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ABSTRACT

Low-frequency modulation and change under global warming of the Indian Ocean dipole (I0D) mode are
investigated with a pair of multicentury integrations of a coupled ocean—atmosphere general circulation
model: one under constant climate forcing and one forced by increasing greenhouse gas concentrations. In the
unforced simulation, there is significant decadal and multidecadal modulation of the IOD variance. The mean
thermocline depth in the eastern equatorial Indian Ocean (EEIO) is important for the slow modulation,
skewness, and ENSO correlation of the IOD. With a shoaling (deepening) of the EEIO thermocline, the
thermocline feedback strengthens, and this leads to an increase in IOD variance, a reduction of the negative
skewness of the IOD, and a weakening of the IOD-ENSO correlation.

In response to increasing greenhouse gases, a weakening of the Walker circulation leads to easterly wind
anomalies in the equatorial Indian Ocean; the oceanic response to weakened circulation is a thermocline
shoaling in the EEIO. Under greenhouse forcing, the thermocline feedback intensifies, but surprisingly IOD
variance does not. The zonal wind anomalies associated with IOD are found to weaken, likely due to in-
creased static stability of the troposphere from global warming. Linear model experiments confirm this sta-
bility effect to reduce circulation response to a sea surface temperature dipole. The opposing changes in
thermocline and atmospheric feedbacks result in little change in IOD variance, but the shoaling thermocline
weakens IOD skewness. Little change under global warming in IOD variance in the model suggests that the
apparent intensification of IOD activity during recent decades is likely part of natural, chaotic modulation of
the ocean—atmosphere system or the response to nongreenhouse gas radiative changes.
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1. Introduction

The Indian Ocean dipole (IOD) is a mode of inter-
annual variability over the tropical Indian Ocean that
involves ocean—atmosphere interaction in the zonal di-
rection (Saji et al. 1999; Webster et al. 1999; Murtugudde
et al. 2000). In a typical IOD event, negative anomalies of
sea surface temperature (SST) appear in the southeast
equatorial Indian Ocean, with weak positive anomalies in
the western part of the basin. By affecting atmospheric
convection, the IOD exerts considerable influences on
climate both locally and in remote regions. Yamagata
et al. (2004), Chang et al. (2006), and Schott et al. (2009)
review Indian Ocean climate variability and discuss its
phenomenology, dynamics, and predictability.

An east — west SST difference in the Indian Ocean is
an often-used IOD index (e.g., Saji et al. 1999; Ashok
et al. 2004; Song et al. 2007a), although the largest SST
anomalies and the most active ocean—-atmosphere cou-
pling occur in the eastern part of the Indian Ocean basin
(e.g., Annamalai et al. 2005). In addition to its in-
terannual variations, the IOD exhibits variability on
decadal and multidecadal time scales. Ashok et al.
(2004) noted low-frequency (8-25 yr) variations in such
an IOD index and showed that they are highly corre-
lated with the thermocline depth in the Indian Ocean,
a result suggesting the importance of ocean dynamical
changes for decadal IOD. Using a high-resolution cou-
pled model, Tozuka et al. (2007) interpreted the decadal
IOD as decadal modulation of interannual IOD events
through asymmetric occurrence of positive and negative
events. IOD activity as measured by frequency of oc-
currence or variance also displays considerable decadal
and longer term variations (IThara et al. 2008). Based on
ocean model experiments, Annamalai et al. (2005) in-
dicated that the shallow thermocline in the eastern
equatorial Indian Ocean (EEIO) is important for the
development of strong IOD events. Song et al. (2007a)
interpreted the statistics of decadal variability the IOD
in the Geophysical Fluid Dynamics Laboratory Climate
Model version 2.1 (GFDL CM2.1) coupled general cir-
culation model as consistent with chaotic variability,
without the need for an underlying oscillation; Song
et al. (2007b) found that an EEIO thermocline shoaling
resulting from the closure of the Indonesian Through-
flow in the GFDL CM2.1 model resulted in a large en-
hancement of IOD variability. As a recent example of
decadal modulation, two consecutive positive IOD events
took place in 2006 and 2007 with EI Nifio and La Nifia in
the Pacific, respectively (Behera et al. 2008; Luo et al.
2008). Other epochs of strong IOD activity include the
1950s, early 1960s, and 1990s. Epochs of weak 10D ac-
tivity are the 1970s and 1980s.
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Climate change in response to radiative forcing by in-
creasing greenhouse gas (GHG) concentrations could
influence IOD properties such as the amplitude and fre-
quency of occurrence. There are many studies of the re-
sponse of El Nifio-Southern Oscillation (ENSO) to
global warming (Meehl et al. 1993; Knutson et al. 1997;
Timmermann et al. 1999; Fedorov and Philander 2000;
Collins 2005; van Oldenborgh et al. 2005; Capotondi et al.
2006; An et al. 2008), but considerable uncertainties re-
main in model response (Guilyardi et al. 2009). Several
recent studies examine Indian Ocean changes in response
to global warming. In particular, the thermocline appears
to shoal in the EEIO from limited observations for the
past ~50 years (Alory et al. 2007), a change that is often
seen in global warming model simulations (Vecchi and
Soden 2007a; Du and Xie 2008) and results from the
weakened Walker circulation. Some studies (Vecchi and
Soden 2007a; Thara et al. 2008) hypothesize that the
thermocline shoaling in the EEIO, by enhancing ther-
mocline feedback, could strengthen IOD events in the
future. Based on coral oxygen-isotope records, Abram
et al. (2008) reported indications of an intensification of
IOD activity for the recent 150 years, a period during
which atmospheric greenhouse gas concentrations have
been increasing steadily. Peculiarly, however, IOD vari-
ance changes little in most global warming simulations
(Ihara et al. 2009) despite a pronounced shoaling of the
EEIO thermocline (Vecchi and Soden 2007a; Du and Xie
2008). This apparent paradox is the focus of this paper.

