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Evaluating ENSO's Spatiotemporal Complexity in the CWB
CFS 1-Tiered Model Hindcasts

Ji-Won Kim' (2, Ting-Huai Chang?, Ching-Teng Lee?, and Jin-Yi Yu!

'Department of Earth System Science, University of California, Irvine, CA, USA, ?Central Weather Bureau, Taipei, Taiwan

Abstract Using hindcasts produced by a coupled climate model, this study evaluates whether the model
can forecast the observed spatiotemporal complexity in the El Nifio—Southern Oscillation (ENSO) during the
period 1982—2011: the eastern Pacific (EP), central Pacific-I1 (CP-I) and -II (CP-II) types of El Nifio, and the
multi-year evolution events of El Nifio occurred in 1986-1988 (i.e., 1986/87/88 El Nifio) and La Nifia occurred
in 1998-2000 (i.e., 1998/99/00 La Nifa). With regard to the spatial complexity, it is found that the CP-I type of
El Niflo is the easiest to hindcast, the CP-II is second, and the EP is most difficult to hindcast as its amplitude
is significantly underestimated in the model used here. The model deficiency in hindcasting the EP El Nifio

is related to a warm bias in climatological sea surface temperatures (SSTs) in the tropical eastern Pacific.

This warm bias is related to model biases in the strengths of the Pacific Walker circulation and South Pacific
high, both of which are notably weaker than observed. As for the temporal complexity, the model successfully
hindcasts the multi-year evolution of the 1998/99/00 La Nifia but fails to accurately hindcast the 1986/87/88 El
Nifio. This contrasting model performance in hindcasting multi-year events is found to be related to a cold bias
in climatological SSTs in the tropical central Pacific. This cold bias result enables the model La Nifia, but not
El Nifio, to activate intrabasin tropical-subtropical interactions associated with the Pacific Meridional Mode
that produce the multi-year evolution pattern.

Plain Language Summary The El Nifio—Southern Oscillation (ENSO) events differ considerably
from one event to another. These differences commonly appear in its spatial structure (three different types

of El Nifio as EP, CP-1, and CP-II types) and temporal evolution (single-vs. multi-year evolution types).

By evaluating climate model hindcasts of these different spatiotemporal types of events during the period
1982-2011, this study finds that the CP-I El Niflo is the easiest to hindcast, followed by the CP-II El Nifio,
while the EP El Nifio is the most difficult to hindcast. In addition, it is found that the model has a better
hindcast performance for single-year events than multi-year ones and is better able to hindcast multi-year La
Nifa than multi-year El Nifio. The warm and cold biases in the model that impair the model's ability to hindcast
the different sorts of ENSO are also identified. The findings of this study will benefit the ENSO forecast and
climate model communities.

1. Introduction

Itis being increasingly recognized that the El Nifio—Southern Oscillation (ENSO) has considerable complexity in
its properties (e.g., Timmermann et al., 2018). The complexity appears in both the spatial structure and temporal
evolution of El Nifio and La Nifia (An et al., 2020; Capotondi et al., 2015; Kao & Yu, 2009; Kim & Yu, 2022;
Timmermann et al., 2018; Wang et al., 2017; Yeh et al., 2014; Yu et al., 2017). Concerning the spatial complex-
ity, some El Nifios, such as the 1982/83 and 1997/98 events, are characterized by sea surface temperature (SST)
anomalies that are largest in the tropical eastern Pacific, while others, like the 2002/03 and 2009/10 events, have
their largest SST anomalies primarily confined to the tropical central Pacific. This structural diversity among El
Nifio events, often referred to as ENSO diversity (sometimes also called ENSO flavors), led to a categorization
of El Nifios into two different types: the Eastern Pacific (EP) El Nifio and the Central Pacific (CP) El Nifio (Kao
& Yu, 2009; Yu & Kao, 2007). During its onset, development, and mature stages, the EP El Nifio is generally
characterized by maximum SST anomalies that are located in the tropical eastern Pacific, close to the South
American coast (Figure 1a). The CP El Niflo, however, has its maximum SST anomalies mostly in the tropical
central Pacific, near the International Dateline (Figures 1b and 1c). The CP EI Nifio has occurred more frequently
than the EP El Nifo since the 1990s (Lee & McPhaden, 2010; Yu et al., 2012a) and is also known to have its own
generation mechanism (Kao & Yu, 2009; Kug et al., 2009; Yeh et al., 2015; Yu et al., 2010; Yu & Kim, 2011). In
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Figure 1. Composites of SST anomalies (in °C) over the tropical Pacific for (a) EP El Niio, (b) CP-I1 El Nifio, and (c) CP-II El Niflo from the observations during their
developing spring (March—May), summer (June—August), fall (September—November), and peak winter (December—February). Only statistically significant anomalies
(as determined using a bootstrap test are shown by the shaded areas (see Section 2). In (a), the various regions used to define Nifio indices are denoted by rectangles
where the green dotted line for the Nifo4 (5°S—5°N, 160°E—150°W) index, the red solid line for the Nifio3.4 (5°S—5°N, 190—120°W) index, the blue dashed-single
dotted line for the Nifo3 (5°S—5°N, 150—90°W) index, and the purple dash-double dotted line for the Nifiol+2 (10°S—0, 90—80°W) index.

addition, its global climate impacts (H. M. Kim et al., 2009; Weng et al., 2009; Yu et al., 2012b; Yu & Zou, 2013)
are also profoundly different from those of the EP El Niflo.

More recent studies (Wang & Wang, 2013, 2014; Tan et al., 2016; Chen et al., 2019, 2021a; J. W. Kim et al., 2021)
have even suggested that the CP El Nifio can be further divided into two subtypes based on their different generation
mechanisms and distinct climate impacts, which will be referred to as CP-I and CP-II El Nifios in this study. The
CP-1 El Nifio is characterized by warm SST anomalies that initially develop in the tropical central Pacific, with
a structure that is aligned with the equator (Figure 1b). On the other hand, the CP-II El Nifio is characterized by
warm SST anomalies that first appear in the subtropical northeastern Pacific and then extend southwestward with
an asymmetric structure about the equator (Figure 1c¢). Moreover, the warm anomalies associated with the CP-1I El
Nifio tend to be located somewhat further west than those of the CP-I El Nifio (cf. Figures 1b and 1c; see also Figure
4 in Wang & Wang, 2013). These structural differences between the CP-1 and CP-II El Nifios, despite their subtlety,
can result in a variety of distinct climate impacts including rainfall amounts in southern China, typhoon tracks
over the western North Pacific (Wang & Wang, 2013), and SST variations in the tropical Indian Ocean (Wang &
Wang, 2014) and the South China Sea (Tan et al., 2016), strengths and locations of the western Pacific subtropi-
cal high (Chen et al., 2019, 2021a; Tan et al., 2016), and responses of the East Asian winter monsoon (J. W. Kim
et al., 2021). Previous studies have also suggested that these two subtypes of the CP El Nifio differ not only in their
spatial structures and temporal evolutions but also in their underlying dynamics (Chen et al., 2021b and references
therein). While the generation process of the CP-1 El Nifio is related to the Australian winter monsoon forcing via
the Indonesian Throughflow and a subsurface thermocline mechanism, the generation process of the CP-II El Nifio
is associated with subtropical North Pacific forcing via the Pacific Meridional Mode (PMM) and a surface coupling
mechanism. Those studies have used both observational/reanalysis products as well as climate model simulations.

