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Abstract

This study examines a climate model hindcast of the responses of the western Pacific subtropical high (WPSH) to three types
of El Nifio events: the Eastern Pacific (EP) El Nifio and the types I and II of Central Pacific (CP-I and CP-II) El Nifio. These
El Nifio types differ from each other in the central locations and patterns of their sea surface temperature (SST) anomalies.
They invoke four different mechanisms to impact the WPSH. Hindcasts produced by the Taiwan Central Weather Bureau
(CWB) Climate Forecast System 1-tiered model (TCWB1T1) are analyzed. These hindcasts realistically simulate the impacts
on the WPSH during the CP-I El Nifio, but overestimate the impacts during the decaying summer of the EP EI Nifio and
during the developing autumn and early winter of the CP-II El Nifio. The overestimates are mainly the result of an overly
strong Maritime Continent regional circulation mechanism during EP El Nifios and an overly strong Indian Ocean capacitor
mechanism during CP-II El Nifios. Further analyses show that these model biases are related to biases in the simulations of
El Nifio SST anomalies and the Walker circulation. Both model deficiencies are common to contemporary coupled climate

models.

Keywords Western Pacific subtropical high - EP El Nifio - CP-I El Nifio - CP-1I El Niflo - Forecast

1 Introduction

The western Pacific subtropical high (WPSH) is one of the
most influential atmospheric circulation systems impacting
East Asian and western Pacific weather and climate. The
location and intensity of the WPSH have an impact on, for
example, typhoon tracks and landfall locations (e.g., Du
et al. 2011; Ho et al. 2004; Wu et al. 2005; Stowasser et al.
2007) and the intensity of the Indian and Asian monsoons
(e.g., Lau et al. 2000; Chang et al. 2000; Wang et al. 2000;
Lee et al. 2005; Park et al. 2010; Matsumra et al. 2015).
Inter-annual variations in the WPSH are closely linked to El
Nifio-Southern Oscillation (ENSO) events (e.g., Jiang et al.
2017, 2018; Kumar and Hoerling 2003; Paek et al. 2015,
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2019; Park et al. 2010; Sui et al. 2007; Wang et al. 2000;
Wang and Zhang 2002; Xie et al. 2009, 2016). The WPSH
tends to intensify during the mature and decaying phases of
El Nifio events (Wang et al. 2000; Wang and Zhang 2002;
Xiang et al. 2013; Xie et al. 2009, 2016). Various mecha-
nisms have been proposed to explain these El Nifio impacts
on the WPSH. Wang et al. (2000) linked these impacts
to local atmosphere—ocean coupling in the Northwestern
Pacific (NWP) triggered by a Rossby wave response to the
El Nifio sea surface temperature (SST) anomalies. Xie et al.
(2009) linked the EI Nifio impacts to an Indian Ocean capac-
itor mechanism, in which the El Nifio-induced Indian Ocean
warming excites Kelvin wave propagation to strengthen the
WPSH during the decaying summer of El Nifio. Sui et al.
(2007) suggested that El Nifio-related convection and SST
anomalies around the Maritime continent (MC) can affect
the WPSH via a local meridional circulation connecting the
MC and the WPSH.

Based on the locations of the maximum SST anoma-
lies, researchers have separated El Nifio events into East-
ern Pacific (EP) and Central Pacific (CP) types (Kao and
Yu 2009; Yu and Kao 2007). Chen et al. (2019) finds that
the NWP local coupling mechanism of Wang et al. (2000)
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can be activated either by two consecutive Gill responses
to SST anomalies in the tropical eastern Pacific (e.g., the
EP El Nifo) or a single Gill response to SST anomalies
in the tropical central Pacific (e.g., the CP El Nifio). They
referred to these two mechanisms, respectively, as the NWP-
IT and NWP-I local coupling mechanisms and used them to
understand the WPSH responses to El Nifio diversity. With
the NWP-II (two-step Gill response) mechanism, warm
SST anomalies in the tropical eastern Pacific can excite
a Gill response to produce an anomalous cyclone to the
west of the SST anomalies. The anomalous cyclone then
enhances the northeast trade winds to subsequently induce
cold SST anomalies in the subtropical central Pacific. The
cold anomalies can then excite a second Gill type response
to establish an anomalous anticyclone in the NWP region.
With the NWP-I (one-step Gill response) mechanism, posi-
tive SST anomalies in the tropical central Pacific excite a
Gill response to directly establish an anomalous cyclone
over the NWP region.

