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Editorial on the Research Topic
ENSO Nonlinearity and Complexity: Features, Mechanisms, Impacts and Prediction

El Nifio-Southern Oscillation (ENSO) phenomenon is the most important tropical climate variability
on the interannual timescale, but its impacts are not limited in the tropics, affecting weather and
climate worldwide through far-field teleconnections. Over the past 4 decades, great progress has been
made in understanding features, mechanisms, impacts, and prediction of ENSO (see reviews by
McPhaden et al., 2020). However, with the increasing availability of observations, as well as the
improvements of climate models, the ENSO complexity, which has received widespread attention in
recent 2 decades because of the recognizing of ENSO spatial diversity, namely the distinction
between the two main ENSO types, the eastern-Pacific (EP) and central-Pacific (CP) types, has
become a hot topic and a challenge to the classical ENSO theory and dynamics (see reviews by
Capotondi et al., 2015, 2020; Timmermann et al., 2018; Taschetto et al., 2020), e.g., the observed
ENSO spatiotemporal diversity might be connected with a combination of two ENSO interannual
modes (Timmermann et al., 2018; Wang and Ren 2020).

The ENSO complexity, essentially originating from the nonlinearity of ENSO itself and its
interactions with other climate modes, makes it more difficult to do ENSO prediction and thus the
prevention and mitigation of ENSO-related disasters. Better understanding towards the ENSO
nonlinearity and complexity, as well as the development of corresponding predictability theory and
prediction methodology of complex ENSO behaviors, is essential to enhance capabilities for the
subseasonal-interannual climate prediction. Here, as one of the leading experts in the ENSO field, Jin
summarized the recent active research on the dynamics of ENSO spatiotemporal pattern diversity
(STPD) within a synthesized theoretical framework, and discussed challenges and outlooks for
theoretical, diagnostic, and numerical modeling approaches to advance our understanding and
modeling of ENSO, its STPD, and their broad impacts.

As a matter of fact, the observed key features of ENSO STPD are still inadequately captured by
state-of-the-art climate models, though the physical process simulations and model resolutions are
improving. Considering that hierarchical modeling approaches, comprising conceptual models,
intermediate complexity models, and comprehensive climate models, are fundamental and
constructive for ENSO-related research, the assessment and improvement of models are
necessary for better simulating ENSO. Same in this Research Topic, Geng and Jin established a
revised Cane-Zebiak (RCZ) model, which consists of revised model formulations and well-tuned
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parameterization schemes. The simulated atmospheric and
oceanic responses, as well as characteristics of ENSO in the
RCZ model are much better than the original CZ model,
making the RCZ model can be a useful tool in studying the
dynamics of ENSO STPD. Ineson et al. explored the lack of ENSO
amplitude asymmetry between El Nifio and La Nifa phases in
HadGEM-GC3.1. They found that the underestimated subsurface
zonal nonlinear dynamic warming due to the inadequate ocean
circulation response to ENSO in the model probably be a major
cause, which showed us a focus for future model development.

At present, accurately predicting the ENSO events at leads of
6-12 months is still a serious challenge, which is usually subject to
the inherent spring predictability barrier of ENSO. The recent
2020/21 La Nifia event was not well predicted by most climate
models. Cao et al. detected that the predominance of anomalous
southeasterly winds over the central equatorial Pacific in spring
2020 is critical for initiating this event by using a pattern
clustering approach to compare the best and worst prediction
members in an ENSO ensemble prediction system.

Meanwhile, a better simulated mean state in climate models is
still an important factor for improving model simulations and
predictions. Song et al. assessed the ENSO prediction skill of the
recently updated seasonal prediction system FIO-CPS v2.0 from
version 1.0 and found that FIO-CPS v2.0 had a better simulated
mean state and thus had a higher skill for predicting ENSO
compared with v1.0. In addition, due to the insufficient length of
modern observational data, evaluating current models’
performances in simulating past climate changes by using
proxy datasets is a potential way to validate model
simulations. Song and Chen examined tropical climate
changes, including both basic state and interannual variability,
using recently released Paleoclimate Model Inter-comparison
Project phase 4 (PMIP4) outputs along with PMIP3 archives.

In the ENSO cycle, the warming and cooling of sea surface
temperatures (SST's) in the tropical Pacific are coupled with large-
scale atmospheric circulation anomalies, interact with multiscale
variability both within and outside the tropical Pacific. The
diversity of ENSO triggers is an important factor for ENSO
complexity (see reviews by Amaya, 2019; Cai et al, 2019;
Wang 2019). Fu et al. revealed a significant leading role of
Siberian High (SH) in the boreal winter on the ENSO
development in the following year, and the evolution of the
SH-associated response over the North Pacific plays a crucial
role in linking SH with ENSO. Li et al. investigated that the
reversal of winter surface air temperature anomalies over Central
Asia between December and January is closely related to the SST
anomalies over the central tropical Pacific. Gao et al
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demonstrated that the medium-range predictability of western
North Pacific subtropical high (WNPSH) mainly originates from
ENSO, and its significant lagged effects on WNPSH well revealed
in observation can be realistically reproduced by the National
Centers for Environmental Prediction-Global Ensemble Forecast
System within the effective prediction lengths. ENSO
nonlinearity and complexity also lead to diverse impacts and
teleconnections. Several La Nifia events featuring relatively long
duration and bimodal evolution recently have drawn much
attention,  showing  different  climate impacts and
teleconnections compared with the canonical single-peak La
Nifia. Huang et al. systematically examined the multiyear La
Nifna and found that this type of La Nifa could lead to long-
lasting impacts on the precipitation in southern China alternately
contributed by various mechanisms.

More than that, the global teleconnections of ENSO also have
decadal changes, which might be modulated by interdecadal
natural variabilities. Chen et al. suggested that the Pacific
Decadal Oscillation (PDO) has a strong modulation on the
linkage between the spring Arctic Oscillation (AO) and the
following winter ENSO. Zhao et al. emphasized that the
Atlantic Multidecadal Oscillation (AMO) modulates the
relation of ENSO with the central-western Indian Ocean
precipitation during the boreal winter.

Understanding broad aspects of ENSO nonlinearity and
complexity gives rise to potential skills for seasonal
predictions and future projections of ENSO and its global
impacts, though properly simulating ENSO complexity in
climate models remains a challenge. To provide better
predictions and projections of worldwide climate, climate
models need to be assessed and further improved from
viewpoints of various components of ENSO complexity
entangling with each other.
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Long climate simulations with the Met Office Hadley Centre General Circulation Model
show weak El Nifio-Southern Oscillation (ENSO) amplitude asymmetry between El Nifio
and La Nina phases compared with observations. This lack of asymmetry is explored
through the framework of a perturbed parameter experiment. Two key hypotheses for
the lack of asymmetry are tested. First, the possibility that westerly wind burst activity
is biased is explored. It is found that the observed difference in wind burst activity
during EI Nifio and La Nifa tends to be underestimated by the model. Secondly, the
warming due to subsurface non-linear advection is examined. While the model exhibits
non-linear dynamic warming during both La Nina and El Nifo, and thus a contribution
to ENSO asymmetry, it is shown to be consistently underestimated in comparison with
ocean reanalyses. The non-linear zonal advection term contributes most to the deficiency
and the simulation of the anomalous zonal currents may be playing a key role in its
underestimation. Compared with the ocean reanalyses, the anomalous zonal currents
associated with ENSO are too weak in the vicinity of the equatorial undercurrent and the
surface wind driven zonal currents extend too deep.

Keywords: El Nifo-Southern Oscillation, asymmetry, non-linear dynamic warming, westerly wind burst, climate
model

INTRODUCTION

El Nifio-Southern Oscillation (ENSO) is the strongest natural interannual climate signal in the
tropics, with oscillations between warm El Nifio and cold La Nifia phases occurring every few
years. ENSO events show considerable spatio-temporal complexity (Timmermann et al., 2018). In
particular, the distribution of sea surface temperature (SST) variability in the Pacific is not Gaussian,
in that the strongest El Nifio events are stronger than the strongest La Nifia events in the east
Pacific (e.g., Burgers and Stephenson, 1999). This amplitude asymmetry in SSTs is associated with
asymmetry of temperatures in the ocean subsurface (Jin et al., 2003; Zhang et al., 2009; Hayashi and
Jin, 2017). There is also asymmetry in the duration of El Niflo and La Nifia events (Okumura and
Deser, 2010), but here we focus on the amplitude asymmetry as it is an outstanding model error
(Zhang and Sun, 2014).

ENSO amplitude asymmetry is generally underestimated in CMIP models (Sun et al., 2016;
Hayashi et al., 2020; McKenna et al., 2020). Because the largest El Nifio events are often associated
with severe impacts (Hardiman et al., 2018; Anderson et al., 2019), this deficiency impacts on our
ability to make long range predictions of the risk of extreme regional events. It has also been
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suggested that future mean SST change in the east tropical
Pacific may depend on a change in the asymmetry between
the magnitudes of El Nifo and La Nifia SST anomalies under
climate change (Ham, 2017; Kohyama and Hartmann, 2017).
Better simulation of asymmetry may therefore also potentially
improve future climate projections of ENSO (Hayashi et al., 2020;
Cai et al., 2021).

While the reasons for ENSO amplitude asymmetry remain
uncertain, a number of hypotheses have been put forward. For
example, the westward shift of zonal wind stress anomalies
during La Nifa relative to El Nifilo may lead to relatively weak
SST anomalies during La Nifia (Kang and Kug, 2002; Im et al.,
2015). A number of studies have also suggested an important role
for westerly wind burst (WWB) events (Kessler and Kleeman,
2000; Eisenman et al., 2005; Chen et al., 2015; Levine et al.,
2016; Hayashi and Watanabe, 2017). Ocean non-linear dynamic
warming either in the mixed layer (Jin et al., 2003; An, 2009;
Su et al., 2010) or ocean subsurface (Hayashi et al., 2020; Chen
et al, 2021) is also thought to contribute. Similarly, another
source of asymmetric heat convergence into the cold tongue
region is associated with ocean tropical instability waves which
occur preferentially in La Nifia phases (Vialard et al., 2001; An,
2008). There is also asymmetry in the shortwave surface heat flux
feedback (Lloyd et al., 2012; Bayr et al., 2018). For a recent review
of these hypotheses see An et al. (2020), and references therein.

Here, we use the framework of a perturbed parameter
experiment (PPE) of climate simulations (Yamazaki et al., 2021)
to explore the reasons for the weak asymmetry simulated in
the Met Office Hadley Centre model, HidGEM-GC3.1 (Williams
et al., 2018). ENSO amplitude and periodicity have been shown
to be sensitive to, for example, the specification of convection
entrainment rate (Watanabe et al., 2011; Lu and Ren, 2016), and
ENSO stability can be sensitive to the mean state (Kim et al.,
2014). The parameter combinations in each member of the PPE
used in this study have been shown to yield a range of plausible
yet diverse climate model behaviors (Sexton et al., 2021; Yamazaki
et al,, 2021). This paper focuses on two of the key hypotheses
relating to ENSO asymmetry; the role of westerly wind bursts,
and the model representation of subsurface ocean warming due
to non-linear advection.

METHODS

Skewness

The ENSO amplitude asymmetry is typically measured by
skewness, which is a measure of the extent to which a distribution
differs from a normal distribution:

m3

Skewness = ———— (1)
(my)*/2
where my is the kth moment,
N (X' . i)k
1
me 35

i=1

where x; is the ith observation, the overbar denotes the mean, and
N the number of observations.

Here, skewness is calculated from monthly data.

Non-linear Advection

The ocean heat budget can be expressed as:
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Where T, u, v, and w are temperature, zonal, meridional,
and vertical velocities, respectively. The overbar and prime
denote climatological mean and anomalies, respectively. The
first bracket represents the linear terms, the second bracket
is the nonlinear terms and the residual term, R, denotes
thermodynamic and subgrid-scale contributions. The heat
budget terms are estimated from monthly mean anomalies with
respect to the long-term monthly climatology.

Models

ENSO asymmetry is assessed in a number of long climate
simulations of the Met Office Hadley Centre general circulation
model HadGEM-GC3.1 (Williams et al., 2018) in three different
resolutions: low (LL), medium (MM), and high (HH). LL
and MM are CMIP6 preindustrial control simulations, at N96
(atmosphere midlatitude spacing of 135km)/ORCA1 (1° ocean
with enhanced meridional resolution near the equator) and N216
(60 km)/ORCAO025 (1/4°) resolution, respectively (Menary et al.,
2018). Each run length is 500 years. HH has a resolution of
N512 (25km)/ORCA12 (1/12°) and forcing representative of
the year 1950 (Roberts et al., 2019). The run length is 150
years. All configurations have 85 levels in the atmosphere and
75 levels in the ocean. To investigate possible reasons for the
weak asymmetry in these models, we use a PPE based on
a similar model, HadGEM-GC3.05, at MM (N216/ORCA025)
resolution. The objective of a PPE is to represent model
uncertainty by perturbing model parameters within realistic
ranges. There are 19 members, the “standard variant” (STD)
unperturbed member (member 0) and 18 members with
combinations of perturbations applied to atmosphere and land
surface parameters. No perturbations are applied to the ocean.
We use 200-year simulations with CMIP5 greenhouse gas and
radiative forcing for the year 1900. Heat and fresh-water flux
adjustments are derived for STD and applied to all PPE members.
In addition, for the 18 perturbed members, a globally uniform,
member specific, heat flux adjustment is applied (Yamazaki et al.,
2021). The methodology behind the choice of the perturbed
parameters and the values they take is described in detail by
Sexton et al. (2021), and the identifier which links the ensemble
members to the parameter perturbations is shown in brackets: 0
(00000), 1 (00090), 2 (00605), 3 (00834), 4 (01113), 5 (01554), 6
(01649), 7 (01843), 8 (01935), 9 (02089), 10 (02123), 11 (02242),
12 (02305), 13 (02335), 14 (02491), 15 (02753), 16 (02832), 17
(02868), 18 (02914).
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WWB Index

WWBs are identified here as events where the daily 10 m zonal
wind anomaly, averaged from 2.5°N-2.5°S, exceeds 3 ms~! over
alongitude range of at least 10° and lasts for at least 3 consecutive
days in the equatorial Pacific (130°E-80°W). We define a WWB
index as the sum of the maximum anomaly for each event over a
given time period to give a measure of accumulated strength. In
recent literature, a number of different criteria have been used for
defining WWBs, leading to varying results in terms of numbers
of WWBs identified (Santoso et al., 2017). The criteria used here
gives an observed average WWB count of just over 12 per year
which is within the range identified by other studies (e.g., Puy
et al., 2016).

Verification Data

Model data are compared with monthly mean SST from
HadISST1.1 for 1873 to 2020 (Rayner et al, 2003), monthly
zonal wind stress from ERA5 for 1950 to 2020 (Hersbach et al.,
2020), and monthly mean depth of the 20° isotherm estimated
from the ocean temperature dataset, EN4, for 1950 to 2020
(Good et al., 2013). WWB activity is calculated using daily 10 m
winds from the ERA-Interim reanalysis for 1980 to 2017 (Dee
et al., 2011). Monthly mean ocean potential temperature and
currents are from two products, the ocean reanalysis used in the
GloSea5 seasonal forecast system (MacLachlan et al., 2015) and a
recent ocean reanalysis based on the GO5 ocean model (Megann
et al., 2014), both for the period 1993 to 2017. In the scatter
diagrams, the time-period used for calculating HadISST skewness
is chosen to be the same as that used for the corresponding
reanalysis variable.

RESULTS

Skewness in Hadley Centre Models
Assessment of ENSO characteristics for HadGEM-GC3.1 at
MM resolution shows that this model performs favorably with
observations across a range of performance metrics (Williams
et al,, 2018) and in historical simulations, the PPE shows a range
of plausible ENSO variability (Yamazaki et al., 2021). In this
study, standard deviation for Nino3.4 (170-120°W, 5°N-5°S)
across the PPE ranges from 0.51°C to 0.97°C. El Nifio and La
Nifla composite SST anomaly patterns in HadGEM-GC3.1 are
also reasonably realistic and similar at MM and HH resolutions,
although for LL the ENSO pattern extends somewhat too far west
(Menary et al., 2018; Roberts et al., 2019). However, compared
with the observations, these El Niflo and La Nifia patterns are
too symmetrical, reflecting a lack of extreme El Nifio events in
the models.

Amplitude asymmetry, measured here by SST skewness is
weaker than in observations in all our model simulations and
versions, irrespective of resolution, as shown in Figure 1. Because
skewness in the more commonly used Nifio3 region (150-90°W,
5°N-5°S) is weak in the PPE, we focus on a region in the far east
Pacific (FEP) (110-80°W, 5°N-5°S) that maximizes skewness in
the observations (Su et al., 2010; Santoso et al., 2017).

The spatial pattern of SST skewness for the most positively
skewed (SK+), standard variant (STD), and least positively

skewed (SK-) members of the 19-member PPE (Figures 1A-C)
can be compared with the observations (Figure 1D). STD
shows a similar pattern of skewness but is much weaker than
observed, with an FEP skewness of 0.34 compared with 1.02
for observations. SK- shows weakly negative skewness along
the equator with an FEP skewness of —0.11. For SK+, our
most skewed simulation, the westward extent of the region of
positive skewness is similar to that observed but again the SK+
member skewness for the FEP region is much weaker than
observed, 0.65 compared with 1.02, and the pattern is more
equatorially confined.

Skewness for the FEP region for all PPE members shows
diversity across the ensemble in the mean, and also a variety of
multidecadal variability (Figure 1E). However, no member has
a mean skewness as high as observed, or indeed a maximum
skewness in any 50-year period as high as the observed mean.
We also show model data from different resolution HadGEM-
GC3.1 models with lower (LL), the same (MM), and higher
(HH) ocean and atmosphere resolution as the PPE. These all
show similar characteristics to STD and lie within the PPE
range, suggesting that lack of ENSO asymmetry is insensitive to
resolution in HadGEM-GC3.1

Observations are most strongly positively skewed in the far
east Pacific, decreasing to become weakly negatively skewed in
the region near the dateline and in a horseshoe-like pattern
in the west Pacific and extending somewhat into the South
Pacific Convergence zone and the Intertropical Convergence
zone. We note that PPE member SK+ has unrealistically
high negative skewness in these regions and that in the PPE
there is a tendency for the more positively skewed members
to also have unrealistically high negative skewness in the
west Pacific.

Mean State

In the tropical Pacific there is a close relationship between mean
equatorial SST, zonal wind stress and thermocline depth in the
mean state (Philander, 1990). As expected, the PPE reflects
this, with significant correlations between these variables across
individual member simulations.