Meanwhile, researchers have also recognized that there is significant complexity in the temporal evolution of
ENSO (Fang & Yu, 2020b; Kim & Yu, 2020, 2021, 2022; X. Wu, Juang, et al., 2019; Yu & Fang, 2018). Some

KIM ET AL.

20of 19

A ‘¥l ‘€T0T 9668691T

:sdny woyy papeoy

QSUADIT SUOWWO)) 2ANEAL)) d[qeat[dde oy Aq PauIoAOS a1k SA[IIE V() ASN JO SA[NI 10§ AIRIGIT dUI[UQ) AD[IA\ UO (SUOLIPUOI-PUB-SULID}/ W0 Aa1m’ ATRIqI[aul[uo//:sdyy) SUONIPUO)) pue SWLId |, 3y 23S *[£702/80/12] U0 A1eiqry aurjuQ) A3[IA “QUIAI] - BIUIOJI[E)) JO ANsIoAtun £q 00Z8€0ALZT0T/6T01 0 1/10p/wod Kaim A



I ¥eld

NI Journal of Geophysical Research: Atmospheres 10.1029/2022JD038200
. (a) Single-year ENSO, OBS - (b) Multi-year ENSO, OBS
? = 1997/98 El Nifio . ! ;—- 1986/87/88 El Nifio
@ 2005/06 La Nifia | jemm 1998/99/00 La Nifia
~ 20 e — | |
o | O 10—\ T i
TIET) M A \— 5 | |
e} I © | |
£ ! £ 00 : :
< ! <t | |
. 0.0 : ! !
S ! 3 ! :
= : = | Y — N ]
Z qoboc . = 1O " !
1% year | 2" year 1"year | 2Myear ™ 3“ye
_2.0 N I S TR T TN N TN My T TN Y N TN N Y N | _2. N T T T T T T T T T T T T A A
Jan® Apr® Jul® Oct’ Jan' Apr' Jul' Oct' Jan®Apr® Jul® Oct® Jan' Apr" Jul' Oct'Jan? Apr? Jul? Oct?

Figure 2. (a) Temporal evolutions of the observed Nifio3.4 index for the single-year ENSO events of 1997/98 (El Nifio, red
curve) and 2005/06 (La Niiia, blue curve). (b) Same as (a) except for the multi-year ENSO events of 1986-88 (EI Niiio, red
curve) and 1998-2000 (La Nifia, blue curve).

ENSO events, after reaching their mature stage, subsequently transition rapidly into a neutral condition or oppo-
site ENSO phase, resulting in a single-year evolution pattern. Two examples of such single-year ENSO events are
the 1997/98 El Nifio and 2005/06 La Nifia (Figure 2a). Some other ENSO events, however, do not transition to
the opposite phase after their mature stage. They, instead, linger in the same phase and decay slowly during the
second year, producing a multi-year evolution pattern. During some of these events a re-intensification can take
place during the second year; the 1986/87/88 El Nifio and 1998/99/00 La Nifia (Figure 2b) are example of this
sort of event. Recent studies have started to look into the physical mechanisms behind the multi-year evolution
pattern, though with a greater focus on multi-year La Nifia events (An & Kim, 2017, 2018; Choi et al., 2013;
DiNezio & Deser, 2014; Dommenget et al., 2013; Hu et al., 2014; McGregor et al., 2012; Ohba & Ueda, 2009;
Okumura et al., 2011). This is mainly because, on average, La Nifia events last longer than El Nifio events and
more often evolve into multi-year events. However, it has been observed that multi-year El Nifio events have been
occurring more frequently during the 21st century than during the twentieth century. While the two extreme El
Nifios in the twentieth century (i.e., 1982/83 and 1997/98 events) were both single-year events, the extreme El
Niflo in the 21st century (i.e., 2015/16 event) was a multi-year evolution event preceded by a weak El Nifio in
2014/15 (cf. Kim & Yu, 2020). Even more surprisingly, the next El Nifio after the 2015/16 event was another
multi-year El Nifio that occurred from 2018 through 2020 (see website: https://origin.cpc.ncep.noaa.gov/prod-
ucts/analysis_monitoring/ensostuff/ONI_v5.php). Thus, it is increasingly important to gain a better understand-
ing of ENSO's temporal complexity as it will ultimately help improve ENSO predictions, which are now limited
to lead times of up to approximately 1 year (Barnston et al., 2019; X. Wu et al., 2021). Enhancing the predictabil-
ity of ENSO's temporal complexity would also aid in preparation for ENSO-driven climate impacts that can vary
highly depending upon whether an ENSO event is a single- or multi-year event (e.g., Iwakiri & Watanabe, 2020;
Okumura et al., 2017; Paek et al., 2017).

Given the great importance of ENSO's spatiotemporal complexity, in this study we systematically examine observa-
tional data and climate model hindcast simulations to extend our understanding of how well and why climate models
can or cannot properly forecast the spatiotemporal complexity of ENSO. To achieve this purpose, we specifically
choose to analyze the (a) three types of El Nifio (to address the spatial complexity) and (b) two multi-year events (to
address the temporal complexity). The remainder of the paper is organized as follows. A detailed description of the
observational/reanalysis datasets, climate model hindcast outputs, and analysis methodologies used in this study is
provided in Section 2. In Section 3, by comparing the observational data and model hindcast outputs, we evaluate
the model's ability to hindcast the observed ENSO spatiotemporal complexity into two subsections: Sections 3.1
and 3.2. The model deficiencies that lead to errors in the model hindcasts of the spatiotemporal complexity of
ENSO are also identified. A summary and discussion of the main findings of this study are given in Section 4.

