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Abstract The characteristics of the EI-Nino Southern
Oscillation (ENSO) simulated in free integrations using
two versions of the Seoul National University (SNU)
ocean—atmosphere coupled global climate model (CGCM)
are examined. A revised version of the SNU CGCM is
developed by incorporating a reduced air—sea coupling
interval (from 1 day to 2h), a parameterization for
cumulus momentum transport, a minimum entrainment rate
threshold for convective plumes, and a shortened auto-
conversion time scale of cloud water to raindrops. With the
revised physical processes, lower tropospheric zonal wind
anomalies associated with the ENSO-related sea surface
temperature anomalies (SSTA) are represented with more
realism than those in the original version. From too weak,
the standard deviation of SST over the eastern Pacific
becomes too strong in the revised version due to the
enhanced air—sea coupling strength and intraseasonal var-
iability associated with ENSO. From the oceanic side, the
stronger stratification and the shallower-than-observed
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thermocline over the eastern Pacific also contribute to the
excessive ENSO. The impacts of the revised physical
processes on the seasonal predictability are investigated in
two sets of the hindcast experiment performed using the
two versions of CGCMs. The prediction skill measured by
anomaly correlation coefficients of monthly-mean SSTA
shows that the new version has a higher skill over the
tropical Pacific regions compared to the old version. The
better atmospheric responses to the ENSO-related SSTA in
the revised version lead to the basin-wide SSTA main-
tained and developed in a manner that is closer to obser-
vations. The symptom of an excessively strong ENSO of
the new version in the free integration is not prominent in
the hindcast experiment because the thermocline depth
over the eastern Pacific is maintained as initialized over the
arc of time of the hindcast (7 months).

1 Introduction

The last two decades have seen a considerable improve-
ment in the representation of El-Nino Southern Oscillation
(ENSO) in the simulations using ocean-atmosphere Cou-
pled General Circulation Models (CGCMs) (e.g., Latif
et al. 2001; AchutaRao and Sperber 2002, 2006). Accord-
ing to AchutaRao and Sperber (2006), the frequency and
amplitude of ENSO were better simulated by the recent set
of CGCMs that participated in the Coupled Model Inter-
comparison Project Version 3 (CMIP3) as compared to the
previous generation models participated in CMIP2. This
mainly originated from the improvements introduced in the
physical parameterization of CGCMs on the basis of the
intensive observations, and the finer resolutions available
along with an increase in the computational power over the
past few years (Hayes et al. 1991; Zeng et al. 1998; Large
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and Gent 1999; Wu et al. 1998). The wide range of ENSO
amplitude represented in the current state-of-the-art
CGCMs, however, still prevents a reliable prediction of
ENSO in the changing climate (Guilyardi et al. 2009a).

Recent modeling studies showed that the characteristics
of ENSO simulated in CGCMs are sensitive to the con-
figurations of the atmospheric component, for example, its
cumulus convection scheme (Wu et al. 2007; Kim et al.
2008; Neale et al. 2008; Guilyardi et al. 2009b), and the
frequency of air—sea interaction (Danabasoglu et al. 2006;
Ham et al. 2009). Neale et al. (2008) demonstrated striking
improvements in the ENSO simulation using the Com-
munity Climate System Model version 3 (CCSM3). The
improvement was achieved by including the convective
momentum transport (CMT) scheme and the dilution
approximation for the calculation of convective available
potential energy in the model. The role of diurnal coupling
in the Seoul National University (SNU) CGCM was
investigated by Ham et al. (2009). In their study, diurnal
coupling weakened the ENSO amplitude by enhancing the
atmospheric heat flux damping associated with ENSO.

Separately from model development studies, it has been
reported that the predictability of ENSO shown in the
dynamical forecasts using CGCMs has been increased,
presumably with the aid of the better representation of
ENSO in CGCMs. The retrospective ENSO forecasts using
the late generations of CGCM showed a superior skill up to
three seasons compared to that obtained using the relatively
old versions of CGCMs (Barnston et al. 1999; Kirtman
et al. 2001; Jin et al. 2008; Wang et al. 2009).

It would be a common wisdom to expect a better pre-
diction skill when using a better model. Such an expecta-
tion seems reasonable because a model-error growth during
a prediction period would depend on the performance of
the model. However, the linkage between the simulation
quality of a CGCM in the free integration and the climate
predictability using the same model is still not clearly
understood. For example, Luo et al. (2005) showed that the
SST biases in the free simulations were not systematically
related with the ENSO prediction skills. In their study, they
performed hindcast experiments using three different ver-
sions of a CGCM using different air—sea coupling strate-
gies. Despite of the different biases in SST climatologies
that arose from the free integrations, the three versions
were similar in the predictability of ENSO.

It seems that a question “Does a CGCM with a smaller
error in the free integration have a smaller error in pre-
diction, too?” is not fully answered, and need to be
investigated further. To address this issue, we use the two
versions of SNU CGCM, one of which has better simula-
tion capability of ENSO than another. We first examine
ENSO represented in the free integrations using the two
versions. Then we compare the predictability of ENSO
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obtained from two sets of hindcast experiments. Based on
the understanding on the characteristics of the ENSO in the
free integrations and the hindcast experiments, we address
the following questions;

1. Are the characteristics of ENSO simulated in the free
integrations similar to those in the hindcast
experiments?

2. Which aspects of the ENSO dynamics are crucial in
determining the seasonal predictability of the model?

This paper is organized as follows. Section 2 provides a
description of the SNU CGCM, the design of the seasonal
prediction experiments, and the observational data used in
this study. The tropical Pacific climate and the ENSO
characteristics represented in the free integrations of SNU
CGCMs are investigated in Sect. 3. Section 4 describes the
seasonal prediction skills of the two versions, and Sect. 5
discusses about the role of the oceanic initial conditions on
the predicted ENSO. Summary and discussion are pre-
sented in Sect. 6.

