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“seasonal prediction” v.s. weather prediction 
climate: statistic of weather  (e.g. monthly ave., the number of a rainy day, the number of typhoon.....)

Weather 
(a few days)

Intraseasonal 
(15-60days)

Seasonal 
(3-9 month)



Potential source of seasonal predictability is 
mainly due to ENSO prediction 

• Ocean’s slow variability and large heat content relative to atmosphere 
• Air-sea coupled phenomena in the tropical Pacific (Bjerknes 1964) 
• Teleconnection from the tropics to the mid-latitude (Bjerknes 1969) 

Teleconnection

Air-sea coupling



The numerical weather prediction mostly employ stand-alone atmospheric 
models on the assumption that the oceans do not change in the relatively 
short prediction period (～1 week).  
However, for predictions of ENSO and its induced seasonal anomaly, we needs 
application of an ocean-atmosphere coupled model

Numerical seasonal prediction system should be 
 based on an ocean-atmosphere coupled model 
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Figure 3.1.Progress in the seasonal forecast skill of the ECMWF operational system since it 
became operational around 1996. The yellow bar shows the relative reduction in mean absolute 
error of forecast of SST in the eastern Pacific (NINO3) integrated over the 1-6 months lead time.  
Contribution from model development (blue bar) and ocean initialization (red bar) are equally 
important. Developments in ocean and atmosphere models also contribute to the ocean 
initialization. 
 
Seasonal forecasts use lower resolution models that those in NWP, mainly because the length  of 

the integration, the number of ensemble members and the need for calibration adds to the 

computational cost. The atmospheric model has a typical resolution of 0.5-1 degree in the 

horizontal, with 60 to 90 vertical levels. The ocean resolution is typically 1 degree (with 

equatorial refinement), although in the latest MetOffice seasonal forecasting system the ocean 

resolution is of 0.25 (at expense of reducing the reforecast data set). The forecast lead time is 

typically 6-7 months, sometimes is extended up to 12 months. The real time forecasts requires 

about 40-50 ensemble members. The calibration reforecasts span a period of approximately 30 

years, with hindcasts initialized every month using a reduced ensemble (~11-15 members). In 

total, about 200 years-worth of coupled model integration years are needed for a seasonal 

forecast at 7 months lead time initialized from a single calendar month. Or in other words, 2400 

years-worth of coupled integrations are needed for seasonal forecasts initialized each month.   
 
Seasonal forecasts use both the NRT data stream for initialization of real time, and the BRT data 

stream in the reanalyses needed for the calibration data set. BRT data is also used for 

verification. 

3.1 Ocean Initialization  
The simplest way of providing initial conditions is to run an ocean model forced with observed 

winds and fresh-water fluxes from atmospheric reanalyses and with a strong constraint to 

Schematic of numerical seasonal prediction

1. “Observation”  
for the current state 

2. Initialization  
(assimilation) 

3. Numerical integration  
by a coupled GCM 

Model development and ocean initialization are equally important for improving 
seasonal prediction skill. 

[Balmaseda et al. 2015]

Time

Which step is the most critical for the prediction skill?
“The Earth Simulator”

X(t! + ∆t) = x(t!)+ ∆t×M 



The SINTEX-F1 ocean-atmosphere coupled model (Luo et al. 2005) 
(developed at JAMSTEC under the EU-Japan collaboration) 

AGCM: 
ECHAM4.6 
T106L19 

OGCM: 
OPA8.2 

2×(0.5-2) L31 

Coupler: 
OASIS2.4 
Every 2 hour 

No flux correction 
No sea ice model 

Q. How have we been developing the SINTEX-F model and its initialization? 



In contrast to the classical method of tuning individual uncoupled GCMs separately,  
SINTEX-F1 model has been tuned  directly by improving the air–sea coupling physics  

“the potential effect of the strong ocean surface current on wind stress”, 
 (important to both the climatology and ENSO variability)

A1. SINTEX-F model development 

the twofold reduction of the surface easterly wind stress
in the equatorial Pacific. To understand this, we plot in
Fig. 10 differences of the tropical winds at a 10-m height
and 700-hPa level. In accordance with the classical Mat-
suno–Gill pattern (Matsuno 1966; Gill 1980), one can

easily understand the wind differences between the
semi-CPL and CTL runs. More westerlies (easterlies)
appear west (east) of the warmer SST in the western
equatorial Pacific (Figs. 10a and 10b). One might ex-
pect that the FCPL approach would generate much

FIG. 7. Linearly regressed SST and surface winds anomalies on the Niño-3 SST index for the (a) CTL,
(b) semi-CPL, and (c) FCPL runs, and (d) the observations [i.e., HadISST and National Centers for
Environmental Prediction (NCEP) reanalysis data for the period 1950–99]. Thick solid lines denote zero
contours.
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Linearly regressed SST and surface winds anomalies on the Niño-3 SST index  