2. Data and Methods

Three monthly mean observational/reanalysis datasets were utilized in this study. Monthly mean SSTs from the
Hadley Center Sea Ice and Sea Surface Temperature, version 1.1 (HadISSTv1.1; Rayner et al., 2003) are used.
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The HadISSTv1.1 data has a horizontal resolution of 1.0° X 1.0° and covers the period from 1871 to the present.
Monthly means of atmospheric variables including surface pressure (P,) and the zonal (U) and meridional (V)
wind components at 850-hPa level were provided by the National Centers for Environmental Prediction/U. S.
Department of Energy Global Reanalysis 2 (NCEP/DOE R2; Kanamitsu et al., 2002). The NCEP/DOE R2 data,
which covers the period from 1979 to the present, has a horizontal resolution of 2.5° X 2.5° with 17 pressure
levels from 1,000 to 10 hPa. Lastly, in order to obtain monthly means of the thermocline depth (defined as the
depth of the 20°C isotherm) over the tropical Pacific, the Simple Ocean Data Assimilation product, version 2.2.4
(SODAV2.2.4; Carton & Giese, 2008) was utilized. The SODAv2.2.4 data, starting in 1871, has a horizontal
resolution of 0.5° X 0.5° with 40 vertical levels from 5.01 to 5,375.0 m. For the purposes of model evaluation,
we analyzed data for the period January 1982 to December 2011. Anomalies were defined as departures from the
climatological seasonal cycle over the analysis period.

In this study, we analyze hindcast outputs produced by the Taiwan Central Weather Bureau (CWB) Climate
Forecast System (CFS) 1-tiered model. The CWB model is a coupled atmosphere—ocean model that consists of
the Central Weather Bureau Global Forecast System as its atmospheric model component (Saha et al., 2014; Xue
et al., 2013) and the third version of Modular Ocean Model version as its oceanic model component (Pacanowski
& Griffies, 1998). The CWB model has been shown to have reasonable skill in sub-seasonal to seasonal forecasts
(cf. T. Y. Wu, Juang, et al., 2019) and is broadly used for evaluating the observed ENSO properties and global
climate impacts (e.g., Chen et al., 2021a; Paek et al., 2015; J. W. Kim et al., 2021). The model hindcasts have a
1.0° x 1.0° horizontal resolution and cover the period 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 for
each hindcast. The lead-0 to lead-8 months hindcasts analyzed were obtained as the monthly averages of these
daily predictions (i.e., the 10-member ensembles). Thus, we have model hindcasts with lead times from 0 to
8 months for the period January 1982 to December 2011. Similar to the observational analysis, anomalies used
were defined as departures from the model climatological seasonal cycle. For comparison, the hindcasted atmos-
pheric variables, such as P, U, and V, were interpolated into a 2.5° X 2.5° horizontal resolution of the NCEP/
DOE R2 dataset.

To examine the spatial complexity of ENSO, we analyzed the three types of El Nifios (the EP, CP-I, and CP-1I
El Nifios) using the events identified in Chen et al. (2021a). During the analysis period of 1982-2011, there were
two extreme EP El Nifios in 1982/83 and 1997/98, three CP-I El Nifios in 1987/88, 1990/91, and 2002/03, and
four CP-II El Nifios in 1991/92, 1992/93, 2004/05, and 2009/10. This study does not include another well-known
extreme El Nifio event in 2015/16 in the analysis due to the limited model hindcast period and its unique and
distinct characteristics compared to the previous two EP El Nifio events in 1982/83 and 1997/98. Several recent
studies have noted that the 2015/16 El Niiio event cannot be clearly identified as an EP or CP type, as its warm
SST anomalies shifted massively to the west, creating record-breaking warm anomalies over the tropical central
Pacific. This is different from the 1982/83 and 1997/98 events, where warm SST anomalies during their peaks
were mostly located in the tropical eastern equatorial Pacific (Paek et al., 2017; Santoso et al., 2017). Addition-
ally, the 2015/16 El Nifio exhibited distinctive evolution characteristics, as it was preceded by a weak El Nifio
event during 2014, while the 1982/83 and 1997/98 events were both preceded by opposite La Nifia conditions
(Kim & Yu, 2020).

To mitigate the small sample size of observed ENSO events, we conducted a significance test called the bootstrap
test (Mudelsee, 2010). This bootstrap test enables us to assess the significance of the observational composites
for the three types of El Niflo despite their small sample sizes. Specifically, for the EP El Nifio composite,
we randomly selected 2 out of all 18 El Nifio events during the period 1950-2020 (years provided by Chen
et al., 2021a) and computed the composite of each random 2-event subset. We then repeated the procedure 1,000
times (to obtain 1,000 samples). Using these 1,000 random composites, we determined the range of one standard
deviation that can be used as a statistical significance level for each of the El Nifio composites. For the CP-I and
CP-II El Niflos, we randomly selected 3 and 4 events for the bootstrap composites, respectively. As shown in
Figure 1, the bootstrap tests lend support to robustness of the observational composites discussed in the Intro-
duction as they retain the distinct spatiotemporal characteristics of the observed EP, CP-1, and CP-1I El Nifio
events. To examine the temporal complexity of ENSO, we specifically focus on the hindcasts of the multi-year
evolution events during 1982-2011: the multi-year El Nifio of 1986—-1988 (namely, the 1986/87/88 El Nifio) and
the multi-year La Nifia of 1998-2000 (namely, the 1998/99/00 La Nifia). The calendar months of the year when
an ENSO event develops (the first year) were denoted as January®, February?, ..., and December®. The calendar
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Figure 3. Longitude-time plots of equatorially-averaged (5°S—5°N) SST anomalies (in °C) for the EP El Nifio during its developing (first year) and decaying (second
year) years from (a) observations and (b—f) the CWB model hindcasts at lead times of 0, 2, 4, 6, and 8 months. (g-1) and (m-r) are the same as in (a—f), but for the CP-I
El Nifio and CP-II EI Niflo, respectively.

months of the year following an ENSO event (the second year) were denoted as January', February', ..., and
December!, and so on for each subsequent year (the third year). All references to seasons in this study correspond

to the Northern Hemisphere seasons.