Recent studies suggested that the CP El Nifio needs to be
further divided into CP-I and CP-II types due to differences
in their SST evolution patterns (Wang and Wang 2013) and
climate impacts (Wang and Wang 2013; Tan et al. 2016;
Chen et al. 2019). While the CP-I and CP-II El Nifios are
both characterized by having their largest positive SST
anomalies in the equatorial central Pacific, the origins and
spatial patterns of their SST anomalies are noticeably dif-
ferent. The SST anomalies of the CP-I El Nifio originate
and develop locally in the equatorial central Pacific, while
the SST anomalies of the CP-II El Nifio originate from the
northeastern subtropical Pacific. The SST anomalies exhibit
a symmetric distribution pattern about the equator for the
CP-1 El Nifio but an asymmetric distribution pattern for the
CP-1I El Nifio during their peak phases.

Chen et al. (2019) analyzed reanalysis data to find that
the El Nifio impacts on the WPSH are distinctly different
among the EP, CP-I, and CP-II types. They find that the EP
El Nifio impacts the WPSH most strongly from the develop-
ing autumn to decaying summer via the NWP mechanism of
Wang et al. (2000) and the Indian Ocean capacitor mecha-
nism of Xie et al. (2009). The CP-II El Nifio exerts a stronger
impact on the WPSH than the EP El Nifio while CP-I El
Nifio exerts a weaker impact. The CP-II El Nifio’s impact
persists from its developing summer into decaying summer
through the MC circulation mechanism of Sui et al. (2007),
while the CP-I El Nifio’s impact is only significant during
its peak winter through the NWP mechanism. The results
from Chen et al. (2019) indicate that the conventional view
on how El Nifio impacts the WPSH needs to be revised to
take into account El Nifio diversity.

It is important for climate models to simulate the different
impacts and impact mechanisms in order to produce skillful
predictions of WPSH variations during El Nifio events. It is
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also important to know what the causes are for the model
deficiencies in the simulations. In this study, we examine ret-
rospective hindcasts produced by a weather forecast agency
for the aforementioned purposes. We choose to use the
hindcasts produced by the Taiwan Central Weather Bureau
Climate Forecast System 1-tiered model (TCWBI1T1) due
to its availability to us. Also, as we elaborate on later, many
of the model deficiencies we identify from this model are
common to other climate models. Results obtained using
the CWB model can be useful to other modelling groups as
well. The rest of this study is organized as follows. Section 2
describes the observational datasets, the retrospective hind-
casts, and the TCWB1T1 model used in this study. Section 3
describes the performance of the CWB model in simulating
the WPSH and the impact mechanisms characteristic of the
three types of El Nifio. Section 4 examines the sources of
model deficiencies. A set of conclusions and a discussion
are presented in Sect. 5.

2 Data and methods

Nine-month hindcasts produced by the TCWBI1T1 model
(Wu et al. 2019) are used. The TCWBITI is a coupled
atmosphere—ocean model that consists of the CWB Global
Forecast System as the atmospheric model component and
the Modular Ocean Model version 3 (MOM3) as the oceanic
model component. The hindcast period is from January 1982
to December 2011. For each month, hindcasts were launched
at days 1, 3, 6, 8, 11, 13, 16, 18, 21, and 23, resulting in
10-member ensembles. The lead-0 to lead-9 month hindcasts
are the monthly averages of these daily predictions (i.e., the
10-member ensembles). The monthly anomalies are defined
as the deviations from the hindcasts monthly climatology
after removing linear trends. The model was shown to have
reasonable skills in sub-seasonal to seasonal forecasts (Wu
et al. 2019). The pattern correlation coefficient between the
1-month hindcasted and observed SST anomalies in the
global oceans is significant at 95% confidence level. While
the correlation decreases as the increase of the lead time, the
correlation coefficient at the 2-month lead remain significant
in most of the tropical oceans.