2 Model, experimental design, and data
2.1 Description of the SNU coupled GCM

The model used in this study is the SNU CGCM (Kug et al.
2008; Kim et al. 2008; Ham et al. 2009). The oceanic part
of the coupled model is the Modular Ocean Model (MOM)
developed at the Geophysical Fluid Dynamics Laboratory
(GFDL). The ocean model (MOM?2.2) uses a B-grid finite
difference treatment of the primitive equations of motion,
Boussinesq and hydrostatic approximations in spherical
coordinates, and covers the global oceans with realistic
coastlines and bathymetry. The zonal grid spacing is 1.0°.
The meridional grid spacing between 8°S and 8°N is 1/3°,
gradually increasing to 3.0° at 30°S and 30°N, and it is
fixed at 3.0° in the extratropics. There are 32 vertical levels
with 23 levels in the upper 450 m with 10 m thickness of
the top 10 layers. A mixed layer model, developed by Noh
and Kim (1999), is embedded into the ocean model to
improve the climatologic vertical structure of the upper
ocean.

The atmospheric part of the coupled model is the SNU
AGCM, which is a global spectral model at T42 resolution,
with 20 vertical sigma levels. The deep convection scheme
is a simplified version of the relaxed Arakawa-Schubert
scheme (SAS, Numaguti et al., 1995). The large-scale
condensation scheme consists of a prognostic microphysics
parameterization for total cloud liquid water (Le Treut and
Li 1991) with a diagnostic cloud fraction parameterization.
A non-precipitating shallow convection scheme (Tiedtke
1983) is also implemented in the model for the mid-
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tropospheric moist convection. The boundary layer scheme
is a non-local diffusion scheme based on Holtslag and
Boville (1993), while the land surface model is from Bonan
(1996). Atmospheric radiation is parameterized by a two-
stream k distribution scheme as in Nakajima et al. (1995).
Other details of the model physics are described in Lee
et al. (2001, 2003).

The coupled model exchanges SST, wind stress, fresh-
water flux, longwave and shortwave radiation, and turbu-
lent fluxes of sensible and latent heat once a day. No flux
correction is applied, and the model does not exhibit sig-
nificant climate drift in the free simulations.

In this study, two different versions of SNU CGCMs are
used. We will refer to the version of corresponding to the
set-up described above as CGCM Version 1 (V1 hereafter).
The next generation of SNU CGCM (Version 2, V2 here-
after) has been developed by revising several physical
processes. The differences between V1 and V2 are as fol-
lows: (1) the air—sea coupling interval is shortened from
1 day in V1 to 2 h in V2 (Ham et al. 2009), (2) the CMT
scheme, as described in Kim et al. (2008), is included in
V2, (3) the minimum entrainment rate threshold (Tokioka
et al. 1988) is implemented in the convection scheme in
V2, and (4) the auto-conversion time-scale of cloud water
to raindrops is shortened from 9,600 s in V1 to 3,200 s in
V2. The free integrations of the both CGCMs are per-
formed to investigate the performance of the CGCMs. The
length of integration is 120 years for the V1, and 50 years
for V2. Readers are referred to Kim et al. (2008) and Ham
et al. (2009) for the separate impacts of the convective
momentum transport and increasing the atmosphere-ocean
coupling frequency on the simulation of the tropical Pacific
climate and ENSO in this model.

The entrainment rate threshold (Tokioka et al. 1988)
implemented in SNU CGCM suppresses convective plumes
with entrainment rates less than a threshold value defined as,
where D is the planetary boundary layer (PBL) depth and o is
a non-negative constant. Therefore, the threshold varies
inversely with the PBL depth. The value of o is 0.1 in V2.
Inclusion of the minimum entrainment rate threshold in the
convection scheme is stimulated by previous studies using
atmospheric component of SNU CGCM (Lee et al. 2003; Lin
et al. 2008). Lin et al. (2008) showed that the representation
of the Madden-Julian oscillation in this model is sensitive to
the strength of the convective triggering which the minimum
entrainment rate threshold controls.

While the minimum entrainment rate threshold
improves the simulation of the subseasonal variability, it
causes a cold bias over the entire tropical oceanic regions
because it increases the amount of cloud water in the
atmosphere thereby reducing downward shortwave radia-
tion at the surface. This side effect from increasing the
minimum entrainment rate threshold is remedied in V2 by

reducing the auto-conversion time scale for cloud drops to
be converted to raindrops. The reduction in the auto-con-
version time scale results in faster removal of cloud water
in the atmosphere. With this modification, the cold bias
over the tropical ocean is reduced, retaining the improve-
ment in the simulated subseasonal variability in V2.

2.2 Seasonal prediction experiment

Seasonal prediction experiments were carried out using
SNU CGCM. To obtain initial conditions, the two versions
of SNU CGCM were integrated from January 1980 to
December 2000 by nudging both the oceanic and atmo-
spheric states toward the reanalysis data. For the oceanic
fields, the ocean temperature and salinity fields from the
surface to 500 m are nudged toward the Global Ocean Data
Assimilation System reanalysis (GODAS, Behringer and
Xue 2004) with a 5-day restoring timescale. For the
atmosphere, the zonal and meridional wind, temperature,
and moisture fields at all vertical levels are nudged toward
the ERA-40 Reanalysis of the European Center for Med-
ium-Range Weather Forecasts (ECMWF) (Uppala et al.
2005) using a 6-h restoring timescale. Given the initial
conditions, twenty hindcasts with a 7-month lead time were
made for the period of 1981-2000, one for each year. The
hindcasts have all a start date of May 1 and were stopped
on November 30 of the same year. For each hindcast, a
four-member ensemble was generated using the Lagged
Averaged Forecast (LAF; Hoffman and Kalnay, 1983)
method with a 1-day lag. This means that the second (third)
ensemble member was generated by starting prediction
from April 30 (29), and so on.

