs as depicted in Figs. 3 and 12). Thus the “W’ in
Fig. 13c refers to positive dipole (warm west and cool
east), and the ““C” to negative dipole (cool east and
warm west). For those 6 strong dipole mode events, 5
are significantly accounted for by the Indian Ocean SST
SVD pattern in Fig. 13a (dashed line) with values near
or greater than +0.4 (all but 1984). All are also seen
to act in unison with the tropical Pacific in Fig. 13a
(comparable evolution of dashed and dotted lines),
though only 1982 and 1997 are El Nifio onset years,
and 1984 isaLaNifiaonset year. Therefore, half (three)
of the extreme Indian Ocean dipole years are non-ENSO
onset years consistent with previous observations that
extreme Indian Ocean dipole years can occur without
an extreme ENSO year. This also has been noted to
occur in a coupled GCM (lizuka et al. 2000). However,
Fig. 13a does indicate a linkage to the tropical Pacific,
through coupled interactions involving the large-scale
east—west circulation (WWC and EWC) involved with
the Asian-Australian monsoon system and coupled
ocean dynamics (Fig. 3). It is also worth noting that the
Indian Ocean dipole pattern with significant pattern cor-
relations (with subsequent Australian monsoon rainfall)
above +0.4 in Fig. 13a occurs in other years as well
(1985, 1986, 1988, 1991, 1995, and 1998).

For the reconstructed Australian monsoon precipita-
tionindex in Fig. 13c, all three extreme warm or positive
dipole events are associated with below-normal Austra-
lian monsoon rainfall, and two out of three cold or neg-
ative dipole events occur in years with above-normal
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Australian monsoon rainfall (all but 1992). This sup-
ports the connection between the Indian Ocean SST
dipole pattern in SON with the strength of the DJF
Australian monsoon and the TBO.

If TBO yearsare defined in asimilar way to the Indian
monsoon (denoted by the solid dots in Fig. 13c), 6 of
the 11 TBO years are significantly accounted for by the
cumulative pattern correlations in Fig. 13b (values near
or above +0.4). It was noted earlier that thereis seasonal
persistence from Indian to Australian monsoon as in-
dicated by an overall correlation between Indian and the
subsequent Australian monsoon of +0.55. Thisis aso
seen in the TBO years. For the 13 TBO years defined
for the Indian monsoon in Fig. 10c, only 12 are eligible
for continuation to the Australian monsoon (even though
1998 is an above-normal Australian monsoon, we can-
not define it as a TBO year relatively stronger than the
preceding and following years since the precipitation
data end in October 1999 and we do not have the 1999
Australian monsoon data). For those 12 TBO Indian
monsoon years, 8 or 67% correspond to like sign TBO
years in the Australian monsoon, 4 relatively strong
(1980, 1983, 1988, 1996) and 4 relatively weak (1982,
1984, 1989, 1997). Of those 8, only 4 are ENSO onset
years (1982 and 1997 El Nifio, 1984 and 1988 La Nifia).
This demonstrates that there are years other than ENSO
extremes that contribute to the TBO.

To address the contribution of ENSO versus non-
ENSO onset years to the TBO in the Australian mon-
soon, a similar SVD calculation to that in Fig. 12 is
performed without the ENSO onset years (not shown).
Asin the Indian monsoon non-ENSO onset years, there
are very similar patterns to that for the full set of years,
with pattern correlations for Pacific SSTs (Fig. 12c) of
+0.89, with monsoon rainfall associated with Pacific
SSTs(Fig. 12d) of +0.53, pattern correlations for south-
east Asian precipitation (Fig. 12e) of +0.72, and with
monsoon rainfall associated with southeast Asian pre-
cipitation (Fig. 12f) of +0.68. Also similar to the Indian
monsoon, The Indian Ocean SST relationships are not
as strong for all years and non-ENSO onset years with
pattern correlationsfor Indian SSTs (Fig. 12a) of +0.53,
and with subsequent Australian monsoon rainfall (Fig.
12b) of +0.41. Also, as in the Indian monsoon non-
ENSO onset years, the maximum positive SST values
for SON are centered more in the southeastern part of
the domain (not shown). Thus, ENSO onset years are
tied strongly to the dipole pattern in SON, but non-
ENSO onset years are not so strongly linked.