3. Results
3.1. ENSO Complexity in Spatial Structure: The Three Types of El Niifio

Figure 3 shows the longitude-time evolutions of equatorial Pacific SST anomalies during the three types of El
Niflo in the observations and the model hindcasts at various lead times. In the observations, the EP El Nifio
(Figure 3a) has warm SST anomalies originating off the South American coast during spring of the first year that
extend westward during the summer and fall, reaching their maximum values during the winter, and then retreat-
ing toward back the coast during the spring and summer of the second year. It is also noticeable that the largest
EP El Nifio SST anomalies are mostly confined to the tropical eastern Pacific. In contrast, for the observed CP-I
and CP-II El Nifios (Figures 3g and 3m), the largest SST anomalies are concentrated in the tropical central Pacific
and only very weak warm SST anomalies are found in the tropical eastern Pacific.

The hindcast results for the model accurately reproduce the observed longitude-time evolution features of the
three types of El Nifio at lead-0 (Figures 3b—3n), as expected. However, as the lead time increases, the hindcasts
begin to diverge from the observations. In particular, when the lead month increases from lead-2 to lead-8, the
hindcasts for EP El Nifio consistently underestimate its intensity. This underestimation is most pronounced in the
eastern and far-eastern tropical Pacific regions, leading to a shorter duration of El Nifio conditions in those areas.
Consequently, the hindcasted EP El Nifio exhibits a faster termination and phase transition to La Nifia during the
decaying year, with the model error becoming more pronounced as the lead time increases. This deficiency of the
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Figure 4. Temporal evolutions of the (a) Nifio4, (b) Niflo3.4, (c) Nifio3, and (d) Niflol+2 indices (in °C) during the developing (first year) and decaying (second
year) years for the EP El Nifio in the observations (OBS; red curve) and the CWB model averaged over the lead-0 to lead-8 months hindcasts (blue curve) with the one
standard deviation limits shown by the blue shading. (e-h) and (i-1) are the same as in (a—d), but for the CP-I El Nifio and CP-II El Nifio, respectively.

model is also evident in Figure 4, where we compare the temporal evolutions of the observed and hindcasted Nifio
indices (specifically, the rectangular regions in Figure 1a). Throughout the EP El Nifio events (Figures 4a—4d),
it is clear that the hindcasted Nifio indices are consistently smaller than the observed ones during both the devel-
oping and decaying years. It should be noted that the hindcasted Nifio indices shown in Figure 4 represent the
mean index values averaged for the lead-0 to lead-8 months hindcasts, with the blue shadings denoting their one
standard deviation ranges. The underestimation in the EP El Nifio hindcasts is more severe for the Nifio indices
covering larger portions of the tropical eastern and far-eastern Pacific. Further statistical evidence supporting
the significant underestimation of EP El Nifio intensity by the model hindcasts during both the developing and
decaying years can be found in Table 1. The table quantifies and compares El Nifio intensities for the observations
and model hindcasts, revealing substantial underestimation values such as —45.4% for the Nifio3 index during the
developing year and —71.1% for the Nifio3 index during the decaying year.

For both the CP-I and CP-II El Nifios, their longitude-time evolutions (Figures 3h—31 and 3n—3r) show that the
model hindcasts generally reproduce the major features of the two CP El Nifio types for all lead times. Despite
this, some minor deficiencies exist. First, the model hindcasts tend to slightly underestimate (overestimate) El
Niflo intensity during the CP-I (CP-II) El Nifio, particularly during its development and mature stages. A table
comparing the various Nifio index values averaged over the second half of the first year (i.e., July® to Decem-
ber’) when the CP type El Nifio typically develops and matures also captures this model deficiency as it shows
negative (positive) percentages during the CP-I (CP-II) El Nifio (see also Table 1). Secondly, the model hindcasts
CP-I and CP-II El Nifios tend to decay slower than the observed, causing their phase transition to be delayed by
2-3 months. These minor model deficiencies for the CP-I and CP-II El Nifio hindcasts are also clearly seen in the
temporal evolutions of the various Nifio indices (Figure 4e—41).

The results above indicate that the model has a noticeable deficiency in the hindcasts of the EP El Nifio as it
substantially underestimates El Nifio intensity during both the developing and decaying years. Meanwhile, in spite
of some minor deficiencies, the model is able to realistically hindcast the observed spatiotemporal evolutions of
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Table 1

Mean Values of Four Different Niiio Indices (in °C) for the Three Types of El Niiio in the Observations (OBS) and the
CWB Model Averaged Over All Lead-0 to Lead-8 Months Hindcasts and Their Differences in Percent (Relative to the
Observations; Denoted as “Diff.”)

EP El Nifio Nifio4 index Nifio3.4 index Nifio3 index Nifiol+2 index
OBS 0.49 (-0.15) 1.04 (0.30) 1.32 (0.86) 1.64 (2.00)
CWB 0.40 (—=0.18) 0.65 (0.02 0.72 (0.25) 0.67 (0.38)
Diff. —17.6% (22.4%) —38.2% (=97.7%) —45.4% (=71.1%) —59.3% (—81.2%)
CP-1 El Nifio Nifio4 index Nifio3.4 index Nifio3 index Nifiol+2 index
OBS 0.64 0.82 0.66 0.24
CWB 0.50 0.64 0.54 0.35

Diff. —22.7% —22.3% —17.7% 44.4%
CP-II El Niio Nifio4 index Nifo3.4 index Nifo3 index Ninol+2 index
OBS 0.57 0.60 0.43 0.10
CWB 0.68 0.86 0.75 0.56

Diff. 19.6% 42.1% 72.4% 438.1%

Note. Mean values were computed during the developing (first year) and decaying (second year; values in parentheses) years
for the EP type while those were computed during the second half of the first year (July® to December’) for the CP-I and
CP-II types (see Text).

CP-I and CP-II El Nifios with a lead time of up to eight (8) months. To further examine how model error grows in
the hindcasts, we compare in Figures 5a—5c the hindcast and observed Niflo3.4 index values for the three types of
El Nifio. It is evident from the figure that, as the lead time increases, the hindcast evolution of the index begins to
deviate from the observed evolution for all three types of El Nifio. However, when taking a closer look, the overall
deviations are seen to be smallest for the CP-I El Nifio, largest for the EP El Niflo, and in-between for the CP-1I E1
Nifio. This result suggests that, for this particular model, the CP-I El Nifio is the easiest El Nifio type to be hindcast,
followed by the CP-II El Nifio, while the EP El Niflo is the most difficult type to be hindcast. We then compute
the growth of these hindcast errors by integrating the deviations between the hindcast and observed Nifio3.4 index
values over the El Nifio lifecycle for each lead time. The integrated deviations can be expressed as follows:

The bar-charts in Figures 5d—5f, which display the error growth in the hindcasts of the three types of El Nifio,
confirm the previous suggestion that the EP El Nifio has the largest hindcast errors while the CP-II El Nifio has
the second largest and the CP-I El Nifio has the smallest. It is also found from Figures 5d-5f that the hindcast
errors for the EP and CP-1I El Nifios grow continually as the lead month increases, with the former growing rela-
tively faster than the latter after 3-month lead. On the other hand, the hindcast errors for the CP-1 El Nifio grow
very slowly and reach a plateau at the 8-month lead. Collectively, it can thus be concluded that the model has the
best performance when hindcasting the CP-1 El Nifio, the second-best performance for the CP-II El Nifio, and the
worst performance for the EP El Nifio.