2.3 Observational data

For precipitation, we use the monthly-mean data from the
Climate Prediction Center (CPC) Merged Analysis of Pre-
cipitation (CMAP, Xie and Arkin 1997). The monthly-mean
zonal wind stress and daily-mean zonal wind data is from
ERAA40. The observed SST is from the National Oceanic and
Atmospheric Administration (NOAA) Extended Recon-
structed Sea Surface Temperatures (ERSST V.2; Smith and
Reynolds 2004). The ocean temperature data is obtained
from GODAS. The analyzed periods for all observations are
from 1981 to 2000.

3 General performance of SNU CGCMs
3.1 Climatological fields

Figure 1 shows the annual-mean SST values simulated in
SNU CGCMs and their biases from observations over the
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equatorial domain. Both model versions show a well-
developed equatorial cold tongue along the equator over
the eastern Pacific. The equatorial cold tongue simulated in
V1 extends westward more than that observed as in many
other CGCMs (Wittenberg et al. 2006), due to the equa-
torial SST bias approaching —2°C in the central Pacific.
The SST bias over the central Pacific in V2 is less than 1°C
in magnitude and thus is smaller than that of V1. The
reduction of the cold bias over the central Pacific is pos-
sibly due to the reduced climatological low-level easterly
winds (Fig. 2) and the associated reduction of equatorial
upwelling, which induces the weaker extension of cold
tongue water. The reduction of the cold bias from V1 to V2
is larger than that in Kim et al. (2008) and Ham et al.
(2009), where the reduced cold bias due to CMT and the
diurnal coupling was reported. This suggests that the
additional physical processes other than CMT and the
enhanced air—sea coupling frequency in V2 play a positive
role in reducing the cold bias. The mean warming in V2
compared to V1 is accompanied by a reduction in the
amplitude of the mean annual cycle of SST over the
equatorial Pacific, towards more realistic values especially
east of the dateline (not shown). The strong and erroneous
westward propagation of SSTs in the western half of the
basin that is apparent in V1 is no longer present in V2. In
both model versions, the spring warming is delayed by
1-2 months with respect to observations.

Figure 2 shows the annual-mean precipitation and zonal
wind at 850 hPa from observations as well as those sim-
ulated in V1 and V2. In observations, the pattern of mean

Fig. 1 Free integration CGCM V1
simulation results of annual- (a) CLIMATOLOGICAL SST

precipitation over the equatorial Pacific is characterized by
one centre over the north-western Pacific, another centre
over the south Pacific convergence zone (SPCZ) and the
zonally elongated rain band over the central-to-eastern
Pacific, called intertropical convergence zone (ITCZ).
These features are generally well captured by both ver-
sions. Compared to observations, however, V1 shows a
weaker precipitation over the equatorial central Pacific and
eastern Indian Ocean, while displaying wet biases over the
maritime continents and western Indian Ocean. These
precipitation biases are largely coincident with the local
SST biases; there are dry biases over the western-central
Pacific and Indian Ocean where cold biases exist (Fig. 1).
On the other hand, V2 has a wet bias over the equatorial
central Pacific where the SST bias is nearly zero, and dry
bias over the equatorial western Pacific. In addition, in both
V1 and V2 the SPCZ extends further to the East than in
observations. This reflects the ‘double ITCZ’ bias in SNU
CGCM, the problem that is common in the state-of-the-art
CGCMs (Lin 2007).

The negative precipitation bias over the central to
eastern Pacific in V1 enhances the east-west asymmetry in
precipitation along the equator, resulting in the Walker
circulation whose strength is stronger than that observed.
This is reflected in the stronger trade winds over the
equatorial Pacific seen in Fig. 2. The excessive climato-
logical easterly winds, which might cause the cold bias
over the equatorial central Pacific through excessive east-
erly ocean currents and upwelling in the V1, is reduced in
V2. The climatological easterly wind over the central
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Pacific in V2 is around -8 m/s, which is close to observed
values. We attribute the reduction in the cold bias in V2 to
the reduction in the equatorial easterly winds.

To investigate causes of the difference between V1 and
V2, additional experiments were performed using the
atmospheric components of two versions. Two versions of
atmospheric GCM (AGCM) are integrated for 4 years
(1999-2002) by prescribing observed SST as a boundary
condition. Because the boundary condition is same, any
difference between the two versions in the AGCM exper-
iment is caused solely by the difference in the atmospheric
model. Figure 3 shows the difference map of the climato-
logical 850 hPa zonal wind and surface downward short-
wave radiation between two AGCM experiments. The
results from the AGCM experiments show that the low-
level westerly winds over the western Pacific increases
dramatically with changes from V1 to V2. Over the central
Pacific, however, the magnitude of changes is small, and
the sign is opposite to that in the CGCM experiments. This
suggests that the oceanic responses to the atmospheric
physics changes, and ocean-atmosphere coupled feedback
processes play a major role in reducing the climatological
easterly winds over central Pacific in V2.