6. Time evolution

To examine the time evolution of the conditions as-
sociated with the TBO, we regressthe precipitation SVD
expansion coefficient time series computed for JJAS
precipitation and MAM 500-hPa height (patterns in
Figs. 8ab), and JJAS precipitation and Indian Ocean
SST (patterns in Figs. 8c,d) against precipitation, sur-
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face wind, and surface temperature data for seasons de-
picted in Fig. 3 and results are shown in Figs. 14 and
15, respectively. It was noted that Indian and Pacific
SST SVD patterns for all years are similar, so only the
Indian Ocean SST SVD association with JJAS precip-
itation is used here.

The JJAS Indian monsoon precipitation SVD expan-
sion coefficient time series derived for MAM 500-hPa
height anomalies over Asia regressed against surface
wind, surface temperature, and precipitation is shown
in Fig. 14. If only values exceeding a 95% significance
level were plotted, the number of vectors and contours
would be reduced. However, we choose to plot values
at every grid point since the time series are relatively
short and we wish to address the physical significance
of the plotted quantities (Nicholls 2001).

Note that the sign and pattern for JJAS precipitation
in Fig. 14e closely resembles the sign and pattern in
Fig. 8b (as it must since they are derived from the same
expansion coefficient time series, with the heteroge-
neous association in Fig. 8 and homogeneous in Fig.
14), with enhanced precipitation over much of northern
India, Bangladesh, and Burma. Also note that the sur-
face temperature regressionsin Fig. 14d for MAM (with
warm conditions over much of Asia) are comparablein
terms of sign and pattern to Fig. 9. This shows that the
sign convention of the regressions in Fig. 14 is consis-
tent with the physical interpretation of Figs. 8 and 9.

Conditions leading up to the precipitation pattern in
Fig. 14e can be seen to involve a positive precipitation
maximum with regression values of over 0.3 mm day —*
over the equatorial western Pacific Ocean near 150°E
to the date line in the DJF-1 (Fig. 14a). As in Fig. 4
for the simultaneous associations, positive val ues extend
over northern Australia, but also reach farther west over
Papua New Guinea in association with westerly wind
anomalies there. In fact the precipitation is enhanced
far enough west that the regressed SST pattern in Fig.
14b shows negative anomalies in the eastern equatorial
Pacific opposite to that in the idealized schematic in
Fig. 3.

There is suppressed precipitation over Malaysia and
the Indian Ocean, with regression values of severa
tenths of a mm day —*. Though this is two seasons re-
moved from the SVD calculation for JJAS, this pattern
also resembles the contemporaneous SVD for DJF in
Fig. 4. This indicates that the associations in a given
season and the relationships to following seasons are
robust.

The pattern of convective heating anomalies stretch-
ing from eastern Africato the western equatorial Pacific
was noted earlier to be associated with an anomalous
ridge of positive 500-hPa height anomalies over Asia,
and warmer Asian land temperatures. Similarly, anom-
alously warm land temperatures with regression values
of greater than +0.5°C appear over much of south Asia
in DJF-1 (Fig. 14b) as was noted for the contempora-
neous relationship in Fig. 7. In association with the



1 ApRIL 2002 MEEHL AND ARBLASTER 737

500 hPa Z/Precip SVD Regressions
DJF=1 b)