Arakawa-C type grid based on a 2° Mercator mesh. In
the Northern Hemisphere, the mesh has two poles and
the anisotropy ratio is nearly one everywhere. As a
result, the singularity at the North Pole disappears. The
model resolution is 2° cos(latitude) ! 2° (longitude)
with increased meridional resolutions to 0.5° near the
equator. It has 31 vertical z levels of which 19 lie in the
top 400 m. We adopted the same model physics as were
used in OPA version 8.1 (OPA8.1), the ocean compo-
nent of the original SINTEX model (Guilyardi et al.
2003), except that a free surface configuration (Roullet
and Madec 2000) and Gent and McWilliams (1990)
scheme for isopycnal mixing have been included. Ver-
tical eddy diffusivity and viscosity coefficients are cal-
culated from a 1.5-order turbulent closure scheme
(Blanke and Delecluse 1993). Compared with the pre-
vious version, OPA8.2 has adopted better river runoff
climatologies. Closed seas have been added with slight
modifications of the coastline.

The atmosphere component is the latest version of
ECHAM4 in which the Message Passing Interface is
applied to a parallel computation (Roeckner et al.
1996). We adopted a high horizontal resolution (T106)
of about 1.1° ! 1.1°. A hybrid sigma-pressure vertical
coordinate (19 levels in all) is used with the highest
resolution near the earth’s surface. The prognostic vari-
ables include vorticity, divergence, temperature, sur-
face pressure, water vapor, and cloud water. Momen-
tum is calculated from the vorticity and divergence
fields with additional contributions from surface fric-
tion, gravity wave drag, and cumulus friction. Model
physical processes are the same as those of
ECHAM4.0, the atmosphere component of the original
SINTEX model (Gualdi et al. 2003), including the
Tiedtke (1989) bulk mass flux formula for cumulus con-
vection and the Morcrette et al. (1986) radiation code.
The surface turbulent flux is calculated according to a
bulk aerodynamic formula in which the drag coeffi-
cients for momentum and heat are estimated based on
an approximate analytical function of the moist bulk
Richardson number and roughness length (Louis 1979).
Over the open water, the aerodynamic momentum
roughness length is estimated from friction velocity
(Charnock 1955). We note that, over the real ocean,
both the magnitude and direction of surface wind stress
could be affected by the sea state (e.g., surface waves
and their ages). A proper surface wave model that is
coupled to atmosphere–ocean GCMs (AOGCMs)
would improve the wind stress calculation physically.

The coupling fields are exchanged every 2 h between
the ocean and atmosphere by means of the Ocean
Atmosphere Sea Ice Soil (OASIS) 2.4 coupler (Valcke

et al. 2000). Surface wind stress, water, and heat flux
from the atmosphere (SST, sea ice cover, and sur-
face current from the ocean) are interpolated to the
oceanic (atmospheric) grid based on an area-weighted
scheme. Global conservations of the interpolated
fields are maintained to the first order. The coupled
model does not apply any flux correction, except that
sea ice cover is relaxed toward observed monthly cli-
matologies in the OGCM. The initial condition of the
atmosphere is provided by a 1-yr run forced with ob-
served monthly climatological SSTs. The ocean is
started from the Levitus annual mean climatologies
with zero velocities.

To examine effects of the ocean surface current on
the tropical Pacific warm-pool/cold-tongue structure in
a coupled GCM, we have designed several sensitivity
experiments. In addition to the control run (CTL), in
which effects of the ocean surface current on wind
stress are ignored as they are in most existing CGCMs,
we designed another experiment in which the surface
current momentum was directly passed to the atmo-
sphere through the vertical diffusion term in its mo-
mentum equation [the full coupled simulation (FCPL)].
This affects not only the surface wind stress and heat
flux. It also affects the global angular momentum bud-
get of the atmosphere as will be shown in section 4. In
the third experiment [the semicoupled simulation
(semi-CPL)], the ocean surface was kept solid relative
to the atmosphere, but the surface wind stress (only)
was calculated by taking the ocean surface current into
account, as was done in the FCPL run. That is, " #
$aCD|va % vo|(va % vo). Here, $a is the density of air, CD

is the drag coefficient, va is the wind velocity at the
lowest level of the AGCM, and vo is the ocean surface
velocity at a 5-m depth (the uppermost layer of the
OGCM). The semi-CPL approach is similar to the work
of Pacanowski (1987) except that we apply it to a fully
coupled GCM. In this case, the surface heat flux is in-
directly affected by the surface current through chang-
ing SST. We note that the surface momentum ex-
changes between the atmosphere and ocean are incon-
sistent with each other in the semi-CPL experiment.
Such an approach, however, could serve as a practical
method, which will provide an idea about effects of the
ocean surface current. All three experiments have been
run for 120 yr starting from the same initial conditions.
We note that, even in the Tropics, such long-term in-
tegrations are necessary to obtain robust climatologies.
This has been suggested by some sensitivity experiment
results in which the atmospheric noise forcing is slightly
randomly modified (not shown). Neglecting the 20-yr
spin-up period, the last 100 yr of the FCPL and semi-
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CTL: The effects of ocean surface 
current on wind stress are neglected 
FCPL: The surface wind stress is 
calculated by

[Luo et al. 2005, JC]

Better!