Although the mechanism responsible for the changes in
the climatological low-level zonal wind in CGCM experi-
ments is not clear in this stage and need to be investigated
further, one possibility is that the warming over the Pacific,
especially the eastern part of it, can feed back to atmo-
sphere to reduce the strength of the Walker circulation.
Figure 3b shows that there is a global increase of the sur-
face downward shortwave radiation over the tropics. The
increase of the shortwave radiation at the surface stems

Fig. 2 Climatological
precipitations (shading, in mm/
day) and zonal winds at 850 hPa
(contours, in m/s) in a CMAP
and NCEP/NCAR reanalysis,
and b free integration of CGCM
V.1 and ¢ CGCM V.2. Note that
the CMAP and ERA4(data are
used as validating observations.
Note that the positive value in
zonal winds denotes the
westerly winds

(a) CMAP, ERA40

from the reduction in the auto-conversion rate, which
reduces the amount of cloud liquid water in the air. Even
though the amount of shortwave increase caused by the
reduced auto conversion rate is similar over the entire
Pacific, the resultant SST warming would be larger over the
eastern Pacific than in other regions, because of the smaller
effective ocean heat contents in that region. Then, the
relatively significant warming over the eastern Pacific may
reduce the Walker Circulation through the Bjerkness
feedback, and the anomalous surface westerly winds over
the Pacific reinforces the SST warming by deepening the
equatorial thermocline through the Ekman transport and
reduced upwelling.

Figure 4 shows the simulated Pacific upper-ocean tem-
peratures along the equator, with the bias compared to the
GODAS data. The overall structure of the thermocline is
well captured in both model versions, although the vertical
temperature gradient near the thermocline is smaller than
that observed in both versions (not shown). In both ver-
sions, the vertical temperature gradient is stronger than that
observed over the far eastern Pacific, where the mixed
layer depth is relatively shallow, with a warm surface bias
sitting directly above a cold subsurface bias around
50-100 m. There is a cold bias along the thermocline,
which approaches about 5°C in V1. The magnitude of the
cold bias is reduced in V2 (about 3°C), when compared to
V1.

The reductions in the cold biases at the surface and
subsurface in V2 are caused by the reduced easterly winds
(Fig. 2), which deepen the equatorial thermocline through
changes in Ekman transport. The anomalous downwelling
caused by reduced Ekman transport leads to a maximum
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Fig. 3 The difference map of a the climatological 850 hPa zonal
wind (unit: m/s) and b surface downward shortwave radiation (unit:
W/m?). Atmospheric component of the V1 and V2 were integrated for

Fig. 4 Free integration results
of climatological subsurface
temperature in °C averaged over
equatorial regions (5°S-5°N) in
aCGCM V.1 and b CGCM V.2.
¢, d Biases of climatological
subsurface temperature from
observations (GODAS)
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4 years (1992-2002) with observed SST as a lower boundary
condition. The difference stands for V2a—Vla, where V2a (Vla)
represents atmospheric component of CGCM V2
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warming at the depth of the thermocline, where the vertical
temperature gradient is largest. Because the western Pacific
westerlies lead to a rise in the zonal mean equatorial sea
level and a deepening of the thermocline, they also partly
contribute to the reduction in the cold biases over the whole
Pacific domain in V2.

3.2 ENSO characteristics

The characteristics of ENSO simulated in the free inte-
grations using two versions will be shown in this subsec-
tion. The difference between two versions will be
addressed on the basis of the theoretical frameworks. The
understanding we obtain in this section will be used to
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interpret the characteristics of ENSO in the hindcast
experiments in the following section.

Figure 5 shows the standard deviation (SD) of the
monthly-mean SST anomalies. The overall structures of the
SST variability in the observations are well captured in
both versions. However, in V1, the ENSO-related SST
anomaly is weaker than that in the observations. In addi-
tion, the SST variability in V1 is meridionally narrower
than that observed. In V2, the SD of SST anomaly is about
twice that in the observations. For example, the maximum
SD value in V2 is over 2°C, while that in the observations
is about 1.2°C. In both versions, the longitudinal maximum
of the SST anomaly is shifted westward by about 20°
compared to that observed. Note that the westward shift of
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the SST variability during ENSO is a common symptom in
the current state-of-the-art CGCMs (AchutaRao and Sper-
ber 2002; Davey et al. 2002; Latif et al. 2001; Kug et al.
2010).

Figure 6 shows the SD of the Nino3.4 index (SST
anomaly averaged over the boxed area: 170°W-120°W,
5°S-5°N) for each calendar month. To investigate the sea-
sonal difference of the Nino3.4 index magnitude, the
Nino3.4 index is normalized by the SDs calculated using
data from whole period. The observed Nino3.4 SST
anomalies tend to have a maximum variance during boreal
winter and a minimum in boreal spring. Overall, both ver-
sions simulate this feature well. However, the peak variance
of the Nino3.4 index in V1 appears about 1 month later than
the observed, and the variance is rather flat in the boreal
autumn and winter. This means that the seasonal locking is
poorly simulated in V1. This deficiency is not seen in V2.

