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Abstract

A coupled climate model is used to study the response of interannual variability of Asian summer
monsoon, and its relation with tropical climate variability over the Pacific and Indian Oceans. Two sim-
ulations are performed, one for the present and the other for the Last Glacial Maximum. It is found that
at glacial times, the weakened Asian monsoon climatology results in a significant shallowing of mean
tropical thermocline in the central-western Indian Ocean. This shallower thermocline intensifies the pos-
itive ocean-atmosphere feedback in the western Indian Ocean, and therefore contributes to an enhanced
Indian Ocean Dipole (IOP) variability. The increased I0OD variability in turn exerts a stronger affect
on the variability of South Asian monsoon rainfall, and therefore may have contributed to a significant
reduction of correlation between the monsoon and the Pacific El Nifio/Southern Oscillation (ENSO)

variability.

1. Introduction

The Asian monsoon exhibits strong inter-
annual variability (Webster et al. 1998). A
substantial part of the South Asian monsoon
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variability is known to be associated with the
remote tropical Pacific climate variability, nota-
bly El Nino/Southern Oscillation (ENSO) (e.g.,
Shukla and Paolino 1983; Ju and Slingo 1995).
During an El Nifio event, sea surface tempera-
ture (SST) increases in the central-eastern
equatorial Pacific, which shifts the deep convec-
tion center from the Maritime continent east-
ward into the central Pacific, reducing rain-
fall over the western Pacific and South Asia
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(e.g., Latif et al. 2001). As a result, South Asian
monsoon rainfall tends to be negatively corre-
lated with the eastern Pacific SST (Shukla
1987).

Recent studies further suggest a substantial
impact on the Asian monsoon variability from
local climate variability over the tropical In-
dian Ocean (Ashok et al. 2001; Li et al. 2003),
notably the Indian Ocean Dipole (I0D) (Saji
et al. 1999; Webster et al. 1999). During a posi-
tive IOD phase, the SST anomaly in the tropi-
cal Indian Ocean is negative in the east, and
positive in the west; this SST gradient forces
an anomalous southerly monsoon wind over the
northern Indian Ocean, which penetrates into
the South Asian continent and enhances rain-
fall there (Guan et al. 2003; Li et al. 2003;
Ashok et al. 2004). This tends to result in a
positive correlation between the South Asian
rainfall and IOD, which could then distort the
correlation between the Asian monsoon and
ENSO significantly (Webster et al. 1999; Ashok
et al. 2001; Wu and Kirtman 2004). These
studies suggest that the South Asian monsoon
can be affected significantly by both ENSO and
IOD (Ashok et al. 2004). In the mean time,
these variability modes (ENSO and IOD) also
interact with each other. Observational, and
modeling studies suggest that substantial IOD
events can be excited by ENSO (Allan et al.
2001; Baquero-Bernal et al. 2002). On the other
hand, there are also convincing evidences that
a significant number of IOD events are gener-
ated locally in the Indian Ocean climate sys-
tem, independent of the remote Pacific ENSO
(Ashok et al. 2003; Saji and Yamagata 2003;
Lau and Nath 2004). Some studies also suggest
an impact of IOD on ENSO (Behera and
Yamagata 2003). All these studies therefore
suggested a complex relationship between the
South Asian monsoon and the two tropical
climate variability modes, the ENSO and the
IOD. There are evidences that these relation-
ships are non-stationary, and could change
dramatically over interdecadal times. For ex-
ample, the negative correlation between the In-
dian monsoon rainfall and Nino3 (averaged for
150°-90°W, 5°S—5°N) SST decreases dramati-
cally after the 1980s (Kumar et al. 1999; Krish-
namurthy and Goswami 2000), when the corre-
lation between the Indian summer rainfall and
10D increases significantly (Ashok et al. 2001).
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Given the complex and changing relationship
between the South Asian monsoon variation
and tropical climate variability modes, it is nat-
ural to wonder if the relationship has changed
in the past, and how it will change in the fu-
ture, under different climate forcing. This note
is motivated by a curiosity if the covariability
between the Asian monsoon variability, and
tropical climate modes at glacial times differs
from the present. Due to the lack of observa-
tions on this covariability at glacial periods, we
have chosen to explore this issue in a coupled
climate model. Our major finding is that, dur-
ing glacial time, the relationship between the
South Asian monsoon and ENSO is reduced
significantly, while its correlation with 10D is
increased significantly. This occurs, partly, be-
cause the reduced Asian monsoon at glacial
times changes the tropical Indian Ocean ther-
mocline, which in turn enhances the I0OD vari-
ability, and in turn its impact on the Asian
monsoon.