The relationship between these key variables and skewness
also shows significant correlations, with higher SST (r = 0.54,
p < 0.02), weaker zonal wind stress (r = 0.57, p < 0.02) and
shallower 20°C isotherm in the west pacific (r = —0.44, p <
0.1) all being related to higher skewness in the model (Figure 2).
The PPE members with deeper thermocline in the western Pacific
tend to have a somewhat shallower thermocline in the eastern
Pacific (Figure 2E). Biases in the coupled model mean state can
therefore clearly impact the model skewness and in principle
could be responsible for the lack of ENSO asymmetry. However,
as the observations lie well within the range of the modeled
mean state for each of these assessed variables, the model mean
state is not systematically biased in this respect. A realistic
representation of these variables by the model does not in itself
therefore necessarily lead to realistic asymmetry and we reject
the hypothesis that these mean state errors are responsible for the
lack of ENSO asymmetry.
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FIGURE 1 | Comparison of skewness in Met Office Hadley Centre models. Skewness in 3 PPE members (A-C) and observations (HadISST, 1873-2020) (D).
Rectangular box shows skewness in the far eastern Pacific region (FEP, 110-80°W, 5°N-5°S). Skewness in FEP for PPE members (blue), high, medium, and low
resolution HadGEM-CG3.1 simulations (brown), and observations (black) (E). Large circles show skewness over the full period of each model simulation, vertical bars
show the 16th and 84th percentiles (corresponding to 1 standard deviation from the mean) and small circles are the maximum and minimum of skewness for 50-year

Westerly Wind Events

The relationship between WWBs and skewness is examined using
a simple index as a measure of accumulated wind burst activity
(WWB index, see section Methods) The index is calculated from
daily 10m zonal winds that have previously been filtered to
remove timescales longer than a season (90 days).

We find there are large differences in the annual mean WWB
index across our model versions, ranging from an average of 18.3
to 108.8 ms~! per year (Figure 3A). However, there is only a
weak (not significant) positive correlation (r = 0.28) between
FEP skewness and WWB activity. We also note that although the
two members with largest skewness have relatively high levels of
WWB activity, we see that this is not a prerequisite for the PPE
skewness. Indeed, the member with the lowest WWB index has
similar moderate skewness to the member with the highest WWB
index. Finally, we note that the WWB index for the reanalysis
lies well within the range of the PPE simulations, suggesting that
the model versions are not systematically biased with respect to
annual mean WWB activity.

To test the importance of the modulation of wind burst
activity by SST in the PPE we look at the difference in WWB
activity between El Nifio and La Nifa events in the January to
November period prior to ENSO events (Figure 3B). El Nifio/La
Nifa events are defined here as DJF Nifo3.4 anomalies exceeding
a threshold of +/- 0.8°C. As has been previously demonstrated
(e.g., Puy et al, 2016) there is a significant modulation of
WWBs by ENSO, with more WWBs during El Nifio. However,
the majority of PPE members show only a weak difference,
significantly underestimating the observed modulation. We also

look at this relationship for two separate periods, during boreal
spring, early in the ENSO growth cycle, and in boreal summer-
autumn, when SST anomalies are established and growing in
magnitude. We find a similar relationship for both periods (not
shown), suggesting that the rather weak difference in WWB
activity in the PPE may result in very large initial El Nifio growth
in the PPE being less likely than observed, and also, in the second
part of the year, that the model may be underestimating the
observed dependence of WWBs on SST. However, because of
the lack of extreme El Nifio events in the PPE this latter result
may also simply reflect this lack of model skewness. While there
is no relationship (r = 0.2) across the PPE with skewness, the
difference between the model and observations suggests possible
model error in HadGEM-GC3.1 in this respect.

Warming Due to Ocean Non-linear

Advection

Equatorial non-linear advection for the combined ocean
reanalysis product shows warming in the region of the
thermocline and in the surface mixed layer, largely concentrated
to the east of the dateline (Figure4A). These features agree
well with the analysis shown by Hayashi et al. (2020). Non-
linear advection for the PPE, combined over all models, shows a
similar pattern, but with muted warming in the ocean subsurface
(Figure 4B).

Following Hayashi et al. (2020), area averages are calculated
for the region (180-100°W, 1°S-1°N, 50-150 m), encompassing
the maximum subsurface non-linear dynamic warming (NDW)
in the reanalysis. There is a significant relationship (r = 0.74,
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p < 0.001) between the FEP skewness and the NDW for
the model simulations and ocean reanalyses (Figure 4C). The
correlation over PPE members alone is also significant (r =
0.41, p < 0.1). Unlike our other hypothesized mechanisms
for the underestimated ENSO asymmetry, there is a clear
systematic model bias in the strength of the NDW and all
of the PPE members underestimate the NDW relative to the
ocean reanalysis. The NDW is therefore a strong candidate
for the lack of asymmetry in the model, consistent with
other studies on NDW (Hayashi et al, 2020; Chen et al,
2021).

To consider the contribution of NDW to the growth
of ENSO, the NDW for the mean of April to November
prior to the peak of ENSO is calculated for all El Nino
and La Nifa events. Overall, there is a positive contribution
during both El Nifio and La Nina for both the combined

ocean reanalysis and the model members (Figures4D,E)
This acts to weaken cold (La Nifa) events and strengthen
warm (EI Nifno) events, contributing to amplitude asymmetry.
However, the total warming in the reanalysis is over twice the
magnitude of that in the model (see the right-hand bars in
Figures 4D,E).

We now consider the three component terms of the NDW
(Equation 2) to try to better understand the origin of the
weak NDW in the model. The zonal non-linear warming term
(-u’9T’/9x) and meridional term (-v’dT’/dy) both make a positive
contribution to the warming, whereas the vertical (-w’97T°/9z)
term is negative and acts to partially offset the horizontal terms.
Comparing the PPE with the ocean analysis we see that it
is the zonal component of non-linear advection which largely
accounts for the difference in total magnitude (left hand bars
in Figures 4D,E). It is noteworthy that there is also a significant
relationship (r = 0.48, p < 0.05) between skewness and NDW for
the zonal component across PPE members (not shown).

To further explore the reason for the difference in zonal
NDW, we decomposed the zonal NDW for the observational
reanalysis and the model (Figures5A,B), into the zonal
anomalous temperature gradient (Figures 5C,D) and anomalous
zonal current (Figures5E,F), although this separation is an
approximation due to the correlation between the strength
of T" and u’ fluctuations. It can be seen that the anomalous
eastward surface current anomalies extend too deep in the
PPE compared with the reanalysis and in particular, that the
anomalous westward currents in the region of the equatorial
undercurrent are much weaker in the model (Figures 5E,F). This
latter difference suggests that the ocean circulation response to
ENSO is too weak in our model and provides a focus for future
model development.

DISCUSSION

We have tested several hypotheses for the weak ENSO amplitude
asymmetry in HadGEM-GC3.1, finding initially that mean state
errors do not appear to be a factor limiting skewness in our
model, at least in the large-scale areas examined here.

Overall, there is only a weak relationship between skewness
and mean WWB activity and our model is not systematically
biased in this respect. There is also no significant relationship
between the state dependent WWB activity and skewness which
is consistent with the recent study by Olson et al. (2021) who used
an empirical stochastic model to suggest that state dependent
noise does not play a role in El Nifio asymmetry. However, in
this case most of the PPE ensemble members do underestimate
the difference in WWB activity between El Nifio and La Nifa,
suggesting the likelihood of model error in this respect. This
is consistent with Levine et al. (2016) who show that most
CMIP5 models underestimate state-dependent noise forcing.
Nevertheless, our simple diagnostic ignores the spatio-temporal
diversity of westerly wind bursts (Hao et al., 2019) which could in
principle affect the oceanic impact (Puy et al., 2016) and the SST
response to WWBs may also depend on the oceanic background
state, and hence be affected by ocean model bias (Puy et al., 2019)
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so a more sophisticated analysis would be worthwhile to confirm
our results.

In contrast, variation in subsurface NDW is significantly
related to skewness and it is also underestimated in our

model compared with observational ocean reanalyses.
Our analysis suggests model bias in the subsurface
zonal NDW, and particularly in anomalous zonal
ocean currents which are too weak. These findings

are in agreement with other recent analyses of CMIP5
and CMIP6 models (Hayashi et al, 2020; Chen et al,
2021).

The reasons for the weak ENSO response in the equatorial
undercurrent variability are not fully understood, especially as
the mean undercurrent strength is reasonably represented in
the 0.25° ocean model. It’s possible there may be a number of
contributing factors. First, the mean ENSO amplitude in the
combined PPE is slightly lower (by about 10%) than in the ocean

reanalysis period, which would suggest slightly weaker amplitude
ocean variability in the PPE. Secondly, and in common with
other climate models, the dynamic coupling, usually measured
by the regression on Nifo4 zonal stress onto Nino3 SST, is
underestimated (Planton et al., 2021). In the PPE the regression
coefficient is from 15 to 55% lower than observed, indicating
that the ENSO related momentum transfer to the ocean is
too weak. In addition, the anomalous upper ocean currents
extend somewhat too deep compared with the reanalysis, perhaps
indicating that there is too much mixing of momentum in the
upper ocean.

The mechanisms tested here do not rule out other
explanations. However, at the 0.25° ocean model resolution
used in our simulations, heat convergence associated with
tropical instability waves is in reasonably good agreement
with observational estimates (Graham, 2014), suggesting that
tropical instability waves are unlikely to be the factor limiting
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FIGURE 5 | Decomposition of zonal component of non-linear advection. Zonal component of non-linear advection (K month~") for combined ocean reanalysis (A)
and combined PPE (B), zonal gradient of temperature anomaly (K m~") for combined ocean reanalysis (C) and combined PPE (D), and zonal current anomaly (ms~")
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skewness in these models. In addition, we note that in our model
there is no significant change in skewness across resolution.
Other mechanisms have not been tested. We note that model
members that have too cold mean SST in the east Pacific also
tend to have lower skewness, which is consistent with Sun
et al. (2016), who find that weak non-linear air-sea interaction
due to cold tongue bias limits asymmetry. Similarly, Liang
et al. (2017), find that the range of physical parameters for a
system to fall into a regime with positive asymmetry may be
rather narrow.

The Met Office Hadley Centre uses the same model in
seasonal, decadal and climate prediction systems. While on
seasonal timescales the initialized prediction realistically captures
the amplitude of extreme El Nifio events (Scaife et al., 2017), on
longer timescales the predictions revert to the control behavior
(Hermanson et al, 2018) with no asymmetry and too few,
if any, extreme El Nino events. This may impact our ability
to predict and evaluate the risk of extreme regional events
associated with the most intense El Nifos and highlights the
importance of model assessment (e.g., Planton et al., 2021) and
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further analysis of this important model error, with a view to
future improvement.
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Previous studies indicated that Arctic Oscillation (AQ) in boreal spring is an important
extratropical trigger for the outbreak of El Nifio and Southern Oscillation (ENSO) events in
the succedent winter. This study reveals that the Pacific Decadal Oscillation (PDO) has a
strong modulation on the linkage between the spring AO and the following winter ENSO.
Particularly, impact of the spring AO on the succedent winter ENSO is strong during
positive PDO phase (+PDO). By contrast, the spring AO-winter ENSO connection is weak
during negative PDO phase (—PDO). During +PDO, positive spring AO induces a marked
anomalous cyclone over the subtropical North Pacific via wave-mean flow interaction. The
subtropical cyclonic anomaly leads to sea surface temperature (SST) warming and
enhanced atmospheric heating there, which could further propagate southward to the
tropical central Pacific via wind-evaporation-SST feedback mechanism and, thus, impact
the following winter El Nifio via the tropical process. During —PDO, the spring AO-
generated SST, the atmospheric circulation, and the heating anomalies over the North
Pacific are much weaker. As such, spring AO has weak impacts on the winter ENSO. The
spring climatological storm track is stronger during +PDO than —PDO years due to an
increase in the mean meridional temperature gradient over the North Pacific. Stronger
storm track intensity during +PDO leads to stronger synoptic-scale eddy feedback to the
mean flow, which results in stronger AO-related SST and atmospheric anomalies over the
North Pacific and, thus, the stronger impact of the spring AO on the following winter ENSO.

Keywords: Arctic Oscillation, El Nifio and Southern Oscillation (ENSO), Pacific decadal oscillation, storm track,
air-sea interaction

INTRODUCTION

The El Nifio and Southern Oscillation (ENSO) is the leading atmosphere-ocean coupling pattern
over the tropical Pacific on the interannual timescale (Bjerknes, 1969; Philander, 1990; Neelin, 1998;
Wang et al., 2000; Chen and Lian 2020; Fang and Xie 2020; Zhang et al., 2020; Hu et al., 2021). ENSO
events could notably impact occurrences of extreme weather and climate events over many parts of
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the world via modulating the tropical Walker circulation and
triggering extratropical atmospheric teleconnections, and usually
exert severe damages to the agriculture, terrestrial and marine
ecosystems, and economic development (Zhang et al., 1996;
Horel and Wallace, 1981; Zhang et al., 1997; Chen et al., 2000;
Wang et al.,, 2000; Alexander et al., 2002; Huang et al., 2004; Yu
and Zwiers, 2007; Zhou and Chan, 2007; Zhang et al., 2011, 2012;
Cheung et al., 2012; Chen et al., 2013; Zhai et al., 2016; Chen et al.,
2017; Song et al., 2017; Tang et al., 2018, Chen et al., 2019a, Chen
etal., 2019b; Hu et al., 2020; Wei et al., 2020; Hu et al., 2021; Yang
and Huang 2021, and references therein). Therefore,
understanding the impact factors for the ENSO variability and
improving the prediction skill of ENSO occurrence are of great
importance.

In addition to the well-known positive atmosphere—ocean
interaction and the oceanic processes within the tropical
Pacific (Bjerknes, 1979; Philander, 1990; Schopf and Suares,
1988; Jin, 1997; Ren et el. 2016), more and more recent
studies reported that the atmosphere-ocean forcings over
extratropics also play considerable roles in modulating the
onset, development, and phase transition of a specific ENSO
event (Vimont et al., 2001, 2003; Alexander et al., 2010; Wang
et al,, 2011; Chang et al., 2007; Yu et al., 2012; Chen et al,, 2014,
Chen et al,, 2020a, Chen et al., 2020b; Su et al., 2014; Yeh et al,,
2015; Ding et al., 2015; Min et al., 2017; Zheng Y. Q. et al,, 2021,
Zheng Y et al, 2021; and references therein). For instance, Li et al.
(1990) indicated that a stronger East Asian winter monsoon
(EAWM) is more favorable for occurrence of an El Nifo
event in the following winter via triggering westerly wind
bursts over the tropical western Pacific. The wintertime North
Pacific Oscillation (NPO), the second Empirical Orthogonal
Function (EOF) mode of sea level pressure (SLP) anomalies
over extratropical North Pacific (Wallace and Gutzler 1981;
Linkin and Nigam, 2008; Song et al, 2016; Chen and Wu,
2018), was suggested to exert a marked impact on the
outbreak of ENSO events during the following winter via the
seasonal footing mechanism (SFM) (Vimont et al., 2001, Vimont
et al., 2003; Alexander et al., 2010). Wang et al. (2011) suggested
that summertime sea surface temperature (SST) anomalies in the
mid-latitude North Atlantic could trigger a Eurasian atmospheric
teleconnection, which impacts the EAWM and the following
ENSO Studies also indicated that
atmosphere—ocean systems over extratropics of Southern
Hemisphere have a close relation with the following winter
ENSO (e.g., Ding et al., 2015; Min et al., 2017).

The Arctic Oscillation [AO, also known as the Northern
Annular Mode (NAM)] is the first EOF mode (EOF1) of
atmospheric  variability = over  extratropical = Northern
Hemisphere (Thompson and Wallace, 1998, Thompson and
Wallace, 2000). Spatial structure of the AO is featured by an
oscillation in the SLP and geopotential height anomalies between
high- and mid-latitudes of Northern Hemisphere with a vertical
barotropic structure (Thompson and Wallace, 1998, Thompson
and Wallace, 2000). The wave-mean flow interaction is an
important source in forming and maintaining the AO-related
atmospheric circulation anomalies over mid-high-latitudes
(Limpasuvan and Hartmann 1999; Lorenz and Hartmann

winter occurrence.
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2003; Thompson et al, 2003). In addition to the significant
impact of the AO on the weather and climate anomalies over
extratropics (Thompson and Wallace, 1998, Thompson and
Wallace, 2000), recent studies indicated that climate systems
over tropics are also remarkably modulated by the AO
(Nakamura te al. 2006; Gong et al., 2011; Choi et al., 2012;
Chen et al, 2014). In particular, Nakamura et al. (2006)
demonstrated that the boreal spring AO has a significant
impact on the following winter ENSO outbreak via
modulating the westerly wind anomalies over the tropical
western Pacific. Chen et al. (2014) further analyzed the
physical processes for the impact of the spring AO on the
subsequent winter ENSO in detail. They demonstrated that the
interaction between synoptic-scale eddy and low-frequency mean
flow and related vorticity transportation play a key role in the
generation of the atmospheric anomalies over the subtropical
North Pacific and zonal wind anomalies over the equatorial
western Pacific. The zonal wind anomalies over the equatorial
western Pacific further impacts following winter ENSO outbreak
via triggering eastward propagating and downwelling Kelvin
waves (Barnett et al, 1989; Huang et al, 2001; Lengaigne
et al,, 2004; Nakamura et al., 2006; Chen et al., 2015). Chen
etal. (2016a) revealed that the strong AO event in spring of 2015
plays an important role in the outbreak of the strong 2015-2016
EL Niflo event via triggering strong westerly wind burst over the
equatorial western Pacific.

However, the relationship between the spring AO and winter
ENSO is unstable (Chen et al, 2015, Chen et al., 2020c).
Specifically, Chen et al. (2015) reported that the spring
AO-winter ENSO connection has undergone a pronounced
interdecadal change around the 1970s. Spring AO-related
atmospheric circulation anomalies over the North Pacific are
much stronger after than before the 1970s (Chen et al., 2014),
contributing to a stronger spring AO-winter ENSO connection
after the interdecadal change. Moreover, studies have
demonstrated that change in the connection between the
spring AO and winter ENSO is essentially attributed to change
in the climatology of the storm track intensity over North Pacific
(Chen et al., 2015, Chen et al., 2017, Chen et al., 2020b). In
particular, stronger springtime North Pacific storm track
intensity could lead to a stronger feedback of the synoptic-
scale eddy to mean flow (Chen et al, 2015, Chen et al,, 2017).
This leads to stronger atmospheric anomalies over North Pacific
related to the spring AO, including the zonal wind anomalies over
the equatorial western Pacific, and thus results in a stronger
impact of the spring AO on the winter ENSO (Chen et al., 2015,
Chen et al, 2017).

The Pacific Decadal Oscillation (PDO) is the leading EOF
mode of SST anomalies in the North Pacific on the decadal time
scale (Mantua et al., 1997). Studies have indicated that the PDO
has a strong impact on the North Pacific storm track intensity and
North Pacific atmosphere on the decadal time scale (Budikova
2005; Zhou et al., 2007; Wang et al., 2008; Lee et al., 2012; Ding
et al,, 2014; Kim et al., 2014). Hence, we speculate that the PDO
may have an impact on the spring AO-winter ENSO connection
via modulation of the North Pacific storm track intensity and via
modulation of the spring AO-related atmospheric anomalies over
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the North Pacific. In this analysis, we will present observational
evidences to show that the PDO indeed has a marked modulation
effect on the spring AO-winter ENSO connection. The physical
processes for the modulation of the PDO are also examined.

The structure of the rest of this paper is organized as follows.
The Data and methodology section describes the data and methods
employed in this study. The Spring AO-ENSO connection in
different phases of PDO section investigates the interdecadal
modulation effect of the PDO on the spring AO-winter ENSO
connection. The Mechanisms for the modulation of the PDO
section examines the physical mechanisms for the modulation
of the PDO on the spring AO-winter ENSO relation. The
Summary section provides a summary.