The present study examines the multidecadal modula-
tion of the IOD and its change under global warming,
using a state-of-the-art coupled general circulation model
(CGCM) that realistically simulates IOD. We develop a
method to evaluate ocean—atmospheric feedback based on
regression analysis. This feedback analysis is applied to a
long unforced control run and a global warming run forced
by increasing GHG. We show that, under global warming,
the thermocline shoaling in the EEIO indeed leads to a
strengthening of thermocline feedback, but this effect on the
10D is countered by a decrease in atmospheric feedback.

The rest of the paper is organized as follows. Section 2
describes the model and simulations. Section 3 analyzes the
long control run and investigates the multidecadal modu-
lation of the IOD in the model. Section 4 examines changes
of the Indian Ocean—atmosphere system in global warming
and investigates why IOD activity does not intensify in
a warmer climate. Section 5 discusses IOD skewness and its
response to global warming. Section 6 is a summary.

2. Model and simulations

This study uses the outputs from GFDL CM2.1, a
global coupled ocean—atmosphere-land—-ice model. The
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model formulation and simulation are documented in
Delworth et al. (2006). The atmospheric component of
the coupled model is the GFDL atmosphere model
version 2.1 (AM2.1) (GFDL Global Atmospheric Model
Development Team 2004). The model uses a finite-
volume dynamical core (Lin 2004), with 2.5° X 2° hor-
izontal resolution and 24 vertical layers. The oceanic
component of the model is based on the Modular
Ocean Model version 4 (MOM4) code (Griffies et al.
2003), which has a horizontal resolution of 1° X 1° and
50 vertical layers. In the meridional direction the res-
olution increases toward the equator to !/3° between
30°S and 30°N. Two climate model (CM) simulations
are used in our study: a 500-yr-long ““control run’’ un-
der constant radiative forcing in 1860 (see Table 1 of
Delworth et al. 2006) and a 440-yr-long ‘‘global warm-
ing run.” The latter is made up of two sections, both
from the World Climate Research Program (WCRP)
Third Coupled Model Intercomparison Project (CMIP3):
a 140-yr-long, climate of the twentieth-century run
(20C3M) forced by historical GHG from 1861 to 2000,
and a 300-yr projection under the Special Report on
Emissions Scenarios A1B (A1B) with a 720-ppm CO,
stabilization experiment. The initial conditions for the
A1B experiment are taken from 1 January 2001 of the
20C3M experiment. We combine the two experiments
to form a 440-yr-long dataset and examine the IOD re-
sponse to global warming.

This study focuses on changes in interannual vari-
ability. We perform a three-month running average to
reduce intraseasonal variability and calculate a 9-yr
running mean to remove decadal and longer variations,
which are significant over the tropical Indian Ocean
(Deser et al. 2004) in the control and global warming
runs. To examine multidecadal modulations of interan-
nual IOD variability, interannual variance is calculated
in 50-yr sliding windows at 10-yr intervals (i.e., years 1-50,
11-60, so on).