Obs. CTL

FCPL



A2. Initialization 
SST-nudging scheme    
 The OGCM SST is strongly nudged toward the observed SST in a coupled mode. 
 (The AGCM forced by such generated OGCM SSTs. Then, the OGCM forced by the AGCM 
simulated fluxes with nudging to observed SST.)

month integrations from the initial condition. Figure 3
shows annual mean climatologies of the predicted
equatorial SST at 1- and 12-month lead times. SST in
the eastern equatorial Pacific immediately shifts to a
colder state (Fig. 3a). This is caused by the mean ther-
mocline there, which is too shallow in initial conditions
(not shown), probably forced by too strong a surface
easterly wind along the equator (see Luo et al. 2005).
This problem could be solved by subsurface data as-
similation in the future. SST at 120°W is up to 1.2°–
1.6°C colder than the observation after the 3-month
free integrations, and then it gradually warms up,
slowly approaching the model’s own climatology there

(Luo et al. 2005). The cold SST bias in the eastern
Pacific gradually extends westward and leads to a
colder state in the central and western part (Fig. 3b).
The cold bias in the latter region, however, is reduced
by taking ocean surface current into account for wind
stress calculation in various ways. In particular, the cold
SST bias there is much smaller in SFE2 and SFE4 in
which surface current momentum is directly passed to
the atmosphere (see thin solid and dotted lines in Fig.
3b). The equatorial zonal SST gradients, as determined
by the air–sea interactions (e.g., Dijkstra and Neelin
1995), are also closer to observations with the improved
coupling physics. This is consistent with the 100-yr sen-

FIG. 1. The 20°C isotherm depth anomalies (contour: 10 m) along the equatorial Pacific
(2°S–2°N) from (a) SODA and (b) model results based on the SST-nudging scheme. Regions
with positive values are shaded.
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 One of the simplest approaches, but 
can provide “compatible initial conditions 
between the atmosphere and ocean” can  
reduce the initial shock during 
forecasts  

 Realistic subsurface ocean structures 
in the tropical Pacific (Luo et al. 2005; 
Kumar et al. 2013) 

 The success depends on the 
performance of both AGCMs and 
OGCMs.  

 
[Luo et al. 2005, JC]

D20A along the equatorial Pacific
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(c)
X

Figure 1. Examples of finite-time error growth on the Lorenz attractor for three probabilistic
predictions starting from different points on the attractor. (a) High predictability and therefore
a high level of confidence in the transition to a different ‘weather’ regime. (b) A high level of
predictability in the near term but then increasing uncertainty later in the forecast with a modest
probability of a transition to a different ‘weather’ regime. (c) A forecast starting near the transition
point between regimes is highly uncertain.

abrupt and seemingly random change.

dX
dt

= −sX + sY ,

dY
dt

= −XZ + rX − Y

and
dZ
dt

= XY − bZ .

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(1.1)

But more importantly, the Lorenz [2] model also indicates that the predictability
of a chaotic system is flow dependent, so that while some weather patterns
or regimes may be highly unpredictable, others may contain substantial
predictability; in other words, the predictability is itself both variable and
predictable (figure 1). This property has fundamental implications for weather
and climate prediction as it allows an assessment of the reliability and hence
confidence in the probability distribution of the forecasts.

In a later, but highly prescient paper, Lorenz [1] also considered the interplay of
various scales of motion in determining the predictability of a system. The results
showed that errors at the cumulus scale can invade the errors at the synoptic scale
in two days and infect the very largest scales in two weeks. Thirty years later,

Phil. Trans. R. Soc. A (2011)

 on January 14, 2015http://rsta.royalsocietypublishing.org/Downloaded from 

How do we generate ensemble members? 

Butterfly effect

Therefore, we generate ensemble members associated with different initial 
conditions and physical schemes.  
 -3 strength of SST-nudging 
 -3 coupling physics for effect of the ocean surface current on wind stress 

Total 9 ensemble members are employed for our seasonal climate predictions 
initiated every month in 1982-present.

