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ABSTRACT

Observational studies have shown that the tropospheric biennial oscillation (TBO) involves transitions that
occur from northern spring [March-April-May (MAM)] to the Indian monsoon season [June-July—August—
September (JJAS)] such that a relatively strong monsoon the previous year is often followed by a relatively
weak one, and vice versa. Several conditions involving anomalous land and ocean surface temperature anomalies
in the Indo-Pacific region in MAM have been identified to be associated with TBO monsoon transitions. Though
it is possible to quantify the relative contribution of each transition condition year by year in observations, they
are interrelated and the question remains whether each condition by itself could cause a monsoon transition.
Here, a series of GCM sensitivity experiments is performed to isolate the effects of each of the transition
conditions to document their respective influences on the anomalous patterns of monsoon rainfall associated
with TBO transitions. Three conditions postulated to contribute to these TBO transitions associated with Indian
monsoon rainfall are 1) atmospheric circulation—related anomalous south Asian land temperatures and resulting
meridional temperature gradients, 2) anomalous SSTs in the Indian Ocean, and 3) anomalous tropical Pacific
SSTs. Sensitivity experiments with an atmospheric GCM (the NCAR CCM3) are performed to address these
conditions by specifying 1) warmer land temperatures over Asia to produce a stronger meridional temperature
gradient, 2) warm Indian Ocean SST anomalies, and 3) cold Pacific Ocean SST anomalies. The model results
demonstrate that each of the transition conditionsis associated with distinct physical processes and can contribute
to a relative TBO transition in monsoon strength by themselves. The anomalous tropical Indian and Pacific
Ocean SST anomalies produce a larger monsoon response in the model compared to the anomal ous meridional
temperature gradient over Asia indicating they are the dominant conditions associated with TBO transitions.
The location of the SST anomalies over the tropical Indian Ocean is important, with warm SST anomalies
throughout the tropical Indian Ocean producing enhanced rainfall over the ocean and south Asian land areas,
and warm SST anomalies near the equatorial Indian Ocean producing increased rainfall locally with decreased
rainfall over south Asian land areas. Case studies from observationsillustrate that the various transition conditions
are evident in the raw data in individual years. Several more GCM experiments are performed to show how
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some conditions can act cumulatively to produce monsoon transitions.

1. Introduction

For 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, with the transitions
occurring in the season prior to the monsoon involving
coupled land—-atmosphere—ocean processes over alarge
area of the Indo-Pacific region (Meehl 1987, 1993, 1994,
1997; Meehl and Arblaster 2001, 2002). Thus the TBO
is not so much an oscillation, but a tendency for the
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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. Various parts of this system
have been studied previously for mechanisms related to
the TBO (e.g., Chang and Li 2000; Clarke et al. 1998;
Clarke and Shu 2000; Li and Yanai 1996; Rao and Gos-
wami 1988; Tomita and Yasunari 1996; Yasunari and
Seki 1992; Webster et al. 1998, 1999; Kim and Lau
2001).

Meehl and Arblaster (2001, 2002), following up ear-
lier studies by Meehl (1987, 1997), showed that certain
conditions in the seasons prior to the monsoon, set up
by coupled interactions in the preceding year, will cause
the monsoon to be relatively stronger (or weaker) than
the previous or following years, thus introducing a bi-
ennial component in spectra of area-averaged monsoon
rainfall. These conditions include anomalous SSTs in
the Indian and Pacific Oceans for both the south Asian
and Australian monsoons, in addition to anomal ous me-
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Fic. 1. 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 transition for (a) the MAM season
before a strong Indian monsoon, and (b) strong Indian monsoon season, JJAS. Large arrows indicate surface wind anomalies, wedge-
shaped outlines below each panel represent anomal ous thermocline orientation, with the small arrowsin those areas indicative of anomalous
movement of the thermocline, and wavy arrows indicating Kelvin waves with arrow at the end representing upwelling Kelvin waves
(arrow pointing up), or downwelling Kelvin waves (arrow pointing down; after Meehl and Arblaster 2002). Thick black arrows indicate

the eastern and western Walker cells labeled in (b) as EWC and WWC, respectively.

ridional temperature gradients over Asia prior to the
Indian monsoon. They provided evidence from singular
value decomposition (SVD) analyses of observationsfor
the period 1979-99. They also noted that use of first
SVD modes does not guarantee orthogonality and, in
fact, all the transition conditions, particularly Indian and
Pacific SSTs, arerelated. Consequently, they used single
and cumulative pattern correlation techniques to quan-
tify the separate contributions of the transition condi-
tions year by year. They showed that in some years the
transition conditions were related, and in others they
were not. The point was they quantified, for each year,
the magnitude of the contribution from each of the three
transition conditions. However, it was unclear from
those analyses whether the first SVD components were
physically distinct or simply artifacts of the analyses.
Therefore, the purpose of this paper isto perform GCM
experiments specifying conditions identified by Meehl
and Arblaster (2001, 2002) to test the hypothesis that
those conditions could each, by themselves, influence
the [June-July—August—September (JJAS)] Indian mon-
soon rainfall in ways physically consistent withthe SVD
analyses. We first review the SVD results from Meehl
and Arblaster (2001, 2002), and then perform ensemble
GCM simulations with each condition separately.

Details for the TBO transition from March-April—
May (MAM) to a relatively strong monsoon in JJAS
compared to the previous year are shown in the hy-
pothesized evolution for the TBO in Fig. 1 (after Meehl
and Arblaster 2002). In the MAM season prior to a
strong Indian monsoon (Fig. 1a), the convective heating
anomalies associated with the precipitation and SST
anomalies can contribute to an anomalous ridge over
Asia and warm land temperatures there. Upwelling
Kelvin waves from the easterly anomaly winds in the
western Pacific that started in December—January—Feb-
ruary (DJF) and continue during MAM act to raise the
thermocline in the central and eastern Pacific thus pro-
viding the conditions for a transition in sign of SST
anomalies from relatively warm in MAM to relatively
cold in JJAS. In the Indian Ocean, westerly anomaly
winds along the equator associated with stronger con-
vection in the western Indian Ocean act to raise the
thermocline in the west and lower it in the east, and
contribute to warm SST anomalies over most of the
central and eastern tropical Indian Ocean.

During JJAS in this hypothesized evolution (Fig. 1b),
convection and precipitation over the Indian monsoon
region are strong (note in this definition of the monsoon,
land and ocean precipitation in the Indian region are
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included, the sum of which are presumed to be dynam-
ically important for the TBO). The eastern and western
Walker cells are anomalously strong, winds over the
equatorial Indian Ocean remain westerly, and the shal-
low thermocline in the west is evidenced by anoma-
lously cool SSTs appearing in the western equatorial
Indian Ocean. Thisis the beginning of a dipole of SSTs
across the equatorial Indian Ocean, cool in the west and
warm in the east. In the east there is a deep thermocline
associated with thewarm SST anomalies. Heavy rainfall
over parts of the Asian land areas contributes to cooler
land temperatures. There are strong trades, a shallow
thermocline and cool SSTs in the central and eastern
equatorial Pacificin JJAS, thus completing the SST tran-
sition there that began the previous DJF. In association
with those negative SST anomalies in the east, there is
a deep thermocline and warm SSTsin the western equa-
torial Pacific.

A number of previous model studies have attempted
to address the role of anomalous surface conditions in
contributing to monsoon precipitation. Early experi-
ments by Shukla (1975) and Washington et al. (1977)
showed that SST anomalies in the Indian Ocean could
affect monsoon precipitation mainly through changesin
evaporation and low-level moisture source. Palmer et
a. (1992) successfully simulated many of the rainfall
features of the Indian monsoons of 1987 and 1988 in a
GCM with observed specified SSTsfor those two years.
They also isolated SST forcing from the Indian and
Pacific Oceans, respectively, and showed that, for those
two monsoon seasons, the Pacific SSTs were dominant
over the Indian SSTsin contributing to the Indian mon-
soon rainfall anomalies. Yamazaki (1988) and Chan-
drasekar and Kitoh (1998) specified positive SST anom-
alies near the equatorial Indian Ocean and showed a
local increase of precipitation but a reduction in mon-
soon rainfall over south Asian land areas. These studies
illustrate the importance of location of Indian Ocean
SST anomalies to subsequent monsoon rainfall as noted
in the observations (e.g., Clark et a. 2000). Ju and
Slingo (1995), Yang et al. (1996), and Soman and Slingo
(1997) analyzed Atmospheric Model Intercomparison
Project (AMIP) runs with specified observed SSTs to
study relationships between regional SST anomaliesin
the Indian and western Pacific Oceans and large-scale
forcing from eastern equatorial Pacific SST anomalies.
Lau and Bua (1998) and Yang and Lau (1998) per-
formed model experiments where land surface or SST
conditions were specified. They showed that the effects
of anomalous SSTs were dominant, with land surface
conditions playing a secondary role but with important
effects regionally. All of these experiments point to the
various roles of SST and land surface temperature
anomalies resulting in anomal ous evaporation and con-
vection that, in association with anomalous circulation
patterns, ultimately affect monsoon rainfall. In this pa-
per, three conditions (anomalously cool tropical Pacific
SSTs, anomalously warm Indian Ocean SSTs, or anom-
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alously strong meridional temperature gradients over
Asia) will be specified in GCM sensitivity experiments
and examined for their possible individual contributions
to a relatively strong Indian monsoon.