Observational datasets used in this study include monthly
SSTs from the Hadley Centre Sea Ice and SST dataset
(HadISST) (Rayner et al. 2003) at a horizontal resolution
of 1.0°x1.0°, and monthly mean sea level pressure (SLP),
winds and vertical velocities from the National Centers
for Environmental Prediction/National Center for Atmos-
pheric Research Reanalysis 1 with a horizontal resolution of
2.5°%2.5° (Kalnay et al. 1996). For the purposes of model
verification, the analysis period of all observational data-
sets is the same as that of the TCWB1T1 hindcasts, January
1982 to December 2011. Anomalies in the observations are
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defined as the deviations from the observed monthly clima-
tology after removing linear trends.

The categorization of El Nifio events is based on Chen
et al. (2019). During the analysis period, there are two EP
El Nifio events (1982/1983, 1997/1998), three CP-I El
Nifio events (1987/88, 1990/1991, 2002/2003), and four
CP-II El Nifio events (1991/1992, 1992/1993, 2004/2005,
2009/2010).

Several indices are used in this study. The WPSH index
from Paek et al. (2015) is used to quantify variations in the
strength of the WPSH. This index is defined as the SLP
anomalies area-averaged over northwestern Pacific (10°-30°
N, 120°-160° E). The Cold Tongue Index (CTI) is used to
represent El Nifio intensity and is defined as the area aver-
aged SST anomalies over the equatorial Pacific (5° S-5° N,
180°-90° W). Four mechanism indices defined in Chen et al.
(2019) are used to quantify the mechanisms that enable El
Nifio to impact WPSH. These indices are the Indian Ocean
capacitor (IOC) index, the MC index, the NWP-I index, and
the NWP-II index. The IOC index is defined as the SST
anomalies averaged over the tropical north Indian Ocean
(5-25° N, 40°-100° E) following Xie et al. (2009). The MC
index is defined as the difference in 850-hPa vertical velocity
between the WPSH index region and the maritime continent
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region (20° S—10° N, 110°-150° E). The NWP-I index is
defined as the SST anomalies averaged over the tropical cen-
tral Pacific Ocean (10°S—10° N, 160°-180° E) multiplied
by — 1. The NWP-II index is defined as the SST anomalies
over the subtropical central Pacific (10-20° N, 150°-170°
E) multiplied by — 1. As explained in Chen et al. (2019), the
NWP-I and NWP-II indices are used respectively to quantify
the local NWP coupling associated with the one-step and
two-step Gill responses to El Nifios.

3 Simulations of the El Nifio impacts
on the WPSH and the impact mechanisms

Figure 1 shows the differences between the hindcasted sea-
sonal-mean SLPs and the observations at 0-, 3-, 6-, 9-month
leads for target seasons of March—April-May (MAM),
June—July—August (JJA), September—October—November
(SON) and December—January—February (DJF). At a lead
time of O-month, where the model SSTs are still close to
the observations, the SLP biases for the four seasons are
less than — 1 hPa in the northwestern Pacific (NWP). The
SLP bias in that region increases with lead time and reaches
about+ 3 hPa at 9-month leads for the four target seasons.
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Fig. 1 Differences between hindcasted seasonal-mean SLPs and
the observations calculated from the O-month lead (1st column),
3-month lead (2nd column), 6-month lead (3rd column), and 9-month
lead (4th column) hindcasts for target seasons of March—April-May

0.5 1 15 2 25 3 3.5 4

(MAM; st row), June-July—August (JJA; 2nd row), September—
October—November (SON; 3rd), and December—January—February
(DJF; 4th row). The black boxes mark the region where the WPSH
index is defined
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The observed standard deviation of the WPSH index is about
0.76 hPa.