Since atmosphere-ocean coupled system involves the 
strong nonlinearity,  
variations in initial conditions and physical schemes 
lead to diverse solutions.   
—>“need ensemble prediction” to reduce the 
prediction uncertainties 



The SINTEX-F1 seasonal prediction system (Luo et al. 2005) 
(developed at JAMSTEC under the EU-Japan collaboration) 

 Initialization: SST-nudging system  
 9 ensemble members (3 nudging strength × 3 coupling physics) 
 Hindcast experiments (every month initialization in 1982—present, 2yr-lead time) 
 Real-time seasonal forecast & outlook

AGCM OGCM Coupling Sea Ice

SINTEX-F1 ECHAM4.6 
T106L19

OPA8.2 
2×(0.5~2) L31 

Every 2 hour 
No flux correction No 

SST-nudging run 
(initialization)

OGCM restart files

AGCM restart files~1982 2015.4.1 2015.4.30 2015.5.1

May Aug.

  
(Target)

Forecast run 
(free run)

(e.g. Hindmost experiment of Aug. 2015 from the May. 1st 2015 ini.)

Q. How skillful is the SINTEX-F system for ENSO prediction? 



Time series of Nino3.4 

Obs.

Strongest El Niño 
(The WMO estimate 34billion US$ loss)



1997/98 Nino3.4 [ºC]

El Nino

Obs.
Prediction from the 1997 

Apr. 1st ini.  
(9 ensemble)

Ensemble mean

Successful prediction of El Nino occurrence 
from the neutral-state (100% above 0.5ºC) 

(underestimate its amplitude)



1997/98 Nino3.4　[ºC]

El Nino

Obs.

Prediction from the 1997 Jun. 
1st ini.  

(9 ensemble)

Ensemble mean

Successful prediction of a extreme strong El Niño 
occurrence (8/9 members beyond 2ºC) 

from a moderate El Niño  

Super El Nino 



Q. How skillful is it for other ENSO events?

Nino3.4 [ºC]

What is a line “3-month lead prediction” in the next figure?

Obs.

Prediction from 1997 Apr. 1st

Prediction from 1997 Jun. 1st

Prediction from 1997 May. 1st
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Q. How skillful is it for other ENSO events?

Nino3.4 [ºC]

3-month lead prediction

6-month lead prediction

What is a line “3-month lead prediction” in the next figure?

Obs.

Prediction from 1997 Apr. 1st

Prediction from 1997 Jun. 1st

Prediction from 1997 May. 1st



SINTEX-F1 is very skillful to predict ENSO (r > 0.85). 
However, not good for the timing of initiation and termination

Q. How skillful is it for other ENSO events?
Obs. 3-month lead 6-month lead 



Perfect skill

Low skill
LongShort

[Jin et al. 2008]

The SINTEX-F1 system is very skillful for the ENSO prediction  
relative to other models.

Q. How about prediction beyond 6-month lead?



predicted at 18- and 24-month leads during the peak
phases of the highly predictable 1999/2000 La Niña and
2002/03 mild El Niño–like episodes. Compared with the
NCEP SST observations, the spatial patterns of both
events in the Pacific Ocean are well predicted except
for some local discrepancies. The broad meridional
structures of the SST anomalies in the tropical Pacific
are well captured, but the magnitudes are only about
40%–60% of the observed ones. Besides, ENSO-
related SST anomalies in the tropical Indian Ocean are
also captured; this is related to the model’s good per-
formance in simulating SST signals in the Indian Ocean
(Luo et al. 2005a,b; Behera et al. 2005).

Potential predictability of seasonal climate (atmo-
spheric states) is largely determined by the slow varia-
tions in the surface boundary forcings, in particular, the
tropical SST anomalies associated with ENSO (e.g.,
Brankovic et al. 1994; Barnett et al. 1994; Shukla et al.
2000). Numerical studies show evidence of links be-
tween the tropical SST anomalies in the Indo-Pacific
sector and the widespread drought and warm climate in
the United States and southern Europe during 1998–
2002 (Hoerling and Kumar 2003). Given the well-
predicted SST anomalies in the Indo-Pacific region, the
1999/2000 above-normal winter temperatures in the
United States and northern Eurasia can be predicted

FIG. 5. (a) As in Fig. 2, but for Niño-3.4 SST anomaly correla-
tions between the observations and nine-member ensemble-mean
predictions up to a 24-month lead. These are shown as a function
of start month and lead time. Contour interval is 0.05 and regions
with values above 0.5 are shaded. (b) As in (a), but for the
anomaly correlations calculated with no seasonal dependence.
The thick solid (dashed) curve is nine-member ensemble-mean
(persistence) forecasts. The gray dashed lines denote individual
member forecasts. (c) As in (b), but for the rms errors.