In section 2 we describe the model and the obser-
vational data we use to compare with the model data.
In section 3 we summarize the results from Meehl and
Arblaster (2001, 2002) to provide the context for the
model experiments, which are then discussed in section
4. In section 5 we pick individual years from the ob-
servations as case studies to illustrate the various con-
ditions and associated monsoon characteristics shown
in the model experiments. Section 6 follows with con-
clusions.

2. Data and model description

To compare to the model output, we use 21 yr of
observed data for the period January 1979-October
1999 from the gridded Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) data(Xieand
Arkin 1996), and atmospheric and surface temperature
data from the National Centers for Environmental Pre-
diction—-National Center for Atmospheric Research
(NCEP-NCAR) reanalysis data (Kalhay et al. 1996;
Trenberth et al. 2001) for those same years. Therefore,
there are 21 Indian monsoon years (1979-99) available
for analysis. All data are on a T42 grid.

The atmospheric GCM used for the sensitivity ex-
periments is the NCAR Community Climate Model 3
(CCM3) with T42 resolution (roughly 2.5° by 2.5°) and
18 levelsin hybrid coordinates (Kiehl et al. 1998). The
land surface model (LSM) included in CCM 3 takesinto
account vegetation types and many surface processes
(Bonan 1998). The atmospheric model’s features of
Asian—Pacific climate simulation with both specified
SSTs(the version used here) and coupled to adynamical
ocean model are documented by Meehl and Arblaster
(1998). Lal et a. (2000) also have looked at monsoon
conditions in the version of this model coupled to a
dynamical ocean.

3. TBO transition conditions from MAM to JJAS

As described above, Meehl and Arblaster (2001,
2002) used SVD analysis of observations to define the
maximum covariability of spatial associations between
the transition conditions in the MAM season with rain-
fall over the Indian region (5°-40°N, 60°-100°E) for the
monsoon season of JJAS. For MAM, they used 1) ob-
served 500-hPa height anomalies over Asia that, when
positive, represent atmospheric circulation anomalies
(e.g., warm air advection from the south) and associated
anomalously warm Asian land temperatures with an en-
hanced meridional temperature gradient that could
strengthen subsequent monsoon rainfall; 2) observed In-
dian Ocean SSTs that, if anomalously warm, could pro-
vide a moisture source for greater monsoon rainfall
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Fic. 2. The JJAS Indian monsoon precipitation SVD expansion coefficient time series derived from MAM 500-hPa height anomalies (Z)
over Asiaregressed against surface wind, precipitation, surface temperature, and low-level moisture convergence for seasons indicated. Units

arem s~!, mm day -

1, °C, and g kg—* s~* per unit std dev of the expansion coefficient of the first JJAS precipitation vector for surface wind,

precipitation, surface temperature, and low-level moisture convergence, respectively. Scaling vector below (c) is 0.75 m s=*. (a) Low-level
moisture convergence for JAS, (b) surface temperature for MAM prior to the Indian monsoon, (c) precipitation and surface winds for JJAS
Indian monsoon season, and (d) surface temperature for JJAS Indian monsoon season.

through enhanced evaporation; and 3) observed eastern
equatorial Pacific SSTs that could affect monsoon rain-
fall through changesin the large-scal e atmospheric east—
west circulation.

The time evolution of the conditions associated with
the TBO can be constructed by regressing the SVD
expansion coefficient time series computed for JJAS
precipitation and MAM 500-hPa height, JJAS precipi-
tation and MAM Indian Ocean SST, and JJAS precip-
itation and MAM Pacific Ocean SSTs against precipi-
tation, surface wind and surface temperature data, and
low-level moisture convergence (moisture convergence
in the lowest model level). The JJAS Indian monsoon
precipitation SVD expansion coefficient time series de-
rived for MAM 500-hPa height anomalies over Asia
regressed for MAM against surface temperature, and the

MAM 500-hPa height expansion coefficient SVD time
series regressed against JJAS surface wind, surfacetem-
perature, precipitation, and low-level moisture conver-
gence is shown in Fig. 2 (the temperature and precip-
itation patterns in Figs. 2b and 2c, respectively, as in
Meehl and Arblaster 2001, 2002). For MAM in Fig. 2b,
there are warmer land temperatures (regression values
greater than +0.3°C per unit standard deviation of the
expansion coefficient of the first precipitation vector)
over most of the areas north and west of India and east
Asia, which is related to the enhanced meridional tem-
perature gradient discussed by Meehl and Arblaster
(2001, 2002). There is positive low-level moisture con-
vergence in JJAS (Fig. 2a) over parts of northern India,
Bay of Bengal, Bangladesh, and Burma (regression val-
ues of greater than +0.5 g kg~* s~* per unit standard
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Indian SST/Precip SVD Regressions
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Fic. 3. The JJAS Indian monsoon precipitation SVD expansion coefficient time series derived from MAM Indian Ocean SST anomalies
regressed against surface wind, precipitation, surface temperature, and low-level moisture convergence for seasons indicated. Units are m s2,
mm day %, °C, and g kg~ s~* per unit std dev of the expansion coefficient of the first JJAS precipitation vector for surface wind, precipitation,
surface temperature, and low-level moisture convergence, respectively. Scaling vector below (c) is 0.75 m s*. (a) Low-level moisture
convergence for JJAS; (b) surface temperature for MAM prior to the Indian monsoon; (c) precipitation and surface winds for JJAS Indian
monsoon season; (d) surface temperature for JJAS Indian monsoon season.

deviation of the expansion coefficient of the first pre-
cipitation vector), and moisture divergence over most
of the equatorial Indian Ocean. The consequent precip-
itation patterns (Fig. 2c) follow areas of moisture con-
vergence/divergence with positive regression values of
several tenths of a mm day—* over northeastern India
and Bangladesh, and suppressed precipitation over the
Indian Ocean north of about 5°S, and parts of eastern
Asia, Malaysia, and Indonesia. The enhanced precipi-
tation component has ailmost an ITCZ-like aspect with
a band of positive precipitation regression values ex-
tending from India across the South China Sea and east
of the Philippines as shown by Meehl and Arblaster
(2001, 2002). There are strengthened south and south-
west winds across the Arabian Sea with regression val-

uesof about 0.3 ms=*. InFig. 2d, SST regression values
over the Indian Ocean are near zero.

Regressing the SVD expansion coefficient time series
from the JJAS Indian monsoon rainfall calculated using
the MAM Indian SST against surface winds, tempera-
tures, precipitation, and low-level moisture convergence
shows positive precipitation anomalies over most of In-
dia, Bangladesh, and the Indian Ocean (someregression
values exceed +0.8 mm day~*) in JJAS in Fig. 3c.
Figure 3a shows enhanced low-level moisture conver-
gence over most of these areas of positive rainfall with
values over much of India of about +0.5 g kg=* s™*.
The warm Indian Ocean SSTs in MAM (Fig. 3b) and
JJAS (Fig. 3d) are associated with anomalous positive
moisture convergence over most of the Indian Ocean
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Pacific SST/Precip SVD Regressions
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FiGc. 4. The JJAS Indian monsoon precipitation SVD expansion coefficient time series derived from MAM Pacific Ocean SST anomalies
regressed against surface wind, precipitation, surface temperature, and low-level moisture convergence for seasons indicated. Units are m s1,
mm day %, °C, and g kg~* sec* per unit std dev of the expansion coefficient of the first JJAS precipitation vector for surface wind,
precipitation, surface temperature, and low-level moisture convergence, respectively. Scaling vector below (c) is 0.75 m s—*. (a) Low-level
moisture convergence for JAS; (b) surface temperature for MAM prior to the Indian monsoon; (c) precipitation and surface winds for JJAS
Indian monsoon season; (d) surface temperature for JJAS Indian monsoon season.

north of about 10°S (Fig. 3a), anomalous westerly sur-
face wind regression values of about 0.4 m s~* in the
western equatorial Indian Ocean, and anomalous east-
erlies with regression values of around 0.5 m s~ in the
eastern Indian Ocean stretching across most of South-
east Asia (Fig. 3c). Small negative SST anomalies ap-
pear off the coast of equatorial Africa in the western
Indian Ocean in JJAS (Fig. 3d).