DATA AND METHODOLOGY

This study employs the monthly average SST from the National
Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version five dataset (ERSSTV5) (Huang et al.,
2017; https://www.esrl.noaa.gov/psd/data/). ERSSTV5 SST data
have a resolution of 2 x 2 and a span from 1854 to the present.
Monthly and daily average SLP, geopotential height, winds,
precipitation rate, and surface heat fluxes are extracted from
the National Centers for Environmental Prediction and National
Center for Atmospheric Research (NCEP-NCAR) reanalysis
(Kalnay et al., 1996), with a horizontal resolution of 2.5 x 2.5
and available from 1948 to the present (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html). The monthly average PDO
index from 1900 to the present is obtained from the Joint Institute
for the Study of the Atmosphere and Ocean (http://research.jisao.
washington.edu/pdo/).

The Nifio-3.4 SST index, defined by SST anomalies averaged
over 5°S-5°N and 170°-120°W, is employed to represent the
ENSO variability. An El Nifio (a La Nifa) event is identified
when the 3-month running mean of the Nifio-3.4 SST index are
above 0.5°C (below —0.5°C) on five consecutive 3-month periods.
The spring AO is defined as the first EOF mode of spring SLP
anomalies north of 20°N. Correspondingly, the spring AO index
is defined as the principal component (PC) time series of the first
EOF mode. Positive (negative) spring AO years are selected when
the normalized spring AO index are larger (less) than 0.5.
Synoptic scale eddy activity (also called storm track) is
calculated as the 2- to 8-day band-pass filtered daily
geopotential height (Chang and Fu 2002; Lee et al, 2012;
Chen et al,, 2014). Positive (negative) PDO years are selected
when the 9-year running mean PDO index is larger (less) than
zero. Long-term trends and interdecadal components of all the
variables, except PDO index, are removed by a 9-year high-pass
Lanczos filter (Duchon, 1979). Significance levels of the linear
regression and correlation are estimated based on the two-tailed
Student’s t-test. To ensure that the close connection between the
spring AO and following winter ENSO is not due to the ENSO
cycle, the preceding winter ENSO signal (represented by the
Nifo-3.4 SST index) has been linearly removed from the spring
AO index and other variables. For example, the preceding winter
ENSO signal was removed from the spring AO index as follows:

Modulation of PDO on AO-ENSO Relation

AO&ENSO index

—winter Nino34

——spring AO
'3 T T T T T T
1950 1960 1970 1980 1990 2000 2010
B 5 ) ) ) ) PDO index
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FIGURE 1 | (A) Standardized time series of the spring (MAM-average)
Arctic Oscillation (AO) index and the following winter (DJF-average) Nifio-3.4
sea surface temperature (SST) index over 1950-2019. (B) Nine-year running
mean of the spring Pacific Decadal Oscillation (PDO) index over
1950-2019. Positive (negative) phase of the PDO (+PDO and -PDO) is
defined when the PDO index is larger (less) than zero.

AO,,s = AO- Reg x Nifio-3.4. Here, AO indicates the spring AO
index, Nifio-3.4 indicates the preceding winter Nifio-3.4 SST index.
Reg is the regression coefficient between the preceding winter
Nifio-3.4 SST index and the spring AO index. AO,,; is the part
of the spring AO that ENSO signal has been linearly removed.

SPRING ARCTIC OSCILLATION-EL NINO
AND SOUTHERN OSCILLATION
CONNECTION IN DIFFERENT PHASES OF
THE PACIFIC DECADAL OSCILLATION

Standardized time series of the spring [March-April-May,
MAM(0)] AO index and subsequent winter
[December-January-February, D(0)JF(1)] Nifio-3.4 SST index
are exhibited in Figure 1A. From Figure 1A, many positive
spring AO vyears (i.e., 1953, 1963, 1968, 1972, 1977, 1982, 1994,
1997, 2002, 2009, 2014, and 2015) are followed by El Nifio events
in the following winter. In addition, a number of La Nifia events
are preceded by negative spring AO years (i.e., 1955, 1970, 1983,
1984, 1988, 1995, 1999, 2005, 2008, 2010, 2016). The correlation
coefficient between the spring AO index and the following winter
Nifno-3.4 SST index is about 0.27 for the period of 1950-2016,
significant at the 95% confidence level. Hence, this suggests that
the spring AO has a close connection with the following winter
ENSO, in concert with previous studies although according to
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FIGURE 2 | Scatter plots of the spring AO index with the following winter
Nifio-3.4 SST index for the (A) +PDO and (B) —PDO years, respectively. Red
lines indicate the best linear fit. Blue lines indicate the 95% confidence range of
the linear regression.

different datasets and time periods (Nakamura et al., 2006; Chen
et al,, 2014, Chen et al., 2017).

According to Figure 1A, positive (negative) spring AO years
are not always followed by an 1) El Nifo (La Nifia) event in the
succedent winter. This indicates that the spring AO-winter
ENSO connection is unstable. Chen et al. (2015) reported that
the impact of the spring AO on the subsequent winter ENSO
enhanced significantly after the 1970s, corresponding to
transition of the PDO from its negative to positive phases
(Figure 1B). Moreover, during the positive phase of the PDO
(+PDO) (Figure 1B), the positive spring AO years in 1982, 1997,
and 2015 are followed by strong El Nifo events (Figure 1A). By
contrast, during the negative phase of the PDO (-PDO), the
positive spring AO years in 1959, 1967, 1990, and 2011 are not
followed by El Nino events (Figures 1A,B). The correlation
coefficient between the MAM(0) AO index and the D(0)JF(1)
Nifo-3.4 SST index reaches 0.58 for the +PDO years (33 years),
significant at the 99.9% confidence level (Figure 2A). However,
the relationship of the spring AO with the following winter Nifio-

Modulation of PDO on AO-ENSO Relation

3.4 SST index is very weak for the —PDO years (37 years), with a
correlation coefficient of only 0.07 (Figure 2B). Particularly,
difference in the correlation coefficient of the spring AO index
with the Nifio-3.4 SST index between +PDO and -PDO years are
significant at the 99% confidence level according to Fisher’s r-z
transformation.

Therefore, above statistical analyses indicate that the PDO acts
as an important modulator for the impact of the spring AO on the
following winter ENSO. Under +PDO background, spring AO
has a close connection with the following winter ENSO. In sharp
contrast, impact of the spring AO on the following winter ENSO
is very weak under —PDO background.

Mechanisms for the Modulation of the
Pacific Decadal Oscillation

In this section, the plausible mechanisms for the modulation of the
PDO on the spring AO-winter ENSO connection are examined.
Evolutions of 850-winds, SST, and precipitation anomalies from
simultaneous spring to the following winter regressed upon the
spring AO index for the +PDO and —PDO years are shown in
Figures 3-5, respectively. Evolutions of the winds, SST, and
precipitation anomalies in association with the spring AO for
the +PDO years are similar to those reported in previous
studies (Chen et al.,, 2014, Chen et al.,, 2015, Chen et al., 2017),
showing a marked impact of the spring AO on the following winter
ENSO. For the +PDO years, positive spring AO years are related to
a notable meridional dipole atmospheric anomaly pattern over
North Pacific with a strong anticyclonic anomaly over mid-high-
latitudes North Pacific (corresponding to the North Pacific
component of the spring AO) and a marked cyclonic anomaly
over subtropical North Pacific (Figure 3A). Note that spatial
structures of the spring AO-related atmospheric anomalies at
the 500-hPa and 200-hPa (not shown) are highly similar to
those at the 850-hPa (Figure 3A), indicative of a barotropic
vertical structure (Thompson and Wallace 1998, Thompson and
Wallace 2000). As reported in previous studies (Chen et al,, 2014,
Chen et al., 2015, Chen et al., 2017), generation of the spring AO-
related cyclonic anomaly over subtropical North Pacific is
attributable to the interaction between synoptic-scale eddy
activity and low frequency mean flow as well as the associated
vorticity transportation. Specifically, the anticyclone anomaly over
the mid-high-latitudes North Pacific is associated with strong
easterly wind anomalies to its south side between 35°-45°N
(Figures 3A and 6B). These easterly wind anomalies are
accompanied by significant decrease in the storm track activity
(Figures 6A-D) (Chen et al., 2014). As has been demonstrated by
previous studies (Lau 1988; Cai et al., 2007; Chen et al., 2014, Chen
etal,, 2015), the decrease in the storm track activity is immediately
accompanied by cyclonic vorticity forcing to its south side and
anticyclonic vorticity forcing to its north side. Therefore, the
cyclonic vorticity forcing to the south side of the storm track
explains the formation of the spring AO-related cyclonic anomaly
over the subtropical North Pacific (Chen et al., 2014). In addition,
the anticyclonic vorticity forcing to the north side of the storm
track helps maintain the anticyclonic anomaly over mid-high-
latitude North Pacific (i.e., North Pacific component of the spring
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FIGURE 3 | Winds of 850-hPa (vectors, ms™") and 850-hPa zonal wind (shadings, ms~") anomalies in (A,E) spring [MAM(Q)], (B,F) summer [JJA(0)], (C,G) autumn
[SON(0)], and (D,H) winter [D(0)JF(1)] regressed upon the spring AO index for the (left column) +PDO and (right column) —PDO years. We only show the 850-hPa zonal
wind anomalies that are significant at the 95% confidence level.

AO). Hence, the interaction between synoptic scale eddy and mean
flow help maintain the spring AO-related atmospheric anomalies
over North Pacific. This is consistent with the prevailing view that
the wave-mean flow interaction plays an important role in the
generation and maintenance of the AO-related atmospheric
anomalies over extratropics (Limpasuvan and Hartmann 1999;
Lorenz and Hartmann 2003).

The cyclonic anomaly over the subtropical North Pacific
generated by the spring AO could directly lead to strong
westerly wind anomalies over the tropical western Pacific
(Figure 3A). These westerly wind anomalies over the tropical
western Pacific could exert notable impacts on the occurrence of

the following winter El Nifio event (Figures 4C,D) via
stimulating eastward propagating and downwelling warm
equatorial Kelvin waves (Lengaigne et al, 2004; Chen et al,
2014, Chen et al., 2016b, Chen et al.,, 2016¢). In addition, the
spring cyclonic anomaly over the subtropical North Pacific would
lead to SST warming over the subtropical central North Pacific
(Figure 4A) via modulating surface heat flux (dominated by the
surface latent heat flux). Specifically, the southwesterly wind
anomalies over the subtropical central North Pacific oppose
the mean northeasterly trade winds, reduce the total wind
speed (Figure 7C), and upward surface latent heat
(Figure 7A) and, thus, result in spring SST warming there
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(Figure 4A), suggestive of the wind-evaporation-SST (WES)
feedback (Xie and Philander 1994).

The spring AO-related SST anomalies in the subtropical North
Pacific for the +PDO years bear a close resemblance to that
related to the North Pacific Meridional Mode (PMM) (Chiang
and Vimont 2004; Chang et al., 2007; Zheng et al., 2021), which is
the dominant mode of air-sea coupling system over the
subtropical Northeastern Pacific and is suggested to be an
important channel in relaying impact of the extratropical
forcings on the tropical ENSO events (Xie and Philander 1994;
Chiang and Vimont 2004; Chang et al., 2007). This suggests that

spring AO can exert impacts on the following winter ENSO via
modulating the PMM for the +PDO vyears. In particular, the
spring AO-generated SST warming in the subtropical central
North Pacific leads to an increase in the atmospheric heating
there (indicated by positive precipitation anomalies in
Figure 5A). The enhanced atmospheric heating over the
subtropical central North Pacific (Figure 5A) could maintain
the spring AO-induced subtropical cyclonic anomaly (Figure 3A)
via Gill-type atmospheric response, (Gill, 1980) which in turn
maintains the SST warming in the subtropical central North
Pacific (Figure 4A). The spring AO-related SST warming
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FIGURE 5 | As in Figure 4, but for precipitation anomalies (mm day™). Stippling regions indicate precipitation anomalies significant at the 95% confidence level.

maintains and further extends southward to the tropical central
Pacific in the following summer via the WES feedback
mechanism (Figure 4B). Then, the tropical SST warming can
develop to an El Nifo-like warming in the following winter via
the Bjerknes-like positive air-sea interaction (Figures 3B-D,
Figures 4B-D, and Figures 5B—D) (Bjerknes 1969).

In brief summary, during +PDO years, spring AO can induce a
strong cyclonic anomaly over the subtropical North Pacific via
wave-mean flow interaction. On one hand, this cyclonic anomaly
could directly induce strong westerly wind anomalies over the
tropical western Pacific and impact following winter ENSO
occurrence via triggering eastward propagating warm
equatorial Kelvin wave. On the other hand, the cyclonic

anomaly generated by the spring AO could induce a PMM-
like SST warming in the subtropical North Pacific, which further
expand southward to the tropical central Pacific via the WES
feedback mechanism and thus impact following winter ENSO via
tropical positive air-sea interaction.

For the —PDO vyears, significant westerly wind anomalies in
spring can be seen north of 60°N during positive phase of the
spring AO (Figure 3E), similar to that for the +PDO years
(Figure 3A). However, atmospheric anomalies over the North
Pacific, especially the cyclonic anomalies over the subtropical
North Pacific and westerly wind anomalies over the tropical
western Pacific are very weak for the —PDO years. As such,
the weak cyclonic anomalies (Figure 3E) could not induce clear
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FIGURE 6 | Surface latent heat flux anomalies (W m~2) in spring regressed upon the spring AQ index for the (A) +PDO and (B) —PDO years, respectively. (C,D) are
as in (A,B), but for surface wind speed anomalies (m s~"). We only show the values that are significant at the 95% confidence level.
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FIGURE 7 | Storm track anomalies (m) of 200 hPa in spring regressed upon the spring AO index for the (A) +PDO and (B) —PDO years, respectively. (C,D) are as in
(A,B), but for 200 hPa zonal wind anomalies (m s™7).
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FIGURE 8| Sea level pressure (SLP) anomalies (hPa) in spring regressed upon the spring AO index for the (A) +PDO and (B) —PDO years, respectively. (C,D) are as
in (A,B), but for 500 hPa geopotential height anomalies (m).

spring SST warming and atmospheric heating in the subtropical ~ anomalies appear over the Arctic (Figure 8). However, the
North Pacific (Figures 4E and 5E) due to the weak surface wind ~ positive SLP and geopotential height anomalies over mid-high-

speed and surface heat flux anomalies (Figures 7B,D). Therefore,  latitudes North Pacific are much stronger for the +PDO than
the spring AO cannot exert clear impacts on the SST and  —PDO years (Figures 7A,B).

atmospheric circulation over the tropical Pacific and, thus, Studies have indicated that the interaction between synoptic-
have weak influences on the ENSO. scale eddy and low-frequency mean flow plays an important role

The above analysis indicates that the PDO has a notable  for the formation and maintenance of the spring AO-related
influence on the spring AO-winter ENSO connection via  atmospheric anomalies over North Pacific (Lau 1988; Chen et al.,
changing the spring AO-related atmospheric anomalies over ~ 2014, Chen et al, 2015). The weaker atmospheric anomalies
the North Pacific. In particular, the North Pacific component  related to the spring AO over the North Pacific for the -PDO
of the spring AO (i.e., the anticyclonic anomaly over the mid-  years imply a weaker wave-mean flow interaction and a weaker
high-latitudes North Pacific) and the generated cyclonic  feedback of synoptic-scale eddy to mean flow compared with
anomalies to its south side over the subtropical North Pacific  those for the +PDO years. Feedback strength of the synoptic scale
are much weaker for the —-PDO than the +PDO years, which can  eddy to mean flow has a close connection with the climatological
also be confirmed in Figure 8 showing regressions of the spring  intensity of the storm track as has been demonstrated by previous
SLP and 500-hPa geopotential height anomalies upon the spring studies (Jin et al., 2006a, Jin et al., 2006b; Jin, 2010; Chen et al.,
AO index. For both +PDO and -PDO, significant positive SLP  2015). In particular, if strength of the low-frequency mean flow is
and geopotential height anomalies are apparent over the North  similar, feedback strength of the synoptic scale eddy activity to
Atlantic, and marked negative SLP and geopotential height = mean flow is much stronger during the periods with stronger
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FIGURE 9 | Climatology of the spring 200-hPa storm track (contours, m)

over 1950-2019. Shadings indicate differences in the climatology of spring
storm track (shadings, m) between +PDO and —PDO vyears. Differences that
are significantly different from zero at the 95% confidence level are
stippled.

climatological storm track intensity, and vice versa (Chen et al.,
2015, Chen et al,, 2017). Climatology of the spring storm track
activity over 1950-2019 (indicated by the contours) as well as the
difference in the spring mean storm track between +PDO and
—PDO years (indicated by the shadings) are shown in Figure 9.
Maximum center of the climatology of spring storm track appears
over mid-latitudes North Pacific around 45°N, 180°E (Figure 9).
In addition, the difference map between + PDO and —PDO years
shows significant positive storm track anomalies over North
Pacific around 25°-45°N This indicates that the North Pacific
storm track intensity in spring is much stronger and shifts
southward during +PDO than -PDO. Therefore, according to
the findings of previous studies (Jin et al., 20064, Jin et al., 2006b;
Jin, 2010; Chen et al., 2015), stronger climatological storm track
over North Pacific during +PDO years would lead to stronger
feedback of synoptic-scale eddy activities to low frequency mean
flow. This explains the stronger atmospheric anomalies over
North Pacific in association with the spring AO and, thus, the
stronger impact of the spring AO on the following winter ENSO
for the +PDO vyears than the —PDO years.

Then, how can the PDO modulate the intensity of the spring
storm track over North Pacific? Studies have indicated that
change in the storm track intensity is closely related to change
in the mean meridional gradient of low-level temperature
(Lindzen and Farrell 1980; Hoskins and Valdes 1990; Penny
et al., 2010; Lee et al.,, 2012; Chen et al., 2015). Increase in the
meridional gradient of low-level temperature is favorable for
baroclinic growth of the synoptic scale eddy and lead to
increase in the storm track (Lindzen and Farrell 1980; Hoskins
and Valdes 1990; Penny et al, 2010; Chen et al, 2015).
Differences in the spring mean SST and air temperature at
100-hPa between +PDO and -PDO vyears are shown in
Figures 10A, B, respectively. Spatial structure of the SST
difference is similar to that of the 1,000-hPa air temperature
difference. Mean SST and 1,000-hPa air temperature is
significantly stronger along west coast of North America with
a southwestward extension to the tropical central-eastern Pacific
and significantly weaker to the east of Japan around 30°—40°N

Modulation of PDO on AO-ENSO Relation

(Figure 10). Hence, the mean meridional gradient of low-level
temperature over the subtropical North Pacific is much larger for
+PDO than —PDO years. This suggests that PDO could modulate
spring storm track intensity via modulating the mean meridional
temperature gradient.

SUMMARY

Previous studies indicated that the spring AO has a significant
impact on the following winter ENSO, but such impact is
unstable. In this study, we reveal that the PDO acts as one of
the important factors in modulating the spring AO-winter ENSO
connection. When PDO is in its positive phase, spring AO has a
pronounced impact on the following winter ENSO. By contrast,
during the negative PDO phase, the linkage between the spring
AO and the following winter ENSO is not robust.