There are a few issues that need to be addressed in depth when we separate the El Nifio life cycle into the develop-
ing (first year) and decaying (second year) years, as shown in Figures 5g—51. First, the errors in the simulation of
the EP El Niflo are quite bigger during its developing year than during its decaying year. The hindcast error grows
rapidly as lead month increases during the developing year (Figure 5g) but maintains about the same magnitude
during the decaying year (Figure 5j). This difference in error growth between the developing and decaying years
may imply that the model is less capable of simulating the positive Bjerknes feedback processes (Bjerknes, 1969)
crucial for the development of the EP El Nifio but more capable of simulating the negative oceanic discharge
and thermal damping processes (Wyrtki, 1985) crucial to the decay of the El Nifio. In contrast, the hindcasts
of the two CP type El Nifios generally have smaller discrepancies (except for the decaying year of CP-II El
Nifo; Figures 5h and 5i vs. 5k, 51). This diverse model performance supports the suggestion (cf. Yu, 2015; Yu
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Figure 5. Temporal evolutions of the Nifio3.4 index (in °C) in the observations (OBS; thick black curve) and the CWB model hindcasts at the lead-0 to lead-8 months
lead times (LO to L8; thin colored curves) for the (a) EP El Nifio, (b) CP-I1 El Nifio, and (c) CP-II El Nifio during their developing (first year) and decaying (second year)
years. (d—f) Bar-charts representing the error growth (in °C) calculated by integrating absolute differences in the Nifio3.4 index between the CWB model hindcasts
(from LO to L8) and the OBS during the developing and decaying years for the (d) EP El Niio, (¢) CP-I El Niflo, and (f) CP-II El Nifo. (g—i) and (j-1) are the same as
(d—f) except during the developing year and the decaying year, respectively (see Text).

etal., 2017) that the dynamics of the CP El Nifio primarily involves two-way interactions between the atmosphere
and the ocean mixed layer in the tropical central Pacific (up to ~75 m). These interactions are less complicated
than the EP El Nifio dynamics that involve three-way interactions between the atmosphere, surface (~5 m), and
subsurface (up to ~300 m) ocean layers in the tropical eastern Pacific. Consequently, the model hindcasts tend to
exhibit smaller error growth for the two CP types of El Nifio than for the EP type of El Nifio. Furthermore, since
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Figure 6. Annual cycles in the equatorially-averaged (i.e., 5°S—5°N) climatological SSTs (in °C) as a function of longitude
for (a) the observations (OBS), (b) the CWB model averaged over the lead-0 to lead-8 months hindcasts, and (c) their
difference (i.e., CWB minus OBS). (d) The annual cycle of climatological SSTs averaged over the tropical eastern Pacific
(i.e., 5°S—5°N and 120—80°W) for the OBS (red curve) and the CWB model averaged over lead-0 to lead-8 months hindcasts
(blue curve) with the one standard deviation limits shown by the blue shading.

the CP-II El Nifio involves not only atmosphere-ocean mixed layer interactions locally over the tropical central
Pacific but also remotely over the subtropical North Pacific regions (Chen et al., 2021a), the model tends to have
larger errors in hindcasting the CP-II El Nifio than in hindcasting the CP-I El Nifio (which only involves the local
atmosphere-ocean mixed layer interactions in the tropical central Pacific). The wind burst/disturbance, which is
a stochastic white noise process that is less predictable, can also create an asymmetry in ENSO predictability
between developing and decaying years. This is because it plays a more crucial role during the ENSO develop-
ment phase than during the decay phase (Zheng et al., 2016).

What is responsible for the model's worse performance in hindcasts of the EP El Nifio? The annual cycle plots of
tropical Pacific climatological SSTs in the observations (Figure 6a) and the model hindcast mean (averaged from
lead-0 to lead-8 months; Figure 6b) give us a clue. Compared to the observations (Figure 6a), it is seen that the
model substantially overestimates the climatological SSTs in the tropical eastern Pacific, particularly to the east
of 120°W (Figure 6b). This warm bias in the model is clearly revealed in the difference between the hindcast and
observed climatological SSTs (Figure 6¢). It is also evident in the annual cycles of the tropical eastern Pacific
climatological SSTs (Figure 6d) that the warm bias tends to be stronger during the second half of the calendar
year (July to December) than the first half (January to June). It can be suggested that this warm bias in the model
simulates mean thermocline in the tropical eastern Pacific that is too deep. Figure 7, which presents the clima-
tological thermocline depths in the tropical Pacific Ocean during fall (August to October, when the warm bias
is largest) in the observations, the model hindcasts, and their difference, supports this suggestion by showing
that the model in general has a deeper mean thermocline depth in the tropical eastern Pacific than observed.
Note that the thermocline depth in the model hindcasts was obtained after removing biases by assuming that
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Figure 7. Climatological thermocline depth (20°C isotherm depth, in m) in the tropical Pacific Ocean basin during fall
(August—October) for (a) the observations (OBS), (b) the CWB model averaged over lead-0 to lead-8 months hindcasts, and
(c) their difference (i.e., CWB minus OBS).

the thermocline depth at lead-0 was the same as the observed (biases are inevitable due to the different vertical
resolutions in the observational data and the model hindcast output). This model's deeper mean thermocline in
the tropical eastern Pacific weakens the sensitivity of the overlying SSTs to wind variations due to a weakening
of the so-called thermocline feedback in that region (An & Jin, 2001). When the mean thermocline is deeper (as
in the model hindcasts), the strength of the surface wind stress-forced ocean wave that induces thermocline vari-
ations will also become weaker (An & Kim, 2017). It is well known that the SSTs in the tropical eastern Pacific
are primarily influenced by subsurface ocean dynamics related to thermocline variations and their interactions
with surface winds (i.e., the three-way interactions among the atmosphere, surface ocean, and subsurface ocean).
As a consequence of these processes, the model tends to substantially underestimate El Nifio intensity in the trop-
ical eastern Pacific (Figures 3 and 4) and have worse hindcast performance for the EP El Nifio (Figure 5). As we
previously mentioned, the fundamental differences in ENSO dynamics between CP and EP El Nifios (two-way
vs. three-way interactions) could make it easier for the coupled model to hindcast CP El Nifio compared to EP El
Niflo. Specifically, the CP-I type is the easiest to hindcast, followed by the CP-1I type, and the EP type is the most
difficult (as shown in Figures 3-5).

