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ABSTRACT

The Indian Ocean Dipole (IOD) has profound socioeconomic impacts on not only the countries sur-
rounding the Indian Ocean but also various parts of the world. A forecast system is developed based on a
relatively high-resolution coupled ocean—atmosphere GCM with only sea surface temperature (SST) infor-
mation assimilated. Retrospective ensemble forecasts of the IOD index for the past two decades show
skillful scores with up to a 3-4-month lead and a winter prediction barrier associated with its intrinsic strong
seasonal phase locking. Prediction skills of the SST anomalies in both the eastern and western Indian Ocean
are higher than those of the IOD index; this is because of the influences of ENSO, which is highly
predictable. The model predicts the extreme positive IOD event in 1994 at a 2-3-season lead. The strong
1997 cold signal in the eastern pole, however, is not well predicted owing to errors in model initial sub-
surface conditions. The real-time forecast system with more ensembles successfully predicted the weak
negative IOD event in the 2005 boreal fall and La Nifa condition in the 2005/06 winter. Recent experi-
mental real-time forecasts showed that a positive IOD event would appear in the 2006 summer and fall
accompanied by a possible weak El Nifio condition in the equatorial Pacific.

southeasterly winds. SST west of Sumatra strongly
cools because of the anomalous upwelling and evapo-
ration, and warmer SST tends to appear in the western
Indian Ocean (WIO). Corresponding to this zonal SST
anomaly pattern, severe drought tends to happen in the
eastern Indian Ocean (EIO), Indonesia, and Australia;
torrential rains are observed in the western Indian
Ocean and eastern Africa (Birkett et al. 1999; Ansell et
al. 2000; Clark et al. 2003; Behera et al. 2005). Anoma-
lously strong convective activities associated with IOD
episodes may trigger planetary atmospheric waves,
which carry IOD influences to far distant regions (e.g.,
Saji and Yamagata 2003).

1. Introduction

Ocean—atmosphere coupled dynamics play an active
role in the tropical Indian Ocean climate variability.
The Indian Ocean Dipole (IOD) is a synthesis of such
positive feedback processes among the zonal sea sur-
face temperature (SST) contrast, surface wind, and oce-
anic thermocline tilt (e.g., Saji et al. 1999; Webster et al.
1999). During extreme positive IOD years such as 1994
and 1997, the thermocline along the west coast of
Sumatra shallows because of anomalous alongshore
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Because of the ocean—atmosphere coupled dynamics,
potential predictability of El Nifio-Southern Oscilla-
tion (ENSO) events was expected during the Tropical
Ocean Global Atmosphere (TOGA) period. Learning
from the success of the ENSO forecast and its societal
benefit (e.g., Cane et al. 1986; Stockdale et al. 1998), the
possible warning of an impending IOD episode at a few
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seasons lead could greatly reduce socioeconomic losses,
especially in the Indian Ocean rim countries. Com-
pared to the predictions of ENSO events, however,
larger difficulties exist for IOD predictions. This is be-
cause the Indian Ocean climate is affected by more
complicated physical processes such as the strong In-
dian/Asian monsoon, external influences of ENSO, and
chaotic intraseasonal oscillations (ISOs) in both the at-
mosphere and ocean (e.g., Rao and Yamagata 2004,
Masumoto et al. 2005; Han et al. 2006). Current ocean—
atmosphere coupled models for IOD forecasts still suf-
fer from their large deficiencies in correctly simulating
the Indian Ocean climate (e.g., Gualdi et al. 2003;
Yamagata et al. 2004; Wajsowicz 2004; Cai et al. 2005).
Besides, large errors exist in the initial conditions for
IOD forecasts because of the very sparse observations
in the Indian Ocean. Despite those, efforts made so far
have shown that predicting IOD events up to one or
two seasons ahead is promising (Luo et al. 2005b;
Wajsowicz 2005).

In this study, we evaluate the IOD predictability and
its seasonal dependence based on an advanced ocean—
atmosphere coupled general circulation model (GCM)
with only SST data assimilated. A special emphasis is
put on the predictability of extreme IOD events that
may cause severe climate impacts in various regions of
the globe. Influences of errors in the model and initial
conditions on the IOD predictability are also investi-
gated. The results may help to assess the potential im-
portance of a long-term observation system in the tropi-
cal Indian Ocean and the capability of current state-of-
the-art coupled GCMs in predicting the climate
variations there. The coupled model and hindcast ex-
periments are described in section 2. Model hindcast
results over the past 2 decades and real-time forecasts
for 2005-06 are shown in sections 3 and 4. A summary
and discussion is given in section 5.