2. The model

A fully coupled ocean-atmosphere model
is used, the Fast Ocean Atmosphere Model
(FOAM, Jacob 1997). The AGCM has a resolu-
tion of R15 (7.5° long., 4.8° lat., 18 levels). For
this study, the OGCM takes the resolution of
2.8° (long.), 1.4° (lat.), and 32 levels (Liu and
Yang 2003). Without flux adjustment, FOAM
simulates a reasonable tropical climatology,
comparable with, for example, the NCAR
CCSM1 (Liu et al. 2003). The enhanced
Asian monsoon to Holocene climate forcing in
FOAM has also been found to be largely consis-
tent with CCSM1 and other models, as well as
proxy evidences (Liu et al. 2003; Zhao et al.
2005).

To examine the change of Asian monsoon
variability, and its relation with tropical cli-
mate variability at glacial times, we performed
two 400-year simulations. The present-day cli-
mate is simulated in a control run (CTRL),
which is forced by the preindustrial climate
forcing with an atmospheric COy level of 280
ppm (Hereafter, “present” climate refers to the
condition of the preindustrial COg level). The
glacial climate is simulated in a glacial run
(LGM), which uses the climate forcing at the
Last Glacial Maximum, with the continental
ice boundary prescribed as the ICE-5G (Peltier
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2004), and the atmospheric COg level reduced
to 180 ppm. All other conditions, including the
land-sea distribution, are identical to those
in CTRL. The LGM run is integrated for 400
years, starting from the end of the CTRL. The
global surface air temperature decreases rap-
idly for about 3°C in the first 200 years, with
the climate in the last 200 years reaching a
quasi-equilibrium state (tropical mean surface
air temperature trend of 0.12°C/200-yr). Here,
the last 200 years of the CTRL, and LGM
runs, will be used for analyses.

Finally, we caution that this study mainly fo-
cuses on the change of variability in the FOAM
model. As in all other models, FOAM has its de-
ficiencies, such as a weaker ENSO that is per-
haps related to the too diffusive thermocline in
the coarse resolution model. Therefore, we need
to be cautious about the application of the
FOAM results to the real world. In the mean
time, we also point out that our current under-
standing of the change of climate variability re-
mains poor, even for ENSO—the most studied
variability. As Latif et al. (2001) shows, there
is no clear relationship between a model resolu-
tion, or a particular physical pameterization,
and the realism of the simulated ENSO. One
should not be surprised that similar situation
occurs for the IOD. Therefore, our study based
on FOAM is a useful attempt, in spite of the
model deficiencies.

3. Monsoon variability, IOD and ENSO at
present

For the present climate, FOAM simulates
a reasonable ENSO variability, with the SST
variability centered in the central-eastern
equatorial Pacific; the dominant period of vari-
ability is about 3—4 years (Liu et al. 2000). In
the mean time, FOAM also simulates IOD-like
variability in the Indian Ocean. Since IOD has
not been discussed for FOAM, it will be de-
scribed in more details here in CTRL. The di-
pole SST pattern is seen clearly in the EOF2
of monthly SST anomaly over the tropical
Indian Ocean (Fig. 1a), which exhibits a strong
negative anomaly in the east, and a broad
warm anomaly in the west, similar to the ob-
servation (Saji et al. 1999; Allan et al. 2001; Be-
hera et al. 2003) (The EOF1 shows a monopole
pattern, also consistent with the observation
[not shown]). Further features of the IOD can
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Fig. 1. Model IOD SST patterns for (a)
CTRL (EOF2) and (b) LGM (EOF1).

be seen in a composite analysis. Considering
the fact that the IOD phenomena mostly ap-
pear in boreal summer seasons, a season-based
IOD event is defined as an anomalous June—
September (JJAS) averaged IOD index, exceed-
ing 0.5 standard deviation, in order to quantifi-
cationally reflect the intensity of IOD in each
year. The 10D index is the SST difference be-
tween the western (60°-80°E, 10°S—-10°N) and
eastern (90°-110°E, 10°S—-0°) Indian Ocean as
defined by Saji et al. (1999). The composite is
done as the difference of the 25 strongest posi-
tive IOD events, and the 25 strongest negative
IOD events. The pattern of the composite SST
anomaly pattern (not shown) is similar to the
EOF in Fig. 1a. The accompanied surface wind
and precipitation anomalies of the IOD compo-
sites show an easterly over the equator, and
an overall northward wind convergence, and
in turn an enhanced monsoon rainfall over
the western tropical Indian Ocean, India and
Southeast Asia (Fig. 2a), and reduced rainfall
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Fig. 2. Composite of IOD events of JJAS
precipitation rate (shaded, mm/day)
and surface wind (vector, m/s) for (a)
CTRL and (b) LGM. The composite is
made as the difference of 25 positive
IOD events minus 25 negative 10D
events.

over the eastern tropical Indian Ocean, largely
consistent with the observation (Ashok et al.
2004). The present dipole anomaly extends
deep into the thermocline (Fig. 3a), also consis-
tent with the observation (Tokinaga and Tani-
moto 2004).