A comparable calculation for Pacific SSTs and JJAS
Indian monsoon rainfall (Fig. 4) shows similar patterns
to that for the Indian SSTs in Fig. 3. Note that the sign
convention here is for warm equatorial Pacific SSTsin
MAM to transition to anomalously cool SSTs in JJAS
asin Fig. 1, opposite to the sign convention in Meehl
and Arblaster (2001, 2002). This is to facilitate com-
parison of the SVD patterns to the GCM sensitivity

experimentsto follow. The MAM SST regression values
in the Arabian Sea and Bay of Bengal are near zero to
+0.2°C for the Pacific SST regression in Fig. 4b com-
pared to the Indian SST regression values in most areas
of greater than +0.2°C in Fig. 3b. The small negative
SST regression values in the western equatorial Indian
Ocean in the Indian SST regression in Fig. 3d are not
as obviously portrayed in the Pacific SST regression in
Fig. 4d. Otherwise, the low-level moisture convergence,
precipitation, and wind regression values are similar for
the Indian and Pacific regression calculations in Figs. 3
and 4 indicating that their covariabilities are related in
many years. Exactly in which years these are related is
quantified below.

Meehl and Arblaster (2001, 2002) used the first SVD
components for three separate conditions since those are
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the dominant relationships accounting for a majority of
the squared covariance (the first SYD components for
the 500-hPa height, Indian SSTs, and Pacific SSTs ac-
counted for 39%, 58%, and 39%, respectively, while
the second SVD components for the three transition
conditions accounted for 18%, 14%, and 19%, with the
third through fifth components for all three accounting
for considerably less). However, they noted that there
clearly was no requirement that the first SYD compo-
nents from the three transition conditions be orthogonal .
In fact, they showed that the patterns of precipitation
for Indian and Pacific SST transition conditions are
closely related as noted above in Figs. 3 and 4.

Even though these conditions are related, there is a
way to identify their relative contribution in a given
monsoon season. Meehl and Arblaster (2001, 2002) cal-
culated spatial anomaly pattern correlations between the
observed JJASrainfall patterns and the SV D projections
individually (Fig. 5a) and cumulatively (Fig. 5b) using
a variation of the technique of Lau and Wu (1999). A
large positive correlation indicates a strong associ ation
with the observed monsoon rainfall pattern for that year.
In this way it is possible to quantify the magnitude of
the associations of the various transition conditions (ei-
ther none, some, or al) in MAM with the subsequent
JJAS monsoon rainfall year by year. We will refer to
Fig. 5 later when we show case studies of individual
years from observations to illustrate each of the tran-
sition conditions.

To return to the relationship between the tropical Pa-
cific and Indian Ocean SST conditions, we note in Fig.
5a that the association between tropical Pacific and In-
dian SSTs and the pattern of Indian monsoon rainfall is
large in some El Nifio years (e.g., 1982) and La Nifa
years (e.g., 1988). Both have pattern correlation values
greater than nearly +0.4 in Fig. 5a. In other years they
act independently (e.g., 1992 and 1994). This demon-
strates that in some years the Indian Ocean can provide
aregional input to monsoon rainfall separate fromlarge-
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 yearsthe regional 500-hPa/atmosphericcir-
culation/Asian land/meridional temperature gradient
condition is more dominant (e.g., 1980, 1990, 1993,
1995, and 1996) with correlation values above +0.4 in
Fig. 5a. Connections between tropical Pacific SSTs, 500-
hPa height, and Indian SST are strong in 1984, 1985,
and 1989 when all have correlation values near to or
greater than +0.4, thus confirming some of the studies
cited earlier. In other years (1991, 1995, 1998) the three
conditions are unrelated with widely different values.
In 1984 when al three transition conditions have high
correlation values (Fig. 5a), the cumulative value is
about +0.8 (Fig. 5b) indicating over 60% of the spatial
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Fic. 5. (@) 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 with observed JJAS Indian monsoon rainfall patterns for the
area 5°-40°N, 60°—100°E. (b) Cumulative anomaly pattern correla-
tions for Indian monsoon rainfall combining the three conditions in
(a). The nominal significance level of 0.40 (marked in figure with
thin solid line) is determined by a Monte Carlo technique described
by Meehl and Arblaster (2001). (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 patternsin (b) de-
rived 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). ElI Nifio (EN) and La Nifia (LN) onset years 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). Large
circlesin (a) indicate years chosen for case studies. (After Meehl and
Arblaster 2001.)

variance of the pattern of monsoon precipitation is ac-
counted for in that year. However in 1986 when all of
the three conditions are near zero for their individual
associations in Fig. 5a, the cumulative pattern correla-
tion in Fig. 5b is also near zero indicating other pro-
cesses or internal dynamics are more important for the
pattern of monsoon rainfall in that year. The point is
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that in any given year, we quantify the magnitude of
the associations of the various transition conditions (ei-
ther none, some, or al) in MAM with the subsequent
JJAS monsoon rainfall.

To relate the precipitation anomaly patterns to an
area-averaged monsoon index and consequently the
magnitude of the TBO, Meehl and Arblaster (2001,
2002) calculated regressions of the SVD expansion co-
efficient time series and the SVD rainfall patterns over
the Indian region to produce a cumul ative area-averaged
Indian rainfall index (Fig. 5¢). The correlation between
the SV D-derived normalized cumulative index of mon-
soon ‘‘strength’” and the full area-averaged normalized
index (area averaged over Indian region, all points, 5°—
40°N, 60°-100°E) from the original CM AP precipitation
datais +0.93 (significant at greater than the 1% level)
thus showing the SVD-derived index can capture 86%
of the variance of the full index.

Meehl and Arblaster (2001, 2002) also defined TBO
MoNsoon years 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. 5¢c asthe large dots. In Fig. 5b, 10 of these 13 TBO
years have greater cumulative correlationsthan the nom-
inal 1% significance value of 0.4 (see further discussion
in Meehl and Arblaster 2001, 2002), indicating that the
transition conditions in Figs. 3, 4, 5, and quantified in
Fig. 5a are strongly associated with 77% of the years
with TBO transitions. Later in this paper case studies
from observations will be shown, and the years selected
are denoted by large circles in Fig. 5a.

4. GCM experiments

A TBO flip-flop or transition of Indian monsoon rain-
fall is important not only for the south Asian monsoon
but for the Australian monsoon as well (Meehl and Ar-
blaster 2002). The transitions from MAM to JJAS, in
association with SST anomaly transitionsin the tropical
Pacific at that time of year, set the sense of the large-
scale east—west atmospheric circulation that has well-
known seasonal persistence from the Indian to the Aus-
tralian monsoon (Shukla and Paolino 1983; Meehl
1987). Area-averaged correlation of Australian mon-
soon precipitation lagging the Indian monsoon is +0.55
for this period (Meehl and Arblaster 2002). Therefore,
Indian monsoon transitions are crucial to understanding
the mechanisms of the TBO not only for the Indian
monsoon but for the Australian monsoon as well. These
transitions were shown by Meehl and Arblaster (2002)
and noted earlier to be associated with various inter-
related factors involved with the seasonal cycle of con-
vection in the Asian—Australian monsoon, coupled SST
anomalies in the tropical Indian and Pacific Oceans,
associated surface wind anomalies in the Indian and
western equatorial Pacific, and the conseguent ocean
dynamical response. We discussed above that these fac-
tors are not independent and it is possible to show their
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relative contributions year by year in Fig. 5. However,
it isdifficult to determine with those techni ques whether
the specific conditions individually could actually con-
tribute to a TBO monsoon transition, or whether these
conditions come out of the SVD analysis in an un-
physical way. Thus GCM sensitivity experiments are
ideal for focusing on the response to specific conditions
individually.