2. Methods

The global ocean—atmosphere coupled GCM used in
this study, called SINTEX-F (e.g., Luo et al. 2003,
2005a), was developed under the (European Union)
EU-Japan collaboration. The atmospheric component
has the resolution of 1.1° (T106) with 19 vertical levels.
The oceanic component has the resolution of a 2° Mer-
cator mesh (increased to 0.5° in the latitudinal direction
near the equator) with 31 vertical levels. Those two
components are coupled directly without flux correc-
tions. The SINTEX-F model realistically simulates both
ENSO and IOD variabilities, including their magni-
tudes, periods, and the spatial distribution of SST
anomalies in the Indo-Pacific region (Yamagata et al.
2004; Luo et al. 2005a; Behera et al. 2005).
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FiG. 1. (a) Annual mean SST climatology for the period of
1983-2004 in the equatorial Indian Ocean (2°S-2°N) based on the
NCEP observations (black line) and 9-member mean forecasts at
3-, 6-, 9-, and 12-month leads (red, green, blue, and yellow lines).
(b) Same as in (a), but for the surface zonal winds at 10-m height.
Gray line denotes nine-member mean values produced by the
coupled SST nudging scheme. (c) Same as in (b), but for the 20°C
isotherm depth. Black line denotes the World Ocean Atlas 2001
observations Stephens et al. (2002).

We have performed nine-member ensemble retro-
spective forecasts for the period of 1982-2004. Uncer-
tainties for seasonal forecasts are originated not only in
the initial conditions but also in the model physics. Be-
cause of the large uncertainties in surface wind stress
estimations and the importance of strong ocean surface
currents in the Tropics, we perturb the model coupling
physics in three different ways (Luo et al. 2005a). Three
different initial conditions for each model are gener-
ated by a coupled SST nudging scheme with three large
negative heat flux feedback values (Luo et al. 2005b).
They correspond to 1-, 2-, and 3-day restoring time for
temperature in a 50-m mixed layer. Such an initializa-
tion approach (without subsurface information assimi-
lated) requires a good model performance in simulating

Unauthenticated | Downloaded 06/10/21 12:09 PM UTC



a) 10D index ACC

b) EI0 SSTA ACC

P

6 7 8 9 10 11 12 1 2 3 4 6

JOURNAL OF CLIMATE VOLUME 20
c) WIO SSTA ACC

r%<

7 8 9 fo 1 12 1 2 3 4 &5 6 7 8 9 10 11 12

Lead time (months)

FIG. 2. Seasonally stratified anomaly correlation coefficients (ACCs) between the observations and model predictions during 1982-
2004 for (a) the IOD index, (b) SST anomalies in the eastern pole (EIO; 10°S-0°, 90°~110°E), and (c) the western pole (WIO;
10°S-10°N, 50°-70°E). Contour interval is 0.1 and regions with values above 0.6 are shaded. The IOD index is defined as the SST
anomaly difference between the western and eastern pole. Skills are calculated based on the time series of 5-month running means of
both the observations and model hindcasts at each lead time. This tends to give proper estimates of the predictability of climate

variations beyond the intraseasonal time scale (Luo et al. 2005b).

the tropical climate. It could provide compatible initial
conditions between the atmosphere and ocean, and
therefore, reduce the initial shock during forecasts (e.g.,
Chen et al. 1995). SST used for the initialization is from
the National Centers for Environmental Prediction
(NCEP) weekly optimum interpolation (OI) analysis
available from January 1982 (see online at http://
www.cdc.noaa.gov/). The weekly data have been inter-
polated into a daily mean using a cubic spline method.
The nine-member ensemble hindcasts with lead times
up to 12 months are made from the first day of each
month during the period of 1982-2004. We note that
the prediction skills of the global SST anomalies based
on the nine members are similar to those based on the
previous five members (Luo et al. 2005b) except with a
slight improvement in the tropical Indian Ocean (not
shown).