To evaluate the skill of the CWB hindcasts in predict-
ing the WPSH variations associated with the El Nifio, we
compare in Fig. 2 the hindcasted and observed WPSH
indexes composited for the three types of El Nifio events.
Values shown are the 3-month running means and have
been standardized for the sake of comparison. To assess
the overall performance of the hindcasts, we also show in

Fig. 2d—f the mean and spread (i.e., one standard deviation)
of the WPSH index calculated from all 10 lead hindcasts.
Figure 2a—c show that the WPSH indexes produced by the
lead-0 hindcasts in general follow the observations for all
types of El Nifio. The results indicate that the atmospheric
model component of the CWB model can realistically simu-
late the WPSH variations when forced with close-to-realistic
SSTs. The biases in the hindcasted WPSH indices increase
with the increasing lead time. Specifically, for the EP El
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Fig.2 Variations of composite western Pacific subtropical high
(WPSH) index from the developing year (Year (0)) to decaying year
(Year (1)) of the EP El Nifio (top row), the CP-I El Nifio (middle
row), and the CP-II El Nifio (bottom row). Composites calculated
from the observations are represented in bold-black lines in all panels
and from 0- month to 9-month lead are represented in thin-color lines
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Year (0) and Year (1)

in left panels (a—c). The left panels represent the observations and
outputs of CWB models at different lead time. In the right panels, the
red lines and gray shading represent the means and standard deviation
of the hindcast shown in the left panels. Values shown in all panels
are the 3-month running means that have been standardized
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Niifio, the hindcasted WPSH index follows the observed one
during the developing and peak phases (i.e., May through
next February) and decaying spring but is overestimated
during the decaying summer at all lead times except lead-
0. This general characteristic is clearly reflected in Fig. 2d,
which shows that the mean forecasted WPSH aligns with the
observations throughout the lifecycle of EP El Nifio except
during the decaying summer. For the CP-I El Nifio, except
at the 6 and 7-month leads, the hindcasted WPSH index
follows the variation pattern of the observed WPSH index
throughout the lifecycle (Fig. 2b, e). For the CP-II El Nifio,
the hindcasted WPSH index is close to the observed one
except during the developing autumn-to-early winter and at

) EP EI Nino (MAM(0

the 2-month lead (Fig. 2c, f). The ensemble means of dif-
ferent lead times (Fig. 2f) clearly exhibits this feature. The
hindcasts produce overly strong WPSH variations during the
developing phase of the CP-II El Nifio.

We next use the four mechanism indices described in
Data and Methods to examine the impact mechanisms in the
hindcasts during the three types of El Nifio. Figure 3 com-
pares the hindcasted and observed mechanism indices for
the three types of El Nifio. For the EP El Niiio (Fig. 3a—d),
the NWP-II mechanism (which involves the two-step Gill
response) is the key contributor to the observed El Nifio
impacts on the WPSH during peak winter, while the IOC
mechanism is the key contributor to the decaying summer
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Fig.4 Evolution of composite EP El Nifio SST anomalies (shaded,
unit: °C) in the observations (Ist column) and the hindcasts at
3-month lead (2nd column), 6-month lead (3rd column), and 9-month
lead (4th column). The evolution spans from El Nifio’s developing
summer (JJA (0)), developing autumn (SON (0)), peak winter (DJF
(0)), decaying spring (MAM (1)), to decaying summer (JJA (1)). The
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color boxes mark the regions where the following indices are defined:
black (WPSH index), purple (NWP-I index), green (NWP-II index),
blue (MC index), and red (IOC index). Dots represent regions where
the composite anomalies exceed the 90% significance level using a
Student’s ¢ test
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impacts. The hindcasts overall produce reasonably realistic
IOC and NWP-II mechanisms except during the decaying
spring and summer when the NWP-II mechanism is over-
estimated. This overestimation is partially cancelled out
by the NWP-I mechanism. Therefore, the NWP coupling
mechanism (i.e., NWP-I plus NWP-II) is not the primary
cause for the overestimation of the EP El Nifio impact on
the WPSH during decaying summer we identified in Fig. 2.
The primary cause is the large overestimation of the MC
mechanism. The hindcasted MC index is two to three times
larger than that observed throughout most of the lifecycle
of the EP El Nifio. We conclude from the comparisons that
an overestimated MC mechanism, together with the over-
estimation of the IOC and NWP-II mechanisms, leads to
the overestimated impact on the WPSH during the decaying
summer of EP EI Nifios.