The strategy for these experiments is to specify the
three transition conditions separately in seasonsleading
up to the Indian monsoon. We will then compare the
results from the GCM experiments with those from the
SVD analyses in Figs. 3-5. A simple measure of the
success of the GCM experiments will be to compute the
MOoNSooN area-average precipitation index and compare
to the index reconstructed from the SVD analyses (Fig.
5¢). However, information on the patterns of monsoon
rainfall is also of interest from the GCM experiments,
though systematic errors in the model simulation of
monsoon rainfall must be taken into account. Therefore,
general features of the simulated precipitation patterns
from the sensitivity experiments in the context of the
model climatology will be discussed in comparison to
the observations.

To document systematic errors from the model cli-
matology for the Indian monsoon compared to obser-
vations, the JJA'S mean precipitation and surface winds
for the CCM3 (Fig. 6a) are compared to the observed
quantities from 1979-99 (Fig. 6b). The precipitation
differences are shown in Fig. 6¢c. As has been noted
previously (Meehl and Arblaster 1998), the CCM 3 con-
sistently produces too much precipitation (more than 6
mm day ') over the equatorial western Indian Ocean
near 65°E and the east coast of India, with less than
observed precipitation (3-6 mm day~*) over parts of
Bangladesh, Burma, and Indochina. The observed pre-
cipitation maximum at about 5°S over the Indian Ocean
in Fig. 6b is shifted north to about 2°S in the model
(Fig. 6a). Otherwise the model simulates a reasonable
distribution of precipitation and surface winds over the
rest of the Indian Ocean and south Asia. Low-level
southeast trades in the southern Indian Ocean cross the
equator to provide southwesterly inflow into the mon-
soon with rainfall maxima covering most of India, the
Bay of Bengal, and the tropical Indian Ocean in the
model as well as in the observations.

The version of CCM3 here is a somewhat updated
version from that used in the monsoon intercomparison
of Gadgil et a (1998), and is the version used in the
intercomparison of Kang et al. (2001, manuscript sub-
mitted to J. Climate, hereafter KANG). The features
noted in Fig. 6 were documented in the former, which
placed the CCM3 errors in mean monsoon rainfall dis-
tribution in the context of its ability to simulate the
amplitude of interannual Indian monsoon variability
reasonably well. The CCM3 has a relatively small am-
plitude seasonal migration of the primary rainbelt over
the Indian monsoon compared to other models. In the
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latter, the CCM3 did a comparable job to other models
in simulating anomalies associated with the 1997/98 El
Nifio event.

We run the model with prescribed climatological
SSTs to study the effects of the three Indian monsoon
TBO transition conditions proposed earlier: anomalous
Indian Ocean SSTs, anomalous Pacific SSTs, and en-
hanced meridional temperature gradients over Asia
Each experiment is initialized in January and run to
October, with five-member ensembles started on differ-
ent days in January to vary the initial conditions. The
tropical Pacific SST anomalies were noted to change
sign from MAM to JJAS in Fig. 1, with negative SST
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anomalies in JJAS associated with a strong monsoon.
Thus in the experiments here with Pacific SST anom-
alies, they are specified to be negative for the duration
of the experiment, with the caveat that, as shown by
Meehl and Arblaster (2002), the association with the
large-scale east—west atmospheric circulation is most
important for the JJAS season between the Pacific SSTs
and the Indian monsoon.

Anomalies are calculated from comparable integra-
tions over the same timeinterval but with climatological
conditions. Though various studies use either the JJA
or JJAS average as the Indian monsoon season, here we
use JJAS to be consistent with Meehl and Arblaster
(2001, 2002) though we will mention results from JJA
(which are nearly the same as for JJAS) for reference
to other monsoon model intercomparisons (Gadgil et al.
1998; KANG) and previous studies with the CCM3
(Meehl and Arblaster 1998).

It was noted in Fig. 1 that in some years convective
heating anomalies in DJF and MAM across the western
Pacific—Indian Ocean region are associated with circu-
lation and temperature anomalies over Asia that could
influence the strength of the subsequent monsoon
through anomalous meridional temperature gradients
over Asia. Figure 2 showed that thisinfluence is mostly
manifested by enhanced monsoon precipitation over
some south Asian land areas. To show the changes in
observed meridional temperature gradient, the compos-
ite tropospheric temperature difference is averaged over
70°-90°E where this effect is most strongly seen at the
surface (e.g., Fig. 2b) for positive minus negative values
of the SVD expansion coefficient time series for the
500-hPa MAM heights covarying with JJAS monsoon
rainfall. It can be seen in Fig. 7a that positive temper-
ature anomalies extend from the surface through the
depth of the troposphere north of about 25°N over Asia,
thus enhancing the meridional temperature gradient
from the Indian Ocean to northern Asia. Observed pos-
itive minus negative amplitudes in Fig. 7a range from
nearly +1°C near 45°-50°N to almost —0.5°C near 15°—
20°N for a north—south enhancement of about 1.5°C.

To induce such an effect in the model, we multiply
surface albedo by 0.5 over a region of Asia encom-
passing 35°-70°N and 60°-120°E. This reduction in al-
bedo has the effect of increasing absorbed solar radia-
tion and warming not only the surface, but raising tem-
peratures through the depth of the troposphere as shown
in Fig. 7b. Thisis accomplished through enhanced sen-
sible heat flux and subsequent mixing of the warmer
surface air in the vertical (not shown) in association
with a consequent anomalous 500-hPa ridge of positive
heights with anomalies up to 45 m (not shown). The
resulting increased meridional temperature gradient is
set up a bit farther south than observed in Fig. 7a, but
with comparable intensification. For the model the tem-
perature differences in Fig. 7b range from over +1.5°C
near 35°-50°N to slightly negative over the ocean for
a north—south enhancement of greater than 1.5°C and
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Fic. 7. (@) Zona mean composite tropospheric temperature dif-
ferences averaged over 70°-90°E for positive minus negative years
in the expansion coefficient time series for the first SVD component
of MAM 500-hPa height anomalies over Asia and JJAS Indian mon-
soon rainfall. Changes are evident in meridional temperature gradient,
and differences greater than +0.2°C are shaded. (b) Same as (a)
except for GCM experiment ensemble mean minus control, with spec-
ified lower surface albedo and consequent warm surface temperatures
over Asia. Differences greater than +0.2°C are shaded.

up to 2.5°C. Therefore, this induced anomal ous merid-
ional temperature gradient is larger than observed and
should be of sufficient magnitude to examine the model
response independent from other forcings.

Figure 8a shows the five-member ensemble average
anomalies of precipitation and surface vector wind for
the meridional temperature gradient experiment. The
shading indicates differences significant at greater than
the 5% level. Asin the observations (Fig. 2c), there is
significantly enhanced rainfall (anomalies greater than
+1.0 mm day ~*) across north and northeast India ex-
tending into Burma and Thailand with weak southerly
anomaly winds over the Indian Ocean from about the
equator to near 15°N of about +0.5 m s (Fig. 8a).
There are also positive precipitation anomalies greater
than +1.0 mm day —* to the east over Vietnam and the
South China Sea as seen in Fig. 8a, indicative of the
enhanced ITCZ-type pattern discussed earlier. In the
context of the model climatology in Fig. 6a, the positive
differences across northern and northeastern India and
parts of Burma are in situ enhancements of the clima-
tological precipitation maxima. Comparing the corre-
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sponding SVD precipitation pattern in Fig. 2c to the
observed climatology in Fig. 6b, the positive differences
in northern India and the Bay of Bengal and Burma are
also in situ enhancements of climatol ogical precipitation
maxima.

Computing a normalized area-averaged JJAS Indian
monsoon precipitation index for these experimentsgives
a value of +0.78 standard deviations that indicates a
dlight strengthening of the monsoon. If the JJA season
is used, the area-averaged index increases to +1.3 stan-
dard deviations. In any case, this experiment shows that
an enhanced meridional tropospheric temperature gra-
dient by itself can somewhat enhance monsoon precip-
itation over south Asian land areas as suggested by the
SVD analyses of observations. That this is a weak re-
sponse is indicated by Fig. 7 where the specified
strengthened meridional temperature gradient was noted
earlier to be amost twice that in the observations.

In Fig. 9a we show low-level moisture convergence
anomalies for the Asian land temperature increase ex-
periment, and latent heat flux anomalies are shown in
Fig. 10a. There are statistically significant (shaded areas
indicate 5% significance) positive values of moisture
convergence of around 2 g kg—* s~* coinciding with the
statistically significant increases of precipitation over
northeast India and Burma (Fig. 8a). Since SSTsin the
Indian Ocean do not change, the statistically significant
increases of latent heat flux of around 10 W m=2in Fig.
10a are due mostly to changes of wind speed induced
by the warmer Asian land temperatures. Low-level
moisture convergence then fuels the increases of pre-
cipitation over south Asian land areas. The moister land
surfaces there then produce increases of latent heat flux
in Fig. 10a.