Over the 12-month forecast period, model SST drifts
in the equatorial Pacific are less than 1°C (Luo et al.
2005b, 2006, manuscript submitted to J. Climate).
ENSO events over the past 2 decades could be skillfully
predicted at up to a 12-month lead (Luo et al. 2005b).
In the equatorial Indian Ocean, SST drifts are small,
only about 0.2°C cooler (warmer) in the eastern (west-
ern) part than the NCEP observations (Fig. 1a). The
climatological mean zonal SST gradient between the
west and the east is captured reasonably well. Forced by
observed SSTs, the atmospheric GCM produces realis-
tic surface zonal winds but with weaker westerlies in the
east compared to the NCEP-NCAR reanalysis (sce
gray and black lines in Fig. 1b). This might be one of the
reasons why the model thermocline in the east is too
shallow (Fig. 1c).! The shallow thermocline there favors
a strong coupling between the SST and thermocline;
this may cause the IOD-related SST anomaly to extend
too far west (e.g., Yamagata et al. 2004). It is interesting

! We note that the equatorial thermocline is simulated better in
the coupled model with wind stress corrections.

that the thermocline in the east does not rise farther up
during the 12-month forecast period despite the weak-
ened surface westerlies there (see colored lines in Figs.
1b,c). Further efforts are needed to minimize the drifts
of both the SST and thermocline in the equatorial In-
dian Ocean; this is crucial to avoiding a rapid decline of
skill in IOD predictions. We note that the model cli-
mate drifts have been removed a posteriori from each
member prior to calculating the ensemble mean
anomaly and prediction skill (see also Kirtman et al.
1997; Stockdale 1997).

3. Retrospective forecasts

a. Overall assessment

Figure 2 shows nine-member ensemble mean predic-
tion skills of the IOD index and SST anomalies in the
eastern and western poles over the past 2 decades. The
model shows a rapid drop of skill in IOD predictions
across boreal winter (Fig. 2a), which is consistent with
the rapid decrease of its observed persistence during
the same season (e.g., Saji et al. 1999). This is distinct
from the well-known spring barrier of ENSO. The
unique winter barrier reflects the strong seasonal phase
locking of IOD. It develops in summer and peaks in fall
under the positive air-sea feedback (e.g., Saji et al.
1999). The signal after reaching its height then collapses
quickly in winter, owing to the reversal of monsoonal
winds (e.g., Li et al. 2003). Consistent with the winter
barrier of IOD, predictions of the SST anomalies in the
eastern pole also show minimum skills in winter (Fig.
2b). The skills, however, rebound in late winter/early
spring and then decline again in late spring; this latter
barrier is related to ENSO influences (Luo et al.
2005b). SST anomalies in the western pole are more
predictable but with a spring barrier because of stron-
ger influences of ENSO there (Fig. 2¢). The results are
similar and comparable to those obtained by other fore-
cast systems (e.g., Wajsowicz 2004, 2005).
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F1G. 3. The (a) IOD index, (b) EIO and (c) WIO SST anoma-
lies, and (d) surface zonal wind anomaly in the central equatorial
Indian Ocean (U.g; 5°S-5°N, 70°-90°E) based on the NCEP ob-
servations (black lines) and model predictions at 3-, 6-, 9-, and
12-month leads (red, green, blue, and yellow lines). Results have
been smoothed with a 5-month running mean. We note that, de-
spite the model weak climatology, interannual U, variations pro-
duced by the coupled SST nudging scheme (see gray line in d) are
similar to the NCEP-NCAR reanalysis.

Interannual ENSO episodes may have significant im-
pacts on the development of IOD in some cases, as in
1997 (Webster et al. 1999), and vice versa (Behera and
Yamagata 2003). Figure 3 shows the IOD index, SST
anomalies in the eastern and western poles, and zonal
surface wind anomalies in the central equatorial Indian
Ocean from the observations and model predictions at
3-, 6-, 9-, and 12-month leads. The strong warm SST
anomalies in the western Indian Ocean in 1997/98 are
well predicted up to a 12-month lead except that the
predicted onset is slightly delayed (Fig. 3c; see also
Wajsowicz 2005). Besides, the warm signals during
other years (1983, 1987, 1991, and 2003) and cold ones
(1985, 1989, 1996, and 1999) in the western pole are
predicted reasonably well up to a 9-12-month lead.
This is associated with ENSO influences. SSTs in the

LUO ET AL.

