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ABSTRACT

This study reveals a possible cause of model bias in simulating the western Pacific subtropical high (WPSH)
variability via an examination of an Atmospheric Model Intercomparison Project (AMIP) simulation pro-
duced by the atmospheric general circulation model (AGCM) developed at Taiwan’s Central Weather Bu-
reau (CWB). During boreal summer, the model overestimates the quasi-biennial (2-3 yr) band of WPSH
variability but underestimates the low-frequency (3-5 yr) band of variability. The overestimation of the quasi-
biennial WPSH sensitivity is found to be due to the model’s stronger sensitivity to the central Pacific El Nifio—
Southern Oscillation (CP ENSO) that has a leading periodicity in the quasi-biennial band. The model un-
derestimates the low-frequency WPSH variability because of its weaker sensitivity to the eastern Pacific (EP)
ENSO that has a leading periodicity in the 3-5-yr band. These different model sensitivities are shown to be
related to the relative strengths of the mean Hadley and Walker circulations simulated in the model. An
overly strong Hadley circulation causes the CWB AGCM to be overly sensitive to the CP ENSO, while an
overly weak Walker circulation results in a weak sensitivity to the EP ENSO. The relative strengths of the
simulated mean Hadley and Walker circulations are critical to a realistic simulation of the summer WPSH
variability in AGCMs. This conclusion is further supported using AMIP simulations produced by three other
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A Source of AGCM Bias in Simulating the Western Pacific Subtropical High:

AGCMs, including the CanAM4, GISS-E2-R, and IPSL-CM5A-MR models.

1. Introduction

Sea level pressure (SLP) is one of fundamental at-
mospheric variables describing the distribution of the air
mass and the circulations it induces. Over the North
Pacific, the SLP climatology is characterized by two
major features: an Aleutian low over the high-latitude
Pacific and a Pacific subtropical high over the eastern
Pacific. In boreal summer, the Pacific subtropical high
expands and occupies a large portion of the North Pa-
cific and becomes the dominant SLP feature. The
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western flank of the subtropical high is referred to as the
western Pacific subtropical high (WPSH) and is known
to have profound impacts on Asian—Pacific climate.
Variations in the location and intensity of the WPSH, for
example, are known to affect the East Asian summer
monsoon strength (e.g., Chang et al. 2000; Wang et al.
2000; Lee et al. 2005) and the western Pacific typhoon
track (e.g., Ho et al. 2004; Wu et al. 2005). Therefore, it is
important for a general circulation model (GCM) to
realistically simulate the WPSH variability to be useful
for weather forecasts and climate projections for the
Asian—Pacific region.

A major source of the WPSH variability comes from
the atmospheric response to the forcing from El Nifio—
Southern Oscillation (ENSO). It is known that the in-
tensity of the WPSH tends to increase in the summer
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following an El Nifio event (e.g., Wang et al. 2000; Kumar
and Hoerling 2003; Sui et al. 2007; Xie et al. 2009). ENSO
events have been suggested to induce sea surface tem-
perature (SST) anomalies near the WPSH region to
sustain the WPSH variability through local air-sea in-
teractions (Wang et al. 2000), or to induce SST anomalies
in the Indian Ocean and around the Maritime Continent
region that later excite atmospheric wave motions to
maintain the WPSH variability (Xie et al. 2009).

These views on WPSH-ENSO relations were de-
veloped based on a conventional view of ENSO in which
events onset near the South American coast and later
extend from the eastern to central equatorial Pacific. It
has been increasingly recognized that there exists at least
one more type of ENSO that onsets, develops, and decays
locally in the equatorial central Pacific (Larkin and
Harrison 2005; Yu and Kao 2007; Ashok et al. 2007; Kao
and Yu 2009; Kug et al. 2009). This type of ENSO is often
referred to as the central Pacific (CP) ENSO, while the
conventional type of ENSO is referred to as the eastern
Pacific (EP) ENSO. These two terms were introduced by
Yu and Kao (2007) and Kao and Yu (2009) to emphasize
the different longitudinal locations of these types of
ENSO. Many studies have revealed that the CP ENSO
can affect global and regional climate differently from the
EP ENSO (e.g., Larkin and Harrison 2005; Hu et al. 2012;
Yu et al. 2012b). The CP ENSO has occurred more fre-
quently in the past few decades (Ashok et al. 2007; Kao
and Yu 2009; Kug et al. 2009). The intensity of El Niflo in
the central Pacific region, for example, has doubled in the
past three decades (Lee and McPhaden 2010), and the El
Nifio events in the twenty-first century so far have been
mostly of the CP type (Yu et al. 2012b). Therefore, the
effects of ENSO on the WPSH variability need to be
considered separately for the two types.

Two recent studies suggested that the time that the
ENSO type changes from being predominantly of the EP
type to being predominately of the CP type is around the
early 1990s (Yu et al. 2012a, 2015). It is very interesting to
note that summer WPSH variability also exhibits changes
around this time. Sui et al. (2007) noticed that the peri-
odicity of the WPSH variability changed from being cen-
tered on a 3-5-yr band before the early 1990s to being
centered on a 2-3-yr band afterward. They suggested that
the 3-5-yr band is connected to eastern Pacific SST vari-
ations through the Walker circulation (WC) and the 2-3-yr
band is connected to SST variations around the Maritime
Continent through the Hadley circulation (HC). Their
results indicate that the different modes of WPSH vari-
ability are related to the SST variations in different regions
of the tropical Pacific. In Park et al. (2010), an empirical
orthogonal function (EOF) analysis of the 850-hPa winds
anomalies was performed to identify the leading modes of
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WPSH variability. They also noticed that the leading mode
of WPSH variability changed around the early 1990s. The
leading EOF mode before the early 1990s was found to be
dominated by a 4-5-yr periodicity and associated with an
SST anomaly pattern resembling the EP ENSO. The
leading mode of WPSH variability after the early 1990s
was found to be dominated by a 2-3-yr periodicity and
associated with SST anomalies resembling the CP ENSO.
These recent studies together suggest that there exist two
distinct modes of summer WPSH variability, which are
separately related to the two types of ENSO. The leading
mode of WPSH variability changed in the early 1990s
when the dominant type of ENSO changed.