To test the effect of warmer Indian Ocean SSTs on
the monsoon, we increase SSTs by 0.75°C north of 15°S.
This can be compared to maximum observed positive
minus negative TBO year composite values calculated
by Meehl et al. (2002, manuscript submitted to J. Cli-
mate, hereafter MAL) in DJF and MAM, respectively,
of about +0.6°C, thus giving the model a somewhat
larger forcing than observed. Results from this exper-
iment for a five-member ensemble in Fig. 8b show en-
hanced precipitation significant at greater than the 5%
level over most Indian Ocean areas (positive anomalies
of +2 to +6 mm day'). There are westerly anomaly
winds from about +1 to +2 m s=* over much of the
equatorial Indian Ocean as noted for the observations
in Fig. 3c. There are also statistically significant positive
precipitation anomalies of about +1 to +3 mm day —*
over much of western, northern, and northeastern India.
In the context of the model climatology in Fig. 6a, the
positive values in the model experiment in Fig. 8b, ap-
pearing as bands near 5°N and 5°-10°S over the Indian
Ocean, are expansions of the climatological precipita-
tion maximum band near 2°S. Over the Bay of Bengal,
the model’s climatological maximum is modified with
positive anomalies to the north over northeastern India
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(a) in m s1]. (a) Central Asia surface temperature increase experiment, (b) experiment with Indian Ocean SSTs increased by 0.75°C north
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by 2.0°C over the area 10°S-10°N, 175°E-80°W. Contour interval is 1 mm day —*. Shading denotes areas significant at the 5% level, dark

shading for positive anomalies, light shading for negative.

and to the south near 5°S. The model climatological
precipitation is enhanced in situ over northwestern India
in the sensitivity experiment (Fig. 8b). For the obser-
vations, the climatological precipitation maximum band
near 5°Sis shifted north in the SVD analysisin Fig. 3c,
while the climatological precipitation maximum off the
west coast of Indiaisintensified in situ in Fig. 3c. The
model has no precipitation maximum in the latter lo-
cation in the climatology in Fig. 6a, so thereis no ev-
idence of any significant precipitation increase in the
sensitivity experiment in that location (Fig. 8b).

Thus, though the patterns of anomalous precipitation
in the observations in Fig. 3c and the model sensitivity
experiment in Fig. 8b do not correspond exactly, they
can be understood in terms of the respective climatol-
ogies, with significantly increased precipitation over
much of the monsoon region. This is demonstrated by

computing the change of the normalized area-averaged
JJAS Indian monsoon precipitation index (areaaveraged
over the Indian region, all points, 5°~40°N, 60°~100°E).
For the model experiment in Fig. 8bitis +3.50 standard
deviations (the JJA value increases +5.1 standard de-
viations) indicating that anomalously warm Indian
Ocean SSTs can, by themselves, strengthen the regional
Indian monsoon. The fact that this occurs mainly
through an enhanced low-level moisture source is in-
dicated in Fig. 9b. There are statistically significant pos-
itive surface moisture convergence anomalies for JJAS
of +2 to +4 g kg=* s~* over areas of India and the
tropical Indian Ocean where precipitation is greater in
Fig. 8b. Theincreased moisture source from evaporation
is shown by the large statistically significant increases
of latent heat flux (greater than 20 W m~2) over the
southern and western Indian Ocean and the Bay of Ben-
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JUAS Low—Level Moisture Convergence Differences
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Fic. 9. Same as Fig. 8 except for low-level moisture convergence anomalies (contour interval is 0.75 g kg—* s71).

gal. This increased moisture source, more than double
that seen for the warm Asian land experiment in Fig.
10a, contributes to the enhanced moisture convergence
and stronger precipitation in Figs. 9b and 8b, respec-
tively.

In Fig. 3c the anomalous winds over the Arabian Sea
are easterly in the observations, which is somewhat
counterintuitive for a “strong” monsoon that is often
thought of in terms of larger-amplitude southwesterlies
over the Arabian Sea. In fact the model experiment in
Fig. 8b shows easterly anomaly winds across the south-
ern Bay of Bengal and eastern and northern Arabian
Sea of 1-2 m s~* in association with enhanced monsoon
precipitation over most of India (Fig. 8b). This is due
to the proportionately larger areas of precipitation in-
crease over the Indian Ocean compared to south Asian
land, lower sea level pressure over the warmer ocean
(not shown), and a consequent anomalous cyclonic cir-
culation north of the equator in the Indian region.

Studies cited previously indicated that warmer SSTs

in some areas of the tropical Indian Ocean south of India
could produce decreased monsoon rainfall over south
Asian land areas (Yamazaki 1988; Chandrasekar and
Kitoh 1998). To investigate this further, we performed
another experiment where we increased SSTs by 0.75°C
over the Indian Ocean only from 15°Sto 10°N. Thisis
also more comparableto the pattern associated with non-
ENSO onset years from the SVD analysesin Meehl and
Arblaster (2002, their Fig. 11c). Results from a five-
member ensemble in Fig. 8c show statistically signifi-
cant positive precipitation anomalies greater than +4
mm day ~* over the Indian Ocean with only afew small
areas of positive values greater than +1 mm day ~* over
central India and Burma. There are mostly statistically
significant negative values over India greater than —2
mm day —*. The change of the normalized area-averaged
JJAS Indian monsoon precipitation index for the model
experiment in Fig. 8c is —1.10 standard deviations.
There are also westerly anomaly winds of greater than
+2 m s~* over the western equatorial Indian Ocean as
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FiG. 10. Same as Fig. 8 except for latent heat flux anomalies (W m~2). Positive values indicate heat lost from the surface.

in Fig. 8b, but easterly anomalies of that size over the
Arabian Sea. This confirms the earlier model results
cited above in that warm SST anomalies south of India
cause a local enhancement of precipitation with mostly
decreases over south Asian land areas. Maximum de-
creases are the result of a suppression of the climato-
logical maxima of precipitation over northwest India
and the Bay of Bengal (Fig. 6a), while the increases
over the Indian Ocean resemble those in Fig. 8b with
aspreading of the southern precipitation maximum band
resulting in two bands of positive precipitation anom-
alies near 5°N and 5°-10°S.

Additionally, the easterly anomaly winds over parts
of the Arabian Sea, India, and Bay of Bengal in both
Figs. 8b and 8c show that the monsoon system is dy-
namically feeling the influence of the anomalously
warm SSTsin the Indian Ocean with corresponding | ow-
er sealevel pressure north of the equator and anomalous
cyclonic flow with conseguent easterly anomaly surface
winds. Statistically significant positive moisture con-
vergence anomalies in Fig. 9c of upto +4 g kg s

and mostly positive latent heat flux anomalies in Fig.
10c greater than +20 W m~2 south of 10°N over the
areas of increased SSTs indicate the local nature of the
moisture source for the precipitation anomalies in Fig.
8c. Thus the Arabian Sea low-level inflow can be af-
fected by numerous factors, not simply the amount of
precipitation over land areas of India

Figure 1 conceptually shows what was quantified in
Figs. 3 and 4 that warm Indian Ocean SSTs and cool
Pacific SSTs in JJAS are often associated with greater
monsoon rainfall across most areas of south Asia and
the Indian Ocean. The Indian Ocean SST experiments
above show that the regional warming of SSTs there
can produce enhanced monsoon rainfall. Yet, the ques-
tion remains concerning the role of the large-scale ef-
fects from the Pacific SST anomalies. It is well known
that relatively cool Pacific SSTs in JJAS are often as-
sociated with above-normal monsoon rainfall (Rasmus-
son and Carpenter 1983; Meehl 1987). To isolate the
large-scal e influence of anomaloustropical Pacific SSTs
on the monsoon, we decrease SSTs by 2.0°C over the
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Fic. 11. Vertical velocity (omega) anomalies in JJAS averaged from 10°S-25°N for exper-
iment with Pacific Ocean SSTs decreased by 2.0°C over the area 10°S-10°N, 175°E-80°W
(hPa s—*). Shading indicates positive (downward) motion.