We further examine the factors for the notable modulation effect
of the PDO on the spring AO-winter ENSO connection. During
+PDO years, a significant anticyclonic circulation anomaly is seen
over mid-high-latitudes North Pacific and a pronounced cyclonic
circulation anomaly is found over subtropical North Pacific. This
leads to significant westerly wind anomalies over the tropical
western-central Pacific, which further impacts the following
winter ENSO occurrence via triggering eastward propagating and
downwelling Kelvin wave. In addition, the subtropical cyclonic
anomaly induces SST warming in the subtropical central North

SST

b))

4

180
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" .
120E 180 120W
— [
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FIGURE 10 | Differences in the climatology of spring (A) SST (°C) and (B)

air temperature at 1,000-hPa between +PDO and —PDO years. Differences
that are significantly different from zero at the 95% confidence level are
stippled.
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Pacific, resembling the PMM pattern, via modulating surface latent
heat flux. The subtropical PMM-like SST warming maintains and
extends southward to the tropical central Pacific via WES feedback
mechanism, which further impact following winter ENSO
occurrence through the tropical air-sea interaction. However, for
the —PDO years, the atmospheric anomalies over the North Pacific
related to the spring AO are much weaker. Correspondingly, the SST
warming and atmospheric heating anomalies over the North Pacific
are weak. As such, the spring AO has a weak impact on the following
winter ENSO.

Further analysis shows that the spring storm track activity over
the North Pacific is much stronger during +PDO years than that
during ~PDO years. Stronger climatological spring storm track
activity during +PDO leads to a stronger eddy feedback to low-
frequency mean flow, which explains stronger atmospheric
anomalies over the North Pacific in association with the AO. In
addition, it is suggested that PDO could modulate the spring North
Pacific storm track intensity via changing the mean meridional
gradient of the low-level temperature, with much larger mean
meridional temperature gradient during +PDO than —PDO years.
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The 2020/21 La Nifa was not well predicted by most climate models when it started in
early-mid 2020. This paper adopted an El Nifio-Southern Oscillation (ENSO) ensemble
prediction system to evaluate the key physical processes in the development of this cold
event by performing a clustering analysis of 100 ensemble member predictions 1 year in
advance. The abilities of two clustering approaches were first examined in regard to
capturing the development of the 2020/21 La Nifia event. One approach was index
clustering, which adopted only the 12-month Nifio3.4 indices in 2020 as an indicator, and
the other was pattern clustering through contrasting the evolution of sea surface
temperature (SST) anomalies over the tropical Pacific in 2020 for clustering. Pattern
clustering surpasses index clustering in better describing the evolution over the off-
equatorial and equatorial regions during the 2020/21 La Nifa. Consequently, based on
the pattern clustering approach, a comparison of the selected most (five best) and least
(five worst) representative ensemble members illustrated that the predominance of
anomalous southeasterly winds over the central equatorial Pacific in spring 2020
played a crucial role in initiating the moderate La Nifia event in 2020/21, by preventing
the development of westerly winds over the warm pool. Moreover, the inherent spring
predictability barrier (SPB) was still a major challenge for improving the prediction skill of the
2020/21 La Nina event when the prediction occurred across the spring season.

Keywords: 2020/21 La Niia, clustering approach, southeasterly winds, SPB, off-equatorial processes

INTRODUCTION

The El Nifio-Southern Oscillation (ENSO), the largest interannual signal in the climate system, is a
typical coupled atmosphere-ocean phenomenon with time scales of approximately 2-7 years (Ren
et al., 2020). ENSO not only affects weather and climate anomalies in the equatorial Pacific but also
affects other parts of the world through atmospheric teleconnections (Trenberth et al., 1998);
therefore, successful prediction of ENSO has always been a hot topic (Luo et al., 2016; Song et al.,
2021).

Since the 1960s, domestic and foreign scholars have established numerous theories regarding the
onset and development of ENSO (Bjerknes, 1969; Wyrtki, 1975; Jin, 1997; Weisberg and Wang, 1997;
Picaut et al., 1997); these theories offer much assistance in predicting and studying ENSO. With the
increase in computing power and the introduction of techniques such as data assimilation (Evensen,
2004; Zheng and Zhu, 2010), current climate models can realize the effective prediction of El Nifo
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and La Nifa events 6-12 months in advance (Jin et al., 2008;
Barnston et al., 2012; Ludescher et al., 2013; Zhang and Gao, 2016;
Zheng and Zhu, 2016; Ren et al., 2017; 2020; Zhang et al., 2020).
However, there are also many problems in ENSO prediction, such
as ENSO diversity (Xie et al, 2018; Ren et al, 2018) which
indicates that various and complex forcing and feedback
mechanisms exist throughout the entire process of ENSO
onset and development (Kang et al., 2017), and this diversity
still cannot be described well by current coupled models (Cai
et al., 2018). Moreover, ENSO prediction skills were lower in the
2000s than in the 1980s or 1990s (Barnston et al., 2012; Zheng
et al, 2016), even with an increase in ocean observations,
especially in the equatorial tropical Pacific (Kumar et al,
2015). In addition, due to asymmetric ENSO features, the
predictability between El Nifio and La Nifla events is
distinctively different (Hu et al, 2019). First, the successful
prediction of La Nifa has not received the same attention as
that of El Nifio (Barnston et al, 2012). Feng et al. (2015)
recognized that La Nifa events are less predictable because of
their weaker intensity and more features; Larson and Kirtman
(2019) pointed out that El Nifio events are more predictable from
the aspect of the signal-to-noise ratio. Furthermore, most current
models have a faster decline across the boreal spring in the
prediction skill of La Nifa events than for El Nifo events
(Lopez and Kirtman 2014).

The 2020/21 La Nifa was not well predicted by most climate
models when it started in early mid 2020 (IRI website at https://
iri.columbia.edu/), which indicates that the onset and
development of this event were complicated and that this
event is worth exploring carefully. Furthermore, Zheng et al.
(2021) pointed out that the 2020/21 La Nifia event was
responsible for the extremely cold winter in China, but they
did not describe the key processes in this event and generally
attributed them to atmospheric and oceanic processes. In this
work, we utilized a clustering approach called pattern clustering
because it is better and more reasonable for depicting the physical
evolution of the tropical Pacific when compared with the
traditional clustering approach called index clustering. This
paper attempted to compare the information in an ENSO
ensemble prediction system between the best and worst
prediction members obtained by pattern clustering and found
characteristics and key processes for this event. The paper is
organized as follows: In Section 2, the selected model, data
sources and methods are described. In Section 3, the
comparison of the two clustering approaches is discussed. In
Section 4, the main results through pattern clustering are
reported. Finally, in Section 5, a conclusion and discussion
are given.

MODEL, DATASETS AND METHODS

Model

This paper adopted the ENSO ensemble prediction system (EPS)
developed at the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences (Zheng et al., 2006; Zheng et al., 2009;
Zheng and Zhu, 2016), to evaluate the key processes of the 2020/

Key Processes of 2020/21 La Nifa Event

21 La Nifa event. This system utilizes the ensemble Kalman filter
(EnKF) data assimilation method (Zheng and Zhu, 2010), which
is based on an intermediate coupled model, and establishes ENSO
real-time prediction (Zheng and Zhu, 2015) by taking the initial
uncertainty and the uncertainty in the prediction process into
account (Zheng et al., 2009). The implementation of a 20-year
retrospective 12-month ensemble forecast experiment proved
that the EPS can successfully predict the possibility of ENSO
events 1 year in advance (Zheng and Zhu, 2016).

Datasets

Based on this model using the same initial conditions but
different stochastic model error perturbations, we obtained
100 ensemble members that predict a 12-month lead from
January 2020. The prediction results contained monthly data
of physical quantities such as the sea surface temperature
anomaly (SSTA), 20°C isotherm depth anomaly (Z20), zonal
wind stress anomaly (Tauxa), and meridional wind stress
anomaly (Tauya). This dataset has a longitude interval of 2°
and an unequal latitude interval of 0.5°. The SSTA in the
observation data was derived from the monthly extended
reconstruction of SST data (ERSST v5) (Huang et al, 2017),
with a horizontal resolution of 2°, and the monthly wind stress
data were from the NECP-DOE (National Centers for
Environmental Prediction-Department of Energy) Reanalysis
II (Kanamitsu et al., 2002), with a global T62 Gaussian grid
(192 x 94).

Methods

Clustering analysis, a statistical approach, is widely used in
ENSO research and related studies. Cassou and Terray (2001)
pointed out the asymmetrical role of El Nifio and La Nifa in
influencing the winter atmospheric variability of the North
Atlantic/Europe using K-means clustering. Singh and Delcroix
(2013) indicated that the EP El Nifio (maximum anomalous
warm center in the equatorial eastern Pacific) and CP El Nifo
(same as EP El Nino but in the equatorial central Pacific) have
different recharge and discharge processes through hierarchical
clustering analysis. Zhao et al. (2020), using clustering analysis,
demonstrated that the Pacific meridional mode (PMM) has two
types, which have different characteristics on the impact of
ENSO. As a classification method in machine learning,
clustering wusually includes K-nearest neighbor (KNN)
clustering, K-means clustering and hierarchical clustering. In
this paper, the principle of the KNN clustering algorithm was
adopted; that is, we selected the k-training samples nearest to the
input sample in the feature space, and we could also select
abnormal values compared with the input sample. Therefore,
this paper aims to find the closest and farthest prediction
members to the observations. The distance between the
prediction members and observation sample is calculated
based on the Euclidean distance. The calculation formula is as
follows:

1)
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In this formula, i and j represent two different samples, which can
be regarded as the prediction and observation, respectively, k
represents the corresponding elements between the two samples,
and p is the total number of samples.

To obtain members closer to the observations from the
ensemble members, two different clustering approaches were
adopted, namely, index clustering and pattern clustering. The
former was based on 12-month Nifio3.4 (170°W-120°W, 5°S-5°N)
indices for clustering to obtain different degrees of similarity in
the actual evolution of the Nifo3.4 index among ensemble
members and only utilized the SSTA-based index for
clustering, called as index clustering. The latter realized
clustering by using the 12-month Pacific anomalous SST
(120°E-80°W, 30°S-30°N) evolution, and it is referred to
pattern clustering. At the same time, this paper adopted
principal component analysis (PCA) which is an unsupervised
machine learning method commonly used in dimensionality
reduction, to reduce the amount of calculation of pattern
clustering. In this work, we regarded the 12-month Pacific
SSTA field as a whole, which was the input of the PCA, and
extracted an explanation variance of 90% to represent the
evolution of the 12-month Pacific SSTA. Finally, the output of
PCA was performed for clustering analysis.

THE ABILITY OF INDEX CLUSTERING AND
PATTERN CLUSTERING TO REPRESENT
LA NINA’S DEVELOPMENT IN 2020/21

As indicated by Zheng et al. (2021), the moderate 2020/21 La
Nina event originated from the cold SSTA of the equatorial
eastern Pacific in May 2020, gaining strength and spreading
westward under the easterly wind anomaly in the autumn, and
since October 2020, the Nifio3.4 index exceeded —1.0°C and
reached its peak in the boreal winter.

To find ensemble members that were closer to the
development of the 2020/21 La Nifia event, this paper utilized
two clustering approaches (index clustering and pattern
clustering) to obtain the top five best ensemble members,
which were mostly similar to the observations, called the best
prediction members (Figure 1). On the one hand, the ensemble
mean of the model indicated that the equatorial Pacific developed
into an El Nifio event in 2020, while in reality it developed into a
La Nina event, which was completely opposite of the
observations, illustrating that the model starting from January
also failed to predict the 2020/21 La Nifa event. On the other
hand, the best members selected by the two clustering approaches
had temporal variations in the Nifo3.4 index similar to the
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FIGURE 2| Temporal evolution of the SSTA along the equatorial Pacific (averaged between 5°S and 5°N) in 2020 for (A) observations, (B) the ensemble mean of the
best prediction members by index clustering, and (C) the ensemble mean of the best prediction members by pattern clustering. The contour interval is 0.4°C.

observations, and there were few obvious differences in index
evolution between the two methods. Furthermore, it was
necessary to find a better method, such as the evolution of sea
surface temperature or the wind field, to distinguish these two
approaches.

The SSTA distributions obtained by the two clustering
approaches were further explored, and we not only paid
attention to the evolution of the SSTA within the equator
(Figure 2) but also showed the evolutionary characteristics of
the SSTA outside the equator (Figure 3). The onset time of this La
Nifla event was May 2020 based on observations of the
anomalous development of the cold SSTA of this La Nina
event within the equator as mentioned in previous work
(Zheng et al, 2021). The cold SSTA gradually spread
westward over time, reaching La Nifia status (i.e., the Nifio 3.4
index exceeded -0.5°C) in August, and approached its peak in
November 2020, forming a moderate La Nifa event (Figure 1).
The cold anomaly center was located near 135°W, and the entire
equatorial western Pacific always had a warm SSTA. Both
clustering approaches could show the cold SSTA in the
equatorial central and eastern Pacific in the boreal winter of
2020, but only pattern clustering could describe westward
propagation of the cold SSTA, which was closer to the realistic
2020/21 La Nifia evolution, while the variation in the cold SSTA
in index clustering tended to be locally generated in the central

equatorial Pacific. In addition, when describing the anomalous
sea temperature in the western equatorial Pacific, index clustering
from March to June obviously had a cold SSTA, which was
somewhat different from the actual situation.

Furthermore, from the evolution of the SSTA outside the
equator, we also found that there were apparent differences
between the two clustering approaches (Figure 3). First, in
observing the evolutionary characteristics of the SSTA south
and north of the equator (Figures 3A,D), we found that the
cold SSTA south of the equator began to spread westward from
June, which corresponded to the time when the cold SSTA in the
equator began to develop. For the two clustering approaches,
index clustering compared with pattern clustering had two
propagation paths of a cold SSTA south of the equator
(Figures 3B,E) and eastward propagation of a cold SSTA
north of the equator (Figures 3C,F), which were both
inconsistent with the observational facts. Therefore, the best
members selected by pattern clustering were closer to the
observations regardless of observing the variation in the SSTA
within or outside the equator.

To further examine the differences between the two clustering
approaches from another perspective, we focused on the
evolution of the anomalous wind field. Since the cold SSTA
south of the equator mentioned above was closely related to
this La Nifna event, the variation in the anomalous wind field
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south of the equator was mainly considered (Figure 4). The mean
wind anomalies in Figures 4B,C were obtained by the ensemble
mean of the best prediction members in index clustering and
pattern clustering based on SSTA differences, respectively. From
observations, it could be found that the eastern Pacific in the
Southern Hemisphere basically maintained a state of southerly
wind anomaly, which was conducive to transporting cold water
south of the equator to the equator. For the two clustering
approaches, even though the prediction results of wind stress
were weaker than the observations (Zheng and Zhu, 2016), from
the difference map (pattern clustering minus index clustering), it
could be determined that the best prediction members selected by
pattern clustering could better reflect the southerly wind
anomaly, especially in the area near 135°W. In summary,
regardless of the evolution of the SSTA or of the anomalous
wind field, pattern clustering was more in line with the
observational facts and was more conducive to discussing the
developmental characteristics of this event.

KEY PROCESSES OF THE 2020/21 LA NINA
EVENT REVEALED BY PATTERN
CLUSTERING

Based on the above comparison, this paper utilized pattern
clustering to select the best and worst prediction members,
and the evolution of the Nino3.4 index of the two sets is
shown in Figure 5. Through the comparison of the best and
worst prediction members, we could analyze which key process
could trigger this La Nifla event. First, the prediction results of the
evolution of the SSTA and anomalous wind field from January to
May for the best and worst prediction members are displayed in

Figure 6. From the observations, the entire equatorial Pacific was
warm in the west and cold in the east in January, and it was one of
the structures most likely to produce the “spring predictability
barrier” (SPB) (Webster and Yang, 1992; Yu et al., 2009), a
phenomenon in which most ENSO prediction models suffer a
sharp decrease in prediction skill across the spring season (Latif
etal,, 1994). Currently, the SPB is still a major challenge in ENSO
prediction (Zheng and Yu, 2017). When we focused on the
variation in the Nifio 3.4 index of the ensemble mean and
observations (Figure 1), apparent discrepancies appeared after
spring, which displayed an obvious SPB phenomenon in the
2020/21 La Nifa event. Second, even under the action of an
easterly wind anomaly in the eastern equatorial Pacific, the
development of the cold SSTA in this area was interrupted
from January to March, mainly because the strength of the
coupled ocean-atmosphere system is weak in boreal spring,
which is one of the possible reasons for the SPB phenomenon
(Zebiak and Cane, 1987; Webster, 1995). Therefore, it is difficult
to have good coordination between the wind field and sea
temperature. After spring, the cold SSTA developed again and
was accompanied by the transportation of cold water south of the
equator. In summary, this event actually exhibited a characteristic:
the uncoordinated ocean-atmosphere configuration structure
formed by the large-scale warm SSTA in the western equatorial
Pacific and the general easterly wind anomaly in the equatorial
region. This uncoordinated ocean-atmosphere coupled structure
appeared in spring and was superimposed on the weak coupled
strength of the ocean-atmosphere, which further increased the
difficulty of prediction starting at this time, and it may be one of
the reasons why many models starting in spring failed to predict
the 2020/2021 La Nifia event. From the perspective of the best
and worst prediction members, there were two completely
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opposite development situations, that is, the best (worst)
prediction members showed the gradual weakening
(strengthening) of the westerly wind anomaly in the western
equatorial Pacific, and correspondingly showed that this anamaly
was beneficial to the development of the cold (warm) SSTA in the
equatorial eastern Pacific; therefore, the different variation of the
Nifi03.4 index between the best and worst prediction members
formed two totally opposite events (Figure 5).

We further explored the reason for the opposite development of
the best prediction members and the worst prediction members using
pattern clustering. Figure 6 shows that in January, the ocean-
atmosphere configuration (wide range of warm SSTA in the
tropical Pacific and westerly wind anomaly in the western Pacific)
of the best and worst prediction members can easily develop into the
state of El Nifio, and the cold SSTA in the eastern equatorial Pacific
was relatively weak compared with the large-scale warm SSTA;
however, the configuration developed into the La Nifia event in
the best prediction members. One possible reason for this
development may be that its cold SSTA in the eastern equatorial
Pacific was obviously stronger than the worst prediction members in
January 2020 (Figure 6). Furthermore, we analyzed the Hovmoller
diagrams (Figure 7), which are profile diagrams first proposed by
Hovmoller in 1949 to reflect the temporal variation of atmospheric
variables (Hovmoller, 1949) and are now widely used in the analysis

of zonal or meridional variation characteristics of ENSO events (Feng
et al,, 2015; Lian et al., 2017; Lian and Chen, 2021; Hu et al,, 2019;
Zheng et al,, 2021). At the starting time of the forecast (January 2020),
the most obvious differences between the worst prediction members
and the best prediction members in the four variables (Taux, Tauy,
SSTA, and Z20) were the cold SSTA located in the southeast Pacific.
Even though there were southerly wind anomalies in this region, the
cold SSTA of the worst prediction members was weaker than that of
the best prediction members. It was easier for the cold SSTA of the
best prediction members to occupy the equatorial region, thereby
establishing the Bjerknes feedback (Bjerknes, 1969), leading to the
westward development of cold SSTA in the eastern equatorial region,
weakening the westerly wind anomaly, and thus establishing the
easterly wind anomaly. Therefore, the best prediction members
successfully predicted that the cold SSTA in the southeast Pacific
explained why the best and worst prediction members had
completely opposite development directions.