Surface Temperature

150F 90w

150w 120W

90E  120E 150E 120E 180

90F 1206 1S0E 180 150W 120W 60E 90F 1206 150E 1BO 150W 120W g9OW

P o

40N “M
20N -~
of A .
1] ‘~ b
203 ' J 3 & . ., 1 " ; 13 3 .
90E  120F  1S0E 30E  60E 90E 120E 150E 180 150W 120W 9OW

A >

506 BOE  90F 120E 1 180 150w 120W 90w

150w 120w 90w

120E  150E 180

30F i 90F

7. P

150w 120w 90w

i | ] e

-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

J0E  BOE 90E 120E 1308 180

Fic. 14. The JJAS Indian monsoon precipitation SVD expansion coefficient time series derived from MAM 500-
hPa height anomalies over Asia (pattern in Fig. 8b) regressed against surface wind, precipitation, and surface tem-
perature for seasons lagging and leading the Indian monsoon. Units are in m s, mm day —*, and °C (unit std dev of
the expansion coefficient of the first JJAS precipitation vector for surface wind, precipitation, and surface temperature,
respectively) 1. Scaling vector above part (c) is 0.75 m s*. (a) Precipitation and winds for DJF prior to the Indian
monsoon; (b) surface temperature for DJF prior to the Indian monsoon; (c) precipitation and winds for MAM prior
to the Indian monsoon; (d) surface temperature for MAM prior to the Indian monsoon; (e) precipitation and winds
for JJAS Indian monsoon season; (f) surface temperature for JJAS Indian monsoon season; (g) precipitation and winds
for SON after the Indian monsoon; (h) surface temperature for SON after the Indian monsoon; (i) precipitation and
winds for DJF after the Indian monsoon; (j) surface temperature for DJF after the Indian monsoon.
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precipitation anomalies, there are westerly wind anom-
alies of about +0.5 m s~ in the western Pacific, and
southeasterly anomalies over the equatoria Indian
Ocean.

In MAM (Fig. 14c) the lagged pattern of regressed
tropical precipitation anomalies is similar to the simul-
taneous SVD calculation in Fig. 6b. There are enhanced
precipitation regression values of several tenths of a
mm day * over the western Indian Ocean and parts of
Indochina, and larger values of greater than +0.6
mm day~* in the western Pacific east of about 160°E
(see Ju and Slingo 1995). There is suppressed precip-
itation north of Papua New Guinea, with regression val-
ues of several tenths of a mm day—*. Similarly, this
tropical precipitation pattern is associated with positive
500-hPaheight anomalies over Asia (Fig. 8a) and anom-
alously warm Asian land temperatures with regression
values greater than +0.7°C (Fig. 14d) similar to those
for the contemporaneous relationship in Fig. 7. Both
have an enhanced surface temperature gradient over
south Asia. Anomalous westerly wind regression values
of about +0.3 m s~* continue over the western equa-
torial Pacific with southwesterly values of about that
same magnitude over the Arabian Sea, and easterly
anomaly winds of about 0.5 m s~* along the equator in
the western Indian Ocean.

The JJAS patterns in Figs. 14e,f show enhanced pre-
cipitation over northeastern India and Bangladesh as
noted above with strengthened southwesterly flow over
the Arabian Sea. In addition, there is suppressed pre-
cipitation over the Indian Ocean, eastern Asia, Malaysia,
and parts of Indonesia, while there is enhanced precip-
itation over Japan, the western Pacific northeast of the
Philippines, and along the ITCZ in the Pacific. This
enhanced precipitation component has almost a hemi-
spheric ITCZ-like aspect with a band of positive pre-
cipitation regression values extending from India across
the South China Sea and east of the Philippines. There
are strengthened south and southwest winds across the
Arabian Sea with regression values of about 0.3 m s1,
and westerly anomalies of about twice that magnitude
in the western tropical Pacific. SSTsin the central equa-
torial Pacific are anomalously warm but with small re-
gression values of about +0.2, while SSTs in the north-
ern Indian Ocean are anomalously cool.

The SON season in Figs. 14g,h shows positive pre-
cipitation regression values of roughly +0.4 mm day —*
over eastern China and north of the equator in the Pa-
cific, easterly regression values of about 0.5 m s~ in
the equatorial eastern Indian Ocean, and westerly anom-
alies of about that same magnitude near the date line in
the Pacific associated with small positive SST regression
values of +0.4°C in the central and eastern tropical
Pacific. There isthe suggestion of aweak positivedipole
of SSTs and easterly wind anomalies across the equa-
torial Indian Ocean, with somewhat warmer SSTsin the
west and cooler in the east. By DJF following the mon-
soon (Figs. 14ij), there are easterly anomaly winds in
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the far western equatorial Pacific, easterly anomaly
winds south of the equator in the Indian Ocean, and a
mixture of positive and negative precipitation anomalies
in the Australian monsoon region.

The lagged precipitation, wind, and SST regressions
in Fig. 14 are consistent with the simultaneous calcu-
lations for DJF and MAM in Figs. 4—7 but differ in
some respects with the hypothesized evolution in Fig.
3. This suggests that the enhanced meridional temper-
ature gradient mechanism depicted in Fig. 14 may not
work in concert with the SST-driven ones. To explore
the latter in Fig. 15, the SVD expansion coefficient time
series from the JJAS Indian monsoon rainfall calculated
using the MAM Indian SST in Figs. 8c,d are regressed
against surface winds, temperatures, and precipitation.
Figure 8d can be compared to be similar (as it must be,
as noted for Fig. 14e) with acomparable sign convection
to Fig. 15e. But the larger domain is seen to show en-
hanced precipitation not only over parts of southern
India and Bangladesh as was seen in Fig. 8d, but also
over much of the Indian Ocean region as well with
regression values greater than +0.4 mm day —*. The In-
dian Ocean SST anomalies in MAM are positive with
largest values south of about 10°N in Fig. 15d. The
anomalously warm SSTsover the Indian Oceanin MAM
(Fig. 15d) are comparable to the values shown in Fig.
8c.