area 10°S-10°N, 175°E-80°W. This SST anomaly com-
pares to maximum values for JJAS in the TBO positive
minus negative composites in MAL of about —1.5°C,
thus again giving the model a somewhat larger-ampli-
tude forcing compared to observations. The model re-
sponse for a five-member ensemble in Fig. 8d shows
statistically significant enhanced monsoon precipitation
(anomalies around +2 mm day—') over parts of the
northern Arabian Sea and tropical Indian Ocean, north-
west India, and Burma. There are also areas of signif-
icant rainfall reduction over eastern India and the Bay
of Bengal. The patterns in Figs. 8b from the Indian
Ocean SST increase and Fig. 8d for the eastern Pacific
SST decrease are similar in some respects. In terms of
the model climatology, both have an expanded precip-
itation maximum south of India as indicated by bands
of positive anomalies near 5°N and 5°-10°S. However,
in Fig. 8d the expansion of the precipitation maximum
to the east near western Sumatrais absent for the Pacific
SST case in Fig. 8d. Both have an increase of the pre-
cipitation maximum over northwest India. But the cli-
matological maximum over the Bay of Benga in the
model climatology in Fig. 6a, which was strengthened
and shifted a bit north in the Indian SST case in Fig.
8b, is virtualy unchanged in the Pacific SST case in
Fig. 8d. Additionally, the overall regional strengthening
of monsoon precipitation in Fig. 8b appears to be less
in Fig. 8d. Indeed, the normalized JJA'S monsoon index
in Fig. 8d showsan increase of +1.7 standard deviations
compared to +3.5 standard deviationsin Fig. 8b for the
Indian SST case (the JJA value increases +5.1 standard
deviations for the Indian SST case in Fig. 8b compared
to +3.3 standard deviations for the Pacific SST casein
Fig. 8d). These results show that tropical Pacific SST
anomalies can, by themselves, significantly strengthen

monsoon precipitation, though not as significantly as
Indian Ocean SST anomalies.

In the Pacific SST case in Fig. 8d the Indian Ocean
SSTs do not increase. Thus the mechanism producing
the monsoon rainfall anomalies in Fig. 8d must be re-
lated to remotely forced circulation anomalies. These
are associated with the statistically significant changes
in low-level moisture convergence in Fig. 9d and latent
heat flux in Fig. 10d and involve the well-known linkage
viathe large-scal e east—west atmospheric circulation. To
illustrate this, Fig. 11 shows vertical velocity (omega)
anomalies averaged from 10°Sto 25°N acrossthe Indian
and Pacific regions. Anomalous upward (negative) ver-
tical velocity anomalies predominate in the Indian re-
gion from about 50° to 100°E where area-averaged in-
creases of Indian monsoon precipitation were noted to
occur above. Greatest increases of precipitation between
10°S and 25°N around 70°E, with values greater than
+2 mm day~'in Fig. 8d (near 20°, 5°N, and 7°S), are
associated with largest midtropospheric values of en-
hanced upward vertical velocity differences greater than
—1.5hPas*in Fig. 11. Anomalous downward (posi-
tive) anomaliesliein the region of the specified negative
SST anomalies (and suppressed precipitation, not
shown) east of 170°E. Strongest vertical velocity anom-
alies occur closest to the western part of the cool SST
anomaly in the Pacific. The large amplitude negative
anomalies near 160°E also occur in conjunction with
increased precipitation there (not shown). The signifi-
cant enhancement of precipitation associated with the
negative vertical velocity anomalies from 100° to 120°E
in Fig. 11 occurs mainly in the South China Sea and
southern Indonesia in Fig. 8d. Since a uniform —2°C
anomaly is superimposed on base-state SSTs that in-
crease toward the west, the largest relative decreasesin



1 MAy 2002

evaporation in the sensitivity experiment occur where
base-state SSTs are highest due to the Clausius—Cla-
peyron relationship between about 170°E and 160°W
(not shown), corresponding to the largest decreases in
precipitation and vertical velocity in Fig. 11. Thus,
anomalous large-scale sinking in the region of the neg-
ative SST anomalies in the equatorial Pacific resultsin
anomal ous rising motion over the south Asian monsoon
region. This produces changes to the low-level winds
and areas of increased moisture convergence (Fig. 9d),
associated increases in latent heat flux (Fig. 10d), and
positive precipitation anomalies (Fig. 8d) in that region.
Interestingly, as noted above, the pattern of precipitation
response from local forcing due to anomalously warm
Indian Ocean SSTsis similar in some ways to that from
the remotely forced circulation response from the Pa-
cific. Both forcings perturb the climatological pattern of
precipitation south of India and over northwest Indiain
similar ways, but produce different responses over the
Bay of Bengal and near western Sumatra.

Figure 5a shows that the transition conditions often
act in unison (i.e., al three are positive and account
cumulatively for a significant part of the monsoon rain-
fall pattern, e.g., 1980, 1983, 1984, 1985, 1988, 19809,
1993, 1996, 1999), but in some years they act in op-
position. For example, in 1992 there are positive con-
tributions from the Indian SSTs and 500-hPa condition
and negative for the Pacific SSTs. As will be shown
later, most of the Indian Ocean SST forcing is centered
south of India, which would produce a negative pre-
cipitation anomaly over the Arabian Sea, the Bay of
Bengal, and northern India (Fig. 8c). However, thereis
a positive 500-hPa contribution in 1992 in Fig. 5a, a
significant cumul ative pattern correlation in Fig. 5b, and
apositive area-averaged monsoon precipitation anomaly
in Fig. 5c. Additionally, in 1982 and 1998 both SST
single pattern correlation conditions in the Indian and
Pacific are positive and acting to oppose the 500-hPa
pattern correlation conditions that are negative. In those
years the cumulative anomaly pattern correlation ac-
counts for a significant portion of the actual monsoon
precipitationin Fig. 5b, with values of about +0.5. Con-
versely, in 1987, 1990, and 1995, thereisalarge positive
single pattern correlation contribution from the 500-hPa
condition in Fig. 5a with mostly negative single pattern
correlation contributions from the Indian and Pacific
SST conditions. In both those years the cumulative
anomaly pattern correlation in Fig. 5bis not significant.
This suggests that the SST conditions may be more
dominant contributors to anomalous monsoon rainfall
compared to the 500-hPa condition.

To test how regional and large-scale forcings can
combine to produce various monsoon precipitation
anomalies, additional model sensitivity experimentsare
performed. A warming of the south Indian Ocean was
seen to produce local increases of precipitation but de-
creases over the Arabian Sea, the Bay of Bengal, and
India (Fig. 8c). An increase of central Asian tempera-
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Fic. 12. (a) Precipitation differences of warm central Asia and
warm south Indian Ocean combination ensemble anomalies minus
the warm south Indian Ocean experiment ensemble anomalies (con-
tour interval is 0.3 mm day1). (b) Precipitation differences of the
warm Pacific and central Asia combination ensemble anomalies mi-
nus the warm Pacific experiment ensemble anomalies (contour in-
terval is 0.3 mm day ~*). Shading indicates areas of 10% significance
for 10 degrees of freedom.

tures produces increases of precipitation over some of
those same regions of northern and eastern India. To
examine the combined effects of a warming of central
Asiaand awarming of the southern Indian Ocean, five-
member ensembles were performed with a combination
of warm central Asia and warm south Indian Ocean,
and the warm south Indian Ocean ensemble mean dif-
ferences are subtracted from those ensemble differences
and shown in Fig. 12a. Any significant differences that
coincide with those in Fig. 8a indicate the contribution
of those precipitation anomalies from warm Asian land
temperatures that are able to arise in spite of being com-
bined with the warm south Indian SSTs. Significant dif-
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ferences occur over northwest and northeast India ex-
tending into Burma and northern Thailand, Vietnam,
and Laos in Fig. 12a. These significant increases of
precipitation are in similar regions to those noted for
the central Asian temperature increase experiment in
Fig. 8a. Therefore, regional forcings acting in unison
can produce changes in regional precipitation, with the
effects of the central Asian temperature increase able
to produce positive precipitation anomalies in areas
where forcing from an anomalously warm southern In-
dian SST would produce negative precipitation anom-
alies. In this case the effects from the forcings are cu-
mulative, with evidence of each forcing appearing in
the experiment with both acting simultaneously.