2181

eastern pole in late 1997 are predicted to be colder than
normal up to a 12-month lead but the predicted mag-
nitudes are much weaker than the observed (Fig. 3b).
Correspondingly, the predicted IOD index in 1997 is
weak (Fig. 3a). The easterly wind anomalies in the cen-
tral Indian Ocean, however, are well predicted even at
a 9-12-month lead associated with the strongest 1997/98
El Nino event (Fig. 3d).

Long-term mean state changes in the tropical Indo-
Pacific Ocean may also modulate the frequency and
magnitude of IOD under some circumstances (e.g., To-
zuka et al. 2007). Decadal El Nifio-like conditions in
the Pacific tend to induce an anomalous atmospheric
anticyclone in the south Indian Ocean that slackens the
annual mean surface westerly winds along the equator,
and hence, flattens the equatorial thermocline (e.g.,
Luo et al. 2003; Tozuka et al. 2007). The rise of the
thermocline in the east, especially along the Sumatra,
could favor the occurrence of extreme positive IOD, as
observed in 1994 and simulated in several ocean—
atmosphere coupled GCMs (Behera et al. 1999; Gualdi
et al. 2003; Yamagata et al. 2004; Wajsowicz 2004; Cai
et al. 2005). The strong positive IOD index, cold SST
anomalies in the eastern pole, and surface easterly
anomalies in the central region in 1994 are well pre-
dicted by the model at a 6-month lead (Fig. 3). We note
that the model gives skillful predictions (=0.6) for the
IOD index and SST anomalies in the eastern and west-
ern poles up to 3-, 5-, and 7-month leads, respectively,
with root-mean-square errors less than 0.2°-0.3°C and a
small number of false alarms at these lead times.?

b. Case studies of 1994 and 1997

1) PREDICTION PLUMES

Figure 4 shows the model prediction plumes of the
SST anomalies in the two poles of IOD and in the
Nifio-3.4 region during the two extreme positive IOD
events of 1994 and 1997. The cold SST anomalies in the
eastern pole during both events can be predicted from
the previous fall and winter but with much weakened
magnitudes (Fig. 4a). The evolution of the strong cold
SST anomaly in 1994 (i.e., growth in May-July, peak in
August-October, and rapid demise in November—
December 1994) is realistically predicted from the
spring of 1994. However, the model fails to predict the
1997 case. This is partly due to the influence of a warm
ISO event in the 1997 spring; forecasts initiated from 1
May 1997 even give a false alarm of a warm condition

2 Skill scores are reduced by 0.1-0.2 if ISOs are taken into
account for calculations. Skillful predictions of the 3 unfiltered
indices can be made only at 2-, 3-, and 4-month leads, respectively.
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F1G. 4. (left) Predictions of the monthly (a) EIO, (b) WIO, and (c) Nifio-3.4 (5°S-5°N, 170°-120°W) SST

anomalies during the 1994 IOD event. The forecasts are initiated from 1 Sep and 1 Nov 1993, and 1 Jan, 1 May,

and 1 Sep 1994 (red, blue, gray, yellow, and green lines), respectively. Same as in (left), but for the predictions of

the 1997 case. The thick solid black and colored curves denote the NCEP monthly analysis and nine-member

ensemble mean forecasts, respectively. The dashed lines show each member forecast. Results are based on unfil-
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tered data.

in the 1997 fall (see Fig. 4a). The warm ISO event is
related to an intraseasonal downwelling Kelvin wave
generated by the surface westerly anomalies in the cen-
tral equatorial Indian Ocean in the 1997 spring (e.g.,
Chambers et al. 1999; Rao and Yamagata 2004). An-
other shortcoming is that the model could not predict
the strong cold signals in the eastern pole even starting
from the summer and early fall of 1997 after the demise
of the warm ISO event there. This is related to the
errors in model initial subsurface conditions as shown
later. We note that forecast systems with ocean data
assimilation give better predictions for the 1997 event
(see Wajsowicz 2004, 2005). In the western Indian
Ocean, the strong warm SST anomalies in 1997 are
predicted reasonably well, associated with the well-
predicted strong EI Nifio condition in the Pacific except
that the predicted onsets are slightly delayed (Figs.

4b,c). In contrast, weak and high-frequency signals ap-
peared in the western pole during 1994; their predict-
ability is rather low. The model shows limited predict-
ability for the 1994 mild El Nifio-like event in the Pa-
cific (see also Luo et al. 2005b, 2006, manuscript
submitted to J. Climate).