A linear baroclinic model (LBM) is also used to ex-
plore atmospheric dynamics. This model is linearized
around the September mean state as represented by
the GFDL CM2.1 output. A detailed description of the
linear model may be found in Watanabe and Kimoto
(2000). We use a version with T42 resolution in the
horizontal and 20 sigma levels in the vertical.

3. Multidecadal variability of the IOD in
the unforced simulation

The CM2.1 model simulates the climatology and in-
terannual variability of the tropical Indian Ocean (TIO)
well (Song et al. 2007a), although the simulated ENSO
events are too strong in equatorial SST variability
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compared to observations (Wittenberg et al. 2006). We
have performed an empirical orthogonal function anal-
ysis, and Fig. 1 shows the leading modes of interannual
SST variability over the TIO based on the 500-yr-long
control run' with the CO, level of year 1860. The first
EOF mode, explaining 40% of SST variance, exhibits a
basinwide warming. Previous studies (Klein et al. 1999;
Du et al. 2009) reported that this mode is a result of
ENSO forcing. Its correlation with the Nino-3.4 SST
index peaks when the basin mode lags by 4 months in the
model. The enhanced warming in the southwest TIO is
due to ocean Rossby wave propagation over the ther-
mocline ridge (Xie et al. 2002). The second EOF mode,
explaining 18% of SST variance, exhibits an east-west
dipole pattern with easterly wind anomalies along the
equator. The maximum negative SST anomalies are
located along the Java—Sumatra coasts where the wind-
forced upwelling occurs during June—October. The EOF
results are similar to those of Song et al. (2007a) and
comparable with observations.

In addition to the spatial patterns, the model cap-
tures the IOD seasonality quite well. Figure 2 shows
monthly standard deviations of SST, precipitation, and
sea surface height (SSH) in the EEIO (10°S-0°, 90°-
110°E), all displaying pronounced seasonality. SST
and precipitation variances are strong from August to
October, one month earlier than in observations. The
peak of SSH variance lags by 2-3 months in November—
December, a time delay due to equatorial wave propa-
gation (Yuan and Han 2006). In this paper, we use the
standard deviation of SST variability in the EEIO av-
eraged during August-October [ASON; o(T)] to rep-
resent IOD intensity. EEIO SST variability during
ASON is strongly affected by ocean upwelling and
thermocline feedback. EEIO SST and the Saji et al IOD
index based on the east — west SST difference are highly
correlated (r = 0.96). The use of the latter index yields
the same results.

Figure 3a shows o(T) in 50-yr sliding windows. Cen-
tennial modulation is obvious: o(T) is about 0.65°C in
the first 200 years and then rises above 0.8°C from year
200 to 400. Overall o(T') varies between 0.6° and 0.9°C,
a variation of 20% relative to the mean of 0.75°C. Here
o(T) is correlated at —0.57 with sea surface height av-
eraged in sliding windows, which is taken as a proxy of
the thermocline depth in EEIO. The frequency of IOD
occurrence is also negatively correlated with time-mean
SSH (not shown), increasing as the thermocline shoals in

! We have also examined an extended, 2000-yr-long control run,
and all the results reported in this section remain qualitatively the
same.
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FIG. 1. (a) First and (b) second EOF modes of tropical Indian Ocean SST variability
(shading >0.4°C; contours at 0.1°C intervals). Superimposed in (b) are the regressions of
surface wind velocity (vectors). The boxes in (b) show the central equatorial Indian Ocean
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(CEIO) and EEIO.

EEIO. This relationship between SST variance and the
thermocline depth in EEIO is consistent with the results
from ocean model experiments in the study by Annamalai
et al. (2005).

The result is also consistent with the concept of ther-
mocline feedback. When the mean thermocline is shal-
low, changes in the thermocline depth and upwelling can
effectively influence SST variability through entrainment.
Correlation between SST and thermocline anomalies is
high off the Sumatra—Java coast and southwest TIO (Xie
et al. 2002), indicative of thermocline feedback. Here we
measure the strength of thermocline feedback quantita-
tively using the SST regression upon SSH (1) in the EEIO
during the August-November season, R(7, ). Figure 3b
shows R(T, m) for interannual variability in the 50-yr

sliding window. Thermocline feedback parameter R(7, )
is highly correlated with IOD variance o/(T). The corre-
lation coefficient is 0.82, much higher than that between
o(T) and mean SSH. The long-term mean value of ther-
mocline feedback parameter is about 10°C m~'. For the
first 200 years, thermocline feedback is weak [R(T, n) =
9°-10°C m '] while, for the next 200 years it rises to
11°-12°C m ™! as the thermocline shoals. In the model
EEIO on centennial time scales, when the thermocline is
shallow (deep), thermocline feedback and interannual
SST variability both intensify (weaken).