Moreover, the discrepancies between the best and worst prediction
members deserve further discussion to determine the specific time
and sequence of apparent differences in variables (Taux, Tauy, SSTA,
and Z20) and to further find the different roles of the atmosphere and
ocean in the development of this La Nifia event. Therefore, the
difference diagrams along the equatorial Pacific (from 5°S to 5°N)
between the best prediction members and the worst prediction
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FIGURE 6 | Temporal evolution of wind stress anomalies (vectors) and SSTA (shading) (30°S-30°N, 120°E-80°W) from January to May 2020 [(A): observations; (B):
the ensemble mean of the best prediction members by pattern clustering; and (C): the ensemble mean of the worst prediction members by pattern clustering].

members are shown in Figure 8 (ensemble mean of the best
prediction members minus ensemble mean of the worst
prediction members). Based on the discussion above, the
anomalous cold water from the best prediction members in
the southeast Pacific flowed into the equatorial region under
the impact of the southerly wind anomaly, and by February,
there were differences in SSTA compared with the worst
prediction members. The atmosphere responded quickly to
the differences; Figure 8 shows the negative and positive
values of the anomalous zonal wind and meridional wind,
respectively, and the most obvious areas of the differences
were near the date line. Therefore, for the best prediction
members, it manifested as the strengthening of a southeasterly
wind anomaly near the date line, and it was this anomalous
wind field condition that was conducive to the appearance of
the cold SSTA in the central and eastern equatorial Pacific and
the northward transportation of cold water south of the
equator. Correspondingly, apparent differences in the
thermocline depth anomaly appeared after spring. The

discrepancies between the best and worst prediction
members emerged in the spring season. On the one hand,
this was the result of the cold SSTA in the Southern
Hemisphere under the influence of the southerly wind
anomaly, and on the other hand, it actually reflected the
SPB phenomenon of this model in this cold event.
Furthermore, the differences between the best and worst
prediction members also emphasized the dominant role of
surface signals in the development of the moderate 2020/21 La
Nifia event.

DISCUSSION AND CONCLUSION

Clustering using traditional index types could not accurately describe
the evolution of the entire event, and clustering analysis using the
evolution of the anomalous sea temperature field (120°E-80"W, 30°S-
30°N) better fit the physical changes of the actual event; for such a
coupled system, both the SSTA field and the anomalous wind field
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FIGURE 7 | Temporal variation of Taux, Tauy, SSTA, and Z20 of the ensemble mean of the best prediction members (i.e., (A,C,E,G)) and the worst prediction
members by pattern clustering (i.e. (B,D,F,H)) along the 10°S to the equator.
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FIGURE 8 | Temporal evolution of the differences (ensemble mean of the best prediction members minus ensemble mean of the worst prediction members) of four
variables along the equatorial Pacific (averaged between 5°S and 5°N) in 2020 for (A) ASSTA, (B) ATaux, (C) ATauy, and (D) AZ20.

showed a better fit with the observation. The development of the =~ performance of the SPB of this model, that is, the
2020/21 La Nifa event had an obvious SPB. In spring, there was  prediction skills suffer a sharp decline after the spring
an obvious inconsistency in ocean-atmosphere coordination,  season, and at the same time, as mentioned in previous
and the strength of the coupled ocean-atmosphere system was  discussions, the atmosphere-ocean configuration of the
weak; therefore, the cold SSTA in the equatorial eastern  equatorial Pacific in early 2020 was uncoordinated, which
Pacific in spring did not develop even under the action of = made it more difficult to determine the development direction
an easterly wind anomaly, leading to the occurrence of cold-  of this event. Therefore, the prediction results starting in
warm-cold variation in the SSTA in the equatorial eastern  January are worthwhile for analyzing the specific
Pacific. This wuncoordinated coupled ocean-atmosphere  performance and role of the SPB phenomenon in this
structure explains the failure of many models starting in  event. From the discussion of the best and worst prediction
the spring of 2020 to predict the event and indicates its =~ members, it was found that successful predictions for the cold
complexity. The best members predicted by pattern  SSTA in the southeast Pacific would be extremely beneficial in
clustering were closer to the actual observations, indicating  overcoming the SPB phenomenon, thereby significantly
that the development of this event was closely related to the  improving prediction skills across the spring season,
cold SSTA south of the equator and the southeasterly wind  though only for this cold event.
anomaly in this region, which were the key processes of the In this work, we highlighted the importance of the SPB in
2020/21 La Nifa event and the reason for opposite  predicting the 2020/21 La Nifia event and the primary role of
development between the best prediction members and the  surface signals in the development of this event. However, this
worst prediction members. Previous works (Min et al., 2017;  paper only explained the key processes of this event from a
Hua and Su, 2020) demonstrated that the important role of = qualitative perspective, and the specific role of the wind field
the southeast Pacific in the prediction of the ENSO event,and  needs further study. At the same time, when comparing the
the failure to predict the cold SSTA in the southeast Pacific ~ best and worst prediction members by pattern clustering,
among the worst prediction members may be the reason for ~ apparent differences appeared in the spring season, and the
the obvious SPB phenomenon in this model. Moreover, this  relationship between this and the SPB and whether all of the
event also showed the dominant role of the surface signals. obvious differences in each prediction of the ensemble
A very obvious difference between the ensemble mean and  prediction system appeared in spring are worthy of further
the observation after spring (Figure 1) is the apparent  exploration.
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In boreal summer, variations of intensity and location of the western North Pacific
subtropical high (WNPSH) have significant impacts on weather and climate in East
Asia. In this study, the medium-range prediction of WNPSH is comprehensively
evaluated with various scores based on reforecast data of the National Centers for
Environmental Prediction - Global Ensemble Forecast System, and the predictability
source of the WNPSH medium-range forecasting is further analyzed by examining how
well the model can reproduce the modulation of El Nifio-Southern Oscillation (ENSO) on
WNPSH as observed. The results show that this system has a systematic bias in the
WNPSH forecasts, mainly manifested by the weak strength and the southeastward shifted
position, and such a bias further increases with lead time. Effective prediction skills of
WNPSH are 10-11 days for its intensity and area, 7 days for its ridge line, but only 1-3 days
for its western boundary ridge point in terms of different scores, respectively, which can be
improved through developing a bias correction method of prediction. It is demonstrated
that the medium-range predictability of WNPSH is mainly originated from ENSO and its
significant lagged effects on WNPSH well revealed in observation can be realistically
reproduced by this system within the effective prediction lengths. A strong ENSO
modulation of the WNPSH prediction skills has been clearly found in terms of the
different indices, which depends on the ENSO’s developing and decaying phases. The
intensity and area of WNPSH are usually highly predictable due to the ENSO effect being
reproduced by the system well while the location indices of WNPSH have relatively low
predictability, which are mainly affected by internal variability and difficultly captured by the
model. Predictability analysis of WNPSH as modulated by ENSO shows good potential for
medium-range forecasting with high skills.

Keywords: medium-range predictability, western north Pacific subtropical high, enso, NCEP-GEFS, ensemble
reforecasts
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1 INTRODUCTION

In the subtropics of the northern and southern hemispheres, there
exist the subtropical high-pressure belts. Due to the land-sea
distributions, such belts often break into several high-pressure
monomers, collectively referred to as subtropical highs. The
western North Pacific subtropical high (WNPSH) is well known
over the East Asia area as a permanent high-pressure circulation
system, usually represented by the 5880-gpm line surrounded area in
the 500-hPa geopotential height field west of 180°E (Liu et al., 2012).
In previous studies, various indices for representing the WNPSH
activities have been defined (Yang and Sun, 2003; Huang et al,, 2015;
Huang and Li, 2015; Yang et al,, 2017; He et al., 2018). The WNPSH’s
area, intensity and position movements have been confirmed to have
significant influences on summer precipitation and typhoon activity
in the East Asia (Huang, 1963; Zhu et al., 1992; Tao and Wei, 2006;
Matsumura et al., 2015; Wen et al., 2015). Given that WNPSH has
high impacts on the East-Asian weather/climate, the medium- and
long-term prediction as well as predictability regarding its intensity
and location variations are of particular importance.

WNPSH has significant signals on various time scales as
regulated by diverse factors. Many studies have shown a close
relationship between the El Nifio-Southern Oscillation (ENSO)
and WNPSH (Ying and Sun 2000; Cai et al., 2003; Wang and Zou
2004; Li et al,, 2017; Zhang et al., 2017). Ying and Sun (2000)
examined the response of WNPSH to anomalous tropical sea
surface temperature (SST) and revealed that SST anomalies in the
eastern equatorial Pacific could enhance the strength of WNPSH
through the so-called anomalous “quasi-walker circulation”. Cai
et al. (2003) explored the relationship between the summer
WNPSH and previous SST and found that the formation of
the ENSO event was ahead of the transition of WNPSH intensity
for about half a year. Wang and Zou (2004) proposed a possible
mechanism for explaining the interannual variation of WNPSH
calculating the correlation between WNPSH and ENSO. Zhang
et al. (2017) reviewed the effects of El Nifio on WNPSH and the
mechanism of WNPSH formation and further pointed out the
asymmetric effects of El Nino and La Nifia. Although
understanding of ENSO affecting WNPSH is relatively mature,
there are few systematic studies on the different ENSO stages,
especially the La Nina’s influence on WNPSH characteristics such
as intensity, area, western ridge point, and ridge line due to the
asymmetry of ENSO. It is worthy of a deep study of how such
influences can be predicted in dynamical operational models.

There have been many studies aiming to illustrate the
predictability source of WNPSH on the climate timescale.
Some of them suggested that ENSO is the major source of
seasonal predictability of summer circulation patterns
including WNPSH in East Asia (Wu et al., 2003; Wang et al,
2009; Zhou et al., 2020). Others have emphasized on the
importance of the teleconnection associated with the tropical
Indian Ocean in generating the anticyclone over the western
North Pacific (Yang et al., 2007; Li et al., 2008; Xie et al., 2009; Wu
et al.,, 2010; Zhang et al,, 2012; Song and Zhou, 2014; He et al,,
2019). However, it should be noted that the tropical Indian Ocean
SST comes from the Indo-West Pacific capacitor (Xie et al., 2009),
which is closely related to ENSO. And a paucity of attention has
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been paid to the forecast verification and predictability analysis of
WNPSH on the weather timescale. In recent, Gao et al. (2020)
verified the medium-range (1-15 days) forecasts of the WNPSH
intensity, area, western boundary point and ridgeline using 2-year
real-time operational forecasts in China. Further investigations
for the WNPSH weather forecast verification and predictability
analysis would be needed by using long enough datasets.

In this study, we will focus on the medium-range forecasts of
WNPSH for comprehensively verifying its indices of different
properties and investigating its modulation by ENSO through
employing a multi-decade reforecast dataset from the National
Centers for Environmental Prediction (NCEP) of the National
Oceanic and Atmospheric Administration (NOAA). This dataset
has been widely employed in forecast research by providing us
with an opportunity to evaluate the model’s ability to predict
certain phenomena over the medium-to-long term (Hamill et al.,
2013). The remainder of this paper is organized as follows: The
data and methods are given in Section 2. The forecasting skill of
WNPSH in the model is evaluated in Section 3. Section 4 shows
the model’s ability to reproduce the ENSO modulation on
WNPSH. Predictability source of WNPSH is illustrated in
Section 5. Summary and discussions are presented in Section 6.

2 DATA AND METHODS

2.1 Observational and Forecasting Data
The model reforecast dataset used in this study was previously
generated from the Global Ensemble Forecast System (GEFS)
version 10 of NCEP/NOAA, covering the period of 1985-2019,
with the horizontal resolution of 1 ° x 1 and vertical resolution of
42 levels, the reforecast data have 11 ensemble members, and each
member has a forecast out to 16 days. The initial condition of
NCEP-GEFS was generated from the climate forecast system
reanalysis (CFSR), using the ensemble transforms with rescaling
(ETR) to form the perturbed initial condition, and the stochastic
total tendency perturbation (STTP) scheme to represent the effect
of model uncertainties. More details on NCEP-GEFS can be
obtained from Hamill et al. (2013).

The verification data used in this study include: 1) National
Centers for Environmental Prediction/Department of Energy
(NCEP/DOE) Reanalysis 2 (Kanamitsu et al., 2002) covering
the period from 1 January 1951 to 31 December 2019, including
wind and geopotential height; 2) The Nifio 3.4 SST anomaly index
is downloaded from the website of National Climate Center of
China Meteorological Administration, https://cmdp.ncc-cma.
net/cn/index.htm; 3) monthly SST data are from Climate
Prediction Center (CPC), https://www.cpc.ncep.noaa.gov.

For easy comparison, the verification and reforecast data are
interpolated to a uniform resolution of 1" longitude x 1° latitude,
and our results do not depend on such a resolution. In this study, we
only examine WNPSH in boreal summer (June to August, JJA).

2.2 Methods

2.2.1 Definition of the WNPSH Indices

Here, we use a series of WNPSH indices defined by Liu et al.
(2012), including the WNPSH intensity, area, western boundary
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point, and ridge line, which can well reflect the impact of WNPSH
on summer rainfall in East Asia. The four indices can be used to
quantify the strength and relative position of WNPSH, thereby
more intuitively representing its basic characteristics. Referring to
Liu et al. (2012), the daily WNPSH indices are defined as follows:

1) Area and intensity: the area index is defined by the area
surrounded by the grids, which are not less than 5,880°gpm in
the range of 110-180°E and north of 10°N at 500-hPa.
Correspondingly, the difference between the height over
these grids and 5,870°gpm is multiplied by the area defined
above and then accumulated, and the result is defined as the
intensity index.

Ridge line: the average latitude of the characteristic line,
featured by a zonal wind u = 0, 2> 0, and located within
the range enclosed by 5880-gpm contour. If the 5880-gpm
contour does not exist, the standard can be gradually lowered
to 5,840 gpm. If there is not the 5840-gpm contour, the
historical minimum is substituted.

Western boundary ridge point (ridge point for short): the
longitude at the westernmost boundary of the 5,880 gpm grid
in the range of 90°~180°E. If it is west of 90°E, it will be counted
as 90°E. If the 5,880°gpm contour is not present, it is replaced
by the historical maximum.

2)

3)

2.2.2 Verification and Evaluation Methods

Various verification statistics are calculated to evaluate the
forecasting skill of the WNPSH intensity and location by the
reforecast. Mean error (ME), normalized root mean square error
(NRMSE) and correlation coefficient (R) are used to measure the
deviation, amplitude error and consistency between observation
and model reforecasts, respectively. The agreement between the
predicted and observed time series is represented by the values of
ME and NRMSE close to 0, and that of R close to 1. The effective
skills of the WNPSH forecasts by this forecasting system can be
determined as R > 0.6 and NRMSE < I as usual. Their definitions
are as follows:

ME=1 " F,-0, (1)
n i=1
YL (Fi - 0)?
NRMSE = ——— 2)
2 (0i-0)
R:Z?:I(Fi_F)(Oi_O) (3)

V(F:-F (0,-O)

and an additional performance score (PS) that can consider both
similarity and magnitude error (Chen et al,, 2013),

(1+R)*

(SDR + ﬁ)z,

PS = (4)

Here, F; and O; are the ith values in the forecast and
observational time series, respectively. n is the sample size. F
and O represent time mean of the forecasts and observations,

respectively. Especially, R in Eq. 4 denotes the pattern correlation
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FIGURE 1 | Summer-averaged 5880-gpm lines of the NCEP/DOE
Reanalysis (black line) and NCEP-GEFS reforecasts (color lines) at different
lead times (LT, unit: day).

between observation and model forecast and the SDR is the ratio
of the spatial standard deviation of the forecast against
observation.

3 MEDIUM-RANGE FORECASTING OF
WNPSH IN NCEP-GEFS REFORECAST

As a primary circulation pattern in East Asia, WNPSH is usually
characterized by the area surrounded by the 5880-gpm line in
500-hPa height field. Figure 1 shows the distribution of the 5880-
gpm lines in the summer-mean height in terms of different lead
days. It is clearly found there are systematic biases in the WNPSH
forecasts, such as a smaller area, eastward and southward shift of
location. Such biases further increase with the extension of the
forecast time. Interestingly, the southward shift of WNPSH in the
reforecasts is different from most CMIP3 and CMIP5 AGCM
models, which reproduce the northward shift bias of WNPSH
(Song and Zhou, 2014).

The forecasting skill of the WNPSH indices by the NCEP-
GEFS reforecasts is shown in Figure 2. For ME, the reforecasts
reproduce a weaker WNPSH with a smaller area and a
southeastward shifted position, consistent with Figure 1.
Compared with the corresponding threshold, days with the
effective skills of the intensity, area, ridge point, and ridge line
in terms of the NRMSE score are 10, 9, 0, and 7 days, respectively.
In terms of the R score, the most commonly used in verifying
forecast, days with the effective skills of the intensity, area, ridge
point, and ridge line can reach 11, 10, 3, and 7 days, respectively.
These verification results indicate that the forecasting skill of the
ridge point is the worst in NCEP-GEFS because the position of
WNPSH shifts too east in the model compared to observation.
Similar results were also found in other models (Niu and Zhai,
2013), which mean that state-of-art models still have biases in
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FIGURE 2 | Verification statistics as a function of lead time (days), where red lines represent correlation coefficient (R), purple lines do normalized root mean square
error (NRMSE) and blue lines do mean error (ME) for verifying the WNPSH indices of (A) intensity, (B) area, (C) western boundary ridge point and (D) ridgeline by the
NCEP-GEFS reforecasts. The red and purple dash lines represent the corresponding thresholds of R and NRMSE, respectively.
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FIGURE 3 | Same as Figure 2, but for reforecasts after the bias correction in terms of Eq. 5.

Frontiers in Earth Science | www.frontiersin.org 45 February 2022 | Volume 10 | Article 862989


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Gao et al.

Nino 3.4 index lead WNPSH indices

0.8 —

Correlation

———e——Intensity

| ———e———Area
084 e .—ea- Ridge Point
Ridge Line
T T T T T T 1T T T 17T 17T 1T T 177
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Lag month

FIGURE 4 | Lagged correlations between Nifo 3.4 index and WNPSH
indices. Only annual cycle is removed from WNPSH indices before calculating
the lagged correlations. The dashed lines are the significant correlation values
at the 95% confidence level, where the degree of freedom is estimated

by each year.

predicting the longitudinal motion of WNPSH. In addition, the
model’s ability to predict the ridge line of WNPSH is also quite
limited (~7 days). Given that the location of WNPSH is closely
related to summer rainfall distributions in China (Liu et al., 2012),
the model’s medium-term forecasting of WNPSH is still
challenging.

As shown in Figure 1, the predictions of WNPSH of NCEP
GEFS have a systematic bias. Here, we develop a bias correction
method as derived in Eq. 5. The climatic states of observations
and reforecasts can be obtained at different leads.

Hmc :Hobs_H_m-"Hm) (5)

where, H,ps and H,, represent summer mean of observation and
reforecasts at different leads; H,, and H,,. represent the values
before and after the correction by Eq. 5, respectively.

After the correction, as seen in Figure 3, the R-score only
shows a slight improvement with the effective skills of 11, 11 5,
and 8'days for intensity, area, ridge point, and ridge line,
respectively. However, it is clear that not only the average
errors of the four WNPSH indices are decreased, but also
their effective skills in terms of the NRMSE score are increased
to 13, 11, 5, and 9°days, respectively. Especially, for the ridge
point, the NRMSE of the corrected forecasts has been increased by
more than one pentad. These results indicate that the predictive
capability of the WNPSH index in the model system can be
greatly improved by developing a bias correction method which
idea has been widely adopted in climate predictions. This is quite
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meaningful with highly predictable WNPSH signals for rainfall
forecasts in China due to the significant positive correlations of
the forecasting skill between WNPSH and precipitation (Song
and Zhou, 2014).