2) ERROR ANALYSIS

To understand the different performances of the
model in predicting the eastern pole SST anomalies
between the two IOD events, we have checked the ini-
tial thermocline conditions in 1994 and 1997 (Fig. 5).
The oceanic thermocline along the west coast of
Sumatra shallows quickly in the 1994 spring associated
with strong anomalous southeasterly winds there (Figs.
5a,c). The 20°C isotherm is raised to about 10 m above
the normal position during the 1994 spring—fall. The
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Fi1G. 5. EIO 20°C isotherm depth anomalies in (a) 1994 and (b)
1997 produced by the coupled SST nudging scheme for individual
members (short-dashed lines) and the ensemble mean (thick solid
lines). SODA reanalysis (thick dashed lines) is also shown for
comparison. (¢c) Model surface wind differences between March—
September 1997 and March—September 1994.

model also produces anomalous southeasterly winds in
the eastern region during 1997 but the wind strength is
much weaker (Fig. 5c).> Therefore, the thermocline in
the eastern pole in 1997 has not risen sufficiently
enough to provide favorable initial conditions for the
development of strong cold SST anomalies there (Fig.
5b). The thermocline depth anomalies during the 1997

3 We note that the southeasterly wind anomaly near the west
coast of Sumatra in 1997 is comparable to that in 1994 according
to the NCEP-NCAR reanalysis.
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spring—fall are much smaller than those produced by
the Simple Ocean Data Assimilation (SODA; Carton
et al. 2000). This suggests that the suitable assimilation
of the subsurface information could improve the IOD
forecasts. Besides, the performance of the atmospheric
GCM in simulating the surface winds in the Indian
Ocean needs to be improved.

3) SpATIAL SST AND RAINFALL ANOMALIES

The dipole structure of the SST anomalies (strong
colder SSTs in the eastern and weak warmer ones in the
western tropical Indian Ocean) in the 1994 boreal fall is
successfully predicted from 1 June 1994 (Figs. 6a,b).
The cold SST anomalies (and hence drought), however,
extend too far west to the western equatorial Indian
Ocean; this represents a common model deficiency in
simulating the Indian Ocean climate (e.g., Gualdi et al.
2003; Yamagata et al. 2004; Wajsowicz 2004; Cai et al.
2005). Such a bias is related to a poor simulation of the
east-west-tilted thermocline in the equatorial Indian
Ocean associated with too weak mean surface westerly
winds in the model (see Fig. 1). The El Nifio-like warm-
ing in the central equatorial Pacific in 1994 is well pre-
dicted but with weakened magnitudes. The model re-
alistically predicts the drought in the eastern Indian
Ocean, Indonesia, and Australia, and the floods in the
western Indian Ocean, south India, and eastern Africa
(Figs. 6f,g). The drought along the eastern coast of Asia
from the Indochina Peninsula—Philippines to western
Japan is predicted. Rainfall anomalies in the Pacific
associated with the El Nifio-like condition are pre-
dicted. Initiated from the 1994 spring, the strong cold
SST anomalies in the east and the dipole structure of
rainfall anomalies in the Indian Ocean are also pre-
dicted realistically (Figs. 6¢,h). The similar features can
also be seen in the predictions from the 1993/94 winter
(Figs. 6d,e,i,j). The predicted cold SST anomalies near
the west coast of Sumatra at the two long-lead times,
however, are much weaker than the observations. Be-
sides, the model gives a false alarm of a weak cooling in
the western Indian Ocean,; this is related to the wrongly
predicted La Nifa condition in the Pacific (Figs. 6d,e).

The 1997 positive IOD event can be predicted from 1
June 1997 but with very weakened magnitudes (Figs.
7a,b,f,g). Nevertheless, the dipole pattern of rainfall
anomalies in the Indian Ocean and the drought in Aus-
tralia and eastern Asia are predicted reasonably well.
The model shows a high predictability of the 1997/98 El
Nifio event (Figs. 7c—e). Its related rainfall anomalies in
the Pacific (i.e., floods in the central and eastern equa-
torial Pacific and drought in the intertropical conver-
gence zone and South Pacific convergence zone) can be
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F1G. 6. (a)—(e) SST anomalies averaged in September-November 1994 based on the observations and model
9-member ensemble mean predictions from 1 Jun, 1 Apr, and 1 Feb 1994, and 1 Dec 1993, respectively. Contour

interval (CI) is 0.3°C and regions with negative values are shaded. (f)-(j) Same as in (a)—(e), but for the precipi-
1

tation anomalies (contour: 0, £0.5, =1, 3, =5 mm day

9 points for clarity.