The DJF preceding the Indian monsoon shows aweak
Australian monsoon with negative precipitation regres-
sion values of at least —0.6 mm day ~* over amost the
entire Australian monsoon domain in Fig. 15a, with
easterly anomaly wind regression values of around 0.7
m st along the equatorial Indian Ocean with somewhat
weaker easterly anomalies in the far western equatorial
Pacific. There are also westerly anomaly wind regres-
sion values of nearly 0.8 m s associated with anom-
alously warm SSTs in the eastern and central equatorial
Pacific (Fig. 15b). In MAM there is suppressed precip-
itation (roughly —0.4 mm day —*) near 10°N stretching
from East Africa to about 120°W, while northeasterly
anomaly wind regression values of about 0.4 m s~* con-
tinue in the western equatorial Pacific and westerly
anomaly winds appear in the far western equatorial In-
dian Ocean (Fig. 15c). The Indian Ocean isanomal ously
warm as is the central and eastern equatorial Pacific
(Fig. 15d) with regression values of greater than 0.4°C.
There is little consistent surface temperature anomaly
pattern over southern Asia.

As noted above, in JJAS (Fig. 15€) there is enhanced
precipitation over most of India, Bangladesh, and the
Indian Ocean (some regression values exceed +0.8
mm day —*). Since most of the anomalous precipitation
lies over the Indian Ocean in Fig. 15e, the main anom-
alous surface wind convergence is near the equator in
the Indian Ocean, with anomalous westerly regression
values of about 0.4 m s~ in the western Indian Ocean,
and anomalous easterlies with regression values of
around 0.5 m s~* in the eastern Indian Ocean stretching
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across most of Southeast Asia into the western Pacific
Ocean. Even though there is enhanced Indian monsoon
rainfall in Fig. 15e, there are easterly wind anomalies
over the Arabian Sea where one would expect to see
southwesterly anomalies with stronger inflow asin Fig.
14e. To examine this response, GCM sensitivity exper-
iments with specified SST anomalies over the Indian
Ocean show that greater precipitation over the Indian
Ocean has a regional effect on winds that can produce
easterly anomalies over the Arabian Sea even with en-
hanced rainfall over India (MEARLY).

In Fig. 15f, SSTs have transitioned from positive in
MAM to negative in JJAS in the central equatorial Pa-
cific and small negative SST anomalies have just ap-
peared off the coast of equatorial Africain the western
Indian Ocean in association with the implied enhanced
upwelling from the westerly wind anomalies there.

In SON (Figs. 15g,h) the strong monsoon convective
maximum from JJAS traverses east and south encoun-
tering anomalously warm SSTs in its path and covers
most of Southeast Asia with positive precipitation
anomalies with regression values mostly greater than
+0.7 mm day~*. There is surface wind convergence
associated with that convective maximum, with westerly
anomalies over much of the equatorial Indian Ocean,
and easterly anomalies over the western Pacific, both
with regression values of greater than 0.5 m s=*. A
negative SST dipole in the Indian Ocean has small neg-
ative anomalies in the west and positive anomalies in
the east, and there are strengthening negative SST re-
gression values in the equatorial central Pacific of
roughly —0.5°C.

By DJF+1 after the Indian monsoon, the strong con-
vective maximum (with regression values mostly greater
than 0.7 mm day—*) has become established over most
of the Australian monsoon domain (Fig. 15i) and west-
erly anomaly winds with regression values of greater
than 0.5 m s~* now shifted south of the equator in the
tropical southeastern Indian Ocean. There is evidence
of westerly anomaly wind regression values of about
0.3 m st in the far western equatorial Pacific with
easterly anomaly wind regression values of about 0.7
m s east of 150°E. As mentioned earlier, this seasona
evolution is similar for the Pacific SVD projection for
all years (not shown) indicating that the Indian and Pa-
cific are linked in many years through large-scal e east—
west atmospheric circulation anomalies (the WWC and
EWC) associated with the movement of the convective
maximum from the Indian to Australian monsoon, and
its coupled interactions with the ocean.