The model IOD is highly correlated with ENSO
during ASON (Song et al. 2007a). The correlation co-
efficient between SST in the EEIO and Nino-3.4 SST
varies between 0.55 and 0.85, and its 50-yr sliding window
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FIG. 2. Monthly standard deviations of SST, precipitation, and SSH anomalies in the EEIO
normalized by their annual means.
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FIG. 3. Statistics in 50-yr sliding windows in the EEIO for the unforced control run: standard
deviation of interannual SST variability (7)), SSH (7), thermocline feedback parameter
R(T, m), and SST correlation with the Nifio-3.4 SST index r(7, Nifio). All time series are av-
eraged for ASON: (a) o(T) (solid line, °C) and 7 (dashed line, m); (b) o(T') (solid line, °C) and
R(T, m) (dashed line, °C m™1); and (c) #(7, Nifio) (solid line) and 7 (dashed line, m). Corre-
lations between the solid and dashed curves are shown above each panel. For the extended
2000-yr simulation, the same correlations are —0.32, 0.68, and 0.38, respectively, reaching the
95% significance level (r = 0.3) based on ¢ test.

index is negatively correlated with the thermocline
depth in the EEIO (Fig. 3c). In a multimodel analysis,
Saji et al. (2006) noted a similar relationship between the
IOD-ENSO correlation and the EEIO thermocline
depth. They interpreted that, when the thermocline is
shallow (deep) in the EEIO, thermocline feedback is
strong (weak), and the IOD is less (more) dependent on
ENSO teleconnective forcing.

Thus the model IOD displays significant centennial
variations in amplitude, a modulation consistent with
changes in the mean thermocline depth and the strength
of thermocline feedback. The cause of centennial vari-
ations in mean thermocline depth remains unclear. Cha-
otic IOD occurrence is one possibility, with more intense
and more frequent IOD events leading to the thermo-
cline shoaling in the EEIO (Tozuka et al. 2007). In chaotic
centennial variations of the nonlinear ocean—-atmosphere
system, the slow thermocline shoaling and IOD inten-
sification may be interactive, one being both cause and
effect of the other.

4. 10D change in global warming

The TIO SST has been steadily increasing since the
1950s (Alory et al. 2007; Du and Xie 2008); the recent
warming is part of a warming that began in the late
nineteenth century (Solomon et al. 2007; Vecchi and
Soden 2007b) and is projected to continue rising with
increasing GHG (Vecchi and Soden 2007a). This section
examines changes in the TIO mean state and IOD var-
iability under global warming and explores their re-
lationship, based on the CM2.1 simulations.

a. Mean state change

Figure 4 shows the change in the TIO climatology
between the twenty-third and twentieth centuries for
the IOD season of July-October (JASO). SST warming
displays considerable spatial variations, especially in
the east-west direction along the equator, amounting
to 3.6°C in the northwestern equatorial Indian Ocean
but dropping to just 2.4°C off the Sumatra—Java coast.
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FIG. 4. The twenty-third- and twentieth-century differences in
SST (contours °C), precipitation (gray shade, mm month™'), and
surface wind velocity (vectors, m s~ 1) for JASO.

Associated with this SST warming pattern is a dipole of
precipitation change in the TIO, positive over enhanced
SST warming in the northwest basin and negative over
reduced SST warming in the southeast. The SST-
precipitation relation is consistent with the hypothesis of
Xie et al. (2010) that SST change relative to the tropical
mean warming determines changes in convective insta-
bility and tropical rainfall.

Surface wind changes are consistent with those in pre-
cipitation, SST, and the weakened Walker circulation,
easterly over the equatorial Indian Ocean and westerly
over the equatorial Pacific. The weakened Walker circu-
lation is due to the muted hydrological cycle to global
warming (Held and Soden 2006; Vecchi et al. 2006) as well
as to the east-west gradient in TIO warming. The weak-
ened Walker circulation changes the tropical ocean ther-
mal structure, especially the thermocline depth on the
equator. Figure 5 shows changes in seawater temperature
along the equator (5°S-5°N) in the twenty-first century,
a period of the most marked warming in the A1B simu-
lation. Superimposed on a surface-intensified background
structure in the vertical, the warming is substantially re-
duced and even reversed in sign at thermocline levels
in the EEIO. This warming pattern, indicative of a ther-
mocline shoaling, has been reported in previous studies
(Vecchi and Soden 2007a; Du and Xie 2008) and likely
contributes to the reduced SST warming in EEIO. Thus
the patterns of climate change suggest Bjerknes feedback
among east-west SST gradients, the precipitation dipole,
easterly wind anomalies, and the shoaling thermocline in
EEIO. Since the changes in the TIO mean state (Fig. 5)
project strongly onto the interannual IOD mode, they are
often called the IOD-like warming.