Figure 7 shows the spectra of Nino3.4 indices from
observations and simulations, to compare the dominant
frequency in the variability. Similar to the Fig. 6, the
Nino3.4 index is normalized by the SD calculated using
data from the whole period. The observations show spectral
peaks in the interannual band at 2.5, 4, and 5 years. In V1,
the spectral peak of ENSO is relatively lower than
observed. The spectral peak of ENSO in VI is at about

Fig. 5 Spatial patterns of (a) ERSST V2

Normalized NINO3.4 STD

14 ERSST V2
“*1CGCM V1
CGCM V2

1.2

0.8

0.6

0.4 T y r T T r r T r T
1 2 3 4 5 6 7 8 9 10 11 12
Calendar Month

Fig. 6 The standard deviation of monthly-mean Nino3.4 index for
each calendar month in free integration of model simulations (red for
CGCM V.2 and blue for CGCM V.1) and observations (ERSST V.2,
black). To focus on the seasonal difference of Nino3.4 variability,
Nino3.4 index is normalized based on its standard deviation using
whole period

2.5 years, and there is no spectral peak at around 5 years.
On the other hand, V2 captures the 4-5 year period of
ENSO, as well as its biennial behavior.

standard deviation (unit: °C) of
monthly-mean SST anomalies
in a observations (ERSST V.2),
and free integration of b CGCM
V.1 and ¢ CGCM V.2
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9Norrnc:lizecl Power Spectrum of Nino3.4

Normalized Power

Syr 2.5yr 1.6yr 1.2yr 1 ;rr
Period

Fig. 7 Power spectra analysis of normalized monthly-mean Nino3.4
index using free-integration results of SNU CGCMs (red for CGCM
V.2 and blue for CGCM V.1), and observations (ERSST V.2, black)

The longer period ENSO in V2 is related to the
improved simulation of the ENSO-related atmospheric
fields. Figure 8 shows the spatial patterns of the zonal wind
stress anomaly regressed onto Nino3.4 in the observations,
V1 and V2. The ENSO-related zonal wind stress anomaly
is the strongest in the observations, at about 0.2 N/m2/°C
over the central Pacific. Even though the zonal location of
the regressed zonal wind stress is well simulated in both
versions, the magnitude is too weak in V1. On the other
hand, the magnitude of the regressed zonal wind stress is
about 0.1 N/m?%/°C in V2. Jin (1997) showed that a stronger
air—sea coupling strength led a stronger ENSO with a
longer period in the simple conceptual model. His work
supports our results in that the version with the stronger
air—sea coupling strength shows the frequency (magnitude)
of ENSO longer (stronger) than that in the version with a
relatively weaker coupling strength. The meridional width
of the zonal wind stress anomaly is wider and closer to
observations in V2. Along with the air-sea coupling
strength, the meridional widening of the zonal wind stress
anomalies tends to produce the longer period ENSO, by
slowing the oceanic adjustment via oceanic Rossby waves
(Cane et al. 1990; Kirtman 1997; An and Wang 2000; Kang
and Kug 2002; Kug et al. 2003).

The improved simulation of the ENSO-related wind
stress anomaly is mainly the result of the CMT parame-
terization (Kim et al. 2008). According to Kim et al.
(2008), the CMT parameterization is designed to represent
a ‘two-way’ transport of momentum between upper and
lower levels in the atmosphere, which communicate with
each other via CMT in regions of strong vertical wind shear
and convective activity. It implies the upper level westerly
winds is transported to a low-level over the convective
activity related to the El Nino, therefore the low-level
westerly wind anomalies over the central Pacific are
enhanced. It means the weak westerly wind stress anomaly
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is enhanced over the central Pacific during the El Nino, and
it leads longer and stronger ENSO when CMT parame-
terization is included.

In addition to the fluctuation of monthly-mean fields
related to ENSO, it is also shown in the observations that the
subseasonal variability is intensified during the develop-
ment phase of ENSO over the western Pacific (McPhaden
and Taft 1988; Vecchi and Harrison 2000; McPhaden
2002). Along with the observational evidence, model
experiments support the conclusion that Westerly Wind
Events (WWESs) over the western Pacific can bring warming
to the eastern Pacific after several months. Kessler and
Kleeman (2000) showed that several nonlinear processes,
such as high-frequency winds, evaporation, vertical tem-
perature gradient, and zonal currents, can lead to the SST
warming over the central-eastern Pacific. In addition,
Vecchi and Harrison (2000) argued that the WWE:s trigger
an eastern equatorial Pacific warming, associated with the
generation of the equatorial downwelling Kelvin waves.

To investigate the ENSO-related high-frequency (HF)
wind activity, Fig. 9 shows the lag correlation between the
anomalous subseasonal (2-90 day filtered) variance of
zonal wind at 850 hPa over the equator (5°S—5°N) and the
Nino3.4 index in the CGCM simulations and observations.
The lag correlation between the monthly-mean 850 hPa
wind anomalies and the Nino3.4 index is also shown,
because the westerly monthly-mean wind anomaly is clo-
sely linked to the subseasonal wind variability (Seiki and
Takayabu 2007; Sooraj et al. 2008). In the observations,
enhanced HF wind activity and westerly monthly-mean
wind anomalies occurs from 12 months prior to the ENSO
peak season (McPhaden, 1999). From 12 months prior to
the El Nino peak phase, the positive HF wind activity
propagates from the western to central Pacific. This feature
is well captured in V2, even though the amplitude of the
positive HF wind activity is larger than the observations.
The El Nino-related HF wind activity barely occurs in V1,
suggesting an additional argument why V1 simulates
weaker El Nino than that in V2 and observations.