In comparing the sequences depicted in Figs. 14 and
15 with the idealized evolution of the TBO in Fig. 3, a
number of interesting aspects emerge. First, for thelink-
ages between the tropical convective heating anomalies,
500-hPa circulation, and land temperature anomalies,
there are differences in the connections to the tropical
Pacific. This aso relates to where, exactly, precipitation
anomalies occur over the south Asian monsoon region.

JOURNAL OF CLIMATE

VoLuME 15

The apparent contribution of anomalous meridional
temperature gradients prior to the Indian monsoon as-
sociated with tropical convective heating anomalies is
mainly related to enhanced precipitation over some land
areas of south Asia (northeast India, Bangladesh, and
Burma). They apparently can act independently from
forcing from the tropical Pacific since the sense of the
evolution of SST anomalies in the tropica Pacific is
opposite between Figs. 14 and 15. This is not a result
of a random choice of sign convention since, as noted
above, the sign of the patternsin Figs. 14 and 15 match
those of the SVD patterns in Figs. 4-8 for consistent
physical interpretation. Additionally, the Asian land
temperature anomalies in Fig. 14 are not biennial, with
positive land temperature anomalies in DJF-1 and
DJF+1. However, since the two sequences presumably
represent components of the actual evolution and are
not orthogonal, there is overlap as could be expected
from such a coupled system. In any given year in the
TBO one or the other of the processes can contribute
to the actual patterns of rainfall as seen in Fig. 10a
Since the more land-based precipitation pattern in Fig.
14e and the Indian Ocean—-based pattern in Fig. 15e are
associated with different evolutions of Pacific SSTs, it
isno surprisethat in any given monsoon year the linkage
with the tropical Pacific can be intermittent.

The question still remains concerning whether the
land-based meridional temperature gradient mechanism
or the SST-based mechanisms could, independently,
produce the precipitation anomaly patternsin the lagged
regression plots in Figs. 14 and 15. This question is
addressed directly through the use of GCM sensitivity
experiments by MEARL. Results show that indeed each
mechanism can produce comparable patterns of precip-
itation response in Figs. 14 and 15, and that the SST-
based mechanisms are relatively stronger. Yet, as shown
in Figs. 10 and 13, each mechanism can make partia
contributions in any given year.

In any case, the circulation-related sequence in Fig.
14 appears to produce a more anomalous hemispheric
precipitation pattern during the monsoon season, with
the Indian monsoon enhancement part of an ITCZ-like
positive precipitation anomaly pattern stretching east of
the Philippines. However, the more Indian Ocean—based
precipitation anomaly pattern in Fig. 15e has an east—
west character, with enhanced precipitation over most
of the Indian sector and suppressed precipitation over
the western Pacific east of the Philippines. This strong
convective maximum in the Indian sector then pro-
gressesin Fig. 15 much as depicted in Fig. 3, remaining
strong in its southeastward progression across Southeast
Asiain SON culminating in a strong Australian mon-
soon in the following DJE Conversely, the meridional
temperature gradient pattern shows more of an overall
weakened convective maximum progressing southeast-
ward with the seasonal cycle asindicated by the negative
precipitation regression values in that region.

It is also clear from the surface winds that there are
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ocean dynamical linkages. Anomalous winds in the far
western equatorial Pacific in DJF in Fig. 15 precede
transitions of SSTsin the central and eastern equatorial
Pacific, with the transition starting in MAM and op-
posite sign SST anomalies becoming established in
JIAS. Thus a preliminary answer to the question of
“what makes the TBO flip from one year to the next”
directly involves coupled ocean—atmosphereinteraction
in the Australian monsoon region in DJF, which would
trigger oceanic Kelvin waves that affect the thermocline
farther east in the Pacific to induce an SST transition
in subsequent months. In addition, surface wind anom-
alies in the equatorial Indian Ocean are seen to initiate
the Indian Ocean SST dipole pattern starting half ayear
later in JJAS, peaking in SON, and making the full
transition to opposite sign anomalies by the subsequent
DJF Wedirectly address the question of ocean dynamics
in Meehl et al. (2002, manuscript submitted to J. Cli-
mate). In that paper we examine composites of TBO
transitions in observed atmospheric and upper-ocean
data, and show that oceanic Rossby waves (Webster et
al. 1999) aso play arolein these transitions. Loschnigg
et a. (2002, manuscript submitted to J. Climate) show
similar resultsfrom an analysis of aglobal coupled mod-
el.