It is reasonable to hypothesize that an atmospheric gen-
eral circulation model (AGCM) needs to realistically sim-
ulate the separate relationships between the two WPSH
modes and the two ENSO types in order to produce a re-
alistic simulation of the WPSH variability. In other words,
an AGCM’s bias in the simulation of WPSH variability may
arise from the model’s inability to realistically simulate the
different WPSH responses to the forcing from the two types
of ENSO. This study uses an Atmospheric Model In-
tercomparison Project (AMIP; Gates et al. 1999) type of
simulation produced by an AGCM to examine this hy-
pothesis. We contrast the simulated and observed re-
lationships between the WPSH variability and the two types
of ENSO to understand why an AGCM can or cannot re-
alistically simulate the WPSH relationships with the two
types of ENSO. We choose to use in this study the AGCM
developed by the Central Weather Bureau (CWB) of Tai-
wan. This AGCM is chosen because it has been particularly
developed for weather and climate prediction in the Asian—
Pacific region. Findings obtained from the analysis of this
particular AGCM are verified with the AMIP simulations
from three other AGCMs: the CanAM4, GISS-E2-R, and
IPSL-CMS5A-MR models. Therefore, the results reported
here are not only specific to the CWB AGCM but also
applicable to other climate models.

This paper is organized as follows. Section 2 describes
the data used for a model diagnosis. Section 3 briefly
documents the configurations of the CWB AGCM. Sec-
tion 4 discusses the WPSH climatology and interannual
variability. Section 5 uses two model sensitivity experi-
ments to confirm the findings obtained from the AMIP
simulation. Section 6 investigates the possible causes of the
model deficiency. Section 7 verifies the findings obtained
with the CWB AGCM using AMIP simulations from the
other three AGCMs. A summary is given in section 8.

2. Data

In this study, a 58-yr (1949-2006) AMIP simulation
produced by the CWB AGCM is used. The simulation
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TABLE 1. Three CMIP5-AMIP models used in this study.

Model name Modeling group Horizontal resolution
1 CanAM4 Canadian Centre for Climate Modeling and Analysis (CCCMA) 2.8° X 2.8°
2 GISS-E2-R NASA Goddard Institute for Space Studies (NASA GISS) 2.5° % 2.0°
3 IPSL-CM5A-MR L’Institut Pierre-Simon Laplace (IPSL) 2.5° X 1.25°

was conducted following the AMIP protocol (Gleckler
2004), where the SST and sea ice boundary conditions
used for the AMIP simulation are provided by the
Program for Climate Model Diagnosis and Inter-
comparison (PCMDI; http://www-pcmdi.llnl.gov/projects/
amip/index.php). To verify the findings obtained using the
CWB model, we also use AMIP simulations from another
three AGCMs from the fifth phase of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al. 2012;
available online at http://pcmdi9.llnl.gov/) for the period
1949-2006 as summarized in Table 1. Monthly values of
SLPs and meridional and vertical (omega) winds are
analyzed in this study. Monthly anomalies are obtained
by removing the seasonal cycles. For the observations,
we use the monthly SLPs and winds from the National
Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
(Kalnay et al. 1996; available online at www.esrl.noaa.gov/
psd/) and SSTs from the Hadley Centre Sea Ice and Sea
Surface Temperature dataset (HadISST; Rayner et al. 2003;
available online at www.metoffice.gov.uk/hadobs/hadisst/).

3. Overview of the CWB AGCM

The basic features of the CWB AGCM are similar to
those of the earlier version of the AGCM (hereafter
AGCMg2), which is described in Liou et al. (1997).
Several changes have been made since the AGCMg2
was made operational in January 1995. The spectral
formulation for representation of the horizontal varia-
tion of prognostic variables of the current model is the
same as the AGCMg2 except that the horizontal reso-
lution was increased from a spectral triangular trunca-
tion of 79 waves (T79) (equivalent to approximately a
166-km grid resolution) to T119 (~111 km), the number
of vertical sigma levels was increased from 18 to 40, and
the model top was elevated from 10 to 1 hPa.

The parameterizations of physical processes have
been substantially revised to match those used in the
NCEP Climate Forecast System version 2 (CFSv2; Saha
et al. 2014). The surface fluxes are calculated based on
Miyakoda and Sirutis (1986). The atmospheric bound-
ary layer is calculated based on the simple model of
Troen and Mabhrt (1986). The land surface scheme used
is the four-layer Noah scheme (Ek et al. 2003). Radiative
transfer is calculated following Fu and Liou (1992, 1993)

and Fu et al. (1997). Cumulus convection is parameter-
ized by a relaxed Arakawa-Schubert (RAS) parame-
terization scheme (Moorthi and Suarez 1992). The
large-scale precipitation is calculated using the Zhao
and Carr (1997) scheme and shallow convection is pa-
rameterized using the scheme of Li (1994). Gravity wave
drag effects are calculated using Palmer et al. (1986).