It has been shown so far in this section that the atmo-
spheric response to the El Nino is more realistic in V2 than
that in V1. To investigate the oceanic role, we evaluate two
dominant oceanic feedback processes, the zonal advective
and the thermocline feedback (An and Jin 2001; Jin and An
1999; An et al. 1999, 2008). The former results from the
SST tendency due to the climatological zonal SST gradient
and the anomalous westerly current there (i.e. —u/ g), and
the later results from the SST tendency due to the clima-
tological upwelling and the anomalous vertical temperature
gradient there (i.e. —W %—TZ/). In observations, both feedbacks

warm up the eastern Pacific SST during the development of
El Nino events (Fig. 10a).
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Fig. 8 Monthly-mean zonal
wind stress anomalies regressed
onto Nino3.4 index (unit:

(a) ERA40

15Nﬂ%
1

N/m?/°C) in a observations
(ERA40), and free integration of
b CGCM V.1 and ¢ CGCM V.2. 7 g % {
Note that it provides the R;i = . (
magnitude of zonal wind stress ot ! -
anomaly with respect to unit !\ N -
change of Nino3.4 index. 155 1 /ﬁ - A, = - ;
ERSST V.2 is used to obtain 120E 150E 180 150W 120w 90w
observed Nino3.4 index
(b) CGCM V1
15N H{
L
>
£Q ‘E{ SO v
o=y =
S (
X -
155 A L !\\ g
120E 150E 180 150w 120W 90w
(c) CGCM V2
15N “\"\'\L
EQ [ {
(
155  err—
120E 150E 180 150w 120W 0w
-=0.18 -0.18 -0.14 -0.12 -0.1 -0.08 -0.08 —-0.04 -0.02 0.02 004 0.08 0.08 0.1 0.12 0.14 048 0.18
Fig. 9 Lag correlation between (a) ERA40 (b) cGCM Vi

Nino3.4 index and monthly-
mean anomalies of 850 hPa
zonal winds over equatorial
region (5°S-5°N) (contour, in
m/s/°C), and between Nino3.4
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variance of zonal wind at

850 hPa (shading, in m*/s*/°C)
in a observations (ERA40), and
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To investigate the relative importance of the thermo-
cline and zonal advective feedback, Fig. 10 shows the lead-
lag regression of the temperature advection terms related to
the zonal advective feedback and thermocline feedback

against the Nino3.4 index. Note that the zonal current,
mean temperature anomaly, and mean vertical velocity is
averaged from O to 50 m, and the vertical temperature
gradient is calculated based on the difference between SST
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Fig. 10 Lead-lag regression between equatorial (5°S—-5°N) monthly-
mean vertical advection of anomalous temperature caused by

climatological upwelling (shading, —W aa—Tz/), monthly-mean zonal
advection of mean temperature caused by anomalous zonal currents
(contour, —u' ), and Nino3.4 index in a observations (GODAS), and

Ox

and the temperature at 50 m. The unit of the advection is
the time tendency of the temperature per unit SST change
(°C/month/°C).

In V1, the magnitudes of both feedbacks, which are
known to be important to the evolution of ENSO, are
weaker than those observed. In addition, the magnitude of
the zonal advective feedback is at its maximum during the
ENSO peak phase. This means the simulated zonal
advective feedback is not responsible for the evolution of
the SST anomalies. On the other hand, the temperature
tendency from the vertical advection is positive (negative)
during the ENSO evolution (decaying) phase. This implies
that the thermocline feedback is responsible for the evo-
lution of ENSO in V1. In V2, The zonal advective feed-
back is still in-phase with the SST anomalies, while the
thermocline feedback is in-phase with the SST tendency.
The magnitude of the thermocline feedback in V2 is
increased by about 50% compared to that in V1, while that
of the zonal advective feedback remains similar. Above
results suggest that the thermocline feedback is a key
process for the ENSO-related SST anomalies in the
models.

The stronger-than-observed ENSO magnitude in V2
may be due to the stronger climatological vertical tem-
perature gradient than that in observations. An and Jin
(2001) showed that the growth of ENSO is stronger when
the climatological vertical temperature gradient is larger, as
a result of intensified thermocline feedback. As shown in
Fig. 4, the climatological SST is warmer by about 2°C in
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0.15 0.2 0.25 0.3

free integrations of b CGCM V.1, and ¢ CGCM V.2. Note that the
positive (negative) values on the y-axis indicate that the Nino3.4
index leads (lags) the advection terms. The y-axis unit is the month.
The unit is °C/month/°C, therefore, it provides the magnitude of
advection with respect to unit change of Nino3.4 index

V2 than in the observations, On the other hand, the cli-
matological subsurface temperature is cooler than that in
observations by about 2°C over the eastern Pacific regions.
To examine the climatological vertical temperature change
in more detail, the temperature difference between surface
and 50 m over the equatorial eastern Pacific (180°E-90°W,
5°S-5°N) is calculated. As expected, the vertical temper-
ature gradient over the eastern Pacific is stronger in V2
(1.87°C) than that in observations (1.08°C). Hence, the
differences in the oceanic mean states may lead the
stronger ENSO in V2.

In addition, the cold bias of the subsurface temperature
in V2 implies that the simulated climatological thermocline
depth is shallower than that observed. This shallower
thermocline depth leads to the stronger ENSO magnitude,
because isotherm vertical displacements can more easily
influence SST (Jin and An 1999; An and Jin 2001; Yeh
et al. 2009). This implies that simulations of the stronger
climatological vertical temperature gradient and shallower
climatological thermocline depth in V2 may lead to the
excessive ENSO compared to that observed.

4 ENSO predictability

Two sets of the hindcast experiments are performed using
the two versions of the CGCM. Prediction skills of the two
versions of the model in the Indo-Pacific regions are
illustrated in Fig. 11, through the anomaly correlation
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maps of September—November averaged SSTA against
their observed counterparts. The correlation coefficient is
generally higher over the north-central and southwestern
Pacific regions than that over other regions, with relative
minimum near the equatorial eastern Pacific. The minimum
over the equatorial Pacific is less prominent in V2. In V2,
there is the area over the central Pacific where the corre-
lation coefficient is over 0.8, while such an area is hardly
seen in V1. Overall, V2 has more skill than that in V1 in
predicting SST anomaly over the tropical Pacific.