FIG. 6. Seasonal-mean SST anomalies (contour interval: 0.3°C)
and terrestrial 2-m air temperature anomalies during the period
from December 1999 to February 2000. These are produced by (a)
NCEP reanalysis and predicted at (b) 18- and (c) 24-month leads.
SST anomalies are spatially smoothed with nearby nine points for
clarity, and regions with positive values are shaded.
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The SINTEX-F prediction system shows skillful for the 2-yr 
ENSO prediction (Luo et al. 2008)

Niño-3.4 SST anomaly correlations between the observations and 9 
ensemble mean predictions up to a 24-month lead

9 ensemble member means 

persistence each ensemble 



How about this year’s ENSO prediction?

SINTEX-F predicted that a super El Nino 
occurs in this winter from the 2015 May 1st  

By the way…



What will happen next 2 year?

Strong El Nino may turn to a La Nina next year. 
This year may be similar to the strongest El Nino in 1997/98



The coming winter prediction by SINTEX-F system



How should we improve 
the SINTEX-F prediction system ?

SINTEX-F1 is very skillful to predict ENSO. However, there is a 
room of improvement for the timing of initiation and termination.

#1.Model development and #2. ocean initialization are equally 
important

Summary



Strategy 1: Model development

AGCM OGCM Coupling Sea Ice

SINTEX-F1 ECHAM4.6 
T106L19

OPA8.2 
2×(0.5-2) L31 

Every 2 hour 
No flux correction No 

SINTEX-F2 ECHAM5 
T106L31

NEMO(OPA9) 
0.5×0.5 L31 

Same as F1 Yes

The second version “SINTEX-F2 system” is coming soon ! 
(Doi et al. 2015, in preparation)



Anomaly Correlation coefficient for DJF 
between observation and the prediction from Nov. 1st ini. 
(Left: 2m air temp; Right: rainfall)



Strategy 2: Ocean Initialization

The success for the SST-nudging 
initialization scheme is that over regions 
where ocean variability is strongly 
constrained by coupled air–sea interaction 
(e.g. good for the equatorial tropical 
Pacific, but not for tropical Indian Ocean 
and tropical Atlantic )

The SST-nudging scheme cannot resolve high-frequency 
variability related to MJO, westerly wind bursts, etc. These 
events can have strong implications for the timing of initiation 
and termination of ENSO events (e.g., McPhaden 1999).

 Local simultaneous SST–P correlation  
from observations (Kumar et al. 2013) 



SST-nudging initialization scheme v.s. SST-nudging with 3DVAR correction (with Dr. Storto, CMCC )

SST-nudging run 
(initialization)

OGCM restart files

AGCM restart files~1982 2012.4.1 2012.4.30 2012.5.1

May Aug.

2012pIOD  
(Target)

Forecast run 
(free run)

Current system

SST-nudging run 
(initialization)

OGCM restart files

AGCM restart files~1982 2012.3.31 2012.4.1 2012.5.1

May Aug.

2012pIOD  
(Target)

Forecast run 
(free run)

Test with 3DVAR correction

 EN4 T/S 3D data

3DVAR correction 
(full-state)

New OGCM restart files

SST-nudging



#3: Discovery of other potential source of predictability 
(regional air-sea coupled phenomena in mid-latitude, soil 
moisture, stratosphere, snow cover, sea-ice, etc… ) 

#1:Tropical climate variations (ENSO, IOD, Atlantic Niño, etc ) 
#2:Their teleconnection to the mid-latitude

Another possible way

After late 1990s 
[global warming & IPO(-)]

Frequent occurrence of 
Ningaloo Niño

Locally 
driving

Ex. SSTA in Jan. 2011

New potential source of seasonal  
prediction for West Australia: 
Ningaloo Niño (Doi et al. 2013; 2015,)

Strategy 3: Discovery of new potential source of seasonal predictability

Traditional approach for seasonal prediction



The Ningaloo Niño index (NNI) 
(SSTA in 108º-116ºE, 28º-22ºS; Kataoka et al. 2013) 

•SINTEX-F is skillful in predicting most of significant events at least one season ahead

Frequent occurrence of Ningaloo Niño

(Doi et al. 2013, Sci. Rep. )



predicted 5 month ahead (Figures 5a and 5c). We also confirmed that the SST-nudging outputs with the
SINTEX-F1 GCM clearly show much better skills in simulating rainfall and moisture flux anomalies around
Western Australia after the late 1990s relative to the period before that (Figures 5e and 5f). There is no dra-
matic change in prediction and simulation skills for less-than-normal rainfall events off Western Australia in
both periods (supporting information Figure 4). Therefore, the regime shift in rainfall predictability around
Western Australia in the late 1990s is mostly due to more-than-normal rainfall events associated with the Nin-
galoo Ni~nos.