4 REPRODUCTION OF ENSO
MODULATION ON WNPSH IN
REFORECASTS

Many previous studies have proven the lag effect of ENSO on
WNPSH. The significant lag correlations between the Nifi03.4
index and the WNPSH indices, as shown in Figure 4, indicate the
effect of the SST anomalies in the tropical Pacific on WNPSH
after 4 months of the ENSO peak. It is worth noting that similar
results can also be obtained using the Nifio3 and Nifio4 indices.
This means that ENSO does have a significant impact on the
WNPSH’s intensity, area, and ridge point, except for the ridge line
due to its relatively lower correlation. Previous experiences tell
that ENSO in different phases usually has quite different
modulation effects on WNPSH. To examine such modulation
of WNPSH by ENSO at different phases, the approach of Chou
et al. (2003) is applied to classification the ENSO phases (see
Table 1).

Considering the availability of the reforecast data, only the
impact of ENSO on the boreal summer WNPSH from 1985 to
2019 can be examined here. Composite patterns in terms of
the ENSO phases in Figure 5 show a significant modulation
on the WNPSH behaviors in observation. In the developing
phase of El Nifio (Figure 5B), anomalous westerly winds in
the equatorial central and western Pacific act to weaken the
easterlies in the south of WNPSH, making the WNPSH
weaker, smaller, and westward shifted. As a contrast, in the
El Nino decaying phase, anomalous easterly winds in the
equatorial western Pacific make the WNPSH stronger,
larger, and eastward shifted, compared with the
climatology (Figure 5C), which has been demonstrated as
the indirect responses of ENSO through the air-sea
teleconnection (Wang et al,, 1999) and the Indian Ocean
capacitor effect (Xie et al., 2009). La Nifa’s two phases
show generally opposite situations of the WNPSH’s
intensity, area, and positions, compared to El Nifo phases
(Figures 5D,E).

The observed modulation of the different ENSO phases on
WNPSH can be well reproduced by the model system at different
leads whether the prediction results have been corrected or not, as
clearly seen in Figure 5. This means that NCEP-GEFS can
accurately catch the impact of ENSO on the WNPSH
properties such as intensity and position, which vary little
with lead, illustrating the potentials for the medium-range
prediction of WNPSH. The clearer modulation of ENSO on
WNPSH can be directly seen in Figure 6, which shows the
variations of the WNPSH indices with the ENSO phases.
Generally, the model system can capture well the evolutions of
the different WNPSH indices throughout the four ENSO phases;
i.e., WNPSH is stronger (weaker) and more westward (eastward)
in the EDy (EDp) and LDp (LDy) summers. Indeed, the
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TABLE 1 | Classification of the summers during 1951-2019 into the five ENSO phases.

ENSO phases Numbers Years
El Nifio developing (EDp) 12 1957,1963,1965,1968,1972,1982,1986,1991,1994,1997,2009,2015
El Nifio decaying (EDy) 13 1958,1964,1966,1969,1973,1983,1987,1992,1995,1998,2003,2010,2016
La Nifia developing (LDp) ihl 1955,1970,1973,1975,1984,1988,1995,1998,2007,2010,2017
La Nifia decaying (LDy) iR 1956,1971,1974,1976,1985,1989,1996,2000,2008,2011,2018
Non-ENSO 25 1951-1954,1959-1962,1967,1977-1981,1990,1993,2001-2002, 2004-2006,2012-2014,2019
Non-ENSO
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FIGURE 5 | Composites for 5880-gpm over 500-hPa height field [contours, black line represent all years during 1985-2019 and color lines are for a specific phase

of ENSO in observation (red) and the model at different lead days], SST (shading, units: °C) and 850-hPa wind anomalies (vector, m s™') during the non-ENSO (A), El Nifio
developing (B), El Niflo decaying (C), La Nifa developing (D) and La Nifia decaying (E) summers.
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predictions have certain systematic biases regardless of the
indices and the biases tend to become larger as the lead time
increases. For example, the magnitudes of the WNPSH intensity
and area have been clearly underestimated (overestimated) in the
EDp and EDy (LDy) summers. Interestingly, for the LDp, the
model also produces a varying strength bias and even changes
signs of the bias with lead time increases. Similar modulation was
found for the ridge point, which has an eastward shift in the

model predictions in the EDp and EDy summers, but a westward
shift in the LDy summers. In particular, in the LDp summers, the
WNPSH ridge point predicted by the model shifts westward and
gradually becomes an eastward shift as the lead time increases.
The modulation of ENSO to the ridge line is not as significant as
the other three indices (see Figure 4) and thus the WNPSH ridge
line predicted by the model varies weakly with the ENSO phase
changing.
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FIGURE 6 | Forecasts of the WNPSH indices in NCEP-GEFS for (A) Intensity, (B) Area, (C) ridge point and (D) ridge line during the different phases of ENSO (E_Dp,
E Dy, L_Dp and L_Dy represent the El Nifio developing, El Nifio decaying, La Nifia developing, and La Nifia decaying summers, respectively) at the different lead time
(0-16 days).

5 MEDIUM-RANGE PREDICTABILITY
ANALYSIS OF THE WNPSH INDICES

From Section 4, we have seen that ENSO has a significant
modulation on WNPSH and it has been reasonably
reproduced by NCEP-GEFS at different leads. Then, one
natural question here is whether ENSO or any other factor
plays a role in regulating medium-range predictability as well
as prediction skills for WNPSH? To answer this question, we will
reveal the predictability source of WNPSH at the medium range,
which can provide indications for relevant weather forecasts.
Figure 7 first shows the yearly prediction skills of the WNPSH
indices at different leads. Clearly, prediction skills of the four
indices decrease as the lead time increases and also show
interannual variability. Overall, the peaks and valleys of skill
fluctuations are well consistent with each other among different
lead times, which implies that initial states of the model system
largely determine the quality of forecasts. Although the skill
variations of the intensity and area indices are relatively
consistent, they are still significantly different from those of
the ridge point and ridge line. This suggests that the factors
affecting the prediction skill for the WNPSH intensity and
position may be different. In the following, we work to study
the influence factors that contribute to the prediction skill of the
intensity and position of WNPSH.

Figure 8 shows the averaged skills from all the different leads
in Figure 7. It is seen that the prediction skill not only has strong
interannual variations, but also an interdecadal change around
2000. That is, the prediction skill after 2000 suddenly becomes
much higher than before, which reason is still unclear. Although
the WNPSH intensity is significantly affected by ENSO
(Figure 6), and its prediction skills vary greatly from year to
year (Figure 7), we do not find a clear relationship between
prediction skills and the ENSO phases. For example, the 3 years
with the highest skills are 2003, 2006, and 2009, which correspond
to the EDy, weak EDp, and EDp years, respectively. In contrast,
the 3years with the lowest skills are 1985, 1992, and 1994,
corresponding to the LDy, EDy, and non-ENSO years,
respectively.

To further reveal what dynamical processes may contribute to
the prediction skill of intensity, Figure 9A shows correlations
between the prediction skills in Figure 8 and the 500-hPa
geopotential height and SST anomalies. There are mainly three
highly correlated height anomalies, one in the WNP and two in
the northeastern and southeastern tropical Pacific. The positive
height anomaly corresponds to the positive SST anomaly over the
WNP region, indicating the atmospheric forcing on the ocean
there. Clearly, the maximum correlations with SST are located
over the TIO, which are dynamically connected with the
maximum correlations of the WNP height, constituting a
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FIGURE 7 | Yearly variations in prediction skills of the summer WNPSH indices (A-D) represent intensity, area, ridge point, and ridge line, respectively.

TIO-WNP teleconnection (Yang et al., 2007; Li et al., 2008; Xie
et al., 2009; Wu et al,, 2010; Zhang et al., 2012; He et al., 2019). In
Figures 9A,B significant correlation of 0.81 is found between the
box-average-defined indices of the SST anomalies in TIO and the
500-hPa height anomalies in WNP, meaning that the former can
explain a variance greater than 60% of the latter. Previous studies
figured out that a successful reproduction of the interannual East-
Asian summer Monsoon (EASM) pattern highly depends on the
TIO-WNP teleconnection (Zhang et al., 2012; Song and Zhou
2014). Our results clearly suggest that the TIO-WNP
teleconnection is also crucial for the medium-range
predictability of the WNPSH intensity, ie., a stronger
teleconnection contributing to higher prediction skills. The
TIO SST and WNP anomalies have significant correlations of
0.64 and 0.58 with prediction skills of the WNPSH intensity,
respectively, and also show clear upward trends (Figure 9B). This
may be the reason for the observed interdecadal change of the
intensity skills around 2000 (Figure 8). In other words, the

warming of TIO since 2000 has enhanced WNPSH through
the TIO-WNP teleconnection and then led to a significant
increase in the intensity skills. ENSO may have an indirect
effect on prediction skills of the WNPSH intensity due to the
significant modulation as shown in Figure 6A though their direct
connection is not yet found. Moreover, a similar conclusion has
also been found for the WNPSH area index (not shown).

For ridge point (Figure 10A), the years with higher prediction
skills are 1994 (EDp), 2005 (non-ENSO), 2009 (EDp), and 2014
(non-ENSO), and the years with lower skills are 1985 (LDy), 1987
(EDy), and 1991 (EDp). For ridge line (Figure 10B), the years
with prediction skills greater than 1 standard deviation are 1985
(LDy), 1987 (EDy), and 2010 (EDy and LDp), and the years with
skills less than 1 standard deviation are 1991 (EDp), 1999
(persisting La Nifia), 2000 (LDy), and 2011 (LDy). However,
we cannot find a close relationship between prediction skills of
the WNPSH position and ENSO or other common factors, which
may be the main reason that their prediction skills are relatively
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FIGURE 8 | The average prediction skills of the WNPSH intensity index

of different lead times as shown in Figure 7. The two black dotted lines
represent that the all-year mean pluses or minuses one standard deviation.
The blue dashed line represents the average skill during 1985-1999 and

the red one does during 2000-2019.

lower compared to the WNPSH intensity and area (Figures 2, 3).
We compared prediction skills of the two position indices with
their standard deviations and found that these skills may be

ENSO Modulation of WNPSH Predictability

mainly contributed from their variability. As seen in Figure 104,
the fluctuation in prediction skills of the ridge point and its
variability corresponds well with a significant correlation of
0.36at the 95% confidence level and 0.55at the 99.9%
confidence level after detrending. This confirms prediction
performance of the ridge point can be largely affected by its
variability. That is when the east-west movement of ridge point is
more (less) frequent, the prediction skills tend to be higher
(lower). In contrast, the variability of the ridge line has only a
weakly negative correlation (about -0.2) with its prediction skill.

Although it is difficult to directly determine which process is
related to the prediction skill of the ridge point, we could find out
the factor that determines the variability of ridge point and thus
those processes may indirectly affect prediction skill. Correlations
of the ridge point skill with the 500-hPa height anomalies show
the significant regions in the tropics (Figure 11A). It is worth
noting that the significant negative correlations are not caused by
climate trends that have been removed before the correlation
calculating. Figure 11B shows standard deviations of the ridge
point and the height anomaly indices averaged over the entire
tropical region. A significant correlation can be found between
them in boreal summer and even spring height anomalies are also
highly correlated with the ridge point in terms of their standard
deviations, which indicates that the height anomalies over tropics
in spring may have implications for predicting the summer
WNPSH. The correlations between the standard deviations of
ridge point and height anomalies are —0.55 and —0.64 in spring
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FIGURE 9 | (A) Correlation coefficients between 500-hPa height (contours), SST anomaly (shade) and the prediction skills of the WNPSH intensity in Figure 8, only
show the values that pass the 95% confidence t-test. (B) The standardized domain-averaged indices of the SST anomaly (dashed line) in the tropical Indian Ocean and
500-hPa height anomaly (solid line) in the western North Pacific, where the two domains are defined by the boxes in (a).
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and summer, respectively, which are statistically significant at the
99.9% confidence level. This means that the east-west movement
of WNPSH will be more frequent when the height anomalies in
the tropics are negative. Note that the prediction skill of the ridge
point tends to be higher when the WNPSH has more frequent
east-west movement (Figure 10A). Therefore, the height
anomalies in the tropics may indirectly affect the performance
of the ridge point prediction.

6 SUMMARY AND DISCUSSIONS

Variations of the WNPSH intensity and location are closely
related to weather and climate in East Asia. Research on their
prediction evaluation and predictability analysis has been a
crucial issue. However, less attention is paid to the medium-
range forecasting and its predictability source though many prior
studies have paid much attention to the seasonal forecasting of
WNPSH and its predictability. In this study, a few scores were
used to comprehensively evaluate the performance of NCEP-
GEFS in medium-ranged forecasting WNPSH. In addition, given
the significant ENSO modulation of WNPSH, the capability of
the model system in reproducing such modulation and the
predictability ~sources of the WNPSH medium-range
forecasting were also investigated.

NCEP-GEFS has a systematic bias in the WNPSH forecasts,
mainly manifested by the weak strength, eastward and southward
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FIGURE 11 | (A) Correlation coefficients between the detrended 500-

hPa height anomaly and the ridge point prediction skills in Figure 10A, only
show the values passing the 95% confidence t-test. (B) Standard deviations
of the WNPSH ridge point index (black line), the 500-hPa height anomaly
indices during summer (red line) and spring (purple line) averaged over the
tropical region (30°S-30°N, 0-360°E). Here, the height anomalies have been
multiplied by -1.

shift of location, and such a bias can further increase with the
extension of forecast length. The three skill scores (called ME,
NRMSE, and R), measuring the amplitude error, normalized
deviation, and consistency between the forecasts and
observations, respectively, have been used to evaluate the
prediction skills of the WNPSH indices. The results show that
the skillful prediction lengths of WNPSH intensity, area, ridge
point and ridge line are 10 (11), 9 (10), 0 (3), 7 7) days in terms of
NRMSE (R), respectively, which can be improved to 13 (11), 11
(11), 5 (5), and 9 8) days through introducing the correction
method of systematic bias.

The Nifio 3.4 index of representing ENSO is significantly
correlated with the intensity, area, and ridge point of WNPSH,
with the peak correlations at 4-months lag, showing the
significant modulation of the WNPSH by ENSO. Further
results show that the WNPSH intensity and area tend to be
stronger (weaker) during the EDy (EDp) and LDp (LDy)
summers, and the ridge point is also accompanied by
westward extension during the EDy and LDp summers and
eastward withdrawal during the EDp and LDy summers. Such
a modulation can be well reproduced by the NCEP GEFS which
thus has given realistic forecasts to some degree. This means that
the medium-range weather forecasting system (not climate
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prediction system) can also capture the seasonal anomalies of
WNPSH associated with ENSO on the interannual time scale.

The predictability source of the medium-range forecasting of
the WNPSH indices was further analyzed. Our results showed
that the prediction skill of the intensity could be modulated by the
TIO-WNP teleconnection, i.e., the stronger latter is, the higher
skills of the form are. However, the prediction skill of the WNPSH
location indices is less affected by external forcing, but more by
internal variability. For the ridge point, its prediction skill is
positively proportional to its variability that has a significantly
negative correlation with the geopotential height anomalies in the
tropics, implying that the latter may indirectly affect the
prediction skill of ridge point.

This study showed that the capability of NCEP-GEFS to
accurately reproduce the TIO-WNP teleconnection strength
and the height anomalies in the tropics is the key for the
model system to give accurate medium-range forecasts of
WNPSH. However, the results have been based on one model
only. In the next steps, more models that own the medium-range
reforecasts need to be introduced to validate our results. In
addition, we have only examined the predictability source of
interannual variations in the prediction skills of WNPSH. Future
research will be needed to investigate issues in the sub-seasonal
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FEMD), Nanjing University of Information Science and Technology, Nanjing, China

The mid-Holocene (MH), a period about 6,000 years ago, provides an opportunity to
understand climate change in response to orbital forcing change. Numerical model
simulation is an effective tool through which we can study the climate change in the
MH, although the climate in the MH can be partly inferred from proxy data. As the
Paleoclimate Model Inter-comparison Project phase 4 (PMIP4) recently released the latest
simulations for different past climate scenarios, we investigated tropical climate changes,
including both the basic state and interannual variability, and tried to find out whether the
PMIP phase 3 (PMIP3) and PMIP4 results can be reconciled. Aimost all the modelling
results show that the inter-hemisphere contrast was enhanced over the tropical Pacific,
with warmer and wetter condition on the northern side of the equator and an intensified
cross-equatorial flow in the MH than at present, and the annual cycle of the sea-surface
temperature (SST) during the MH was reduced. Such background mean state changes
arose from the seasonal changes of the solar incident radiation in the MH. In addition to the
consistent changes in background mean state changes, some ElI Nifo-Southern
Oscillation (ENSO) features, such as the seasonal phase locking feature and
periodicity, show consistent changes across the PMIP3 and PMIP4 models, that is,
both suites of models exhibit no marked difference in the MH with respect to present-day
simulations. In contrast, the modeling results show only agreement on the sign of the
ENSO amplitude change (i.e., decrease in the ENSO amplitude in the MH), while the range
of reduction varied with model and region. Additionally, the occurrence probability of
central Pacific El Nifio events increases in the MH, whereas the significance is quite
marginal. The modeled changes in the mean state and ENSO serve as a test bed for
studying tropical climate system’s response to natural warming, which may provide some
insights into understanding climate changes in response to the current anthropogenic
warming.

Keywords: mid-Holocene, PMIP, tropical pacific background states, multi-model consistency, ENSO (El Nifo-
Southern Oscillation) prediction
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INTRODUCTION

In the mid-Holocene (MH) of ~6,000 years before present, the
climate system differed greatly with respect to the present-day
climate. It is accepted that the root cause leading to the
distinctive MH climate that differed from the present-day
climate lies in different orbital parameters in the MH epoch
(e.g., Kutzbach and Otto-Bliesner 1982; Kutzbach and Liu
1997; Zheng and Braconnot 2013; Zheng and Yu 2013).
Understanding the paleoclimate changes, especially the
change in the typical warming period—MH period, has
profound meaning.

During the MH, the climate in the Earth system experienced
obvious changes. For instance, the insolation at high latitudes in
the boreal summer was greater in the MH than in present-day
climate; hence, a lot of ice sheets in the Northern Hemisphere
(NH) melted (Gong et al., 2015; Gierz et al., 2020). The global
monsoon areas and precipitation in the MH were enlarged
compared with the present-day based on the evidence from
pollen data and model simulations (Kohfeld and Harrison 2000;
Jiang et al.,, 2015). Moreover, the tropical Pacific region also
witnessed the orbital-induced climate changes in the MH.
Previous studies have shown that the mean state, annual
cycle and dominant interannual variability in the tropical
Pacific, which is called the EI Nifo-Southern Oscillation
(ENSO), exhibited great changes in response to the orbital
forcing alteration in the MH. However, these studies also
underscored uncertainty regarding the climate changes in the
tropical Pacific region in the MH.