4. WPSH climatology and variability in boreal
summer

We first compare in Fig. 1 the summer [June-July—
August (JJA)] SLP climatology produced by the CWB
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FIG. 1. (a) SLP climatology for the summer (JJA) calculated
from observations. The contour interval is 2 hPa. (b) As in (a), but
for the CWB AGCM simulation. (c) The SLP differences between
the model simulation and observations. Solid (dashed) contours
indicate positive (negative) values with an interval of 1 hPa.
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FIG. 2. (a) The standard deviations (contours) of the JJA SLP anomalies (2-7 yr filtered) and the correlation
coefficients (shading) between the WPSH index and SLP anomalies (2-7 yr filtered) for the observations. The
contour interval is 0.1 hPa. The correlation coefficients exceeding the 95% confidence interval using a two-tailed
Student’s ¢ test are dotted. The crisscrosses indicate the local maxima in the northeastern and northwestern Pacific,
respectively. The blue box indicates the region used to define the WPSH index. (b) As in (a), but for the CWB
AGCM simulation. (c) The time series of the WPSH index (hPa) for the observations. (d) As in (c), but for the
simulation. (e) The power spectrum (blue line) of the standardized WPSH index for the observations. The red
dashed line represents the 95% significance level. (f) As in (e), but for the simulation.

AGCM over the North Pacific with the observed cli-
matology calculated from the NCEP-NCAR reanalysis.
The simulated subtropical high (Fig. 1b) is in general
close to the observed one (Fig. 1a), both of which extend
from the northeastern Pacific to the northwestern Pacific
outside the Asian continent. Some discrepancies exist
between the simulation and the observations as can be
seen by their differences in Fig. 1c. The simulated high
tends to be too strong in the eastern Pacific and to be too
zonally extended compared with the observed high.
Model biases also occur over East Asia and North
America, which neighbor the subtropical high. Additionally,
anegative bias is also found in the western Pacific, where
the WPSH is located (broadly over 10°-30°N, 100°-
160°E). This means that the simulated WPSH strength is

underestimated during boreal summer. The largest SLP
differences in the WPSH region are about 3 hPa, which
is not particularly large.

We examine in Fig. 2 the interannual (2-7yr) vari-
ability of the summer SLP in the WPSH region. The
bandpass filter used in this study is the fourth-order
Butterworth filter (Parks and Burrus 1987) that is com-
monly used in climate analysis. Two local maxima can be
identified in the observed variability (contours in
Fig. 2a): one located in the northeastern Pacific and
the other in the northwestern Pacific (indicated by the
crisscrosses in the figure). The former coincides with
the summer center of the Pacific subtropical high (see
Fig. 1a), while the latter is in the region where the
WPSH typically locates. The CWB AGCM (Fig. 2b)
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reproduces the maximum SLP variability in these two
centers. Additionally, the model also produces a local
maximum over the tropical eastern Pacific, which is less
obvious in the observations. To reveal the exact spatial
pattern of the WPSH variability, we first construct a
WPSH index by averaging the SLP anomalies (2-7 yr
filtered) inside a region (10°-30°N, 120°~160°E; outlined
by blue box in Fig. 2a) that covers the local maximum
center of the standard deviations in the northwestern
Pacific. The region we selected to define the WPSH in-
dex is similar to the WPSH regions used by other studies
(e.g., Sui et al. 2007; Wang et al. 2013). We then correlate
Pacific SLP anomalies (2-7 yr filtered) with our WPSH
index. The correlation coefficients in Fig. 2a (shading)
indicate that the observed WPSH variability pattern
spans a region from the coast of the Asian continent to
the international date line and has a center near 20°N,
140°E. We repeat the procedure with the CWB AGCM’s
AMIP simulation and find that the simulated WPSH
variability (Fig. 2b) has a spatial pattern and magnitude
reasonably close to the observed one. However, the
simulated WPSH pattern has a strong negative correla-
tion with the interannual SLP variability in the tropical
western Pacific (over the Maritime Continent), which
does not appear in the observations.

As mentioned, previous studies have indicated that
the WPSH variability is associated with the ascending
motions induced by positive SST anomalies over the

equatorial eastern Pacific and the Indian Ocean in the 3—-
5-yr band, and with the ascending motions induced by
positive SST anomalies over the Maritime Continent in
the 2-3-yr band (Sui et al. 2007; Chung et al. 2011).
Based on this information, it is likely that the unrealistic
dipole-like correlation pattern of the simulated WPSH
variability in the CWB AGCM is a reflection of an
overestimation of the 2-3-yr band. To examine this
possibility, we plot in Figs. 2c and 2d the time series of
the observed and simulated WPSH indices. The stan-
dard deviations of these two time series are found to be
similar: 0.62hPa for the observations and 0.67 hPa for
the simulation. A power spectrum analysis shows that the
observed WPSH index (Fig. 2e) has larger power in the
3-5-yr band than in the 2-3-yr band, whereas the simu-
lated WPSH index (Fig. 2f) has power in the 2-3-yr band
as large as that in the 3-5-yr band. Apparently, a rela-
tively too strong 2-3-yr band and a relatively too weak
3-5-yr band are the major model biases of the CWB
AGCM in its simulation of the summer WPSH.