Figure 12 shows the anomaly correlation coefficients of
the various ENSO indices as a function of the prediction
lead month. It is clear that the correlation coefficients of the
various ENSO indices are higher in V2 than those in V1.
For example, the correlation coefficient of the NINO3.4
index in the V1 hindcast is about 0.7 at a 6-month lead
time, while that in the V2 hindcast is over 0.8. Among
them, the correlation skill improvement is most robust over
the NINO4 region.

One can wonder why the prediction skill of V2 is better
than that of V1, because the magnitude of ENSO simulated
in the free integration of V2 is excessive than that in
observation, which might degrade the forecast skill. Inter-
estingly, the stronger-than-observed ENSO in the free
integration of V2 (Sect. 3b) does not occur in the hindcast
experiments. The SD of the Nino3.4 index for the hindcasts

Fig. 11 Correlation coefficients (a) CGCM V1

is 0.77 in V2, which is smaller than the observed (i.e. 0.87).
In addition, the SD in V1 becomes weaker (i.e. 0.62) than
that in the free integration (i.e. 0.68). The reason for this
weaker ENSO magnitude in the hindcast experiments will
be discussed later.

The weaker ENSO magnitude in V1 implies that ENSO
predicted using V1 is damped out more quickly than they
should be, and this degrades the prediction skill. Figure 13
shows the composites of the temperature anomalies during
the La Nina years (1984, 1988, and 1999) for the simula-
tions and observations. Note that we focused on La Nina
events, because the predicted Nino3.4 index in V1 is
especially weaker during the La Nina events than that
during El Nino events (not shown). In the observations, the
negative SST anomalies are retained until the 7-month lead
time, while those in V1 are damped as soon as the pre-
diction starts. On the other hand, in V2, the negative
temperature anomalies associated with the La Nina events
are maintained up to 6-month lead time with magnitudes
similar to that observed. This feature is especially clear in
the 100-m temperatures. In V1, the negative 100-m tem-
perature anomaly is abruptly damped, and the temperature
anomalies are nearly zero after 4 months. However, the
negative temperature anomalies in V2 prediction and
observations are sustained until the 7-month lead time. This
implies that ENSO in the hindcast experiment using theV1

of SON SST anomalies of

a SNU CGCM V.1 and

b CGCM V.2 with respect to the
observations. Note that ERSST
V.2 are used as validating
observations
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quickly damps, which lowers the predictability of ENSO
in VI.

5 Role of oceanic initial conditions on predicted ENSO
magnitudes

To understand the difference between the ENSO magni-
tudes simulated in the free integrations and that predicted
in the hindcast experiments using V2, it is worthwhile to
compare the atmospheric feedback (i.e. air—sea coupling
strength) and the thermocline feedback in the free inte-
grations and the hindcast experiments, as investigated in
Sect. 3. As a metric for the strength of the thermocline
feedback, the climatological thermocline-depth (defined as
20°C isotherm line) averaged over 160°E-90°W, 5°S—-5°N
(Z20 hereafter) is chosen, because the climatological
thermocline depth is a proxy for the strength of thermocline
feedback. For example, when Z20 is too shallow, vertical
temperature gradient is reduced, therefore it stabilizes the
thermocline feedback (Bejarano and Jin 2006). Note that
the air—sea coupling strength is the anomalous area-aver-
aged zonal wind stress (160°E-150°W, 5°S—5°N) regressed
onto the Nino3.4 index.

Figure 14 shows a scatter diagram for the climatological
720 (x-axis) and the air-sea coupling strength (y-axis)
during June-August in the free integrations and the hind-
cast experiments, along with the observations. It is clear
that the climatological Z20 in the hindcast experiments is
deeper than that in the free integrations. For example, the
720 values of V1 and V2 in the hindcast experiments are
about 108.3 m and 106.1 m, while those in the free inte-
grations are 83.3 and 97.5 m, respectively. The climato-
logical Z20 in the hindcast experiments is more similar to
the observed value of 113 m. The increase of Z20 in the
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hindcast experiments suggests that the ENSO magnitude in
the hindcast experiments can be smaller than that in the
free integration due to the reduced strength of the ther-
mocline feedback. On the other hand, the air—sea coupling
strength in the hindcast experiment is almost same to that
in the free integration. For example, the air—sea coupling
strength is about 0.08 (0.05) N/m?/°C both in the free
integrations and the hindcast experiments using V2 (V1). It
is worthwhile to noting the climatological Z20 follows the
observed values up to one season, while the air—sea cou-
pling strength does not. This implies that the model defi-
ciencies in the ocean do not seem to overwhelm the
initialized fields at least up to one season, while the
atmospheric characteristics in the hindcast experiments
shortly converges to the model’s inherent characteristics.

As a prediction begins, the impact of the initial condi-
tions lasts for a while, but the characteristics of the pre-
diction should eventually converge to that of the model
performance. The time scale of this convergence is
expected to be different for the atmosphere and the ocean.
For example, the impact of the oceanic initial conditions
lasts up to several months, which means the oceanic states
in the hindcast experiments follow those of the observa-
tions for up to several months. However, the impact of the
atmospheric initial conditions lasts at most 1-2 weeks, so
that the characteristics of the atmospheric in a seasonal
prediction are similar to those of the free integration.