b. Change in interannual 10D

Under global warming, SSH rises globally owing to
thermal expansion and does not represent the thermo-
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FIG. 5. The 2100-2001 difference in ocean temperature (color
shading, °C) on the equator for JASO and the 2001-20 mean water
temperature (contours, °C).

cline depth change very well. The 20°C isotherm depth
deepens in response to the warming and is no longer
suitable for representing the thermocline. We use the
depth of maximum temperature gradient to represent
the thermocline, following Vecchi and Soden (2007a).
Figure 6b illustrates the change of ocean stratification
in global warming in the EEIO. The dynamical ther-
mocline as represented by the maximum temperature
gradient (thick black line) tracks the layer of maxi-
mum interannual temperature variance (shading) very
well. The dynamical thermocline (simply the thermo-
cline hereafter) shoals from ~90 m in the twentieth
century to ~60 m in the twenty-second century. As the
EEIO thermocline shoals, thermocline feedback as
measured by R(7, n) intensifies under global warming
by 20% (Fig. 7b) from ~11°C m~ ! in the twentieth
century to ~14°C m~ ! in the twenty-second century.
Analysis of extremes supports this increase in thermo-
cline feedback. Maximum R(T, 1) is 12°C m ' in the
2000-yr control run and rises to 15°C m~' in global
warming. Minimum R(7, 1) is typically 9°C m~ ! in the
control run and increases to 13°C m ™" after the late twenty-
first century.

Despite the shoaling thermocline and strengthened
thermocline feedback, interannual IOD variability does
not change much in global warming (Fig. 7a). Throughout
the A1B global warming simulation, o(T) varies be-
tween 0.55° and 0.8°C, a 20% variation relative to a
mean of 0.69°C, much as in the unforced control run.
The rather constant IOD variance under global warming
is not unique to CM2.1 but rather common in the AR4
model ensemble examined by Thara et al. (2009). Like
SST, interannual precipitation variance in EEIO does
not change much in time (Fig. 6a, solid line). Given the
strong relationship between thermocline feedback and
IOD variance in the control run, one expects that
strengthened thermocline feedback under global warming
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FIG. 6. Standard deviations of interannual variability for JASO in 50-yr sliding windows in
the global warming run: (a) EEIO precipitation (solid line, mm month™!; left axis) and zonal
wind velocity in the central equatorial Indian Ocean (dashed, m s~ '; right axis); (b) seawater

temperature in the EEIO (color shading, °C).

solid line) as determined by the maximum gr.
perature (°C) in brown contours.

would result in an increase in IOD variability. A puzzle
arises: why does not IOD activity intensify in a warm-
ing climate as the EEIO thermocline shoals for this
coupled model?

A hint to the answer lies in interannual variability
in subsurface temperature in the EEIO (Fig. 6b): as
the thermocline shoals in the global warming, its in-
terannual variability decreases. A similar decrease in
interannual variance is seen in zonal wind in the central
equatorial Indian Ocean (5°S-5°N, 70°-90°E) (Fig. 6a,
dashed line) during JASO. Zonal wind anomalies there
are viewed as an integral part of Bjerknes feedback
(Bjerknes 1969; Wyrtki 1975) for the interannual IOD.
Therefore, we suggest that, in addition to strengthened
thermocline feedback, atmospheric changes under global
warming also affect interannual IOD activity. The next
subsection explores this possibility.

c. Atmospheric feedback

Bjerknes feedback consists of oceanic as well as at-
mospheric feedbacks. In particular, during an 10D
event, easterly wind anomalies act as a positive feed-
back by shoaling the thermocline and amplifying the
SST cooling in the EEIO. As a measure of this atmo-

Also shown in (b) are the thermocline (black
adient in the vertical and mean seawater tem-

spheric feedback, we calculate the regression of zonal
wind anomalies in the central equatorial Indian Ocean
(U) upon EEIO SST anomalies, R(U, T). Figure 8b
shows the time series of this zonal wind feedback pa-
rameter in the global warming simulation. It decreases
by about 20% in global warming from 2 m s~! (°C) ' in
the twentieth century to 1.6 m s~ ! (°C) ! in the twenty-
second century. Similar results are obtained if the re-
gression is calculated using SST zonal gradient defined by
Saji et al. (1999) instead of EEIO SST anomalies; the re-
gression coefficient decreases from 1.6 to 13 ms ™'
(°C) L. This supports our hypothesis that weakened zonal
wind feedback counters the effect of increased thermo-
cline feedback. The IOD variance remains unchanged as
a result.