7. Discussion and conclusions

In Fig. 3 we presented a hypothesized series of cou-
pled interactions to account for conditions associated
with TBO transitions. The various contemporaneousand
lagged SVD and composite analyses have raised some
interesting issues. First, due to the well-known seasonal
persistence from Indian to Australian monsoon, the most
important TBO transitions occur from MAM to JJIAS.
Those transitions account first for the interannual var-
iations of the patterns of monsoon rainfall in JJAS, and
then for amajority of years of Australian monsoon rain-
fall strength. However, the JJAS rainfall over Austral-
asia, that is dynamically important for the large-scale
climate system in the Indian and Pacific sectors, covers
ahuge area of land and ocean. In this context, the Indian
monsoon, strictly over India and more broadly inter-
preted as rainfall over south Asian land areas, is only
on the northwestern edge of the vast maximum of JJAS
rainfall that extends over much of the tropical Indian
Ocean and east to Southeast Asia. Any analysis of the
dynamically important mechanisms must account for
variations in this entire pattern, not just small regional
pieces of it. We saw that the regional pieces (such as
India) have rainfall that is influenced by conditions and
associated rainfall anomalies over much larger regions.

For the tropical Pacific and Indian Ocean conditions,
it was noted that the SST transitions start to occur two
seasons later in the Indian Ocean in conjunction with
the Indian monsoon (JJAS) compared to the central and
eastern Pacific which begins the transition process in
association with the Australian monsoon (DJF). In the
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Pacific the SST transition is complete by the following
Indian monsoon in JJIAS, and finishes in the Indian
Ocean by thefollowing Australian monsoon in DJF. This
is due to the nature of the coupled wind forcing and
ocean dynamical response along with the seasonal evo-
lution of the convective maximum as it traverses from
the Indian region to the Australian region. As part of
this seasonal evolution and associated coupled wind
forcing, in conjunction with ocean dynamics, the SST
dipole in the Indian Ocean starts to appear as part of
this transition in the Indian Ocean in JJAS. The SST
transition is part way completed in SON when the Indian
Ocean SST dipole is most apparent, and is fully tran-
sitioned by DJF when the dipole gives way to SST
anomalies in the tropical Indian Ocean of one sign and
the influence of the Australian monsoon is most evident.
Thereisalinkage between the Indian and Pacific Oceans
due to the coupling inherent in the large-scal e east—west
atmospheric circulations (the WWC and EWC) asso-
ciated with the seasonal movement of the convective
maximum over Australasia, but with the 6-month lags
involved with the seasonal cycle and coupled atmo-
sphere—ocean interactions. These linkages account for
much of the rainfall variability over the tropical Indian
Ocean, and parts of western India, Bangladesh, and east-
ern China (Figs. 8, 15). The dynamical interactions re-
sponsible for SST transitions in the Indian Ocean begin
with the Indian monsoon and end with the subsequent
Australian monsoon. In the Pacific SST transitionsbegin
with the Australian monsoon and end with the following
Indian monsoon. The Indian and Pacific Oceans thus
have a certain seasonal symmetry with the SST tran-
sitions occurring half a year apart.

It has been noted that the influence of the tropical
Pacific SST anomalies on Indian monsoon rainfall has
diminished since the late 1970s (Krishna Kumar et al.
1999). Other changes in base state apparently have oc-
curred in the Indian Ocean to alter certain monsoon
linkages with conditions such as SST (Clark et al. 2000).
Since our data only cover the period since this apparent
change, we note that both the Indian and Pacific SVD
patterns are similar (Fig. 8) with agreater link to rainfall
over the Indian Ocean with peripheral (but regionally
important) influences over India and other south Asian
land areas. The importance of the Indian Ocean SSTs
to subsequent patterns of Indian monsoon rainfall was
indicated by the fact that the squared covariance ac-
counted for was 58% for the MAM Indian SST/JJAS
monsoon rainfall SVD association, but only 39% for
each of the Pacific and 500-hPa height associations (Fig.
8). Part of the reason for the somewhat reduced ampli-
tude for the Pacific SSTs is that there is an implied
transition from MAM to JJASin the Pacific that reduces
seasonal persistence, while in the Indian Ocean the sign
of SST anomalies is mostly the same from MAM to
JJIAS, with the transition occurring over the next two
seasons as part of the SST dipole.