Next, we attempt to understand why the model hindcasts have this deficiency in simulating climatological SSTs
and thermocline depths in the tropical eastern Pacific. Climatologically, the tropical Pacific Ocean exhibits a
zonal contrast in SSTs between the western Pacific warm pool and the eastern Pacific cold tongue. Overly cold
“cold tongue” SST can be established for at least two reasons. One is related to the strength of the Pacific Walker
circulation, whose surface easterly winds cause the surface cooling in the cold tongue region via upwelling of
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Figure 8. Climatological SSTs (shading; in °C), surface pressure (P; white contours; in hPa), and low-level winds at the
850-hPa level (UV850; vectors; in m s~!) over the Pacific basin during fall (August—October) for (a) the observations (OBS),
(b) the CWB model averaged over lead-0 to lead-8 months hindcasts, and (c) their difference (i.e., CWB minus OBS). The
letter “A” denotes an anticyclonic circulation (which represents the location of the South Pacific high) while the letter “C”
denotes a cyclonic circulation.
cold water from below. The other is related to the strength of the South Pacific high, a semi-permanent anti-
cyclone located in the southeast Pacific near the west coast of Peru and northern Chile (see the letter “A” in
Figures 8a and 8b), which can drive cross-equatorial surface winds in the tropical eastern Pacific that can also
drive upwelling there. Figure 8a displays the observed climatological atmosphere and ocean structures over the
Pacific basin during fall when the cold tongue SST are climatologically lowest. From the model hindcast mean
(Figure 8b) and its difference from the observations (Figure 8c), it is evident that the simulated strengths of the
Pacific Walker circulation and South Pacific high are weaker than in the observations. As shown in Figure 8c,
KIM ET AL. 11 of 19
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Figure 9. Longitude-time plots of equatorially-averaged (5°S—5°N) SST anomalies (in °C) during the 1986-88 El Nifio from (a) the observations and (b—f) the CWB
model hindcasts at lead 0, -2, -4, -6, and -8 months. (g-1) As in (a—f), but for the 1998-2000 La Nifa.

the difference is characterized by surface westerlies along the equatorial Pacific (an indication of a weaker than
observed Pacific Walker circulation) and a cyclonic circulation over the southeastern Pacific (an indication of
a weaker than observed South Pacific high; see letter “C” in Figure 8c). These weaker-than-observed Pacific
Walker circulation and South Pacific high in the model would each contribute to weaker than observed upwelling
and thus warmer than observed cold tongue SSTs in the tropical eastern Pacific.

Further attributing these model deficiencies to a particular cause is difficult due to the strong coupling between
atmosphere and ocean in the tropical eastern Pacific (Mechoso et al., 1995). Small model deficiencies in the
atmospheric or oceanic model can be amplified by this coupling, thus easily affecting the coupled climate model
performance. Previous studies have suggested that an inability to properly simulate the marine stratus clouds over
the southeast Pacific in coupled models can influence the strength of the South Pacific high through radiative
cooling (cf. Philander et al., 1996; Yu & Mechoso, 1999). A majority of contemporary climate models have diffi-
culty properly simulating marine stratus clouds over the southeastern Pacific as well as the associated equatorial
upwelling processes in the tropical Pacific (e.g., Gordon et al., 2000; Large & Danabasoglu, 2006).

3.2. ENSO Complexity in Temporal Evolution: The Multi-Year Evolution Events

To evaluate whether the model can or cannot correctly hindcast the observed temporal complexity of ENSO, as
mentioned earlier, we focus on analyzing the multi-year ENSO events. Those are the multi-year El Nifio which
occurred in 1986-1988 (namely, the 1986/87/88 El Nifio) and the multi-year La Nifia which occurred in 1998—
2000 (namely, the 1988/99/00 La Nifia). Both are re-intensified ENSO events whose second-year peak intensity is
larger than their first-year peak intensity (cf. Figure 2b). We first compare in Figure 8 the observed and hindcast
longitude-time evolutions of equatorial Pacific SST anomalies. For the 1986/87/88 El Nifio (Figure 9a), the warm
SST anomalies emerge and develop mostly in the tropical central Pacific during the summer and fall of 1986 (the
first year) and then peak during the following winter. While the El Nifio persists into the spring of 1987 to start the
second-year evolution, warm anomalies also emerge separately in the tropical eastern Pacific. The latter become
dominant during the second-year of this event, when the largest warm anomalies are in the tropical eastern
Pacific. This re-intensified multi-year El Nifio can, therefore, be assumed to be a CP El Nifio during its first-year
and a mixture of CP/EP El Nifio during its second-year. This SST evolution is similar to that observed during
the 2014-2016 re-intensified multi-year El Nifio (Kim & Yu, 2021; Paek et al., 2017). In the model hindcasts,
despite a slight underestimate of El Nifio intensity, the lead-0 months hindcast (Figure 9b) adequately reproduces
the observed multi-year evolution of the 1986/87/88 event, capturing its first- and second-year peaks. However,
as lead month increases from lead-2 to lead-8 (Figure 9c—9%), it is clear that the model fails to develop the
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Figure 10. (a), (c) Temporal evolutions of the Nifo3.4 index (°C) in the observations (OBS; thick black curve) and the CWB
model hindcasts at the lead-0 to lead-8 months (L0 to L8; thin colored curves) for the (a) 1986-88 El Niiio and (c) 1998-2000
La Niiia. (b), (d) As in (a), (c) but using model hindcasts that are launched from different starting months from December”

to December! (thin curves with various colors and markers). The red curve denotes the Nifio3.4 index evolution in the

lead-0 months hindcast.

second-year El Nifio that occurs during 1987. The hindcast event, instead, tends to become a single-year El Nifio
with its peak in around the spring/summer of 1987 before transitioning into a La Nifia afterward. Figure 10a,
which displays the evolution of the observed and hindcast Nifio3.4 indices also clearly shows this model failure.