Figure 9 shows the results from a singular value de-
composition (SVD) analysis of oceanic and atmo-
spheric fields during JASO. The oceanic (left) field is
SST in the TIO (20°S-20°N, 40°-110°E), and the at-
mospheric (right) fields include precipitation over the
TIO, zonal wind, and pressure (w = dp/dt) velocities
averaged in 7.5°S-2.5°N. SVD modes are calculated
separately for periods before (1861-2000) and after
(2201-2300) the major GHG-induced warming. The
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FIG. 7. Fifty-year running time series for ASON in the global warming run: (a) EEIO SST
variance o(T') (°C), (b) thermocline feedback measured by R(T, 1) in °C m ', (c) skewness of
EEIO SST variability, and (d) correlation between the Nifio-3.4 and EEIO SST. Gray shade
denotes the range (o) of variations in the unforced control run.

results are normalized by SST anomalies in the EEIO.
For both periods, the first SVD mode is the IOD. The
SST and precipitation are similar between two epochs,
but the SST cooling shows a farther westward extension
on the equator after global warming, a change consis-
tent with strengthened thermocline feedback in re-
sponse the shoaling thermocline in the EEIO. On the
equator, the circulation anomalies are dominated by
baroclinic structure. Surface easterly anomalies weaken in
the after-warming epoch, reaffirming reduced atmospheric
feedback.

Why then does the zonal wind feedback decrease
under global warming? Dry static stability increases in
the troposphere (Fig. 8a) owing to moist adiabatic ad-
justment in the vertical to increased surface tempera-
ture and humidity. As a measure of static stability in the
midtroposphere, the potential temperature difference
between 200 and 850 hPa rises steadily by 8 K, or 18%,

from 42 K in 1901 to 50 K in 2300 (Fig. 8b). The in-
creased tropospheric stability appears to hold the key
to the weakened circulation response to SST anom-
alies (Knutson and Manabe 1995; Knutson et al. 1997).
In the tropical troposphere, diabatic heating (Q) is to
first order balanced by vertical temperature advection:
©'90/dp ~ Q', where 0 is potential temperature and the
prime and overbar denote the perturbation and mean,
respectively. Recall that precipitation anomalies asso-
ciated with the IOD mode do not change much in global
warming (Fig. 9). In response to the same diabatic heat-
ing, increased tropospheric stability in global warming
results in a weakened response in vertical velocity and
baroclinic circulation in general, including zonal wind at
the surface. This dynamical argument is consistent with
the global warming simulation.

In global warming, atmospheric water vapor content
and precipitation both increase as a global average, the
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FIG. 8. (a) Twenty-third minus twentieth-century difference in potential temperature (K)

averaged in the EEIO for JASO in 1511’)16 global

warming run as a function of pressure (hPa);

(b) 50-yr running time serles of 9\823 hpa (dashed line, K) and zonal wind feedback parameter

R(U, T) (solid line, m s~' K™') for JASO.

former following the Clausius-Clapeyron equation (Held
and Soden 2006; Vecchi and Soden 2007a; Richter and
Xie 2008). On regional scales, precipitation may increase
or decrease in global warming. Over the tropical Indian

Ocean, specifically, precipitation increases (decreases)
in the northwestern (southeastern) basin (Fig. 4). The
basin mean is nearly unchanged. As a result, precip-
itation response to IOD remains constant (Fig. 6a), and
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FIG. 9. First SVD mode between SST (color shading in bottom panel, °C) and atmospheric
fields including precipitation (contours in bottom, mm month 1) over the TIO, zonal (shading
in top, m s~ ') and vertical velocities (in Pa s !, vectors with zonal velocity) averaged in
5°S-5°N for ASON during (left) 1861-2000 and (right) 2201-2300.
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the tropospheric stability effect dominates atmospheric
feedback change.