The simulated IOD also exhibits a seasonal
phase-locking, with the peak month of SST
anomaly occurring in later summer to early
fall. Figure 4a shows the monthly evolution of
the composite SST anomaly difference centered
at the peak year of each I0OD event. The anom-
alous SST, and equatorial zonal wind emerge
in late spring, and peak in July to August.
The peak IOD month is also consistent with
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the peak frequency month in summer for
all the IOD events (defined as the magnitude
of monthly IOD index larger than 0.3°C lasting
for at least five months) (light bars in Fig. 5).
This phase-locking of the peak IOD is similar
to the observation (Saji et al. 1999), although
the peak timing is 1-2 months earlier than in
the observation?.

In CTRL, the model Asian monsoon is (nega-
tively) correlated with ENSO statistically sig-
nificantly (Table 1). Here, the monsoon index
is chosen as the JJAS rainfall averaged over
land in the region of 65°-105°E and 5°-27°N
as defined by Wang et al. (2003). This correla-
tion is comparable with the (positive) monsoon
correlation with the IOD (Table 1). The mon-
soon exhibits an even stronger (negative) corre-
lation with the equatorial zonal wind anomaly.
These correlations are generally consistent with
the observations (Ashok et al. 2001; Saji and
Yamagata 2003).

4. Monsoon co-variability with ENSO
and IOD at glacial times

In the LGM simulation, the overall Asian
monsoon rainfall over land is generally re-
duced. The mean surface monsoon wind is also
reduced (Fig. 6). This reduction is partly caused
by the reduced global hydrological cycle in a
colder climate. It is also caused by a reduced
land-sea temperature contrast in summer. The
summer surface air temperature decreases by
over 4°C over the Asian tropical-subtropical
continents, while the tropical SST over the

1 The model IOD evolution also exhibits less quasi-
biannual oscillation features than in the observa-
tion. For example, the model IOD index is near
zero in the year preceding the IOD event, while
in the observation, for all the IOD events, the
IOD index in the preceding year tends to be
weakly negative (Saji et al. 1999; Li et al. 2003).
Nevertheless, this lack of negative peak in the
preceding year is similar to the composite of
those 10D events that are not affected by ENSO
as in the observation (Saji and Yamagata 2003),
and in a model study (Baquero-Bernal et al.
2002). Therefore, the lack of quasi-biannual oscil-
lation feature of the IOD in FOAM, we speculate,
is due to the somewhat weaker correlation of
ENSO with Indian Ocean SST in FOAM than in
the observation (the correlation between Nino3
and Indian Ocean SST is about 0.3 in the model,
but about 0.6 in the observation). Dynamically,
the model IOD is therefore more like to be
stochastic-driven, rather than ENSO-driven
(Baquero-Bernal et al. 2002; Li et al. 2003).
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Fig. 3. Composite of IOD events, the
same as Fig. 2, but for subsurface ocean
temperature anomaly (°C), averaged for
0°-10°S.

Indian Ocean decreases by less than 2°C. This
overall reduction of monsoon activity is con-
sistent with previous model simulations (e.g.,
Kutzbach and Guetter 1986; Dong and Valdes
1998; Shin et al. 2003) as well as proxy evi-
dences (e.g., Anderson and Prell 1993; An et al.
1991). The interannual variance of Asian mon-
soon rainfall is also weakened by 13%. This
reduction is also likely to be related to the
reduced hydrological cycle, latent heat release,
and in turn monsoon variability, in an overall
colder glacial climate.

Most interesting to us here is a dramatic
reduction of the correlation between the Asian
monsoon rainfall variability and ENSO, with
the correlation reduced from —0.22 to a statisti-
cally insignificant —0.05 (Table 1). At the same
time, the correlations of the monsoon rainfall
with IOD and Indian Ocean equatorial zonal
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Fig. 5. Occurring months for all the IOD
events (defined as the magnitude of
IOD index larger than 0.3°C lasting
for at least five months) in CTRL and
LGM.
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Table 1.

Vol. 85, No. 1

Correlations between Asian monsoon rainfall (Monsoon) and ENSO (Nino3 SSTA), I0D

(IOD index), and equatorial Indian Ocean zonal wind anomaly (EIOZWA, average in 70°-90°E,
5°S—5°N) (Bold numbers indicate correlations exceeding the 99% confidence level for 200 years).