For the CP-1 El Nifio (Fig. 3e-h), the hindcasted mecha-
nism indices in general align with the observed ones. This
explains why the hindcasted WPSH variations during the
CP-1 El Nifio are similar to the observed variations (see
Fig. 2e). In both the observations and the hindcasts, the two
strongest impact mechanisms are the positive IOC mecha-
nism and the negative NWP-I mechanism. These two terms
basically cancel out each other and this partially explains
why the CP-1 El Nifio produces weak impacts on the WPSH
as noted in Fig. 2e. For the CP-II El Nifio (Fig. 3i-1), in the
observations, the NWP-II and MC mechanisms are the key
contributors to the WPSH impacts during the peak winter
and decaying summer. The hindcasts’ overestimation of the
WPSH impacts during the developing autumn and early
winter is primarily related to an overestimation of the IOC
mechanism during those seasons.
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The analyses shown in Fig. 3 indicate that the biggest
cause for the hindcast errors in WPSH impacts is the MC
mechanism for the EP El Nifio during decaying summer
and the IOC mechanism for the CP-II El Nifio during the
developing autumn and winter. As discussed in Chen et al.
(2019), these two mechanisms are associated with the El
Nifio-induced SST anomaly pattern in the Indian Ocean and
around the MC region. Therefore, we compare in Figs. 4, 5,
6 the composite SST anomalies for the EP, CP-I and CP-1I El
Nifio in the hindcasts and the observations. During the EP El
Nifio, anomalous warming is observed to develop from the
South American coast toward the central Pacific during the
developing seasons and peak winter and then retreat back to
the coast during the decaying summer (Fig. 4a—f). In the MC
region, anomalous cooling during the developing and peak
phases is replaced by warming during the decaying summer.
Associated with this sign change in the SST anomalies, the

MC mechanism index switches from negative values to posi-
tive values during the decaying summer (see Fig. 3b). In the
Indian Ocean, El Nifio-induced warming is observed from
the developing summer to decaying summer. This explains
the positive values of the IOC mechanism index throughout
most of the EP El Nifio (see Fig. 3a).

The hindcasts basically reproduce the observed Pacific
warming during the EP El Nifio at all lead times (Fig. 4g—x).
The model performance is further examined in Fig. 7 with
the pattern correlations between the observed and hindcasted
SST anomalies. The pattern correlations were calculated
separately for the SST anomalies in the tropical Pacific and
tropical north Indian Ocean from the developing to decaying
years of the three types of El Nifio. The correlations indicate
that the hindcasted SST anomalies in the tropical Pacific
resemble highly with the observations during the devel-
oping and peak phases of the EP El Nifio. The correlation
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Fig.6 Same as Fig. 4 but for the CP-II El Nifio

@ Springer



A study of climate model responses of the western Pacific subtropical high to El Nifio diversity

589

coefficients range in 0.6-0.9 during these two phases at all
leads (Fig. 7a). However, the pattern correlations decrease
during the decaying phase (i.e., MAM and JJA) for the
longer-lead hindcasts. From Fig. 4, we notice that the warm
center of the hindcasted EP El Nifio extends more westward
than the observed. The westward extension leads to an erro-
neous warming in the tropical central Pacific near the NWP-I
index region. This erroneous warming can be more obvi-
ously seen in Fig. 8, which displays the SST and 850 hPa
wind anomaly differences between the hindcasted and the
observed EP El Nifio. This figure shows that an erroneous
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Fig.7 Pattern correlation coefficients between the hindcasted and
observed SST anomalies in the tropical Pacific (25° S-25° N, 150°
E-90° W) (left panel) and North Indian Ocean (5-25° N, 40-100° E)
(right panel) from the developing to decaying years of three types of