Why then are the power in the 2-3-yr band of the
WPSH overestimated and the power in the 3-5-yr band
underestimated in the AGCM? To answer these ques-
tions, we separate the 2-3-yr and 3-5-yr bands in the
observed and simulated WPSH indices. The filtered in-
dices are then used to examine the associated SLP and
SST anomaly structures of these two bands of WPSH
variability. Figures 3a and 3b show the SLP anomaly
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patterns regressed onto the two bands of the observed
WPSH index in JJA. These two regression patterns are
different in their northeastward extension structures.
For the 2-3-yr band (Fig. 3a), there are two separate
centers with comparable magnitudes (i.e., 0.7 and 0.5 in
regression coefficients, respectively). In contrast, the 3—
S-yr band (Fig. 3b) has a single major center over the
northwestern Pacific, and a small secondary center in the
northeastern Pacific that is relatively weak. The re-
gression coefficient is 0.8 for the northwestern Pacific
center but only 0.3 for the northeastern Pacific center.
The same regression analysis applied to the AMIP
simulation reveals that the modeled SLP patterns in
both the 2-3-yr (Fig. 3c) and 3-5-yr (Fig. 3d) bands are
close to the observed pattern in the 2-3-yr band. This
analysis indicates that the CWB AGCM produces the
observed 2-3-yr band of WPSH variability but not the
observed 3-5-yr band of WPSH variability.

Figure 4 shows the correlation coefficients between
the JJA WPSH index in the 2-3-yr band and the sea-
sonal SST anomalies in the previous (year —1) and
current (year 0) years. Since the WPSH intensity tends
to increase in the summer following an El Nifio event,
JJA(—1) and JJA(0O) in this study are referring to the
summer before and after the peak phase of El Nifio,
respectively. In the observations, the correlated SST
anomalies for the 2-3-yr band (Fig. 4a) resemble more
the spatial structure and temporal evolution of the CP El
Nifio than the EP EI Nifio. As described in Kao and Yu
(2009), a typical CP El Nifio event is often preceded by
positive SST anomalies in the eastern subtropical Pacific
in the spring of the El Nifio year [e.g., (March-May)
MAM(—1) in Fig. 4a]. These positive anomalies persist
to the following seasons [(June—-August) JIA(—1),
(September—November) SON(—1)] and penetrate into
the equatorial central Pacific around the date line. The
anomalies in the central Pacific then spread eastward
reaching a peak phase in winter [(December—February)
D(—1)JF(0)] and decay in the central Pacific in the fol-
lowing seasons [MAM(0), JJA(0)]. This sequence of the
CP El Nifio SST evolution is close to what is shown in
Fig. 4a. This similarity confirms that the 2-3-yr band of
the observed WPSH variability is related to the CP
ENSO forcing. The 2-3-yr band discussed here is similar
to the EOF-2 mode discussed in Wang et al. (2013, see
their Fig. 3a). They suggested that the EOF-2 mode of
WPSH variability is a result of a Gill-type Rossby wave
response to SST anomalies in the central Pacific. In the
CWB AGCM simulation, the 2-3-yr band of WPSH
variability is also associated with SST anomalies char-
acteristic of the CP EI Niflo, with positive SST anomalies
developing in spring (top panels of Fig. 4b), peaking in
winter (middle panels), and decaying rapidly afterward
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(bottom panels). Although there are indications in the
simulation (as well as in the observations) that positive
SST anomalies also appear in the eastern Pacific, they
tend to be weaker than those in the central Pacific.
Overall, the results shown in Fig. 4 indicate that the
CWB AGCM is responsive to the SST forcing from the
CP ENSO that gives rise to the 2-3-yr band of WPSH
variability.

As for the 3-5-yr band of WPSH variability, the cor-
related SST anomalies in the observations (Fig. 5a) are
confined more to the eastern Pacific and South Ameri-
can coast and resemble the spatial structure and tem-
poral evolution of the EP El Nifio. Positive SST
anomalies develop near the equatorial coast of South
America and spread westward to the central Pacific
during the fall and winter [SON(—1), D(—1)JF(0)]. The
positive anomalies persist into the spring and summer
during the decaying ENSO phase [MAM(0), JJA(0)] in
the eastern Pacific, together with Indian Ocean warming
in summer. The 3-5-yr band is similar to the EOF-1
mode of WPSH variability discussed by Wang et al.
(2013, see their Fig. 2a). They suggested that this mode
of WPSH variability is produced by the interactions
between the WPSH and SST anomalies in the Indian
and Pacific Oceans (i.e., an Indian Ocean warming and a
Pacific cooling). A basinwide warming in the Indian
Ocean is known to be forced by traditional EP El Nifio
events through an anomalous Walker circulation (e.g.,
Klein et al. 1999; Yu and Lau 2005; Xie et al. 2009;
Kumar et al. 2014). Therefore, the 3-5-yr band of WPSH
variability can be considered as a WPSH response to the
forcing from the EP El Nifio and the associated Indian
Ocean warming.