Modeling ENSO Changes in Mid-Holocene

Based on the evidence of fossil corals, Gagan (1998) indicated
that parts of the tropics were warmer during the MH than at
present-day. In contrast, through measuring §'*0 from proxy
data, Koutavas et al. (2006) and Carre et al. (2014) found that the
mean sea-surface temperature (SST) during the MH was cooler
than that at present-day by about 0.5°-3°C. In addition to the
mean state, ENSO variability in the MH also had some differences
from the present-day. A number of proxy records, such as corals,
fossil mollusk shells and ice cores, provide evidence for a
weakening ENSO variability during the MH, but the
magnitude of this weakening varies in a range of 29-80% (e.g.,
Tudhope et al., 2001; Koutavas et al., 2006; Koutavas and Joanides
2012; Carre et al,, 2014; Emile-Geay et al., 2016). However, an
interesting study conducted by Cobb (2013) argued that the fossil
coral sequences may be too short to reveal the ENSO activity
change for a long period of time, and they even argued that one
may not easily obtain the conclusion that a significant reduction
of ENSO variability is found in the MH. To summarize, there is
no consensus on the magnitude of ENSO variability reduction
based on the proxy data. This promotes the paleoclimate
community to turn to the model simulation’s help.

During the past several decades, more and more efforts have
been devoted to paleoclimate simulations, e.g., the continuous
Paleoclimate Model Inter-comparison Project phase (PMIP)
projects. They found that the mean SST in the tropical
Pacific was around 1°C cooler than the present-day,
especially in the tropical Pacific cold tongue region (e.g.,
Otto-Bliesner 1999; Liu et al, 2000; Otto-Bliesner et al.,
2003; Brown et al., 2006), which supports part of the proxy

TABLE 1 | Information describing the model resolutions and simulation length.

Model Resolution Length (years)
Atmos Ocean PI (0 ka) MH (6 ka)
PMIP3 models BCC-CDM1-1 128 x 64 L.26 360 x 320 L40 500 100
CCsm4 288 x 192 L.26 320 x 384 L60 500 300
CNRM-CM5 256 x 128 L31 362 x 292 L42 850 200
CSIRO-MK3-6 192 x 96 L18 192 x 192 L31 500 100
CSIRO-MK3-1-2 64 x 56 L18 128 x 112 L21 1,000 500
FGOALS-g2 128 x 60 L26 360 x 180 L30 700 680
FGOALS-s2 128 x 64 L26 360 x 196 L30 500 100
GISS-E2-R 144 % 90 L40 288 x 180 L32 500 100
HadGEM2-ES 192 x 145 L60 360 x 216 L40 475 100
IPSL-CM5A-LR 96 x 95 L39 182 x 149 L31 1,000 100
MIROC-ESM 128 x 64 L80 256 x 192 L40 500 100
MPI-ESM-P 196 x 98 L47 256 x 220 L40 1,000 100
MRI-CGCM3 320 x 160 L48 364 x 368 L51 500 100
PMIP4 Models CESM2 288 x 192 L32 320 x 384 L60 1,051 100
EC-Earth3-LR 512 x 256 L91 362 x 292 L75 201 201
FGOALS-f3-L Cube96 L32 360 x 218 L30 561 500
FGOALS-g3 180 x 90 L26 360 x 218 L30 700 500
GISS-E2-1-G 144 x 90 L40 360 x 180 L32 851 100
INM-CM4-8 180 x 120 L21 360 x 318 L40 531 200
IPSL-CM6BA-LR 144 x 143 L79 362 x 332 L75 1,200 550
MPI-ESM1-2-LR 192 x 96 L47 256 x 220 L40 1,000 500
MRI-ESM2-0 320 x 160 L80 360 x 364 L61 701 200
NESM3 192 x 96 L47 384 x 362 L46 100 100
NorESM1-F 144 x 96 L26 360 x 384 L70 200 200
NorESM2-LM 144 x 96 L32 360 x 384 L70 391 100
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TABLE 2 | Model boundary conditions.

Modeling ENSO Changes in Mid-Holocene

PI (0 ka) PMIP3 MH (6 ka) PMIP4 MH (6 ka)

Trace gases CO, = 280 ppm CO, = 280 ppm CO, = 264.4 ppm

CH, = 760 ppb CH, = 650 ppb CHy = 597 ppb

NoO = 270 ppb NoO = 270 ppb NoO = 262 ppb
Orbital parameters ecc = 0.016724 ecc = 0.018682 ecc = 0.018994

obl = 23.446° obl = 24.105° obl = 24.105°

peri - 180° = 102.04° peri - 180° = 0.87° peri - 180° = 0.87°
Aerosols Average from 1850 to 2014 Same as in CMIP5 Pl Same as in CMIP6 Pl
Solar constant 1,365 W/m2 Same as in CMIP5 PI Same as in CMIP6 PI
Ice-sheets Present day Same as in CMIP5 Pl Same as in CMIP6 Pl

A Mean SST [K],Wind stress [N/m?] D Mean SST [K],Wind stress [N/m?]

PMIP4

[ | P BN | [ [

22 23 24 25 26 27 28 29 0.1m/s 21 22 23 24 25 26 27 28 29 0.1m/s

120E 1S0E 180 150W 120W 20w 120E 150E 180 150W 120W 0w

1 | 1 1 ]l —

-0.6 -0.5-04 -03-02 -01 0 0.1 0.2 0.01m/s

I | | | ]l —
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.01m/s

FIGURE 1 | Plots for MME of mean SST and surface wind stress derived from PMIP3 (left column) and PMIP4 (right column) models. (A) and (D) are PI simulations;
(B) and (E) are MH simulations; and (C) and (F) are their differences (MH minus Pl). Shading and vector in (C) and (F) indicate the difference between MH and Pl is
significant at the 95% level by Student’s t-test.

find out whether the PMIP phase 3 (hereafter PMIP3) and PMIP4
results can be reconciled. Here we focused on the mean state,
annual cycle and ENSO activity reconstructed by the PMIP4
models over the tropical Pacific during the MH. The simulations
of the PMIP3 models were used to be compared with those of the
PMIP4 models, and the discrepancies of simulation results
between PMIP3 and PMIP4 models were analyzed. The data
used in this study is introduced in Section 2. The simulation
results of mean state and annual cycle are shown in Section 3, and
the ENSO variability is examined in Section 4. We summarize
this study in Section 5.

records. Same as proxy records, plenty of modeling studies
showed that the ENSO activity in the MH was reduced, but
the magnitude of the reduction varied from 5 to 80% (Otto
Bliesner et al., 2003; Zheng et al., 2008; Zheng and Yu 2013; Tian
et al., 2017; Chen et al.,, 2019a; Chen et al., 2019b; Brown et al.,
2020). Although most modeling studies show an agreement on
the sign of ENSO amplitude change during the MH, there are
still large uncertainty regarding the specific magnitude of ENSO
amplitude change among these modelling studies.

Recently, the PMIP phase 4 (hereafter PMIP4) simulation
results were released (Kageyama et al,, 2018), it is necessary to
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Mean Precipitation[mm/day]

Mean Precipitation[mm/day]

level by Student’s t-test.

FIGURE 2| Plots for MME of mean precipitation derived from PMIP3 (left column) and PMIP4 (right column) models. (A) and (D) are PI simulations; (B) and (E) are
MH simulations; and (C) and (F) are their differences (MH minus PI). Shading and vector in (C) and (F) indicate the difference between MH and Pl is significant at the 95%

DATA

The simulation for the MH climate period is one of the important
experiments in the PMIP, which is also part of Coupled Model
Intercomparison Project (CMIP). According to the data ability,
13 PMIP3 models and 12 PMIP4 models were used in this study.
The basic information of the 25 models are presented in Table 1,
and the boundary conditions for the MH simulation in both
PMIP3 and PMIP4 are shown in Table 2. The primary difference
between the PMIP3 and the PMIP4 experiments boundary
conditions lies in greenhouse gases (GHG) concentration, and
the other boundary conditions such as ice-sheets, aerosols and
solar constant are identical. The variables used in this study
include SST, precipitation, surface wind stress, sea water potential
temperature and top of the atmosphere incident shortwave
radiation. Due to the different model horizontal resolutions,
all data were interpolated onto a regular 1° x 1 ° (latitude x
longitude) grid.

TROPICAL BACKGROUND STATE

Mean States
The tropical climate states of SST and wind stress during the PI
and MH of 13 PMIP3 models and 12 PMIP4 models and their

differences in terms of multi-model ensemble mean (MME)
are shown in Figure 1. In the present-day climate simulations
(Figures 1A,D) and MH simulations (Figures 1B,E), both
PMIP3 and PMIP4 models show similar large-scale
distribution features, including the cold tongue in the
eastern equatorial Pacific, the warm pool in the western
Pacific, and the surface winds converging toward the warm
surface temperature region. In general, the trade wind and
mean SST appear approximately symmetric with respect to the
equator over the western tropical Pacific, while the mean SST
exhibits asymmetric distribution with respect to the equator
over the eastern tropical Pacific (i.e., warm SST in the
northeastern part but cold SST in the southeastern part),
matching the cross-equatorial southerly over the eastern
Pacific, especially the southerly near the coast of Peru. The
difference maps (Figures 1C,F) show the mean SST cooling to
various extent over the entire tropical Pacific in the MH
compared to that in the PI. In the MMEs of both PMIP3
and PMIP4 models, the magnitude of the cooling in the
tropical Pacific reached about 0.1°-0.6°C in the MH. In
general, the decrease in the mean SST in the MH is greater
in the western equatorial Pacific than in the eastern equatorial
Pacific, indicating a slightly westward extension of the cold
tongue. The obvious feature from the difference maps (Figures
1C,F) lies in the inter-hemisphere contrast, that is, the mean
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FIGURE 3 | Plots for MME of mean thermocline depth alone the equator
(averaged between 5°S and 5°N) derived from (A) PMIP3 and (B) PMIP4
models. The depth of the mean thermocline is calculated from the location at
the maximum vertical gradient of the mean temperature. Blue and red
lines indicate PI and MH simulations, respectively.

SST cooling over the tropical Pacific is more obvious in the
Southern Hemisphere (SH) than in the NH, consistent with the
cross-equatorial southerly. Previous studies (e.g., Luan et al., 2012;
Zhao and Harrison 2012) suggested that such inter-hemisphere
contrast may result from the strengthened monsoon precipitation
in the NH and weakened monsoon precipitation in the SH, which
fundamentally stems from orbital forcing change, that is, the
enhanced summer insolation in the NH and reduced summer
insolation in the SH. It is noted that such inter-hemisphere contrast
is slightly stronger in the MME of the PMIP4 models than of the
PMP3 models.

Figure 2 shows the spatial distribution of mean precipitation
in the PI and MH simulations, as well as their differences. The
simulated mean precipitation in the PI simulations resembles
that in the observation (not shown), except for the excessive
eastward extension of the South Pacific convergence zone
(SPCZ), which is associated with the notorious double-
intertropical convergence zone (ITCZ) bias—a prevalent bias
in coupled models. It is worth mentioning that such double-
ITCZ bias is slightly alleviated in the PI simulations of the
PMIP4 models compared to the counterpart in the PMIP3.
Next, we analyze the difference of tropical mean precipitation in
the MH with respect to the PI. As shown in Figures 2C,F, the
difference in mean precipitation in the MH also exhibits marked
inter-hemisphere contrast, that is, more precipitation in the NH
than in the SH. Such asymmetric mean precipitation difference
distribution is consistent with the aforementioned inter-
hemisphere contrast of the mean SST and surface wind.

Modeling ENSO Changes in Mid-Holocene

Again, the magnitude of the difference in the mean
precipitation is slightly larger in the PMIP4 than in the PMIP3.

Figure 3 shows the equatorial profile of the mean
thermocline depth for the MME results from the PI and MH
simulations. We can see that the difference in the equatorial
mean thermocline during the MH and PI is negligible; this
feature is also true for the individual models (not shown). This
may be due to the fact that surface flow changes are
insignificant for the zonal wind at the equator during the
MH, although the southerly wind difference is obvious. The
insignificant difference in surface zonal wind may be
responsible for the similar equatorial mean thermocline
profiles in the two periods.

Annual Cycle

In this subsection, we examine the annual cycle of SST in the
equatorial (5°S-5°N) Pacific derived from the MMEs of the
PMIP3 and PMIP4 models. The annual cycle is characterized
by the climatological monthly average after removing the
long-term annual mean. As shown in Figures 4A,D, the PI
simulations in both PMIP3 and PMIP4 models show an
obvious annual cycle of SST in the eastern equatorial
Pacific, close to that in the observation (not shown). When
comparing the annual cycle result in the PI simulations with
the MH simulations, we find that the annual cycle in the
eastern equatorial Pacific is weaker in the MH simulations
(Figures 4B,E). Additionally, the peak interval time of the
annual cycle in the MH shows a slight difference from that in
the PI simulations, that is, the annual cycle of SST in the
eastern Pacific reached its positive peak in april and negative
peak in August in the PI simulations, whereas the positive
peak was slightly shifted toward May and the negative peak,
shifted toward July in the MH simulations.

Two factors are responsible for the obvious weakening in the
annual cycle of SST in the MH. Following Xie (1994) and An
and Choi (2013); An and Choi (2014), the physical reason for
the reduced annual cycle amplitude can be explained by the
following equation that describes the annual cycle amplitude
of SST,

a(MLTjC> _ 8<MLT§,C> 4
— = =~ - - W .- MLT
ot (g —©) Ix + PCph<S Ac)
4LH v
-(1 +ﬁ)@ W("AC - MLT sc)
- 2e(MLT%.)

1)

where MLT indicates mixed layer temperature, subscript AC
indicates the annual cycle after removing the annual mean, ¢ is
the phase speed associated with air-sea interaction, h represents
mixed layer depth, i, indicates mixed layer-averaged mean
zonal current, and f denotes the vertical mixing effect on the
latent heat flux. it and ¥ indicate the mean zonal and meridional
winds, respectively. & denotes the Newtonian cooling
coefficient. LH and SW are the mean latent heat flux and the
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FIGURE 4 | Plots for MME of SST annual cycle over the equatorial Pacific (averaged between 5°S and 5°N) derived from PMIP3 (left column) and PMIP4 (right
column) models. (A) and (D) are Pl simulations; (B) and (E) are MH simulations; and (C) and (F) are their differences (MH minus PI). Letters H and L represent the positive
and negative centers, respectively. Shading in (C) and (F) indicate the difference between MH and Pl is significant at the 95% level by Student’s t-test.

perturbed solar radiation, respectively. It is worth noting that ~ multiplying both sides of the original mixed layer temperature
the amplitude of SST annual cycle is directly defined as the =~ (MLT) tendency equation by MLT;/’;C' In this way, we obtained

difference between the maximum and the minimum (e.g., Chen =~ Equation 1 and the term IMLTA) in the left-hand side of

and Jin 2018), which means that the amplitude of SST annual =~ Equation 1 is proportional t(a)t the overall SST (or MLT)
cycle is closely related to the seasonal evolution of the  tendency that determines the annual cycle magnitude.
corresponding SST tendency. Considering that the positive  Previous studies (e.g., An and Choi 2013, 2014) pointed out
SST tendency will be offset by the negative SST tendency in  that the annual cycle amplitude of SST is largely determined by

a calendar year, a mathematical treatment is conducted through ~ the second and third terms on the right-hand side of the
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FIGURE 5 | MME of mean insolation at the top of the atmosphere over the tropical Pacific (averaged between 120°E and 160°E) from PMIP3 (left column) and
PMIP4 (right column) models. (A) and (D) are PI simulations; (C) and (B) are MH simulations; and (C) and (E) are their difference (MH minus PI).

equation, that is, by the factors associated with the solar  is significant based on Student’s t-test. To summarize, the

radiation and latent heat flux. modelled tropical Pacific mean states during the MH show an
The change in the annual cycle of SST during the MH canbe ~ agreement across the PMIP3 and PMIP4 models, including the
traced back to the orbital parameter change (Clement et al.,  mean SST cooling in the tropical Pacific with severely cooling in

2000; Braconnot et al., 2012a), that is, the insolation at the top ~ the SH, mean precipitation decrease in the SH but slight increase
of the atmosphere, which varies between spring and fall, asa  in the NH, insignificant difference in the mean thermocline depth
result of the orbital-induced alteration during the MH (Berger  in the equatorial Pacific, and remarkable weakening in the annual
1978). As shown in Figure 5, the incoming solar radiation is  cycle of SST in the eastern equatorial Pacific.
less in early calendar months (especially February) but more in
the boreal summer (especially August) in the equatorial region.
According to the second term on the right-hand side of Eq. 1, EL NINO-SOUTHERN OSCILLATION
such change in the incoming solar radiation can cause a
weakened annual cycle of SST in the MH. Consequently,  In this section, we focus on whether there were some obvious
the annual cycle of SST shows a decrease in the MH  differences in the dominant interannual mode of the ENSO
simulations compared to that in the pl. Moreover, the  during the MH. The ENSO activity is commonly described by
slightly intensified cross-equatorial wind may lead to a the standard deviation (STD) of SST anomalies. Figure 6 shows
slight deepening in the ocean mixed layer (not shown) due  the STDs of monthly SST anomalies averaged in the central-
to the strengthened stirring effect. The second and third terms  eastern equatorial Pacific in each of the PMIP3 and PMIP4
on the right-hand side of Eq. 1 indicate that the annual cycle =~ models. First, the majority of the models show that the mature
amplitude is inversely proportional to the mixed layer depth h;  phase of ENSO is phase-locked to the boreal winter
thus, the slightly deepened mixed layer can cause the increase ~ (November-January) in the PI simulations, although a few
in the thermal inertia and the reduction of the annual cycle  models fail to show such phase-locking feature. When
amplitude of SST. comparing the seasonal phase-locking feature between the PI
Note that the shading in Figures 1C,F, Figures 2C,F, Figures =~ and MH simulations, we can clearly see that there are nearly no
4C,F indicates the difference between the MH and PI simulations  differences in ENSO phase-locking feature.
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Figure 7 shows the spatial distribution of the STD of SST
anomalies averaged over the boreal winter (November-January)
for the MMEs of PMIP3 and PMIP4 models. The difference
plots between MH and PI simulations (Figures 7C,F) show an
obvious decrease in the interannual variation of SST anomalies
over the central-eastern equatorial Pacific, indicating a reduced
ENSO activities during the MH. Additionally, the extent of the
reduction is more obvious in the PMIP4 MME than in the
PMIP3 MME. Note that in both PMIP3 and PMIP4 models, the
stippling denotes that the majority of the models
(i.e., exceeding two thirds) show an agreement with the
change sign, indicating the majority show suppressed ENSO
variability.

To show the spread of ENSO variability changes across the
models, we plot the box and whisker chart. As shown in
Figure 8, there is large uncertainty regarding the changes in
ENSO-related SST anomalies during the MH. For one thing,
the spread among the models is somewhat large. Moreover, the
magnitude of reduction in MME is small, although the overall
variation of SST anomalies shows decreases in different regions,
including the Nifo3, Nifio4, and Nifio3.4 regions. For instance,

the STDs of the Nifi03.4 index are 0.86 and 1.15 for the MMEs
of PMIP3 and PMIP4 PI simulations, respectively; and the
counterpart in the MH simulations are only 0.81 and 1.05 for
the MMEs of the PMIP3 and PMIP4, showing a reduction of
about 5.8% and 8.7%, respectively. Recall the relatively large
spread among the models, such minor reduction may cause a
loss of certainty regarding the modeled changes in ENSO
variability. For the Nifol+2 region, a core region for the
ENSO, the difference in the variation of SST anomalies
between the MH and PI is negligible (Figure 8D). Since the
reductions in the variation of SST anomalies are somewhat
small in the MMEs of the PMIP3 and PMIP4 models, we use
Figure 9 to clearly show these small changes. Nearly all the
scatters that represent the STDs of the SST anomalies over the
Nifol+2 region for the PI and MH simulations are located
along the diagonal line (Figure 9A), indicating little change
regarding the variation of SST anomalies in the Nifol+2
region. For the regions to the west (Nifio3, Nifio3.4, and
Nifio4), the number of the models that show weaker STDs
of SST anomalies in the MH than in the PI increases. Such
increase may be partly due to the fact that most of the coupled
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models exhibit westward shifting bias in simulating ENSO-
related SST anomalies (Fang and Xie 2020; Ge and Chen 2020;
Zhang et al., 2020). As a result, the changes in the Nifo4 and
Nifio3 regions are more dominant.