We extend our analysis to evaluate whether the model hindcasts have an ability to forecast the multi-year El
Nifio of 1986-1988. To achieve this, we plot the same Nifio3.4 index evolutions as in Figure 10a but using the
individual model hindcasts that are launched at different starting months from December® to December! (Note.
the lead-0 months hindcast values were utilized as initial conditions.). As depicted by thin curves with various
colors and markers in Figure 10b, the results clearly indicate that the model is not capable of forecasting the
1986/87/88 El Nifio's multi-year evolution. Once they are launched at any starting month, the initial Nifio3.4
index values have an immediate downward slope toward a neutral or negative ENSO phase, failing to capture the
re-intensification of the 1986/87/88 El Niiio.

We next examine for this event the horizontal maps of seasonally-averaged SST and wind anomalies during
the first-year winter, following spring, and summer to determine why the model hindcasts fail to capture the
re-intensification of the 1986/87/88 El Nifio. For the observations (Figure 11a—11c), it is clear that the El Nifio,
after initial first-year peak in winter, persists and re-intensifies during the following spring and summer to give
rise to its second-year peak. Meanwhile, during the first-year winter (Figure 11a), we also see that there is
a meridional band of warm SST anomalies extending from the subtropical northeastern Pacific to the trop-
ical central Pacific that is accompanied by southwesterly wind anomalies in-between (see parallelograms in
Figure 11). This meridional band of anomalous SST warming in the subtropical northeastern Pacific is also
known as a positive PMM(Chiang & Vimont, 2004). The positive PMM, which is often induced by CP El Nifio
as a result of the El Nifio's teleconnections to the extratropics (Fang & Yu, 2020b; Stuecker, 2018), is able to be
sustained for several seasons and its warm anomalies spread into the equatorial Pacific via a wind—evaporation—
SST feedback mechanism (Xie & Philander, 1994), enabling another El Nifio to develop (Amaya, 2019; Kim
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Figure 11. Seasonally-averaged anomalies in SST (shading; °C) and low-level winds at the 850-hPa level (vectors; m s~!) for the 1986-88 El Nifio during its (a) first-
year winter (December’—February'), (b) following spring (March!—May"), and (c) summer (June'—August') from the observations (OBS). (d-f) as in (a—c) but for the
CWB model hindcasts at the lead times of (d) 0, (e) 3, and (f) 6 months. The subtropical northeastern Pacific region where the PMM events usually occur is delineated

by the black parallelogram.

& Yu, 2020, 2021, 2022; Yu et al., 2010; Yu & Kim, 2011). As shown in Figure 11a—11c, the abovementioned
tropical—subtropical climate interactions within the Pacific basin are at work during the re-intensification of the
1986/87/88 El Nifio. Note that an EP EI Niflo is less likely to induce a positive PMM, making it less capable
of activating the Pacific intrabasin interactions. In fact, Fang and Yu (2020b) found that that an EP El Nifio is
more likely to induce a negative PMM through a Gill-type response (Gill, 1980) in the tropical eastern Pacific,
particularly when it has an extreme amplitude, such as during the 1982/83 and 1997/98 events. In contrast to the
observations, in the model hindcasts (Figures 11d—11f) the positive PMM during the first-year winter (repre-
sented by the anomalous SST warming and southwesterly wind in the subtropical northeastern Pacific) suddenly
disappears and is replaced by anomalous cooling and northeasterly wind anomalies during the following spring
and summer. This indicates that the Pacific intrabasin interactions are not realistically simulated in the hindcasts
and the hindcasts fail to forecast the re-intensification.

For the multi-year La Nifia event of 1998-2000 (Figure 9g), we find that the hindcasts generally reproduce the
multi-year evolution, not only for the lead-0 months hindcast (Figure 9h), but also for hindcasts at lead-2, 4, 6, and
8 months (Figures 91-91), although the intensity of the hindcast first-year La Nifia is excessively strong as the lead
month increases (Figure 10c). The evolution of the Nifio3.4 index shown in Figures 10c and 10d confirms that all
the individual model hindcasts successfully simulate the re-intensification evolution feature of the 1998/99/00 La
Nifia regardless of the launching month. Why, in stark contrast to the model's failure to forecast the 1986/87/88
El Nifio evolution, is the model able to successfully forecast the 1998/99/00 La Nifia evolution? We find in
Figure 12, which uses the same horizontal maps as in Figure 11 but for the 1998/99/00 La Nifia, that the model
reproduces the observed Pacific intrabasin interactions in the La Nifia hindcasts. During the first-year winter,
following spring, and summer of the 1998/99/00 La Nifia, the model hindcasts properly simulate the observed
negative PMM with anomalous SST cooling and northeasterly winds in the subtropical northeastern Pacific
(Figures 12a—12c vs. 12d—12f; see also parallelograms). This indicates that, contrary to the El Nifio hindcasts, the
model is able to capture the Pacific intrabasin interactions activated by the first-year La Nifia during 1998-1999
to successfully forecast the re-intensification of the second-year La Nifia during 1999-2000.

One question that still remains is: why can the La Nifla event activate the Pacific intrabasin interactions in
the model to produce the multi-year evolution pattern but the El Nifio event cannot? In this regard, we find in
Figures 13a and 13b that the simulated climatological SSTs in the tropical central Pacific are too cold compared
to the observations during spring, which is the season when the PMM is most active (Chiang & Vimont, 2004).
This cold bias provides more favorable conditions for La Nifia to activate the Pacific intrabasin interactions but
not for El Niflo. This is because, as the cold bias lowers climatological SSTs closer to the convective thresh-

old temperature (~28°C, Sud et al., 1999; see dark green contours in Figures 13a and 13b), the La Nifia-related
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Figure 12. As in Figure 11 but for the 1998-2000 La Nifia.

cold anomalies can easily bring down SSTs below the threshold value in the tropical central Pacific and switch
off deep convection. The induced large anomalous cooling can then excite an anomalous anticyclone over the
subtropical Pacific, including the PMM region, activating a negative phase of the Pacific intrabasin interac-
tions, whose cold anomalies can later intrude into the equatorial Pacific to initiate the second-year La Nifia. The
bar-charts representing the climatological tropical central Pacific spring SSTs (black rectangles in Figures 13a
and 13b) in the observations and the model hindcast (Figure 13c) confirm that the model's cold bias is statisti-
cally significant. Although the El Nifio-related warm anomalies can strengthen deep convection over the tropical
central Pacific to produce anomalous heating in that region, the heating is relatively small compared to the cool-
ing induced by a La Nifia event that completely turns off the climatological deep convection. Also, since most CP
El Nifio events have weak intensities (e.g., Kao & Yu, 2009; T. Lee & McPhaden, 2010), the anomalous heating
they induce is weak and provides less favorable conditions for El Nifio to activate the Pacific intrabasin interac-
tions. The physical mechanism explaining the La Nifia-favored activation of the Pacific intrabasin interactions has
been well documented in Fang and Yu (2020b).