predicted from as early as the 1996/97 winter (Figs.
7g-j). Correspondingly, warmer SSTs and more rainfall
in the western equatorial Indian Ocean are predicted
from the 1996/97 winter and 1997 spring, though the
predicted magnitudes are much weaker than the obser-
vations. In contrast, the model predicts weak cold and
even warm SST anomalies along the west coast of
Sumatra at these lead times (Figs. 7c-e). This is due to
the fact that anomalous southeasterly winds in the model
are too weak there and hence cannot raise the oceanic
thermocline to above the normal level (see Fig. 5).

...). Results have been spatially smoothed with nearby

4. Experimental real-time forecasts

a. Fall and winter 2005

Our experimental real-time forecasts with 18 en-
semble members were started in early 2005. To gener-
ate 18 initial conditions, we have also used the OI daily
SST products merged from two microwave satellite re-
trievals—the Tropical Rainfall Measuring Mission
(TRMM) Microwave Imager (TMI) and the Advanced
Microwave Scanning Radiometer (AMSR)-Earth Ob-
serving System (AMSR-E)—available online from
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F1G. 7. Same as in Fig. 6, but for the period of September-November 1997.

June 2002 (see http://www.ssmi.com/). One advantage
over the infrared satellites is that the microwave ones
are capable of measuring global through-cloud SSTs.
We note that large ensemble members are important
for improving the seasonal climate forecasts in the In-
dian Ocean because of active ISOs there.

Model forecasts initiated from 1 April to 1 August
2005 showed a weak negative IOD with warm SST
anomalies appearing in the eastern Indian Ocean in
September—November 2005 and a La Nifa condition in
the Pacific in the 2005/06 winter (Fig. 8). Ensemble
spreads among 18 members are quite large as seen from
the forecasts initiated from 1 April and 1 June 2005;

probabilities of both negative and positive IOD events
in September-November 2005 coexist (Fig. 8a). This
suggests limited predictability for weak IOD events.
Probabilistic forecasts based on large ensemble mem-
bers could provide a reliable solution for this case. We
note that the ensemble mean forecast tends to have the
maximum likelihood of occurrence if the distribution of
ensemble members is not highly irregular (e.g., Barn-
ston et al. 2005). All ensemble mean forecasts initiated
at 1-month intervals since 1 April 2005 showed a weak
negative IOD in the 2005 fall; they are consistent with
those initiated from 1 August 2005. The latter have
much smaller ensemble spreads.
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FIG. 8. Forecasts of the monthly (a) IOD index, (b) EIO, (c) WIO, and (d) Nifio-3.4 SST anomalies initiated from 1 Apr, 1 Jun, and
1 Aug 2005, respectively. The blue curves denote NCEP monthly analysis and the red curves the 18-member ensemble mean forecasts

for 12 target months.

The weak negative IOD in 2005 fall is primarily
caused by the mild warm SST anomalies in the eastern
pole; signals in the western pole are very weak (Figs.
8b,c). Correspondingly, predictions for the eastern pole
SST anomalies initiated from 1 April and 1 June 2005
also show large ensemble spreads (Fig. 8b). Twelve (13)
out of the total 18 members predicted the warmer SSTs
there in fall 2005 from 1 April (June) 2005. Success of
those members is related to a deeper thermocline con-
dition near the west coast of Sumatra in the model (Fig.
9). This again suggests the importance of assimilating
subsurface observations in the prediction system. Real-
istic subsurface information may help to reduce the
large ensemble spreads and improve the predictability.
Despite the nonstrong warming in the eastern pole, sig-
nificant floods appeared in fall 2005 because of the
warm mean SST state there (Figs. 10a,c). A clear dipole
structure of rainfall anomalies associated with the nega-
tive IOD in fall 2005 was observed. These are predicted
reasonably well by the model initiated from 1 June 2005
despite the deficiency that the predicted warm SST and
positive rainfall anomalies extend too far westward
(Figs. 10b,d). In the tropical Pacific, a La Nifia condi-
tion started to develop in fall 2005; significant cold SST
anomalies appeared near the west coast of South
America (Fig. 10a). This is well predicted by the model
except that the predicted cold signals (and hence
drought) extend far too west to the western and central
equatorial Pacific (Figs. 10b,d).