To investigate how long the oceanic and atmospheric
fields are influenced by the initialized fields, Fig. 15 shows
the climatological Z20 and the air—sea coupling strength in
observations, the hindcast experiments and free integra-
tions. In the hindcast experiments using V1 (blue solid line
in Fig. 15a), Z20 is closer to the observations rather than to
the free integration. For example, the difference of Z20
between the hindcast experiment and observations is about
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Fig. 13 Composite of monthly-
mean equatorial SST (upper
panel), and 100-m subsurface
(lower panel) anomalies (unit:
°C) during La Nina seasons
(1984, 1988, and 1999) with
respect to forecast lead month in
both prediction experiments and
observations. Note that the
5°S-5°N averaged values are
shown. Note that ERSST V.2
and GODAS are used as
validating observations

(a) ERSST V2
.

Forecast Lead Month

(d) GODAS
7

Forecast Lead Month

SURFACE TEMPERATURE
(b) CGCM V1

(c) CGCM V2

120E 180 120W 120E

100M TEMPERATURE

120E 180 120W

-21 -18 =15

10 m, while that between the hindcast experiment and the
free integration is about 30 m. Similarly, Z20 in the
hindcast experiments using V2 are influenced by the initial
condition up to 4 prediction lead month. However, the air—
sea coupling strength in the hindcast experiment is similar
to that in the free integrations rather than that in observa-
tions at 3 prediction lead month. It shows that the oceanic
simulation in the hindcast experiments is influenced by the
initial condition up to several months, while the atmo-
spheric simulations in the hindcast experiments converge
to that in the free integration within few weeks.

Because the air—sea coupling strength is more realistic in
V2, the seasonal prediction with V2 shows a more realistic
ENSO magnitude with the aid of the realistic atmospheric
responses. However, the seasonal prediction with V1
shows a smaller ENSO magnitude because of the weak air—

(e) CGCM V1 (f) cGem v2
120€ 180 120W 120€ 180 1200
| NN N g

-09 -0.6 -0.3 03 0.6 0.9 1.5 1.8 2.1

sea coupling strength, even though the oceanic state is
realistic as a result of the constraint of the initial condi-
tions. The weak air—sea coupling strength in V1 damps out
the ENSO signals faster than it should be, thus degrades the
prediction skills.

6 Summary and conclusions

In this study, the simulation of the tropical Pacific climate
and ENSO is investigated using two versions of SNU
CGCM, and the possible linkage between the performance
in the free integrations and the seasonal prediction skill is
discussed.

A revised version of SNU CGCM is formulated by
reducing the air-sea coupling interval from 1 day to 2 h,

@ Springer
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Fig. 14 Scatter diagram between climatological thermocline depth
(x-axis) and air—sea coupling strength (y-axis) in observations (black
circle), and prediction (open circle) and free integrations (filled
circle) experiments of the V1 (blue), and the V2 (red) during JJA. The
size of each circle is proportional to the standard deviation of
monthly-mean Nino3.4. Note that the climatological thermocline
depths are averaged values over 160°E-90°W, 5°S—5°N, and the air—
sea coupling strength is the anomalous area-averaged zonal wind
stress (160°E-150°W, 5°S—-5°N) regressed onto the Nino3.4 index

including the parameterization of CMT and the minimum
entrainment rate threshold in the convection scheme. In
addition to these modifications, the auto-conversion time
scale of cloud water to raindrops was shortened. In the new
version (V2), the surface and sub-surface temperature
biases over tropical Pacific are reduced, and the structures
of the ENSO-related atmospheric anomalies over the
tropical Pacific becomes more realistic compared to the
previous version (V1). In particular, the simulation of
the ENSO-related anomalous zonal wind stress and sub-
seasonal variability are improved, even though the standard
deviation of the SST anomalies over the eastern Pacific in
the new version is too strong. The stronger standard

Fig. 15 a Climatological (a) CLIM EP Z20

deviation of SST over the eastern Pacific in the revised
version is due to the stronger stratification and the shal-
lower-than-observed thermocline over the eastern Pacific
as well as the enhanced air—sea coupling strength and
intraseasonal variability associated with the ENSO.

With the aid of the realistic ENSO-related atmospheric
anomalies, the seasonal prediction skill for the SST
anomalies over the tropical Pacific domain is significantly
improved in the new version of the model. Because the
oceanic memory is retained up to several months, the
oceanic states including climatological thermocline depth
in the hindcast experiments is not as shallow as that in the
free integrations. Therefore, the ENSO magnitude is also
predicted realistically in the revised version of the CGCM.
On the other hand, ENSO in the hindcast experiment using
V1 quickly damps, which lowers the predictability of
ENSO in V1.

This study gives some clues to understand the relation-
ship between the simulation fidelity and the prediction skill
of ENSO. In case of the ocean, the predicted fields contain
the memory of the initial conditions to some extent.
Therefore, the oceanic characteristics are maintained as
observed in the hindcast experiments for up to several
months. In contrast, the predicted atmospheric fields
quickly converge to the inherent characteristics of the
model due to the short memory of the atmosphere. It
implies that the atmospheric simulation in the hindcast
experiment is similar to that in the free integrations, while
the similarity of simulated oceanic fields between simula-
tion fidelity and the prediction is blurred.

In this study, the simulation of climatology and the
ENSO is investigated using two different versions of the
model, and possible linkage between the performance of
free integrations and seasonal prediction skill is tried to be
discussed. Even though some possible linkage between
them is presented in this study, however, there is a limi-
tation that the comparison of model performance and sea-
sonal predictability is performed with two climate models.
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Therefore, further studies should be followed in this line
with seasonal prediction experiments multiple numbers of
climate models.
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