In the CWB AGCM, the correlations of the 3-5-yr
band with SST anomalies in the eastern Pacific (Fig. 5b)
are not as strong as those observed. There is no strong
indication of an EP ENSO occurring in the winter
[D(—1)JF(0)] preceding the summer WPSH variability.
Instead, the correlated SST anomalies are dominated by
La Nifia-like conditions in the central Pacific during the
concurrent summer [JJA(0)]. Also, the basinwide In-
dian Ocean warming emphasized by Wang et al. (2013)
does not persist into the summer in the model simula-
tion. These results indicate that the 3-5-yr band of
WPSH variability in the CWB AGCM is forced by the
SST variability in the tropical central Pacific. The model
response to the tropical eastern Pacific SST variability is
weaker than that found in the observations. It is our
conclusion that the observed WPSH responds to the EP
and CP ENSO forcing to produce, respectively, the 3-5-
and 2-3-yr bands of WPSH variability, but the CWB
AGCM responds strongly only to the CP ENSO to
produce both bands of WPSH variability.
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FIG. 4. (a) The lagged correlation coefficients between the 2-3-yr filtered JJA WPSH index and the seasonal SST

anomalies in the previous and current years from the observations. The blue box indicates the WPSH region. The
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year in the brackets. The area exceeding the 95% confidence interval using a two-tailed Student’s ¢ test are dotted.

(b) As in (a), but for the CWB AGCM simulation.

To further examine the associations between the two
bands of WPSH variability and the two types of ENSO,
we composite the SLP anomalies for the two types of
ENSO events. According to Yu et al. (2012b), our
analysis period includes 12 CP El Nifio events (1953/54,
1957/58, 1958/59, 1963/64, 1965/66, 1968/69, 1977/78,
1987/88, 1991/92, 1994/95, 2002/03, and 2004/05) and 7

EP El Nifio events (1951/52, 1969/70, 1972/73, 1976/77,
1982/83, 1986/87, and 1997/98). Figure 6 shows the
composite SLP anomalies during the decaying summers
[JJA(0)] of these two groups of El Nifio events. During
the CP El Nino (Fig. 6a), SLP anomalies are observed to
intensify over the WPSH region and are accompanied
by negative SLP anomalies over the Maritime
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Continent. The WPSH also intensified during the EP El
Nifo (Fig. 6b), but is not accompanied by negative SLP
anomalies over the Maritime Continent. This difference
over the Maritime Continent indicates that the WPSH
variability composited for the CP El Nifio events is
similar to the 2-3-yr band of WPSH variability, while the
variability composited for the EP El Nifio events is
similar to the 3-5-yr band of WPSH variability. The
WPSH variability in the CP El Nifio composite also
shows a meridionally elongated structure similar to that

of the 2-3-yr band of WPSH variability (cf. Fig. 3a),
while the WPSH variability in the EP El Nifio composite
has a zonal elongation similar to that of the 3-5-yr band
of WPSH variability (cf. Fig. 3b). It should be noted that
the CP ENSO is known to have a leading periodicity of
about two years and the EP ENSO has a leading peri-
odicity of about four years (Kao and Yu 2009; Yu et al.
2010,2011; Yu and Kim 2010). The leading periodicities
of these two types of ENSO match the two bands of
WPSH variability discussed here.
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FIG. 6. (a) The composite SLP anomalies from the observations for the 12 CP El Nifo decaying summers
[JJA(0)]. Solid (dashed) contours indicate positive (negative) values with an interval of 0.1 hPa. The SLP anomalies
exceeding the 90% confidence interval using a two-tailed Student’s ¢ test are dotted. The blue box indicates the
WPSH region. (b) As in (a), but for the seven EP El Nifio decaying summers. (c),(d) As in (a),(b), but for the
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simulation, respectively.

In the simulation, the SLP anomalies composited for
the CP El Nifio events are in general close to the ob-
served composite (cf. Figs. 6¢ and 6a): positive anoma-
lies are reproduced over the WPSH region and negative
anomalies are reproduced over the Maritime Continent.
However, the simulated SLP anomalies composited for
the EP El Nifio do not resemble the observed composite
(cf. Figs. 6d and 6b). Positive SLP anomalies are pro-
duced only near the eastern edge of the WPSH region
during the EP El Nifio decaying summers. Unrealistic
negative SLP anomalies are found over a large portion
of the Asian continent and western half of the WPSH
region. As a result of this erroneous SLP anomaly pat-
tern, the anomaly value averaged within the WPSH box
is much smaller in the simulation (3.3 hPa) than in the
observations (5.0 hPa). The composite values for the CP
El Nifio are about the same for the simulation (3.1 hPa)
and the observations (2.6 hPa). Therefore, the compos-
ite analysis according to the two types of ENSO further
confirms that the CWB AGCM responds realistically in
its WPSH simulation to the SST forcing from the CP El
Nifio, but underestimates the response to the forcing
from the EP El Nifio.

Based on the findings so far, we expect the simulated
and observed WPSH indices to be less correlated before
the early 1990s when the ENSO is dominated by the EP
type but more correlated afterward when the ENSO

became dominated by the CP type. Itis encouraging to
find that the correlation coefficient between the sim-
ulated and observed WPSH indices indeed increases
from 0.44 for the period 1981-93 to 0.70 for the period
1994-2006.