warming begins to appear in the NWP-I index region dur-
ing the developing autumn and peak winter and lasts to the
decaying spring and summer. The error is particularly large
in the lead-9 month hindcast (Fig. 8u—x) and explains why
the Pacific pattern correlation in Fig. 7 drops significantly for
this hindcast during the decaying phase of the EP El Nifio.
Previous studies have shown that an anomalous warming in
the tropical central Pacific can excite an anomalous cyclonic
circulation in the NW Pacific via a Gill response (Fan et al.
2013). Such an anomalous cyclone induced by the erroneous
warming is evident in the 850 hPa wind anomaly differences
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El Nifio. In each panel, black lines are for the lead-O month hindcasts,

blue lines for the lead-3 month hindcasts, red lines for lead-6 month

hindcasts, and green lines for the lead-9 month hindcasts. The brown-
dotted lines indicate the 90% confidence level
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of Fig. 8u—x. This anomalous cyclone can directly weaken
the WPSH. This explains why the NWP-I mechanism index
in the hindcasts is weaker than that observed (see Fig. 3c).
The anomalous cyclone can also decrease the anomalous
warming underneath via local air-sea interactions. This
weaker anomalous warming can be revealed by compar-
ing, for example, the 9-month hindcasted and observed SST
anomalies in the WPSH region during the decaying spring
and summer (cf. Fig. 4e—f and w—x and their differences in
Fig. 8w—x). This weaker warming subsequently causes the
MC mechanism index to be overestimated in the hindcasts
(see Fig. 3b), because this mechanism index is defined as

the vertical velocity difference between the WPSH region
and the MC region. In the tropical north Indian Ocean, the
hindcasted EP El Nifio resemble highly with the observa-
tions from the developing autumn to the decaying summer
(see Figs. 4 and 8). The pattern correlations between the
hindcasted and observed SST anomalies stay around 0.9 dur-
ing these phases at all lead months (Fig. 7d). The pattern
correlations are low only during the developing spring and
summer, when the IOC mechanism is not important to the
WPSH variations (see Fig. 3a). In conclusion, a too-west-
ward shifted El Nifio SST anomalies cause the hindcasts to
produce overly strong MC mechanism, which contributes to
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row), to decaying summer (JJA (1); 6th row). The color boxes mark
the regions where the following indices are defined: black (WPSH
index), purple (NWP-I index), green (NWP-II index), blue (MC
index), and red (IOC index). Dots represent regions where the differ-
ences of composite SST anomalies exceed the 95% significance level
using a Student’s 7 test
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an overestimation of the WPSH variations during the decay-
ing summer of the EP El Nifio.

During CP-I El Nifios, the observed SST anomalies
(Fig. 5a—f) are weaker than those during EP El Nifios. Thus,
the intensities of the four impact mechanisms are weaker
than during EP El Nifios (Fig. 3e-h). Significant warming
is observed in the tropical central Pacific near the NWP-I
region and in the Indian Ocean throughout CP-I El Nifios.
Warming in the former region weakens the WPSH through
the one-step Gill response (associated with a negative
NWP-I index; see Fig. 3g), which cancels out the strength-
ening effect on the WPSH produced by the IOC mechanism
(see Fig. 3e). The hindcasts reproduce these two key features
of SST anomalies during the CP-I El Nifio at all lead times

(Fig. 5g—x), although minor discrepancies exist. The most
noticeable discrepancy is that the hindcasts (except at the
3-month lead) did not produce the observed transition into
a cold phase after the El Nifio decays (Fig. Se—f). Thus, the
negative impacts induced by the negative SST anomalies in
the eastern equatorial Pacific via the two-step Gill response
(i.e., the NWP-II mechanism) in the hindcasts is slightly
weaker than the observed (Fig. 3h). The hindcasted warm
bias in the tropical eastern Pacific during the decaying sum-
mer can be clearly seen in the SST difference maps of Fig. 9.
This warm bias also causes the Pacific pattern correlation to
degrade to small values in Fig. 7b. The pattern correlations
in the tropical north Indian Ocean (Fig. 7e) indicates that
the hindcasted CP-I El Nifio has a reasonably realistic SST
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anomaly pattern in the Indian Ocean. The pattern correla-
tion is low only during the developing spring and summer.
During the developing autumn and peak winter when the
strongest WPSH response to the CP-1 El Nifio occurs, the
hindcasts produce realistic SST anomalies in both the tropi-
cal Pacific and north Indian Oceans. This explains why the
hindcasts realistically simulate the impacts on the WPSH
during the CP-I El Nifio.