d. LBM

To test the atmospheric stability effect on zonal wind
feedback, we conduct experiments with a dry linear

(x — Xy)

-

baroclinic model (LBM), forced by prescribed diabatic
heating. In the vertical, the heating is confined between
900 and 100 hPa with a peak at 500 hPa to mimic con-
densational heat release in deep convection. It is made
of horizontally confined components in the following
function of longitude (x) and latitude (y):

Yy)

Q, sinm [

0, elsewhere

Q::

We place a positive heating in the western (Xy =
50°E, Xg = 70°E, Y5 = 5°S, Y5 = 5°N) and a negative
heating in the eastern (Xy = 90°E, X = 110°E, Y5 =
10°S, Yy = 0°) equatorial Indian Ocean. The maximum
heating rate is set at 1 K day ' (—1 K day ') for the
positive (negative) poles. We make two runs with the
same heating distribution using the CM2.1 September
mean states for the twentieth (1861-2000) and twenty-
third (2201-2300) centuries, respectively. Each experi-
ment lasts 30 days, reaching a steady state.

The LBM simulation under the twentieth-century
mean state captures many surface wind features im-
portant for IOD (left panel of Fig. 10). Easterly wind
anomalies appear along the equator, acting to shoal
the thermocline in the east. There is an anticyclonic
anomalous circulation in the southeast TIO with the
southeasterlies favorable for upwelling on the Sumatra
coast.

The LBM simulation for the twenty-third century is
similar to that for the twentieth century, albeit with re-
duced magnitude. The right panel of Fig. 10 illustrates
the difference in the response to the heating anomalies
between twentieth and twenty-third centuries. The dif-
ference is nearly identical to the twentieth-century

(&—%ﬂmﬂm—n>

} for X, <x <X, Ys<y<YN‘ )

simulation, indicating that the surface wind response
weakens by 30%—40% in the twenty-third century. Thus
the LBM results support the hypothesis that, in global
warming, increased tropospheric stability weakens the
zonal wind feedback for the IOD.

5. IOD skewness

The positive phase of IOD is associated with SST
cooling in the EEIO and easterly wind anomalies in the
central basin. The IOD is highly asymmetric between
the positive and negative phases with the former much
larger in amplitude (e.g., Hong et al. 2008). The standard
deviation of ASON-mean SST in EEIO is 0.49 (0.3) for
negative (positive) anomalies. The negative extreme is
—2.5°C and the positive one is less than 1.5°C for the
500-yr control run.

Figure 11 shows the scatter diagram of SST and SSH
over the EEIO for ASON. SST and SSH anomalies are
highly correlated at » = 0.86. The SST-SSH relationship
is not linear. The SST/SSH slope is much steeper for
negative than positive anomalies, indicating a stronger
thermocline feedback for EEIO cooling events. The
stronger thermocline feedback in turn appears to be
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the cause of asymmetry between positive and negative
phases of IOD. Compared to the eastern Pacific and
Atlantic, the thermocline in the EEIO is deep—more
conducive to thermocline feedback for negative than
positive thermocline depth anomalies. Thus we suggest
that the deep mean thermocline is the ultimate cause of
asymmetry in thermocline feedback and IOD between
its phases.

We measure this asymmetry with the skewness of
EEIO SST anomalies.” Figure 7c shows the change in
SST skewness in the 400-yr global warming simulation.
For the first 150 years, the skewness is strongly negative,
indicating stronger cold than warm events in EEIO. In
the second half of the twenty-first century, the negative
skewness decreases by more than 30% from —1to —0.5
and remains low. This skewness change is consistent with
the above hypothesis that a relatively deep mean ther-
mocline in the EEIO causes the SST skewness. As global
warming forces the EEIO thermocline to shoal (Fig. 7),
thermocline feedback not only becomes stronger than in
current climate but also is more symmetric between cold
and warm events (Figs. 7b,c).

Unlike global warming in which the SST skewness
weakens in response to a shoaling thermocline, centen-
nial variations in SST skewness in the unforced control
run are not significantly correlated with in the thermo-
cline depth in EEIO (not shown), indicating that the

;The skewness is defined as m3/(m2)3/2, where m, =
Y1 (x, — X)"IN is the kth moment and x, is the ith datum, X the
climatological mean, and N the length of the data.
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latter are not the cause of the former. It is likely that
centennial variations in the control run are chaotic in
nature, originating from nonlinearity of the coupled
ocean-atmosphere system (e.g., Timmermann and Jin
2003). There might even be a positive feedback in the
chaotic vacillations: because of the negative skewness,
increased IOD activity leads to a decrease in the mean
thermocline depth, which in turn helps strengthen
thermocline feedback and IOD activity (Figs. 3a,b). The
lack of coherent variations in skewness is consistent with
this negative feedback: increased IOD activity is ac-
companied by high skewness and thermocline shoaling,
in turn, would weaken skewness. The net of the oppos-
ing effects due to a shoaling thermocline and enhanced
IOD variability appears small on skewness.