4. Discussion

The climate near the western coast of Australia is influenced by variations in the warm water passage from
the Pacific, the atmospheric bridge as well as the local Indian Ocean variations. Because of these

Figure 4. (a) Anomaly correlation coefficient (ACC) for the austral summer (DJF) SST before late 1990s (DJF of 1983/198421997/1998) between the observation and the 5 month lead
prediction by the SINTEX-F1 seasonal prediction system initialized on every 1 September of each year. Masked out is a region where the ACC is below the persistence (lag auto-
correlation of observation) or the normalized root mean square error (nRMSE) is above 1. (b) Same as Figure 4a, but after late 1990s (DJF of 1998/199922013/2014). (c) shows Figure 4b
minus Figure 4a. (d) Same as Figure 4a, but for rainfall. (e) Same as Figure 4b, but for rainfall. (f) shows Figure 4e minus Figure 4d. (g) ACC for SST in DJF of 1983/198421997/1998
between the observation and the observed SST-nudged SINTEX-F1 GCM outputs (almost similar to AMIP-type experiments for rainfall simulation). (h) Same as Figure 4g, but for DJF of
1998/199922013/2014. (i) Figure 4h minus Figure 4g.
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dynamics. We note also that SST in the region is much warmer compared to other similar coastal regions in
the same latitude. It is of interest to study how the SST-rainfall correlation in this region is influenced by the
global climate change and/or the long-term natural variability.

In this paper, we show existence of a dramatic regime shift of the SST-rainfall correlation in the late 1990s
by use of several observational data sets. Then, seasonal predictability of rainfall and its drastic change asso-
ciated with this regime shift are discussed using a seasonal prediction system based on a state-of-the-art
ocean-atmosphere coupled general circulation model.

2. Data and Model

We have used the NOAA OISSTv2 [Reynolds et al., 2002] for SST, the Global Rainfall Climatology Project data
set (GPCP) [Adler et al., 2003] for rainfall, the NCEP/NCAR reanalysis data [Kalnay et al., 1996] for moisture flux,
convective rainfall, large-scale rainfall, and vertical velocity at 500 hPa. For ocean heat content and meridional
current, the Global Ocean Data Assimilation System (GODAS) data [Behringer et al., 1998] were used. Interpo-
lated outgoing longwave radiation (OLR) data were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA, from their Web site at http://www.esrl.noaa.gov/psd/ [Liebmann and Smith, 1996]. Monthly climatologies
are calculated by averaging monthly data over 1983–2006, and then anomalies are defined as deviations from
the monthly mean climatologies. We confirmed that our main results are robust if we use other observational
data such as HadISST [Rayner et al., 2003] and CMAP [Xie and Arkin, 1997] (figure not shown).

The seasonal prediction system used in this paper was developed on a basis of the Scale Interaction
Experiment-Frontier (SINTEX-F1) fully coupled global ocean–atmosphere GCM [Luo et al., 2005a, 2005b]. The
atmospheric general circulation model (ECHAM4.6) has a resolution of 1.18! (T106) with 19 vertical levels. The
oceanic general circulation model (OPA8.2) has a horizontal resolution of about 2! 3 2! but with enhanced trop-
ical resolution up to 0.58! in the meridional direction. It has 31 vertical levels from the surface to the bottom
with a relatively fine resolution of 10 m from the sea surface to 110 m depth. The air–sea fluxes are exchanged
every 2 h with no flux corrections. We adopted a simple coupled SST-nudging initialization scheme. The predic-
tion system has 9 ensemble members with uncertainties of both initial conditions and model coupling physics.
When calculating model predicted anomalies, we have removed model climate drifts at each lead-time in a pos-
teriori manner using the hindcast outputs in 1983–2006. In this paper, we used the ensemble mean calculated
by simply averaging the 9 members. The real-time seasonal forecast results are available at (http://www.jamstec.
go.jp/frcgc/research/d1/iod/e/seasonal/outlook.html) The SINTEX-F1 prediction system is highly skillful in predict-
ing not only basin-scale tropical climate phenomena as ENSO and IOD [Luo et al., 2008a, 2008b, 2010; Jin et al.,
2008], but also the Ningaloo Ni~no/Ni~na off the west coast of Australia [Doi et al., 2013].

3. Results

First, considering the phase change of the IPO related to the strong El Ni~no occurred in the 1997/1998, we
compare the horizontal distributions of the SST-rainfall correlation during the hot, rainy season in
December-February (DJF) before and after the event. To achieve this, we choose two periods: 1983/1984–
1997/1998 and 1998/1999–2013/2014. As seen in Figure 1, a drastic change is found off Western Australia

Figure 1. Local simultaneous correlation between SST anomaly and rainfall anomaly from observation for DJF in (a) 1983/1984–1997/1998 and (b) 1998/1999–2013/2014. (c) Figure 1b
minus Figure 1a. The region (100!–116!E, 28!–15!S) used for Figures 2 and 3 is shown by boxes.F3
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dynamics. We note also that SST in the region is much warmer compared to other similar coastal regions in
the same latitude. It is of interest to study how the SST-rainfall correlation in this region is influenced by the
global climate change and/or the long-term natural variability.