During CP-II El Nifios, the observed SST anomaly evolu-
tion is similar to that observed during CP-I El Nifios with
two important exceptions. As mentioned, the first excep-
tion is that the tropical central Pacific warming during
CP-II El Nifos is accompanied by significant anomalous
warming over the northeastern subtropical Pacific during
the developing phase. CP-I El Nifios produces the tropi-
cal central Pacific warming but not the subtropical Pacific
warming. The second difference is that the CP-1 El Nifio is

accompanied with a significant Indian Ocean warming, but
the Indian Ocean warming is very weak during the CP-II
El Nifio. The weak Indian Ocean warming observed during
the CP-II El Nifio explains the very weak IOC mechanism
in Fig. 3i. The pattern correlations shown in Fig. 7c and
f indicate that the hindcasted CP-II El Nifio simulates the
Pacific SST anomaly pattern realistically but not the Indian
Ocean SST anomaly pattern. The Pacific pattern correla-
tions between the hindcasted and observed CP-II El Nifio
are close to 0.9 at all leads from the developing spring to
the decaying spring. In contrast, the pattern correlations
for the Indian Ocean SST anomalies are very low through-
out the lifecycle of the CP-II El Nifio. Figure 6 shows that
the hindcasts reproduce the observed anomalous warming
in the tropical central Pacific and northeastern subtropical
Pacific at all lead times. However, SST anomalies in the
Indian Ocean appear to be stronger in the hindcasts than in
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Fig. 11 Lead-lagged correlation coefficients between the Cold
Tongue Index (CTI) in November—December—January (NDJ) and the
Indo-Pacific SST anomalies along the equatorial (5° N and 5° S) cal-
culated from the (a) observations, (b) ensemble mean of CWB hind-
casts from 0-month to 9-month leads. The dashed-purple lines mark
the International Dateline

the observations. The SST anomaly differences between the
hindcasted and observed CP-II El Nifio (Fig. 10) reveal that
the differences in the Indian Ocean are particularly large
from the developing spring to the developing autumn. The
erroneous Indian Ocean warming can excite atmospheric
Kelvin waves (see the anomalous easterlies in the western
Pacific of Fig. 10s—u) propagating eastward to strengthen the
WPSH. These seasons are close to the time when the IOC
mechanism is overestimated in Fig. 3i. Therefore, a slightly

(but statistically significant) stronger response in the Indian
Ocean is the reason why the CWB model hindcasts overes-
timate the impact of the CP-II El Nifio on the WPSH during
the developing autumn and peak winter.

4 Sources of model biases

The above analyses suggest that the westward shift in the
El Nifio SST anomalies and the overly strong Indian Ocean
warming induced by the El Nifio are key biases of the CWB
model that affect its hindcasts of the impacts of the three
types of El Nifio on the WPSH. To further confirm these
two model biases, we show in Fig. 11 the observed and
hindcasted structures and evolutions of the equatorial SST
anomalies. The values shown are the lead-lagged correlation
coefficients between the CTI index in November—Decem-
ber—January (NDJ) and the Indo-Pacific SST anomalies
along the equatorial (between 5° N and 5° S). In both the
observations (Fig. 11a) and hindcasts (Fig. 11b), the coef-
ficients reveal the typical SST anomalies associated with El
Nifio that are characterized by anomalous warming in the
tropical eastern and central Pacific, anomalous cooling in the
tropical western Pacific around the MC region, and lagged
anomalous warming in the Indian Ocean. However, it is evi-
dent that the Pacific warming extends further westward in
the hindcasts (to 150° E) (Fig. 11b) than in the observations
(160° E) (Fig. 11a), and that the lagged Indian Ocean warm-
ing is stronger in the hindcasts than in the observations.
The westward extension in El Nifio SST anomalies is a
common model deficiency shared by a number of contem-
porary coupled atmosphere—ocean models (Yang and Giese
2013; He et al. 2020; Wang et al. 2019). In a recent study,
He et al. (2020) showed that the westward extension of SST
anomalies causes the model Walker circulation to shift further
into the Indian Ocean than in the observations. As a result,
the model El Nifio induced warming in the Indian Ocean is
stronger than the observed. Their finding suggested that the
too-westward extension of SST anomalies and the overly
strong Indian Ocean warming are two related model deficien-
cies. According to He et al. (2020), the westward-expanded
Walker circulation affects surface heat fluxes to induce
stronger Indian Ocean warming. The present study suggests
that this overly strong warming results in an overly strong IOC