6. Summary

We have investigated unforced low-frequency mod-
ulation of and GHG-forced change in the interannual
10D mode using the GFDL coupled model CM2.1. IOD
variability displays distinct changes in the unforced and
forced simulations. In the unforced control run, IOD
variance o(7T) exhibits multicentennial variations of
20% in amplitude. In the centennial modulation, IOD
activity intensifies when the mean thermocline shoals
in the EEIO. We use a regression method to measure
thermocline feedback. In the EEIO, the thermocline
shoaling strengthens thermocline feedback, leading to
elevated 10D variability.

In global warming, the thermocline in the EEIO
shoals from 90 to 60 m with easterly wind anomalies on
the equator, the latter associated with the slowdown of
the Walker circulation. While the shoaling thermocline
increases thermocline feedback by 20%, peculiarly, IOD
variance does not change much in global warming. Our
analysis reveals that the zonal wind response to IOD
SST anomalies weakens by 20% as tropospheric static
stability increases in global warming. Our LBM ex-
periments confirm that increased tropospheric stability
reduces the atmospheric circulation response to a SST
dipole. The weakened atmospheric feedback reflects in
reduced zonal wind variance in the central equatorial
Indian Ocean and decreased subsurface temperature
variance. Thus it is because the reduced zonal wind
feedback opposes the increased thermocline feedback
that IOD variance remains largely unchanged in global
warming (Fig. 12). Theses changes in atmosphere—ocean
feedbacks can be traced back to robust changes in the
mean state, specifically the thermocline shoaling in the
EEIO and increased atmospheric stratification.

While the IOD second moment (variance) does not
change, its third moment (skewness) weakens significantly
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in global warming. The IOD is strongly skewed in the
control run toward cooling events in the EEIO. We in-
terpret that IOD skewness originates from the relatively
deep thermocline in the EEIO, which favors cold over
warm events for thermocline feedback. In global warm-
ing, as the thermocline shoals over the EEIO, thermocline
feedback is more equally applied to anomalies of both
signs than in the current climate, leading to a weakened
skewness.

The present study focuses on changes in ocean—
atmospheric feedbacks internal to the TIO, and the
results appear to explain IOD behavior in both free and
forced simulations. The model IOD is correlated with
ENSO, and ENSO change under global warming is an
additional source of IOD change. In CM2.1, ENSO
does not change much in amplitude (Guilyardi et al.
2009) in global warming—neither does its correlation
with IOD (Fig. 7d). If anything, the ENSO-IOD cor-
relation seems to decrease slightly in a warmer climate,
especially during the late twenty-first and early twenty-
second centuries. This decrease in ENSO forcing of
IOD is consistent with the strengthened thermocline
feedback, which allows the IOD to develop more in-
dependently of ENSO (Saji et al. 2006).

Abram et al. (2008) reported a recent intensifica-
tion of the IOD based on coral records for the past 150
years. The IOD was weak in the late nineteenth and
early twentieth centuries and then strengthened since
1920. Their analysis also suggested TTIO changes such as
anomalous easterly winds, SST cooling, and reduced
precipitation in the EEIO, features consistent with our
coupled model projection. In CM2.1, however, thermo-
cline shoaling in the EEIO does not lead to intensified
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IOD activity, as the strengthened thermocline feedback
is opposed by reduced zonal wind feedback. Thus, our
results suggest that the recent IOD intensification is
likely part of natural low-frequency modulation instead
of global warming. We call for caution in relying on
model projections to interpret observations. While the
IOD-like pattern is projected in many global warming
simulations (Vecchi and Soden 2007a; Du and Xie 2008;
Meng et al. 2010, manuscript submitted to Adv. Atmos.
Sci.), there is at least one study suggesting that TIO
climate change displays a negative IOD-like pattern in
equatorial winds and thermocline adjustment (Trenary
and Han 2008). Sustained observations and improved
physical understanding are necessary to reduce uncer-
tainties in attributing observed climate change and pro-
jecting future change.
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