It was also noted that the rainfall over the Indian
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Ocean, in particular, affects to a great extent the low-
level wind anomalies over the equator and the appear-
ance of the Indian Ocean SST dipole in the equatorial
Indian Ocean. We speculate that in other time periods
this may have been more important for land precipita-
tion if the details of the SST base states were different
so as to change where the SST anomalies have their
greatest influence on precipitation.

There is another important effect on JJAS monsoon
transitions, and that is anomalous meridional tempera-
ture gradients over Asia. An enhancement of the me-
ridional temperature gradient was seen to contribute to
stronger JJAS monsoon rainfall mainly over land areas
of northeast India, Burma, Vietnam, and ocean areas
east of the Philippines (Figs. 8 and 14). Interestingly,
there is an opposite relationship with tropical Pacific
SSTs compared to the Indian and Pacific conditions.
That is, enhanced south Asian land precipitation can
occur with weak warming of SSTsin the central Pacific
in the SVD regressions (Fig. 14), while enhanced rain-
fall over large areas of the Indian Ocean aswell as some
south Asian land areas occurs with cooling of SSTsin
the central Pacific (Fig. 15).

The anomal ous meridional temperature gradientsover
Asia in seasons prior to the south Asian monsoon are
seen to be related to convective heating anomalies in
the tropical Indian and far western Pacific Oceans, as-
sociated with SST anomalies in those regions (Figs. 4,
5, 14). These convective heating anomaly patterns are
not that far removed from the inverse pattern associated
with the Indian and Pacific conditions (Fig. 15). Subtle
shifts in the forcing from the Tropics can make a dif-
ference in the midlatitude response and associated me-
ridional temperature gradients (cf. Figs. 14 and 15).
Thus the anomalous meridional temperature gradient
condition can disrupt the connection with ENSO and
monsoon strength, and contribute to the “‘intermittent”
nature of that connection (e.g., Webster and Yang 1992).

Such intermittent connections dictate that some kind
of approach be used to separate the different conditions
associated with TBO transitions. The SVD and cumu-
lative pattern correlation techniques used in this paper
are one approach. In this way the magnitude of the
associations of the different transition conditions can be
quantified each year in terms of pattern, and can also
be used to derive information on monsoon strength in
terms of the reconstructed area-averaged precipitation
indices.

It was hypothesized earlier that various conditionsin
seasons prior to the monsoons are associated with in-
terannual transitionsor flip-flops, and this has been dem-
onstrated with these analyses. Coupled dynamical in-
teractions involving atmosphere and ocean are neces-
sary to sustain such interannual transitions, with the
phasing of the transitions in each ocean dependent on
the seasonal cycle of convection in the respective re-
gions. Thus anomalous Australian monsoon rainfall in
DJF and associated surface wind anomalies in the far
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western equatorial Pacific could trigger oceanic Kelvin
waves that contribute to the Pacific SST transition a
season later in MAM. Likewise, anomalous monsoon
rainfall and surface wind anomalies in the tropical In-
dian Ocean during JJAS could contribute to the Indian
Ocean SST dipolein SON, with the dipole transitioning
to SST anomalies of all one sign by DJF in association
with the anomal ous surface wind forcing connected with
the Australian monsoon to the east. Simultaneously, sur-
face wind anomalies to the east of the Australian mon-
soon in the far western equatorial Pacific then start act-
ing on the Pacific Ocean to initiate the subsequent tran-
sition there in MAM, and so on. Therefore, the coupled
processes in the Indian Ocean do not occur simulta-
neously with those in the Pacific, but they are linked
through the Asian—Australian monsoon evolutions. Pre-
vious studies have pointed to the role of surface wind
forcing in the western equatorial Pacific (Lau and Wu
2001; Kim and Lau 2001; Clarke et al. 1998; Clarke
and Shu 2000; Chung and Nigam 1999) and equatorial
Indian Ocean (Clarke et al. 1998; Reason et a. 2000;
Saji et al. 1999; Webster et al. 1999). Here we place
these forcings in the framework of the TBO evolution
involving dynamical coupled interactions across the In-
dian and Pacific sectors. The upper-ocean heat content
anomalies that are a consegquence contribute to the per-
sistence of SST anomalies that are crucia for the con-
vective heating anomalies and maintenance of the large-
scale east—west circulation in the atmosphere (the WWC
and EWC) during the TBO in Indian and Pacific Oceans
(Meehl 1993). Details of the coupled ocean dynamics
involved with these transitions are explored by Meehl
et a. (2002, manuscript submitted to J. Climate).