We note that a realistic long-range forecast of the La

Nifa event developed in late 2005 is difficult owing to
active ISOs in the equatorial Pacific. Failure in captur-
ing the strong warm oceanic Kelvin wave during Feb-
ruary—-May 2005 (because of no assimilation of the sub-
surface information) leads to the false prediction of an
earlier onset of La Nifia (see Fig. 8d). Initial cold sub-

d20a diff. in Apr2005 (12 warm — 6 cold members)

20N N4

TON 1

T T T =T

warm — 5 cold members)

205
40 50F

FiG. 9. Differences of the model 20°C isotherm depth anomalies
(CI =3 m)in April and June 2005. These are based on two groups
of members that predicted warmer and colder SSTs in the eastern
pole in the 2005 fall.
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F1G. 10. Same as in Fig. 6, but for the 2005 fall SST and precipitation anomalies based on the observations and
model predictions from 1 Jun 2005.

surface signals were observed in the eastern Pacific in
early August of 2005 and a typical La Nifia condition
developed in the 2005/06 winter (see online at http:/
www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/
enso.shtml). The La Nifia condition in the 2005/06 win-
ter is successfully predicted from as early as 1 March
2005 by the forecast system (see Figs. 13a,e). However,
the rapid decay of the La Nifia signal in the 2006 spring
is not predicted. Predicting ENSO onset and decay
seems to be rather difficult, as found in many other
forecast systems (e.g., Landsea and Knaff 2000).

b. Summer and fall 2006

Figure 11a shows the Indian Ocean subsurface con-
ditions averaged from November 2005 to February
2006 as produced by the coupled SST nudging scheme.
Substantial cold subsurface signals have appeared in
the southwestern Indian Ocean and extended to the
western equatorial region. Such a situation is similar to
that in 1993/94 (Fig. 11b) and may favor the development
of a positive IOD in the following summer and fall (e.g.,
Rao et al. 2002). Besides, newly available observations
in the equatorial Pacific up to June 2006 showed that
the La Nifia signal has finished and warm subsurface
signals have appeared in the east (see http://www.cpc.
ncep.noaa.gov/products/precip/CWlink/MJO/enso.
shtml). A warmer condition in the equatorial Pacific
might favor the development of a positive IOD in 2006.

Indeed, the model forecasts initiated since 1 Novem-

ber 2005 consistently show that a positive IOD would
appear in the 2006 summer and fall (Fig. 12a). Strong
cold SST anomalies would occur in the eastern pole
with weak warm anomalies appearing in the western
Indian Ocean (Figs. 12b,c). The latter is consistent with
the model ENSO forecasts (Fig. 12d). The results show
that the La Nifia condition in the equatorial Pacific
would end in summer 2006 and a weak El Nifio might
happen if westerly wind bursts in the western Pacific,
which have been active since 2002, also appeared in
2006. We note that the rapid decay of the La Nifa
signal in the 2006 spring is not well predicted even at
short lead times (see Fig. 12d).

The consensus forecasts initiated from 1 December
2005 to 1 March 2006 show that cold SST anomalies
would still persist in the central and eastern equatorial
Pacific in spring 2006 (Fig. 13b). Correspondingly,
warm anomalies would appear in the central North and
South Pacific associated with the atmospheric telecon-
nections of La Nifia. In the tropical Indian Ocean, bas-
inwide cold SST anomalies would occur in the 2006
spring in accord with the La Nifia condition. These are
similar to the newly available observations except that
the observed La Nifia condition weakened rather
quickly and weak warm SST anomalies appeared in the
equatorial Indian Ocean (Fig. 13f). A clear positive
IOD pattern would develop in the following summer
and peak in the 2006 fall with strong cold SST anoma-
lies larger than —0.5°C appearing near the west coast of
Sumatra (Figs. 13¢,d). The predicted situation in the
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F1G. 11. The 20°C isotherm depth anomalies (CI = 5 m)
averaged from (a) November 2005 to February 2006 and (b) No-
vember 1993 to February 1994. These are produced by the coupled
SST nudging scheme based on the NCEP SST observations.

tropical Indo-Pacific sector in the 2006 summer and fall
seems to be similar to that in 1994.