5. Model sensitivity experiments

As another effort to examine the findings from the
AMIP simulation, we conducted two sensitivity experi-
ments with the CWB AGCM. The experiments were
designed as follows: a CP run in which the model is
forced by SST anomalies characteristic of the peak
phase of the CP type of El Nifio and an EP run in which
the model is forced by SST anomalies characteristic of
the peak phase of the EP type of El Nifio. The SST
anomaly patterns were obtained using a regression—
EOF analysis. As explained in Kao and Yu (2009) and
Yu and Kim (2010), we first removed the SST anomalies
regressed with the Nifio-1+2 SST index (i.e., the EP
ENSO influence) from the original monthly SST
anomalies and then applied an EOF analysis to the re-
sidual SST anomalies to obtain the spatial pattern of the
CP ENSO. Similarly, we subtracted the SST anomalies
regressed with the Nifio-4 index (i.e., the CP ENSO in-
fluence) from the original SST anomalies and then ap-
plied an EOF analysis to identify the leading structure of
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FIG. 7. (a) The SST anomaly pattern for the CP ENSO. Solid (dashed) contours indicate positive (negative) values with an interval of
0.1. (b) As in (a), but for the EP ENSO. (c) The time series of the CP index (°C). (d) As in (c), but for the EP index. (e) The standard
deviations of SST anomalies that force the CP run. The contour interval is 0.3°C. (f) As in (e), but for the EP run.

the EP ENSO. Figures 7a and 7b show the SST
anomaly patterns obtained using this method and the
HadISST dataset for an analysis period of 1980-2000.
The CP ENSO (Fig. 7a) is characterized by positive
SST anomalies with maximum values centered near
the international date line and extending into the
subtropics, while the EP ENSO (Fig. 7b) is charac-
terized by SST anomalies with maximum values near
the South American coast extending to the central
Pacific along the equator. The principal components
(PCs) associated with these patterns (shown in
Figs. 7c and 7d) are referred to, respectively, as the
CP index and EP index and represent the intensity
evolutions of the CP ENSO and EP ENSO from 1980
to 2000.

To construct the SST anomalies from 1980 to 2000
for the CP run, we multiplied the CP index (i.e.,
Fig. 7c) by the CP ENSO SST anomaly pattern (i.e.,
Fig. 7a) and by a factor of 3. The factor of 3 is used to
amplify the SST anomalies to values close to those
observed during typical ENSO events. These anoma-
lies were then added to the monthly SST climatology
to force the CWB AGCM. Similarly for the EP run, we
multiplied the EP index by the EP ENSO SST anomaly
pattern and by a factor of 3 to construct the SST
anomalies to drive the model. Only SST anomalies
associated with the CP and EP ENSO in the tropical
Pacific (20°S-20°N, 120°E-80°W) are prescribed. Out-
side this region, the monthly SST climatology is used.

The model is integrated for the period 1980-2000 for
each run. The standard deviations of the SST anoma-
lies that force the CP and EP runs are shown in Figs. 7e
and 7f, which indicate that the maximum standard
deviation is 2.1°C for the CP run and 3.1°C for the EP
run. It should be noted that SST anomaly patterns are
fixed in time in these experiments and do not include
the SST anomaly evolution associated with the life
cycle of the EP and CP ENSO (i.e., growth, peak, and
decay). The experiments are meant to be a simple
check of the WPSH sensitivity to the SST forcing in the
CWB AGCM.

We first examine the WPSH variability produced in
these two runs by calculating the standard deviations of
SLP averaged in the WPSH box region. The standard
deviation is 1.05hPa in the CP run and 0.92hPa in the
EP run. The ratio of the WPSH variability in the CP run
to the EP run is 1.14, which indicates that the CP run
produces larger WPSH variability than the EP run, even
though the maximum SST forcing in the EP run is
slightly larger than that in the CP run (see the standard
deviations shown in Figs. 7e and 7f). The sensitivity
experiment result is consistent with the suggestion we
made from the analysis of the CWB AMIP simulation:
the CWB AGCM is more responsive (or sensitive) to the
SST forcing from the CP region than from the EP region.
We notice from Figs. 7c and 7d that large negative values
of CP ENSO index occur in the decaying years of EP
ENSO events: 1982, 1987, and 1997. To exclude the



2358

(a) JUA CP/EP Indices

MONTHLY WEATHER REVIEW

(b) JUA WPSH Indices

VOLUME 143

(c) WPSH—to—CP/EP

15.0 1.5 0.25
— CP Run 4
=IER RUNH .
0.20 A -
10.0 -
0.15 A -
5.0 A
0.10 A -
0-0 L 1 T Ll 0!05 1 L] Ll 1
2 3 4 5 6 7 2 3 4 5 6 7
Period (yr) Period (yr) Period (yr)

FIG. 8. (a) The power spectra of the CP index in the CP run (red line) and the EP index in the EP run (blue line). The red (blue) dashed
line represents the 95% significance level for the CP (EP) run. The unit is °C2. (b) As in (a), but for the WPSH indices from the CP run (red
line) and the EP run (blue line). The unit is hPa®. (c) The ratios of the power of the WPSH indices to the power of the CP index over each
frequency in the CP run (red line), or to the power of the EP index in the EP run (blue line). The unit is hPa®°C 2.

possibility that the WPSH variability produced in the CP
run may represent a response to the decaying EP ENSO
events, we remove these three events from the EP and
CP runs and recalculate the WPSH variability. We find
the CP-to-EP ratio of the WPSH variability is still larger
than one (i.e., 1.25).