Nino3 SSTA 10D Index EIOZWA
CTRL LGM CTRL LGM CTRL LGM
Monsoon —0.22 —0.05 0.26 0.37 —0.40 —-0.48
(a) Exp.CTRL JJAS Surface Wind G Rainfall & nino3 SST
[ 1CTRL
> M D I LGM
03l | | | | | | | | |
Mar Apr May Jun sl Aug Sep oct Nov Dec
(b) Rainfall & 10D

(b)  Exp.LGM—Exp.CTRL JJAS Surface Wind
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Fig. 6. Monsoon (JJAS) surface wind in
(a) CTRL and (b) the difference between
LGM and CTRL.

wind are increased considerably from 0.26 to
0.37, and from —0.40 to —0.48, respectively.
These increases of correlation are statistically
significant, with 95% confidence. Therefore, the
glacial monsoon variability becomes almost
independent of ENSO, but is correlated more
with IOD. This opposite change of the monsoon
correlation with ENSO and IOD can also be
seen in the monthly correlation between the
South Asia monsoon rainfall index (defined as
the JJAS rainfall over South Asia, defined at
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Fig. 7. The lagged correlation between
South Asian monsoon rainfall (JJAS)
with the monthly (a) Nino3 SST and
(b) IOD index through the calendar
year.

the end of Section 3), and the monthly ENSO
(Fig. 7a) and 10D (Fig. 7b) indices. Monsoon
rainfall is negatively correlated with Nino3
SST during almost the entire year in the con-
trol, but the correlation is reduced greatly and
even exhibits the opposite sign in LGM, with
the negative correlation reduced most from
July to September (Fig. 7a). In contrast, the
positive correlation between monsoon rainfall
and IOD increases clearly in the summer from
July to September (Fig. 7b). Therefore, the re-
duction of the monsoon correlation with ENSO
is highly likely to be distorted by the influence
of the IOD. Interestingly, the opposite change
of monsoon-ENSO correlation, and monsoon-
IOD correlation simulated at glacial time is
reminiscent of a similar interdecadal shift in
recent decades: the monsoon-ENSO correlation
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Fig. 8. Standard deviation of tropical
SST anomaly across the Indian and Pa-
cific for CTRL (solid) and LGM (dash).

decreases dramatically after 1980s, at the time
when the monsoon-IOD correlation increases
dramatically (Ashok et al. 2001).

The reduced correlation of Asian mon-
soon with ENSO is not caused by a reduction
of ENSO variability at glacial times. Indeed,
ENSO variability in LGM is largely unchanged,
or even increased slightly, compared with the
present, as seen in the standard deviations of
the equatorial SSTs in the two simulations
(Fig. 8). The increased ENSO activity appears
to be consistent with a recent LGM simulation
in NCAR CCSM1 (Otto-Bliesner et al. 2003).

Over the Indian Ocean, the IOD events be-
come more distinctive, although the total SST
variability is reduced slightly (Fig. 8). Indeed,
the IOD now emerges as the 15t EOF of the
tropical Indian Ocean SST (Fig. 1b), with the
pattern virtually identical to that in CTRL
(Fig. 1a), but the explained variance increased
from 19% to 26%. The more distinct IOD can
also be seen in the slightly enhanced subsur-
face temperature change (Fig. 3b), in compari-
son with the CTRL (Fig. 3a). As a result, the
absolute amplitude of the 25 strongest 10D
events remains comparable in the two simula-
tions (Figs. 4a, b), with the glacial IOD extend-
ing 1-2 months longer into early winter. If we
include all the IOD events (defined as the mag-
nitude of IOD index larger than 0.3°C), the
mean amplitude of the IOD events are even en-
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hanced about 15% at LGM than at present (not
shown). The occurring frequency of all the IOD
events also increased substantially, as shown
in Fig. 5. The reduced Indian Ocean SST vari-
ance is likely to be caused by the reduction of
the overall Asian monsoon variability discussed
before, because the surface heat flux associated
with the monsoon variability is the major driv-
ing force of the SST variability over the Indian
Ocean.