The al-Indian Ocean SST experiment produced in-
creases of precipitation over most of the same areas of
northern and eastern Indian and Bangladesh as the cen-
tral Asian temperature increase (cf. Figs. 8a and 8b).
An ensemble of five experiments with the tropical Pa-
cific SSTsanomalously warm by +2°C produced rough-
ly an opposite pattern of precipitation over the Indian
region as in Fig. 8d, with statistically significant de-
creases over large areas of the Indian Ocean and India
itself (not shown). To examinethe response when Pacific
SSTs act in opposition to central Asian land tempera-
tures produced by anomalous 500-hPa circulation, an
ensemble of five experiments were performed combin-
ing warm Asian land temperatures as in Fig. 8a with
warm Pacific SSTs (oppositeto Fig. 8d). Thus, thewarm
Asian land temperatures would tend to increase precip-
itation over northern India, and the warm Pacific SSTs
would tend to decrease precipitation over most of the
monsoon region. Figure 12b shows the differences of
the warm Pacific and central Asiacombination ensemble
anomalies minus the warm Pacific experiment ensemble
anomalies. There is some evidence of the enhanced
ITCZ influence of the warm Asian land temperatures
noted in Fig. 8a, with positive precipitation differences
over parts of the northern Arabian Sea, northern India,
the Bay of Bengal, Vietnam, and the South China Sea.
However, these differences are small and mostly not
statistically significant. The large-scale influence from
the tropical Pacific is more effective than the regional
forcing from Asian land temperatures. Thus, in Fig. 5a
in years when tropical Pacific SSTs work in opposition
to the 500-hPa/Asian land temperature-related condi-
tion, this disrupts the regional condition and results in
a lowered cumulative anomaly pattern correlation.

Additional ensemble sensitivity experiments were
performed with the combination of warm Indian and
warm Peacific acting in opposition, the warm Indian act-
ing to increase monsoon rainfall and the warm Pacific
acting to reduce monsoon rainfall. For the years this
occursin the observations (e.g., 1986, 1991, 1992, 1995,
1997), only 1992 has an opposition of sign of the single
pattern correlations of significant size. However, for the
model combination experiments, the regional SST forc-
ing from the Indian Ocean dominates the Pacific, with
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the warm SST anomalies there producing enhanced pre-
cipitation in spite of the opposite forcing from the Pa-
cific (not shown). This partially explains the success of
the cumulative pattern correlation (Fig. 5b) and area-
averaged precipitation (Fig. 5¢) for 1992. The results
from this experiment and the one in Fig. 12b indicate
that regional forcingsin thisyear were able to overcome
opposite tendency large-scale forcings from the Pacific.

5. Case studies from observations

Another way to analyze TBO mechanisms is to
choose TBO years in sequence to try and identify im-
portant processes (e.g., for the TBO sequence of years
1987-88-89 in Meehl 1997). Another is to composite
TBO year sequences to look for dominant patterns re-
lated to transition mechanisms (e.g., MAL). A third is
to pick representative single years to illustrate how in-
dividual transition conditions can affect monsoon pre-
cipitation, and these results are presented here. All of
these types of analyses can lend physical credence to
the SVD analyses, and provide insight into how the
transition conditions work. In the case studies here, we
will examine single years to see if effects of the tran-
sition conditions can be seen in the raw data.

Though the model experiments in this paper dem-
onstrate how the single transition conditions can affect
certain outcomes of monsoon precipitation, it therefore
may be possible to see some of those features from the
single conditions in the observations during years when
one of them is dominant in Fig. 5a. Asindicated above,
this would provide another check regarding the physical
plausibility of the SV D analysesin Figs. 2—4. Therefore,
we choose years in Fig. 5a where one or two transition
conditions were particularly strong to try and identify
featuresin common with the SVD patterns and the mod-
el sensitivity experiments.

In Fig. 5a the year 1980 was seen to have a large
contribution (+0.45) from the 500-hPa/enhanced me-
ridional temperature gradient condition and thus should
compare favorably with the SVD pattern in Fig. 2c and
the model experiment in Fig. 8a. The surface vector
wind anomalies and precipitation anomalies for JJAS
1980 (Fig. 13c) show positive rainfall anomalies over
much of India, Bangladesh, Burma, and Southeast Asia,
and southerly and southwesterly wind anomalies over
the Arabian Sea. These are comparable to features in
Fig. 3c for observed SVD results and the model ex-
periment in Fig. 8a associated with the enhanced Asian
meridional temperature gradient condition. There are
also areas of decreased precipitation over the tropical
Indian Ocean and positive precipitation anomaliesin the
southeast Indian Ocean in 1980 (Fig. 13c), the observed
SVD (Fig. 2¢), and the model experiment (Fig. 8a).

Surface temperature anomalies over south Asia in
MAM 1980 reach up to +2.0°C in Fig. 13b indicative
of the increased meridional temperature gradient and
anomalous 500-hPa ridge over Asia (not shown). For
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Fic. 13. Observations for 1980, (a) JJAS low-level moisture convergence anomalies (g kg—* s 1), (b) MAM surface temperature anomalies
(°C), (c) JIAS precipitation (mm day ') and surface vector wind (scaling vector in m s*) anomalies, and (d) JJAS surface temperature

anomalies (°C). Shaded areas indicate positive anomalies.

the monsoon season, the all-India rainfall index (Par-
thasarathy et al. 1991) for 1980 is +3% indicating
dlightly above-normal rainfall over India itself as part
of the larger-scale enhancement over south Asian land
areas, the Arabian Sea, and the Bay of Bengal in Fig.
13c. Thisis comparable to the corresponding GCM sen-
sitivity experiment in Fig. 8aand the slight enhancement
of area-averaged monsoon precipitation of +0.78 stan-
dard deviations. SST anomalies in the tropical Indian
(Figs. 13b,d) and Pacific Oceans (not shown) are mostly
less than +0.5°C and remain that way into September—
October—November (SON; not shown). Therefore, there
is little contribution from anomalous SST forcing from
the tropical Pacific or Indian Oceans. The precipitation
anomalies are almost entirely associated with the anom-

alous enhanced meridional temperature gradient in
MAM that produces greater low-level moisture con-
vergence over south Asiain JJAS of 1980 (Fig. 13a).

In 1983 both the Indian SST and 500-hPa condition
have high values of above +0.4 in Fig. 5a. Thus these
conditions should combine to produce a cumulative pat-
tern as was discussed in Fig. 12. Most of the Indian
Ocean was anomalously warm in 1983, with positive
SST anomalies nearly +0.75°C in the eastern Indian
Ocean in MAM and in the western Indian Ocean in
JJAS (Figs. 14b,d). Though there is a high pattern cor-
relation value for the 500-hPa/meridional temperature
gradient condition in Fig. 5a (+0.45), this is because
the expansion coefficient for that condition in 1983 is
negative (not shown). Therefore, there are negative sur-



940

60E 80E 100E 120E

JJAS precipitation and winds
40N !

120E

60E

80E 100E

—

1

JOURNAL OF CLIMATE

1983

JJAS low—level moisture convergence

VoLuME 15

MAM surface temperature

20S + T T y
40E 60E 80E 100E 120E

108 1

20S

40E 60E 80E 100E 120E

FiG. 14. Observations for 1983, (a) JJAS low-level moisture convergence anomalies (g kg—* s71), (b) MAM surface temperature anomalies
(°C), (c) JIAS precipitation (mm day —*) and surface vector wind (scaling vector in m s=) anomalies, and (d) JJAS surface temperature

anomalies (°C). Shaded values indicate positive anomalies.

face temperatures over most of south Asiain MAM (Fig.
14b). As noted above, two forcings can combine to pro-
duce the total pattern of precipitation even if one is
working to weaken part of the pattern. Though SSTsare
positive in the equatorial Pacific in MAM, there are a
mixture of positive and negative SST anomalies in the
tropical Pacific during JJAS (not shown) indicating there
is little simultaneous forcing from that source (consis-
tent with the single SVD pattern correlation value for
Pacific SST in Fig. 5a of only about +0.2).