It has often been asked if there would be a TBO (or
ENSO) without the Indian Ocean. It is likely that the
large-scale tropical Pacific transition condition would
still contribute to TBO/ENSO variability associated
with the Asian—Australian monsoon. Additionally, the
meridional temperature gradient condition could also
contribute as noted in Fig. 10. However, it was also
documented in Fig. 10 that, in a number of years, MAM
Indian Ocean SSTs are associated with Indian monsoon
rainfall independent from the other conditions. GCM
experiments have demonstrated that the Indian Ocean
by itself can cause enhanced south Asian monsoon rain-
fall (MEARL). Therefore, theimplication isthat without
the regional influence of Indian Ocean SSTs, the system
would be less biennial. This was demonstrated in the
model experiments of Kim and Lau (2001) where ad-
ditional wind forcing in the far western Pacific, implied
to be tied to monsoon processes, made the Pacific basin
SSTs more biennial.

To take that idea one step further, it has been observed
that there are epochs when either the TBO or ENSO
components are stronger than in others (e.g., Webster
et a. 1998; Torrence and Webster 1999). Results pre-
sented here suggest that if one or more of the TBO
transition conditions make less of a contribution during
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some period of time, it follows that the system would
be less biennial with more power shifted to lower fre-
guencies. Conversely, if all the transition conditions are
working during some time period, it is likely that the
system would be more biennial with less power at lower
frequencies. To test that speculation, carefully designed
coupled model experiments with certain ocean or land
conditions specified would be necessary. Such experi-
ments are currently being formulated.

Two questions were posed earlier that we can provide
tentative answers for:

1) What makes the system flip-flop? It is the com-
bination of large-scale and/or regional conditionsin sea-
sons prior to the monsoon, set up by coupled air—sea—
land interactions the previous year, that result in a tran-
sition to arelatively strong or weak monsoon compared
to the previous year.

2) Why is MAM season critical for these transitions?
It involves geography and the seasonal cycle of con-
vection. When the convective maximum reaches the
Australian monsoon in DJF, being either reinforced by
warm SSTs or weakened by cold SSTs set up the pre-
vious year, anomal ous convection is associated with sur-
face wind anomalies in the tropical western Pacific that
induce an ocean dynamical response that, a season later,
begins to affect SSTs across the Pacific. By JJAS, SST
anomalies are set up across the Pacific when the con-
vective maximum is over south Asia. Meanwhile, re-
gional coupled interactions involved with Indian SSTs
and circulation/temperature anomalies over Asia, set up
by conditions the previous year, can result in atransition
in the TBO as well. Once the sense of the large-scale
east—west atmospheric circulation (the WWC and EWC)
is set in JJAS, the Indian Ocean SST dipole transition
begins. The convective maximum retains seasona per-
sistent as it moves from the Indian to Australian mon-
soonsto culminatein afull Indian Ocean SST transition
by the following Australian monsoon in DJF. This then
sets the SST transition in the Pacific in motion due to
the coupled wind anomaliesin the far western equatorial
Pacific associated with the anomalous state of the Aus-
tralian monsoon, and so on. The unique geography of
the Indian—Pacific region dictates that, in the climato-
logical seasonal cycle, the convective maximum retains
continuity asit progresses from the Indian to Australian
monsoons but not on the return (Meehl 1987, his Fig.
3). This aspect of the seasonal cycle is manifested in
year-to-year variability of the coupled system over this
large region.

It was noted earlier that use of first SVD modes does
not guarantee orthogonality and, in fact, it was shown
that all the transition conditions, particularly Indian and
Pacific SSTs, are related. The single and cumulative
pattern correlation technique is then used to quantify
the separate contributions of the transition conditions
year by year. GCM sensitivity experiments have shown
that the forcings from the transition conditions can, by
themselves, produce patterns similar to those seen in
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the first component SVDs in this paper (MEAR1). This
indicates that the SVD patterns are not statistical arti-
facts and do have physical significance, thus helping to
quantify TBO processes.
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