Next we performed a power spectrum analysis on
WPSH and SST indices from the CP and EP runs.
Figure 8a shows the power spectra of the CP and EP
indices (not bandpass filtered) that represent the tem-
poral evolutions of the SST forcing prescribed for these
two sensitivity experiments. As expected, the EP index
(blue line) has the largest power in the 3-5-yr band,
while the CP index (red line) has the largest power in
the 2-3-yr band. Figure 8b shows the power spectra of
the WPSH indices calculated from these two experi-
ments. The spectra indicate that the WPSH index in the
CP run (red line) has the largest power in the 2-3-yr
band, while the power spectrum in the EP run (blue
line) has the largest power in the 3-5-yr band. The
power spectra of the WPSH indices resemble those of
the corresponding CP and EP indices. This similarity
simply reflects the fact that the WPSH variability is
responding to the prescribed tropical SST forcing. We
then quantify the WPSH sensitivity to the SST forcing
in these two runs by calculating the ratio of the power
of the WPSH indices to that of the CP or EP indices
over each frequency band. The ratios are shown in
Fig. 8c. The figure indicates that the ratio is much larger
in the CP run than that in the EP run over all frequency
bands. Therefore, the results from these two 21-yr
sensitivity experiments confirm that the CP SST forc-
ing excites stronger WPSH variability than the EP SST
forcing in the CWB AGCM.

6. Possible causes for the different sensitivities to
the CP and EP ENSO forcing in the CWB AGCM

Here we explore the possible reason why the CWB
AGCM is less responsive to the SST forcing in the tropical
eastern Pacific. The 2-3-yr band of WPSH variability was
suggested to be linked to the CP ENSO through the
Hadley circulation and the 3-5-yr band of variability
linked to the EP ENSO through the Walker circulation
(e.g., Park et al. 2010). Yu et al. (2012a) also argued that
the dominance of the two types of ENSO is related to the
relative strengths of the mean Hadley and Walker circu-
lations. It is possible that the model deficiency is related to
how well the relative strengths of these two atmospheric
circulations are simulated in the CWB AGCM. Following
Oort and Yienger (1996), we use a WC index and an HC
index to quantify the strengths of these two circulations.
The HC strength is defined as the vertical shear of the
meridional wind between 200 and 850 hPa over the tropi-
cal Pacific (10°N, 120°E-80°W), and the WC strength as
the difference in 500-hPa vertical wind between the east-
ern (180°-100°W) and western (100°-150°E) regions of
the equatorial Pacific (10°S-10°N). Figure 9 compares the

(a) HC strength (b) WC strength

0BS CWB 0BS CWB

FIG. 9. (a) The JJA-mean Hadley circulation indices from ob-
servations (blue bar) and the CWB simulation (red bar). (b) As in
(a), but for the Walker circulation.
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filtered JJA WPSH indices.

JJA-mean values of these two indices between the ob-
servations and the CWB AGCM simulation. The mean
HC strength (Fig. 9a) in the simulation (—2.0ms ') is
stronger than that in the observations (—1.7ms'). The
difference between the observations and simulation
passes the 95% confidence level using a two-tailed Stu-
dent’s ¢ test. The mean WC strength (Fig. 9b) in the
simulation (1.7 X 10 ?Pas™ ') is weaker than that in the
observations (1.9 X 107?Pas™ '), although the differ-
ence does not pass the significance test. Therefore, it is
reasonable to suggest that an overly strong mean Hadley
circulation makes the CWB AGCM unrealistically
sensitive to the SST forcing in the central Pacific, leading
to an overestimation of the WPSH variability in the 2-3-yr
band. Also, an overly weak mean Walker circulation
makes the model less sensitive to the SST forcing in the
eastern Pacific, which leads to an underestimation of the
WPSH variability in the 3-5-yr band.

7. Verifying the CWB AGCM findings with other
AGCMs

Here we verify our findings from the CWB AGCM by
analyzing AMIP simulations from three other AGCMs:
the CanAM4, GISS-E2-R, and IPSL-CM5A-MR models.
Figures 10a—c display the interannual WPSH variability

(contours) produced by these models. All the models
reasonably produce maximum SLP variability centers
over the northeastern Pacific and the WPSH region (see
Fig. 2a). We also show in Figs. 10a—c the SLP anomalies
(shading) correlated with the WPSH index for all three
AGCMs. For the CanAM4 model, positive SLP anoma-
lies (Fig. 10a) in the WPSH region are accompanied by
negative SLP anomalies over the Maritime Continent.
This SLP correlation is similar to that found in the CWB
AGCM (see Fig. 2b). Therefore, we expect the WPSH
variability in the CanAM4 model to be dominated by the
WPSH response to the CP ENSO. To examine this pos-
sibility, we correlate SST anomalies with the 2-3- and the
3-5-yr bands of the WPSH index in this model (Figs. 10d
and 10g). The WPSH variability in both bands is indeed
associated with negative SST anomalies over the central
Pacific and positive SST anomalies over the Maritime
Continent, similar to those found in the CWB model (see
Figs. 4b and 5b). For the other twvo AGCMs (the GISS-
E2-R and IPSL-CM5A-MR), the SLP anomalies corre-
lated with their WPSH indices (Figs. 10b and 10c) do not
show an out-of-phase SLP variation between the WPSH
region and the Maritime Continent. Instead, an out-of-
phase SLP variation is found between the WPSH region
and the eastern Pacific. The SST anomalies correlated
with their WPSH indices are found to be dominated by
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positive SST anomalies over the eastern Pacific and the
Indian Ocean for both the 2-3-yr band (Figs. 10e and 10f)
and the 3-5-yr band (Figs. 10h and 10i). Therefore, the
WPSH variability in these two particular AGCMs is
mostly forced by the EP ENSO forcing. Our analyses
indicate that AGCMs can be separated into two groups:
one group whose WPSH variability is more sensitive to
the forcing from the CP ENSO and the other group
whose WPSH variability is more sensitive to the forcing
from the EP ENSO. Both the CWB AGCM and the
CanAM4 model are in the CP-sensitive group, whereas
the GISS-E2-R model and the IPSL-CM5A-MR model
are in the EP-sensitive group.