The first question is therefore why I0OD re-
mains strong, while overall SST variability is
reduced over the Indian Ocean? This is a diffi-
cult question because our understanding of the
mechanism that controls the strength of IOD is
still limited. Li et al. (2003) presented a most
comprehensive mechanism study for IOD. They
proposed four mechanisms, including the tropi-
cal surface flux feedback, the anomalous anticy-
clone west over the Southeast Indian Ocean off
the Sumatra coast, and the change of thermo-
cline depth. We have analyzed these mecha-
nisms. Our analysis suggests that the relative
enhancement of IOD in LGM is most likely to
be caused by the change of the tropical Indian
Ocean thermocline, which in turn is caused by
the weakening of the Asian monsoon at glacial
times. As pointed out by Li et al. (2003), the
tropical Indian Ocean thermocline is important
for the generation of the IOD. An initial IOD
event, say, in the positive phase (cold east and
warm west), induces a westward surface pres-
sure gradient force, that generates an easterly
wind along the equator; this easterly then
forces a downwelling Ekman pumping off the
equator due to the anticyclonic wind curl and
the change of the Coriolis force. This downwel-
ling Ekman pumping generates downwelling
Rossby waves off the equator traveling west-
ward, which tends to further reinforce the ini-
tial warm SST in the west and therefore forms
a positive feedback. In the mean time, an up-
welling Kelvin wave is excited and propagates
eastward, and then, after reflection, propagates
westward as upwelling Rossby waves to form a
delayed negative feedback. Since the tropical
thermocline in the Indian Ocean shallows to-
wards the west, this downwelling Rossby wave
affects the SST most strongly in the west, espe-
cially south of the equator (Xie et al. 2002),
overwhelming the negative feedback from the
reflected waves formed in the eastern ocean.
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Fig. 9. Subsurface temperature in the
tropical Indian Ocean (10°S-0° aver-
age) for CTRL (solid) and LGM (dash).

At LGM, from summer to fall, the weakened
monsoon wind induces a westerly wind anom-
aly along the equator (Fig. 6b), which forces a
mean upwelling in the wes and downwelling in
the east, resulting in a tropical thermocline
that shallows more in the west than in the
east, especially near the surface layer (Fig. 9).
For example, the 24°C isotherm shallows by
30-m in the west at about 55°E, but it shallows
less than 10-m in the east (east of 90°E). There-
fore, thermocline upwelling water is much more
efficient to affect the SST, and in turn forms the
positive feedback, in the west because of
the significantly shallower thermocline, while
the delayed negative feedback may remain rel-
atively less changed because of the largely un-
changed thermocline in the east. As a result,
the IOD should be intensified. This intensified
ocean-atmosphere feedback due to the shal-
lower mean thermocline at LGM seems to be
consistent with a lagged regression analysis
of the upper ocean heat content with the I0D
index (not shown). A definite conclusion of
the mechanism of the IOD changes, however,
would require much additional sensitivity
experiments, which is beyond the scope of this
paper.

The next question is why the Asian monsoon
correlation is reduced with ENSO, but in-
creased with IOD at LGM. The enhanced 10D
discussed above naturally leads one to specu-
late the role of IOD as follows. The enhanced
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IOD has a stronger effect in enhancing the
Asian monsoon rainfall, as seen in the compos-
ite IOD wind and precipitation in Fig. 2b, and
then leads to an enhanced correlation of the
Asian monsoon with the local IOD. The en-
hanced influence from IOD on monsoon, may
then reduce the monsoon correlation with the
ENSO. In the same time, the changed correla-
tion between monsoon and climate variability
can also be attributed to the change of the
mean state. For example, the overall colder cli-
mate reduces the efficiency of latent heat re-
lease over the tropical Pacific ENSO region
(even for the same magnitude of SST variabil-
ity), which may weaken the teleconnection into
South Asia, reducing the monsoon correlation
with ENSO. On the Indian Ocean side, at LGM
the weakened monsoon also exhibits a slight
southward migration in its summer precipi-
tation center. This southward migration of
the Asian monsoon may be favorable for the
IOD to affect the monsoon, and therefore en-
hancing the correlation between the two. A fur-
ther study, however, is needed to quantify the
relative contributions of each mechanism.

5. Summary

Our coupled model simulations suggest that
at glacial times, the weakened Asian monsoon
climatology results in a shallower tropical ther-
mocline in the central-western Indian Ocean,
which intensifies the ocean-atmosphere feed-
back and tends to enhance the IOD, relative to
the background variability. The increased 10D
exerts a stronger affect on South Asian mon-
soon, which may have led to a reduction of the
monsoon correlation with ENSO. This opposite
change of the monsoon-ENSO correlation to
that of monsoon-IOD may be operating in other
times. Although, currently, there is no relevant
paleo-observation to compare with our current
modeling work, by the nature of the modeling
study here, this work is an attempt to stimu-
late further paleo-observational studies that
search for the evidence of paleo-monsoon vari-
ability, and its relation with tropical climate
variability modes.
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