In this paper, we show existence of a dramatic regime shift of the SST-rainfall correlation in the late 1990s
by use of several observational data sets. Then, seasonal predictability of rainfall and its drastic change asso-
ciated with this regime shift are discussed using a seasonal prediction system based on a state-of-the-art
ocean-atmosphere coupled general circulation model.

2. Data and Model

We have used the NOAA OISSTv2 [Reynolds et al., 2002] for SST, the Global Rainfall Climatology Project data
set (GPCP) [Adler et al., 2003] for rainfall, the NCEP/NCAR reanalysis data [Kalnay et al., 1996] for moisture flux,
convective rainfall, large-scale rainfall, and vertical velocity at 500 hPa. For ocean heat content and meridional
current, the Global Ocean Data Assimilation System (GODAS) data [Behringer et al., 1998] were used. Interpo-
lated outgoing longwave radiation (OLR) data were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA, from their Web site at http://www.esrl.noaa.gov/psd/ [Liebmann and Smith, 1996]. Monthly climatologies
are calculated by averaging monthly data over 1983–2006, and then anomalies are defined as deviations from
the monthly mean climatologies. We confirmed that our main results are robust if we use other observational
data such as HadISST [Rayner et al., 2003] and CMAP [Xie and Arkin, 1997] (figure not shown).

The seasonal prediction system used in this paper was developed on a basis of the Scale Interaction
Experiment-Frontier (SINTEX-F1) fully coupled global ocean–atmosphere GCM [Luo et al., 2005a, 2005b]. The
atmospheric general circulation model (ECHAM4.6) has a resolution of 1.18! (T106) with 19 vertical levels. The
oceanic general circulation model (OPA8.2) has a horizontal resolution of about 2! 3 2! but with enhanced trop-
ical resolution up to 0.58! in the meridional direction. It has 31 vertical levels from the surface to the bottom
with a relatively fine resolution of 10 m from the sea surface to 110 m depth. The air–sea fluxes are exchanged
every 2 h with no flux corrections. We adopted a simple coupled SST-nudging initialization scheme. The predic-
tion system has 9 ensemble members with uncertainties of both initial conditions and model coupling physics.
When calculating model predicted anomalies, we have removed model climate drifts at each lead-time in a pos-
teriori manner using the hindcast outputs in 1983–2006. In this paper, we used the ensemble mean calculated
by simply averaging the 9 members. The real-time seasonal forecast results are available at (http://www.jamstec.
go.jp/frcgc/research/d1/iod/e/seasonal/outlook.html) The SINTEX-F1 prediction system is highly skillful in predict-
ing not only basin-scale tropical climate phenomena as ENSO and IOD [Luo et al., 2008a, 2008b, 2010; Jin et al.,
2008], but also the Ningaloo Ni~no/Ni~na off the west coast of Australia [Doi et al., 2013].

3. Results

First, considering the phase change of the IPO related to the strong El Ni~no occurred in the 1997/1998, we
compare the horizontal distributions of the SST-rainfall correlation during the hot, rainy season in
December-February (DJF) before and after the event. To achieve this, we choose two periods: 1983/1984–
1997/1998 and 1998/1999–2013/2014. As seen in Figure 1, a drastic change is found off Western Australia

Figure 1. Local simultaneous correlation between SST anomaly and rainfall anomaly from observation for DJF in (a) 1983/1984–1997/1998 and (b) 1998/1999–2013/2014. (c) Figure 1b
minus Figure 1a. The region (100!–116!E, 28!–15!S) used for Figures 2 and 3 is shown by boxes.F3
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Ningaloo Niño can work as a new potential source of seasonal prediction for 
rainfall over West Australia (Doi et al. 2015, JGR-oceans ) 



How should we improve 
the seasonal prediction system ?

The SINTEX-F system is very skillful to predict ENSO. However, 
it is not good for the timing of initiation and termination.

1. Model development and 2. ocean initialization are equally 
important for improving seasonal prediction skill. 

Take home message

3: Discovery of new potential source of seasonal predictability



Supplementary Slides



RealisticModel

Obs.,SST-nudging 3DVAR4DVAR

For the initialization of ocean conditions, 
 a hierarchy of procedures with varying complexity have been used.

The initial conditions used for forecasts should be 
 not only realistic, but also compatible between the ocean and atmosphere.  