The validity of this grouping can be examined by
further calculating the magnitudes of WPSH variability
in these models composited for the CP and EP ENSO
events. The composite analysis is again performed based
on the 12 CP El Nifio and 7 EP El Nifio events identified
in section 4. In the observations, the composite SLP
anomalies averaged in the WPSH box are 2.6 hPa for the
CP El Nifio and 5.0hPa for the EP EIl Niflo. In the
CanAM4 model, we found the composite SLP anomalies
averaged in the WPSH box are 3.1 hPa for the CP El
Nifio and 3.3hPa for the EP El Nifio. Apparently, the
WPSH variability forced by the EP SST forcing is un-
derestimated in this model, which is similar to the CWB
model. In contrast, the GISS-E2-R and IPSL-CM5A-
MR models produce much stronger SLP anomalies in
the WPSH box for the EP El Nifio (4.1 and 2.3 hPa, re-
spectively) than for the CP El Nifo (0.2 and 1.3 hPa,
respectively). The WPSH variability in these two models
is more sensitive to the SST forcing from the eastern
Pacific than the forcing from the central Pacific. We also
calculated the correlation coefficients between the ob-
served and simulated WPSH indices for the three
models. Similar to the CWB AGCM, a larger coefficient
for the CanAM4 model is found after the early 1990s
(0.75) than before the early 1990s (0.36). In contrast,
larger coefficients are found for the GISS-E2-R and
IPSL-CM5A-MR models before the early 1990s (0.75
and 0.87, respectively) than after the early 1990s (0.30
and 0.61, respectively). These analyses confirm that the
models’ bias in simulating the WPSH variability is re-
lated to their sensitivities to the forcing from the dif-
ferent locations of the tropical Pacific.

We next verify our argument that the model bias is
linked to the strengths of the mean Hadley and Walker
circulations. As shown in Fig. 11a, the strength of the
mean HC in the CanAM4 model (—1.9ms™!) is signifi-
cantly stronger than that in the observations (—1.7ms ")
at the 95% confidence level. The strength of the mean
WC (Fig. 11b) in the model (2.0 X 10 ?Pas™') is similar
to the observed (1.9 X 10 ?Pas™'). The HC-to-WC
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FIG. 11. As in Fig. 9, but for the CanAM4 (red bar), GISS-E2-R
(blue bar), and IPSL-CMS5SA-MR (green bar) models.

ratio normalized by the observed ratio is 1.1, indicating
that the CanAM4 model produces a stronger mean HC.
This overly strong HC feature is similar to the CWB
AGCM, both of which are in the CP-sensitive model
group. In contrast, the GISS-E2-R model produces a
normalized HC-to-WC ratio of 0.8. The IPSL-CM5A-MR
model produces a normalized ratio of 0.4. Both of these
EP-sensitive models produce a too-strong mean WC.
These analyses support our suggestion that the model
sensitivity in the WPSH response to the different loca-
tions of SST forcing (i.e., central Pacific or eastern Pa-
cific) is influenced by the relative strengths of the mean
Hadley and Walker circulations. The models in the CP-
sensitive group have a strong mean Hadley circulation
while the models in the EP-sensitive group have a strong
mean Walker circulation.

8. Summary

In this study, we have examined the summer WPSH
variability in an AMIP-type simulation produced by the
CWB AGCM, with a particular focus on its linkages
with the two types of ENSO. We find that the CWB
AGCM realistically simulates the summer WPSH vari-
ability in the 2-3-yr frequency band, which is related to
the atmospheric response to the forcing associated with
the CP ENSO. In contrast, the model underestimates the
3-5-yr band of WPSH variability that is related to the
atmospheric response to the EP ENSO. This model bias
is further confirmed by the results from two sensitivity
experiments in which the SST forcing is prescribed over
either the CP or EP regions. The model bias is further
related to the simulation of the relative strengths of the
mean Walker and Hadley circulations. An overly strong
mean Hadley circulation may inhibit the model from
fully responding to the EP ENSO forcing, whereas an
overly strong mean Walker circulation may hinder the
model from responding to the CP ENSO forcing. The
findings obtained from the CWB AGCM simulation are
supported by the results obtained from three other
AGCMs (the CanAM4, GISS-E2-R, and IPSL-CM5A-
MR models). This study concludes that the relative
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strengths of the mean Walker and Hadley circulations are
crucial in determining the characteristics of the summer
WPSH variability. Our results also imply that model de-
ficiencies in the mean circulation strengths, which are
likely related to how deep convection is treated, may
affect the ability of AGCMs in simulating and predicting
the impacts of the two types of ENSO on Asian—Pacific
climate. Alleviation of these model deficiencies are
needed for the further improvement of AGCMs.

It should be pointed out that there exists an “‘El Nifio
continuum” view (e.g., Giese and Ray 2011), in which
EP and CP ENSO events are considered just two ex-
tremes of this continuum. Individual ENSO events may
actually evolve between these two types during their life
cycles. For example, the 1997/98 El Nifio event is an EP
type of ENSO, but this event began with some positive
SST anomalies in the central Pacific [see Fig. 1d in Yu
and Paek (2015)] and evolved into a CP La Niia after its
decaying phase. Therefore, this EP ENSO event may
also contribute to the SST variability in the CP region.
The possibility that the SST variability in the central
Pacific can also develop in association with EP El Nifio
events is not considered in this study and deserves fur-
ther investigation.
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