The precipitation and surface wind anomalies for
JJAS 1983 are shown in Fig. 14c. Enhanced precipi-
tation occurs over much of the tropical Indian Ocean
and Indian land areas (all-India rainfall index value of
+12%). Thisis comparable to the positive precipitation

anomalies over most of these areas in the model ex-
periment with warm Indian Ocean SSTsin Fig. 8b. Since
Asian land temperatures are negative in MAM (Fig.
14b), the contribution to decreased precipitation over
northeast India, Bangladesh, and Burmaislikely related
to this forcing. If the warm Indian Ocean SSTs were
the only forcing, Fig. 8b indicates there should be en-
hanced rainfall in those areas. In association with the
positive precipitation anomalies over most of the Indian
Ocean in Fig. 14cin 1983, there are al so westerly anom-
aly surface winds in the equatoria western Indian
Ocean. Additionally, there are anomalous easterlies in
the east for 1983 in Fig. 14c similar to the model sim-
ulation in Fig. 8b. These conditions in JJAS during the
monsoon were set up the previous season. Low-level
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moisture convergence (Fig. 14a) for JJAS 1983 shows
positive values in many regions of the Indian Ocean and
southern Asiain association with the anomal ously warm
SSTsover parts of the Indian Oceanin MAM (Fig. 14b).
Thus, as in the model experiment in Fig. 8b. warm In-
dian Ocean SSTs result in enhanced evaporation and
low-level moisture convergence, which is a moisture
source for the strong monsoon. It was also noted in the
SVD analysis in Fig. 3c and the model experiment in
Fig. 8b that greater precipitation over much of India
was associated with easterly anomaly surface winds
over the Arabian Sea. This seemed to be counterintuitive
for what one usually associates with greater monsoon
precipitation with stronger southwesterly inflow into In-
dia over the Arabian Sea. However, in Fig. 14c there
are anomal ous easterly and northeasterly winds over the
Arabian Sea even though there is an all-India rainfall
index value of +12%. Thisis due to the large increases
of rainfall over the tropical Indian Ocean areas in ad-
dition to greater rainfall over land and associated dy-
namical effects as discussed in relation to Fig. 8b.

Theyear 1992 has arelatively large contribution from
Indian Ocean SSTsin Fig. 5a (pattern correlation value
of about +0.5), and is thus chosen to illustrate condi-
tions characterized by warm Indian Ocean SSTs south
of India. This year is comparable to the model exper-
iment in Fig. 8c. Positive SST anomalies occur in the
southeastern tropical Indian Ocean in MAM (Fig. 15b)
and JJAS (Fig. 15d) with values reaching +0.5°C. As
noted above, this type of Indian Ocean SST pattern is
more typical of a year without an ENSO onset such as
1992 (Meehl and Arblaster 2002). In 1992 SST anom-
alies in the equatorial Pacific are positive in MAM but
are mixed in that region in JJAS (not shown). Thus it
is quite comparable to the model experiment in Fig. 8c.

The observed precipitation anomalies in Fig. 15c
show positive precipitation anomalies over most of the
equatorial Indian Ocean. However, there are mostly neg-
ative anomalies over India and south Asia (the all-India
precipitation index anomaly for 1992 was about —10%
indicating weak monsoon precipitation over India it-
self). There are easterly and northeasterly anomaly sur-
face winds in JJAS crossing southern India and ex-
tending into the Arabian Sea (Fig. 15c). These surface
wind anomalies are indicative of the influence of the
warm tropical Indian Ocean SSTsas shown by the model
experiment in Fig. 8c. The model shows easterly anom-
aly winds over India and the Arabian Sea are the result
of the warm SSTs to the south as the low-level flow
converges into the region with warm SSTs and positive
precipitation anomalies. Similarly, there are anomalous
westerlies during JJAS in the equatorial eastern Indian
Ocean in both 1992 (Fig. 15c) and in the model sim-
ulation (Fig. 8c). This s related to enhanced low-level
moisture convergence over the Indian Ocean between
the eguator and 10°S, and near 10°N in the model (Fig.
9c) and in the observations (Fig. 15a).

The year 1988 is chosen to be representative of the
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cold tropical Pacific SST condition, with a large value
for the Pacific SST SVD single pattern correlation co-
efficient in Fig. 5a of +0.65. JJAS SST anomaliesin the
tropical eastern Pacific are greater than —2°Cin Fig. 16b,
with near-zero SST anomalies in the tropical Indian
Ocean. The observed 1988 precipitation (Fig. 16a) and
surface wind anomalies (Fig. 16b) are similar in many
respects to the model simulation in Fig. 8d, with en-
hanced precipitation over much of the tropical Indian
Ocean and parts of India, and westerly surface wind
anomalies in the western equatorial Indian Ocean. The
al-India monsoon rainfall index for 1988 was +12%
indicating enhanced rainfall over Indiaitself. Figure 16a
indicates that the enhanced rainfall extended over amuch
larger region and also included most of thetropical Indian
Ocean. This is consistent with the large-scale forcing
from tropical Pecific SSTs in the model experiment in
Fig. 8d. Asin the model experiment, the mechanism for
the monsoon enhancement is large-scale east—west cir-
culation anomalies in the atmosphere. Figure 16¢ shows
vertical velocity (omega) anomalies for JJAS 1988 av-
eraged from 10°S to 25°N. The positive values (anom-
alous downward motion) over the cold SST anomalies
in the eastern Pacific occur in association with the neg-
ative values (anomalous upward motion) in the Indian
monsoon region in a similar fashion to the model ex-
periment in Fig. 11. Values greater than —1.5gkg*s*
in the midtroposphere in the monsoon longitudes of
around 70°E in JJAS 1988 in Fig. 16c are comparable
to values in the model simulation in Fig. 11.

The earlier results from the model experiments show
that the various conditions examined earlier for the ob-
servations can, by themselves, cause a monsoon tran-
sition. They even can be seen to work in someindividual
years in the observations. They are not independent as
noted by Meehl and Arblaster (2001, 2002) from the
SVD analyses and shown earlier in Figs. 2, 3, 4, and
5. However, in any given year they can act singly or in
combination to produce the actual pattern of monsoon
precipitation, thus pointing to the utility of the single
pattern correlation calculations in Fig. 5a to quantify
the relative contributions of each condition year by year
in the observations.

6. Conclusions

Earlier SVD analyses of observations by Meehl and
Arblaster (2001, 2002) identified three conditions in
MAM that contributed to subsequent Indian monsoon
strength. These were proposed to be associated with a
“transition” in the TBO, that is, a change in the sense
of the monsoon strength from relatively weak the year
before to relatively strong, or vice versa. Though it is
possible to statistically quantify the relative contribu-
tions of these conditions each year, they were shown to
be interrelated. Therefore, individual and cumulative
SVD-related pattern correlations were used to show they
could either act in unison or independently, depending
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Fic. 15. Observations for 1992, (a) JJAS low-level moisture convergence anomalies (g kg—* s71), (b) MAM surface temperature anomalies
(°C), (c) JIAS precipitation (mm day —*) and surface vector wind (scaling vector in m s=) anomalies, and (d) JJAS surface temperature

anomalies (°C). Shaded areas indicate positive values.

on the year. Yet the question remained regarding wheth-
er each condition, by itself, was physically distinct and
could cause a monsoon transition.

To more definitively isolate the effect on the Indian
monsoon of the individual transition conditions, we per-
form GCM ensemble sensitivity experiments with the
NCAR CCM3. The sensitivity experiments are designed
to focus on each of the conditions and their contributions
to Indian monsoon rainfall in JJAS. The model results
are compared to the earlier SVD results from obser-
vations as well as to case studies from individual years
in the observations to illustrate the following results.

1) Positive Asian land surface temperature anomalies
and associated enhanced tropospheric meridional

temperature gradients produce enhanced monsoon
precipitation over parts of south Asia extending to
the east as part of an enhanced northern summer
ITCZ.
Positive Indian Ocean SST anomalies north of 10°S
in MAM and JJAS produce a low-level moisture
source with increased latent heat flux and signifi-
cantly increased monsoon rainfall over a large area
of the tropical Indian Ocean and south Asian land
areas.

3) The location of Indian Ocean SST anomaliesisim-
portant for the pattern of monsoon rainfal. If the
SST anomalies are centered more near the equatorial
Indian Ocean south of India, monsoon precipitation

2)
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will be increased over ocean areas south of India
with suppressed precipitation over India itself.

4) Negative eastern equatorial Pacific SST anomalies
produce enhanced Indian monsoon rainfall through
the anomal ous | arge-scal e east—west atmospheric cir-
culation, with anomalous sinking over the cold SSTs
and rising motion and associated increased rainfall
to the west extending over the Indian sector.

5) Additional experiments combining some of the con-
ditions show that their effects are, to a first order,
cumulative, and the influences of each can be iden-
tified in these combined experiments with the model
and in case studies from observations. However, the
strongest forcings over the largest areas of south
Asian land and Indian Ocean involve anomalous
SSTs in the Indian or Pacific Oceans.

Therefore, the transition conditions can, by them-
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selves, affect Indian monsoon rainfall due to distinct
physical processes associated with each as elucidated in
the GCM experiments. They also can have varying con-
tributions to the patterns of rainfall in any given mon-
soon season, thus necessitating accounting for all of
them in monsoon analyses or model simulations.
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