Fig. 12 Schematics illustrate the I Nifo e rd — Overestimated
causes of CWB model errors in e Pacific warming WPSH in JJA(1)
hindcasting the three types of El
Nifio on WPSH | P Reatist .
p ‘W'B P-I El Nii ealistic Pacific ealistic NWP an Real - WPSH
E model ' 4 i and 10 warming IOC mechanisms throughout lifecycle
CP-II El Nifio fepgtrone 10 Too strong I0C Overggiinated

ke

warming WPSH in SON(0)
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mechanism to cause climate models to overestimate the El
Nifio impacts on the WPSH.

5 Conclusions and discussions

Observational studies have shown that the three types of
El Niiio (the EP El Nifio, CP-I El Nifio and CP-II El Nifio)
produce dramatically different impacts on the WPSH
(Chen et al. 2019). This study assesses the ability of the
CWB hindcast model in reproducing the impacts of the
different El Niflos on the WPSH. Although the study was
conducted with one specific model, the results identify
model deficiencies that are known to be common among
contemporary climate models. The evaluation in this study
indicates that the CWB model predicts an overly strong
delayed impact of the EP El Nifio on WPSH and an overly
strong developing impact of the CP-II El Nifio on the
WPSH. The model is able to reasonably simulate the CP-I
El Nifio impacts on the WPSH. This finding indicates that
it is necessary and useful for forecasters to identify the El
Nifio type to make better use of the predictions. Since the
El Nifo type can be determined very early in the develop-
ment of an event based on the location of the SST anoma-
lies, forecasters can use this information to determine the
reliability of the model forecasts of the WPSH variations.
For example, based on our results, the CWB model fore-
casts of future WPSH variations are likely to be accurate
throughout the lifecycle of a CP-I El Nifio event, during
the developing and peak seasons of an EP El Nifio event,
and during the peak and decaying seasons of a CP-II El
Nifio event. The forecasted WPSH variations tend to be
overestimated (and thus need to be adjusted downward)
during the decaying summer of an EP El Nifio and dur-
ing the developing autumn and early winter of a CP-1I El
Nifio event.

This study also identifies key impact mechanisms that
cause the model errors in predicting the diverse El Nifio
impacts on the WPSH (summarized in Fig. 12). For the
EP FEl Nifio, an overly strong MC circulation mechanism
causes an overestimation of WPSH variations during the
decaying summer. The error in this mechanism was further
attributed to an erroneous westward extension of the mode
El Nifio SST anomalies. For the CP-II El Nifio, the overly
strong IOC mechanism is responsible for model errors in
predicting the El Nifio impact on WPSH variations during
the developing autumn. The overly strong IOC mechanism
is attributed to overly strong Indian Ocean warming. The
model produces reasonable predictions of the impacts of the
CP-1 on the WPSH. This study further finds that the errone-
ous westward extension of SST anomalies in the Pacific and
the overly strong Indian Ocean warming to be related. Thus,
the model deficiency in simulating the correct El Nifio SST

@ Springer

anomaly location needs to be alleviated to improve model
performance in simulating WPSH variations, which play
an important role in modulating weather and climate in the
Western Pacific and East Asian regions.
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