5. Summary and discussion

In this study, we have investigated the climate pre-
dictability in the tropical Indian Ocean based on
9-member ensemble hindcasts over the past 2 decades.
The results show skillful scores of the IOD index pre-
dictions up to a 3—4-month lead with an intrinsic winter
prediction barrier. In the western Indian Ocean, several
warm SST anomalies (during 1983, 1987, 1991, 1997/98,
and 2003) and cold anomalies (1985, 1989, 1996, and
1999) can be predicted reasonably well up to a 9-12-
month lead. This is associated with the large influences
of ENSO, which is highly predictable. In contrast, it is
rather challenging to predict the SST anomaly in the
eastern Indian Ocean. The model, however, can skill-
fully predict the signal there up to about 2 seasons
ahead. Considering the complicated and delicate physi-
cal processes governing the IOD and sparse subsurface
observations in the Indian Ocean, it is encouraging that
current state-of-the-art ocean—atmosphere coupled
models are capable of predicting the extreme 10D epi-
sode in 1994 at a 2-3-season lead. It is worth noting that
the model fails to predict the strong cold SST anomalies
in the eastern pole in the 1997 fall despite the well-
predicted strong warming in the western pole associ-
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ated with the unprecedented El Nifo influence. This is
mainly due to the errors in the initial subsurface con-
ditions associated with too weak southeasterly winds
along the west coast of Sumatra in the model.

In the presence of chaotic and energetic ISOs in the
Indian Ocean, substantially increasing ensemble mem-
bers could improve the long-range forecasts of 10D.
Large ensembles are needed to make reliable probabi-
listic forecasts. This is a future work. It is encouraging
that the real-time forecasts with 18 members realisti-
cally predicted the weak negative IOD in the 2005 fall
and La Nifia condition in the 2005/06 winter up to 2 or
3 seasons ahead. Model forecasts initiated since 1 No-
vember 2005 show that a positive IOD event would
occur in the 2006 summer and fall accompanied by a
possible weak El Nifio condition in the equatorial Pa-
cific. We note that such long-lead predictions of 10D,
however, might be reliable only in certain circum-
stances such as 1994. Model forecasts should be kept
updated on a monthly basis and validated with obser-
vations. They are available online (see http://www.
jamstec.go.jp/frcge/research/d1/iod/index.html).

Besides, large efforts are required to improve the
performance of both atmospheric and oceanic GCMs in
simulating the tropical Indian Ocean climate. The flat
zonal thermocline in the equatorial Indian Ocean asso-
ciated with too weak westerly winds in the model may
affect the probability density function of IOD predic-
tions, favoring the occurrence of strong events. The In-
donesia Throughflow that carries the water from the
western Pacific to the eastern Indian Ocean must also
be resolved in a more precise way in next-generation
coupled models. Errors in the initial subsurface condi-
tions in the tropical Indian Ocean may largely affect the
IOD predictions in some circumstances. Our results
suggest that realistic subsurface information in the east-
ern Indian Ocean, particularly along the west coast of
Sumatra, could improve the IOD predictions. Besides,
strong subsurface signals in the southwestern tropical
Indian Ocean at 5°-12°S can contribute to the precon-
ditioning of IOD events. Ocean observations with suf-
ficient coverage in this area may help to improve the
long-range lead forecasts of IOD. Current international
the World Climate Research Programme/Climate Vari-
ability and Predictability (WCRP/CLIVAR) and Earth
Observing System/Global Earth Observation System of
Systems/Global Ocean Observing System (EOS/
GEOSS/GOOS) to establish a long-term monitoring
system in the tropical Indian Ocean [similar to the
counterpart Tropical Atmosphere Ocean/Triangle
Trans-Ocean Buoy Network (TAO/TRITON) in the
Pacific] will increase the forecast skills of IOD by pro-
viding better initial conditions.
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F1G. 12. Same as in Fig. 8, but for the model forecasts initiated from 1 Nov and 1 Dec 2005, and 1 Jan, 1 Feb, and 1 Mar 2006,
respectively. We note that recent predictions from 1 Apr, 1 May, and 1 Jun 2006 also show a positive IOD in the 2006 summer and fall
(see online at http://www.jamstec.go.jp/frcgc/research/d1/iod/index.html).
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