1997/98 Nino3.4　[ºC]

El Nino

Obs.
Prediction  

from the 1997 Dec. 1st ini.  
(9 ensemble)

Ensemble mean

Successful prediction of  
a quick decay of a extreme strong El Niño 

occurrence from its peak phase 

Super El Nino



SINTEX-F successfully predicted 
the quick transition  

from 2009/10 El Niño to 2010/11 
La Niña

1. The SINTEX-F1 system is very skillful for the ENSO prediction.  
(Luo et al 2005a, 2007, 2008a, Jin et al 2008, Doi et al. 2013)

[Doi et al. 2013]



(equivalent to nearly a 100-km spatial resolution) and 64
layers in vertical. The oceanic component is the Geo-
physical Fluid Dynamics Laboratory Modular Ocean
Model version 4 (MOM4) (Griffies et al. 2004). In
CFSv2 the configuration of the MOM4 has 40 levels in
the vertical, a zonal resolution of ½8, and a meridional
resolution of 1/48 between 108S to 108N that gradually
increases through the tropics until becoming fixed at ½8
poleward of 308S and 308N. CFSv2 forecasts are initial-
ized from the NCEPClimate Forecast SystemReanalysis
(CFSR) (Saha et al. 2010) atmospheric and ocean states.
The CFSv2 has shown reasonable forecast skills for sea-
sonal mean SST and other variables: largest skill for SST
and precipitation in the equatorial central Pacific and
larger skill during boreal winter than during summer
(Kim et al. 2012a,b; Kumar et al. 2012).
For CFSv2 seasonal hindcasts, four forecast runs were

made every 5 days starting 1 January without consider-
ing 29 February in leap years. Each forecast run covers
the rest of the beginning month after the initial date and
nine following target months. In this study, the hindcast
data from 1982 to 2010 are organized with respect to the
target season with 20 forecast members starting from the
month before the target season: the December–February
(DJF) forecast includes 20 members from initial condi-
tions of 7, 12, 17, 22, and 27 November with four runs at
each initial day; theMarch–May (MAM) forecast is from
initial conditions of 5, 10, 15, 20, and 25 February; the

June–August (JJA) forecast is from initial conditions of
11, 16, 21, 26, and 31May; and the September–November
(SON) forecast is from initial conditions of 9, 14, 19, 24,
and 29 August.
In our analysis, the precipitation skill is defined as

anomaly correlation coefficient (ACC) between CFSv2
ensemble mean of 20 members and corresponding ob-
servation from the Climate Prediction Center (CPC)
ClimateAnomalyMonitoring System outgoing longwave
radiation precipitation index (CAMS-OPI) (Janowiak
and Xie 1999). The SST–P correlations in CFSv2 are
calculated from each individual forecast member, and
then the correlations are averaged for all 20 members.
The reason for using ensemble mean for computing

precipitation skill is because the forecast based on the
ensemble mean leads to larger prediction skill (Kumar
and Hoerling 2000). On the other hand, SST–P corre-
lations are computed based on individual forecasts to
compare them against their observational counterpart.
In the context of this analysis, we note that the choice of
a 20-member ensemble is somewhat arbitrary. For the
SST–P correlation analysis, as correlations are done
for individual forecast members and are subsequently
averaged for comparison against their observational
counterpart (which is equivalent to a single forecast
member), the average of 20 correlations does provide a
stable estimate of SST–P relationship for model fore-
casts. For the computation of precipitation skill, Kumar

FIG. 2. Schematic plot of conceptual connection between SST and precipitation variability.
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Generally, seasonal prediction skill of rainfall corresponds to the 

simultaneous correlation between SST and precip. (P) on a seasonal timescale

Ocean drives Atm. Atm drives Oce. Teleconnection 

(a): A potential source for seasonal predictability is slowly varying SST anomalies!  
(b) is intrinsically unpredictable nature of atmospheric variability

[Kumar et al. 2013, J.Climate] 

What is a potential source of seasonal predictability?



 Local simultaneous SST–P correlation  
from observations (Kumar et al. 2013) 

* Regions with seasonal mean precipitation being less than 0.3 mm day−1 are not shaded.

Potential source of seasonal 
predictability mainly from 

“tropical oceans”,  
because the warm SST can drive 

global atmosphere.

Where is critical for seasonal prediction?

Main drivers: 
•ENSO (critical) 
•Indian Ocean Dipole  
•Tropical Atlantic Variability 



 Seasonal predictability of the IOD is found (Luo et al. 2007)  
 Successful prediction of 2006pIOD two season ahead (Luo et al 2008)

Rainfall Anomalies Sep-Nov 2006 Corresponding SST Anomalies

More than 1 million people 
in Kenya, Somalia and 
neighboring countries were 
affected by the flooding.
ケニアの洪水

Severe drought devastated 
farmers in eastern Australia 
with the estimated loss of 8 
billion AUD.

オーストラリアの干ばつ

Forest fires in Borneo 
and Sumatra

ボルネオやスマトラの森
林火災

Impacts of 2006 IOD just as predicted!
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with the estimated loss of 8 
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ボルネオやスマトラの森
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Impacts of 2006 IOD just as predicted!
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