4. Summary and Discussion

In this study, we evaluated hindcasts of the observed spatiotemporal complexity in the ENSO during the period
1982—-2011 made using the Taiwan Central Weather Bureau (CWB) Climate Forecast System (CFS) 1-tiered
model hindcasts. The main findings of this study are summarized as follows. Concerning hindcasts of the spatial
complexity, it is found that the CP-I El Nifio is the easiest to hindcast for this particular climate model, followed
by the CP-II El Nifio, while the EP El Niflo is the most difficult type. The model significantly underestimated the
observed EP El Nifio intensity during both the developing and decaying years, while the model slightly underesti-
mated (overestimated) the CP-I (CP-1I) El Nifio intensity and produced a slower decay of these events. The model
deficiency in the EP El Nifio hindcasts was shown to be related to a warm bias in the model SST climatology in
the tropical eastern Pacific. This warm bias is associated with a bias in thermocline depth that weakens the atmos-
phere—ocean coupling in the tropical eastern Pacific that reduces the intensity of hindcasted EP El Nifios. The
strengths of the Pacific Walker circulation and South Pacific high—both of which were weaker than observed—
in the model climatology was identified as the cause of the model's warm bias in the tropical eastern Pacific.

Concerning the temporal complexity, it was found that the model is better able to hindcast multi-year La Nifia
than multi-year El Nifio. The model deficiency in the multi-year El Nifio hindcasts was found to be related to a
cold bias in the model SST climatology in the tropical central Pacific. This cold bias causes the model to enable
La Nifia, but not El Nifio, to activate intrabasin tropical-subtropical interactions associated with the PMM that
produce the multi-year evolution pattern. It should be also noted that the model in general has a better hindcast
performance for single-year ENSO events than multi-year ones, such as the single-year events of 1997/98 El
Niflo and 2005/06 La Nifia (cf. Figure 2a) (figures not shown). This conclusion can also be supported by the fact
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Figure 13. Climatological SSTs (°C) during spring (March—May) for

(a) the observations (OBS) and (b) its difference within the tropical band
between 15°S and 15°N from the CWB model averaged over the lead-0 to
lead-8 months hindcasts (i.e., CWB minus OBS). The dark green contours

in (a) and (b) denote the 28°C isotherm which indicates the threshold SST
value for deep convection in the OBS and CWB model, respectively. The
black rectangles indicate the selected tropical central Pacific region bounded
by 5°S—5°N, 170°E—150°W. (c) Bar-chart representing climatological SSTs
averaged over the tropical central Pacific for the OBS (red bar) and the CWB
model hindcasts (blue bar). In (c), the error bar denotes one standard deviation
among all the lead months from lead-0 to lead-8 and the dark green horizontal
line indicates the 28°C threshold SST.

that many contemporary climate models, despite progress in simulating basic
ENSO features, are still struggling with the tendency to produce a sharp,
biennial ENSO oscillation rather than a broad spectral peak in the 3—7-year
band (e.g., Bellenger et al., 2014; Guilyardi et al., 2009; Jha et al., 2014).
Therefore, an improved representation of the observed ENSO's major
frequencies within climate models may provide enhanced ENSO predictabil-
ity and improve forecasts of multi-year events. It was also shown in Figures 4
and 5 that El Nifio is generally more predictable during its decay phase than
its growth phase for the EP type (see also Zheng et al., 2016), while the oppo-
site seems to be true for the CP type (including CP-I and CP-II EI Nifios).
This contrasting predictability between EP and CP type El Nifios deserves
further investigations in future studies, including the potential role of weather
noise in influencing the spatiotemporal complexity of ENSO (e.g., J. W. Lee
et al., 2019).

The number of observed El Nifio events analyzed in this study is limited.
This is a well-known challenge faced by most studies of ENSO complexity
because the relatively small number of observed events must be separated
into subgroups with different spatiotemporal characteristics. The ensemble
hindcast approach presented in this study could be a useful way to study
the predictability of the three types of El Nifio given the limited availabil-
ity of observational data. In this approach, each member of the ensemble is
independently integrated forward for several months and seasons from the
same initial atmospheric and oceanic conditions before the hindcasted results
are examined. The mean features, which are averaged from the ensemble
members, reflect the common properties of the simulated phenomenon (in
this study, the EP, CP-I, and CP-II El Nifios types) and the model's perfor-
mance in hindcasting the target phenomenon.

Finally, we need to acknowledge that the main results of this study could be
dependent on the model used. For instance, in contrast to our conclusion that
the EP El Nifio is the most difficult El Nifio type to hindcast, some previous
studies (e.g., Hu et al., 2012; Xue et al., 2013) have shown that hindcast simu-
lations produced by NCEP's Climate Forecast System (CFS) models tend to
have higher forecasting skill for EP El Nifios than CP El Nifios. This difference
may be related to the different ENSO dynamics in the models. Additionally,
Yu and Fang (2018) suggested that climate models dominated by the tropical
Pacific ENSO dynamics produce different ENSO complexities from those
dominated by the subtropical Pacific ENSO dynamics. Although we only
used a specific model, this study provides a unique and significant advantage
by offering physical processes to explain model discrepancies from observa-
tions regarding ENSO's spatiotemporal complexity, as described in Sections
3.1 (ENSO complexity in spatial structure) and 3.2 (ENSO complexity in
temporal evolution). By presenting these processes, readers may gain valu-
able information and insights into the missing processes that account for
discrepancies in their own climate models when simulating or hindcasting
complex ENSO behaviors in observations.

Data Availability Statement

The resources of data used in this study are as follows. The HadISSTv1.1 data (Rayner et al., 2003) are avail-
able at https://www.metoffice.gov.uk/hadobs/. The NCEP/DOE R2 data (Kanamitsu et al., 2002) are availa-
ble at https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html. The SODAv2.2.4 data (Carton
& Giese, 2008) are available at https://iridl.ldeo.columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.

v2p2p4/?Set-Language=en.
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