To summarize the changes of ENSO-related SST anomalies,
we present the violin plots for all the PMIP3 and PMIP4
models. Figure 10 shows the probability density of each
relevant index. The results are consistent with the
aforementioned results building on the PMIP3 or PMIP4
models only, that is, the ENSO-related SST anomalies in the
Nifio4, Nifio3.4, and Nifio3 regions exhibit a weakening to
some extent in the MH compared to the PI, where the
uncertainty remains large.

So far, various mechanisms have been put forward to account
for the suppressed ENSO amplitude in the MH. For instance,
Clement et al. (2000) indicated the reduced ENSO variance is
regarded as a response to the orbital-induced change of the
tropical annual cycle. Liu et al. (2000) suggested the deepened
mean equatorial thermocline and the strengthened Asian
summer monsoon may lead the suppression of ENSO
intensity in MH. Moreover, Zheng et al. (2008) pointed out
that the reduction of ENSO intensity is interpreted as the
influence of strengthened easterly trade wind in tropic Pacific.
Chen etal. (2019a); Chen et al. (2019b) suggested that the changes

in the mean Pacific subtropical cell (STC) is the key factor
responsible for the reduced ENSO intensity in the MH. In a
word, the real physical reason for the inhibition of ENSO activity
in the MH period is complex, which still needs some more in-
depth investigation in the future.

Next, we examine whether there is any change in terms of
ENSO periodicity. Figure 11 suggests almost no change
regarding the spectrum, for either PMIP3 or PMIP4 MME.
Such results indicate that the ENSO period is not sensitive to the
orbital forcing change in the MH, at least in the current climate
models.

In addition to ENSO amplitude and periodicity, we also
investigate the change in ENSO diversity in response to the
orbital forcing. Several studies uncovered a new flavor of El
Nifio events in recent years, which is characterized by warm
SST anomalies in the central Pacific (CP) and usually called
the CP El Nifo, El Nifio Modoki, warm pool El Nifio, or
dateline El Nifo (Larkin and Harrison 2005; Ashok et al.,
2007; Kug et al., 2009; Yu and Kao 2009; Chen et al., 2018).
Based on the criteria proposed by Kug et al. (2009), we first
compare the SST anomalies in the boreal winter averaged in
the Nifio3 region with that in the Nifio4 region for certain El
Nifo event, and then label this event as the eastern Pacific
(EP) El Nino (CP El Nifo), if the Nifio3 index is greater (less)
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than the Nifio4 index. Figure 12 shows the ratio of the CP El
Nifo number to the EP El Nifio number for each model and its
corresponding MME. Clearly, a divergent performance in
simulating the change of the ratio exist across the models.
Half of the PMIP3 models (six out of the 13 models) show the
ratio of the incidence of CP El Nifo events to the EP El Nifo
events in the MH outstrips the that in the PI, and five among
them exhibit a significant increase in the occurrence of CP El
Nifio during the MH at the 95% confidence level. For the
PMIP4 models, eight out of the 12 models record more
incidence of CP El Nifio events during the MH, and five
among them have enhanced ratios exceeding the 95%
confidence level. Then, we obtain the MMEs for the PMIP3
and PMIP4 models (the rightmost columns of Figures

12A,B). The increase of CP El Nifio events during the MH
is minor and insignificant for the PMIP4 MME. Although the
increase of CP El Nifio events during the MH is relatively large
for the PMIP3 MME, it is also not statistically significant at
the 95% significant level. Overall, the model results show a
larger occurrence of CP El Nifio in the MH than in the PI,
though the significance is quite marginal.

SUMMARY

Increasing attention has been given to understand tropical
climate change, especially in terms of ENSO behaviors, in
response to global warming; however, some puzzles remain
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(e.g., Collins et al., 2010; Chen et al., 2015; Chen et al., 2017).
One way to gain confidence in future projections is to evaluate
current models’ performances in simulating past climate
changes (Braconnot et al., 2012a; Braconnot et al., 2012b),
because some proxy datasets can be used as reference. Here,
we investigated the response of tropical Pacific climate to the
orbital forcing in the MH, an epoch about 6,000 years ago, by
analyzing model results. Although the climate in MH can be
partly inferred from proxy data, model simulation is an effective
tool through which we can study the climate change in the MH.

Using recently released PMIP4 outputs along with PMIP3
archives, we examined tropical climate changes, including both
basic state and interannual variability; we then attempted to find
out whether there is any aspect that can be reconciled for the
PMIP3 and PMIP4 model results. The main conclusions are
summarized here.

1) All the PMIP3 and PMIP4 models show the enhancement of
the inter-hemisphere contrast over the tropical Pacific,
including the warmer and wetter condition north of the
equator and an intensified cross-equatorial flow in the MH
than at present. This difference can be attributed to the change
in the orbital forcing, or more straightforwardly, the change in
the solar incident radiation.
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FIGURE 12| Rates of different types of El Nifio obtained from (A) PMIP3
and (B) PMIP4 models. Blue and red bars represent Pl and MH simulations,
respectively. The error bars represent the upper and lower limits of varying
range in the occurrence ratio at the 95% confidence level by using the
bootstrap method.

2) Most models show a weakening in the annual cycle of SST

during the MH. The relevant air-sea processes may be more
complicated, although such background mean state changes
can also be linked to the orbital forcing change in the MH.
Specifically, the weakened annual cycle amplitude of SST
primarily arises from the seasonal change in the incoming
solar radiation during the MH, and the slight shoaling in the
mixed layer depth plays a secondary role.

3) The majority of the PMIP3 and PMIP4 models show that

ENSO amplitude was suppressed during the MH, while the
range of reduction varies with model and region. When
synthesizing the overall probability distribution of the
changes in ENSO indices, we found that the results remain
large uncertainty, which varies with space and pattern.
Additionally, the occurrence probability of CP El Nifo
events increased in the MH, whereas the significance is
quite marginal. Interestingly, the other ENSO behaviors,
such as the seasonal phase-locking feature and periodicity,
exhibit no obvious differences between the MH and PI
simulations.
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The climate model is an important tool for simulating and predicting the mean state and
variability of the climate system. The First Institute of Oceanography-Climate Prediction
System (FIO-CPS), built on a climate model with the oceanic observation initialization, has
been updated from version 1.0 to 2.0, with a finer resolution and more reasonable physical
processes. Previous assessments show that the mean state was well simulated in version
2.0, and its influence on the prediction was further analyzed in this study. Hindcast
experiments were conducted using FIO-CPS v1.0 and v2.0, and their prediction abilities
based on 27 years (1993-2019) experiment data were analyzed. The results show that the
sea surface temperature (SST) biases over the eastern Pacific and the Southern Ocean are
improved in the initial condition of FIO-CPS v2.0. Moreover, this new system has a higher
skill for predicting El Nifio-Southern Oscillation (ENSO). The prediction skill represented by
the anomaly correlation coefficient (ACC) of the Nifo3.4 index is greater than 0.78 at the 6-
month lead time, which increases by 11.09% compared to the value of 0.70 in FIO-CPS
v1.0. The root mean square error (RMSE) decreases by 0.20, which accounts for 28.59%
of the FIO-CPS v1.0 result. Furthermore, the improvement of the prediction skill changes
seasonally, featured by the ACC significantly increasing in the boreal winter and early
spring. The improvement in the annual mean SST prediction over the Equatorial Pacific
mainly contributes to the enhanced ENSO prediction skill in FIO-CPS v2.0. These results
indicate that a state-of-the-art climate model with a well-simulated mean state is critical in
improving the prediction skill on the seasonal time scale.

Keywords: short-term climate prediction system, seasonal prediction, ENSO, climate model, sea surface
temperature, FIO-CPS

INTRODUCTION

The climate model, also known as the coupled general circulation model, is an important tool for
simulating the processes and interactions among the atmosphere, ocean, land, and other components
(Dai et al., 2014; Zhou et al., 2020). Furthermore, it is one of the most important methods of future
climate prediction and has been widely used in operational prediction from seasonal to decadal time
scales (Ren et al., 2019; Barnston et al., 2019).

Accurate seasonal predictions based on state-of-the-art climate models can prevent and mitigate
climate-related disasters in the coming season and have aroused wide concern by international
climate researchers and society (Jin et al., 2008; Barnston et al., 2012; Luo et al., 2016). Over the past
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thirty years, seasonal prediction skills have improved due to the
availability of more reasonable initial conditions, increased
ensembles and the rapid development of climate models (Wyrtki,
1975; Cane et al., 1986; Drosdowsky, 2006, Zheng et al., 2006; Zheng
et al, 2007). Meanwhile, the changes of climate mean state and
variability raise new challenges to the seasonal prediction (Zheng and
Yu, 2017). Based on the increasing amount of available observations,
sophisticated data assimilation techniques can incorporate more
observations into the climate models and provide optimal initial
conditions for seasonal predictions (Zheng and Zhu, 2010; Zhao
et al,, 2019; Zhang et al,, 2020). Furthermore, the development of
climate models on account of the deeper understanding of air-sea
interactions also contributes to improving the prediction skill (Chen
et al, 2004; Hu et al, 2013; Zheng and Zhu, 2016). Previous studies
show that the mean state in coupled model has significant influence
on seasonal prediction capability. However, the mean state, used for
calculating the anomalies, still has systematic errors in coupled
prediction system, hence the simulated bias of climate variability is
identified by the differences between predicted physical fields and the
unreal mean state. Zheng and Yu (2017) show that the errors
characterized by a warm bias in the eastern Pacific and a cold bias
in the central part of the basin indicate a stronger spring prediction
barrier for the central Pacific El Nifio. Moreover, The climatological
cold bias of SST in the upper tropical Pacific Ocean influences the
predictive capability of the climate model in predicting the amplitude
of El Nifio-Southern Oscillation (ENSO) (Kim et al., 2017). Zhu et al.
(2017) demonstrated that improving the mean state simulation by
amending the physical parameterization scheme in model is helpful to
enhance the seasonal prediction skill. Therefore, improving the mean
state in the climate model can ameliorate the simulation of variability,
it might further improve prediction capability.

The First Institute of Oceanography-Climate Prediction System
(FIO-CPS) is a seasonal prediction system, based on an
atmosphere-wave-ocean-sea ice-land surface coupled climate
model and an oceanic assimilation module. In version 1.0, the
role of the ocean surface waves in the climate system was
considered by incorporating the non-breaking surface wave-
induced mixing effect (Qiao et al., 2004; Qiao et al., 2010). We
had assessed the seasonal prediction of the SST based on the

FIO-CPS v2.0 and its Prediction Skill in ENSO

hindcast results of FIO-CPS v1.0 in the North Pacific. The wave-
induced vertical mixing plays a key role in the seasonal prediction
of the SST. The results show that the prediction error is
significantly reduced at high latitudes in the North Pacific when
the effects of the surface waves were considered (Zhao et al., 2019;
Song et al., 2020). In addition, FIO-CPS v1.0 was also employed to
predict the El Niflo evolution in 2015/16. The predicted strength
more than 2.0°C is comparable to the observations (Song et al,
2015). The new version of FIO-CPS (v2.0) was developed based on
the First Institute of Oceanography-Earth System Model version
2.0 (FIO-ESM v2.0), which participates in phase 6 of the Coupled
Model Intercomparison Project (CMIP6). Each new version
component has been updated by including more reasonable
physical processes and improved horizontal and vertical
resolutions. In addition, more physical processes related to air-
sea interactions were considered in FIO-ESM v2.0 (Figure 1). FIO-
ESM v2.0 can capture the major features of the observed
climatology in the historical period. In particular, the results
based on historical experiments show that the new model has
fairly good skill in simulating the climatological state of the
atmosphere and ocean (Bao et al, 2020). The influence of the
improved mean state on the prediction ability requires further
analysis.

In this study, the prediction skill of FIO-CPS v2.0 in predicting
the ENSO was evaluated and compared with that of FIO-CPS v1.0
based on two hindcast experiments. The paper is organized as
follows. The details of the climate model, initialization method,
experiments, and datasets are described in Model and Datasets.
Results presents the initiation conditions and prediction results
for FIO-CPS v1.0 and v2.0. Finally, the conclusions and
discussion are presented in Conclusion.

MODEL AND DATASETS

Climate Prediction System and Experiments
The seasonal prediction systems FIO-CPS, developed by the First
Institute of Oceanography, Ministry of Natural Resources of
China, was built on the FIO-ESM and an oceanic assimilation
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module. FIO-ESM includes the physical model and a
biogeochemical module. The FIO-CPS was developed based on
the physical model of FIO-ESM, while the biogeochemical
processes were not considered. The FIO-CPS v1.0 was based
on the First Institute of Oceanography-Earth System Model
version 1.0 (FIO-ESM v1.0), which had participated in phase 5
of the Coupled Model Intercomparison Project (CMIP5) and
conducted the required experiments. The numerical simulations
show that the basic patterns and variability of the ocean and
atmosphere, including the ENSO, are well simulated during the
historical period (Qiao et al., 2013). An ocean surface wave model
named Marine Science and Numerical Modeling (MASNUM)
was incorporated into the system. So FIO-CPS v1.0 consists of
five component models: the atmospheric general circulation
model, the land surface model, the oceanic general circulation
model, the sea ice model, and the ocean surface wave model.
Now the FIO-CPS has been updated from version 1.0 to 2.0,
accompanied by higher horizontal-vertical resolution and
improved physical processes. The atmospheric model
component was updated from the Community Atmosphere
Model Version 3.0 (CAM 3.0) to CAM 5.0. In the
atmospheric component, the Eulerian dynamical core in
CAM3 is replaced by a finite-volume dynamical core in CAM
5.0. The resolution was also improved. Specifically, the horizontal
resolution in CAM 3.0 is T42 (about 2.875° in latitude and
longitude), with 26 vertical layers. In CAM 5.0, the horizontal
resolution is f09 (1.25° in longitude and 0.9" in latitude), with 30
vertical layers. In addition, the Parallel Ocean Program 2 (POP2),
an oceanic general circulation model, also has a refined
resolution, with the vertical layers increased from 40 to 61.
The land surface model was updated from Community Land
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FIGURE 3 | The SSTA ACC between the COBE SST and the initial
conditions. (A) FIO-CPS v1.0; (B) FIO-CPS v2.0: and (C) FIO-CPS v2.0-FIO-
CPS v1.0.

Model version 3.5 (CLM3.5) to CLM4.0, and the sea ice model
component is the Los Alamos sea ice model version 4 (CICE4)
with the same horizontal resolution as POP2. All the components
are connected by the coupler. The coupler receives data from each
component to calculate the flux, then returns the flux and related
physical state to respective components. For example, in FIO-CPS
v1.0, the coupler receives the hourly atmospheric data and daily
oceanic data, then calculates and returns the flux to each
component. More details can be found in Bao et al. (2020).

In addition to the effect of the wave-induced vertical mixing,
three other distinctive physical processes related to air-sea
interactions, including the effect of the Stokes drift, the sea
spray, and the SST diurnal cycle, were included in FIO-ESM
v2.0 (Bao et al., 2020). The horizontal residual velocity caused by
the Stokes drift motion can influence relative surface speed when
calculating heat and momentum fluxes. Sea spray also has
significant effects on the air-sea heat transport when water
droplets are emitted into the air by broken ocean surface
waves. In addition, the difference between the day and night
temperatures at the ocean surface, represented by the SST diurnal
cycle parameterization, was considered to modulate the heat and
gas fluxes. All these physical processes play important roles in the
heat and mass transport at the air-sea interface.
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The initial oceanic condition is also crucial in the seasonal
prediction. FIO-CPS v1.0 uses the ensemble adjustment Kalman
filter (EAKF) method to assimilate the daily SST and sea level
anomaly for the initialization (Chen et al, 2015). The key
variables in the upper ocean, such as the ocean temperature,
salinity, and velocity, are harmonious during the assimilation and
prediction. The assimilation experiment was conducted from
1992 to 2019, and the EAKF data assimilation included ten
ensembles under the three-dimensional ocean temperature
perturbation method with a magnitude of 107°C (Song et al.,
2020). Then, the seasonal hindcast experiment for 1993-2019 was
started on the first day of each month. In FIO-CPS v2.0, the
assimilation experiment was started from 1948 to acquire more
stable results. With one ensemble simulation, the nudging
approach was utilized to consider the ocean satellite
observations in the initial conditions. The upper ocean
temperature in the mixed layer was assimilated to the
observation. The assimilation window is 30 days. Here, a
threshold method with the temperature criterion (the
temperature is less than 1°C relative to SST) was chosen to
determine the mixed layer depth (MLD). Meanwhile, a factor
representing the nudging degree is multiplied, changing linearly
from 1 at sea surface to 0 at the bottom of the mixed layer. In the
polar region, there is no assimilation in the ocean where covered
by sea ice. Ten ensembles were produced in the hindcasts using
the three-dimensional ocean temperature perturbation method
mentioned above. In FIO-CPS v1.0, each hindcast runs for
6 month, and the prediction time extends to 13 month in FIO-
CPS v2.0. The information of the prediction system and
experiments are shown in Figure 1. The experimental results
for the common years from 1993 to 2019 with 6 months hindcast
results were analyzed in this study.

Datasets and Method

In FIO-CPS v1.0, the daily Optimum Interpolation Sea Surface
Temperature (OISST v2) based on the Advanced Very High
Resolution Radiometer (AVHRR) satellite data from the

National Oceanic and Atmospheric Administration (NOAA)
National Climate Data Center (NCDC), and sea level anomaly
from the Archiving, Validation, and Interpretation of Satellite Data
(AVISO) were assimilated using the EAKF assimilation method
(Ducet et al., 2000; Reynolds et al., 2007). The horizontal resolution
of both datasets is 0.25" in a uniform grid. In FIO-CPS v2.0, the
daily Sea Surface Analysis for Climate Monitoring and Prediction
(COBE) with a resolution of 1° x 1° were incorporated using the
nudging method from 1948 to 1981 (Hirahara et al., 2014), and
then, the 1/4" daily SST from improved estimation OISST v2.1 were
nudged since 1982 (Banzon et al., 2020). The initial condition was
compared with COBE SST from 1993 to 2019, and the predicted
result was compared with OISST v2.1. To evaluate the subsurface
ocean temperature, the National Centers for Environmental
Prediction (NCEP) Global Ocean Assimilation System
(GODAYS) datasets was analyzed (Behringer et al., 1998). All the
observations and simulations were linearly interpolated to a 1° grid
before the validation. The monthly anomalies for each experiment
and the observations were defined by concerning their own
climatology for the same period. To measure the relationship
between the predicted and observed anomalies, several statistical
indicators, including the anomaly correlation coefficient (ACC),
the root mean square error (RMSE), the centered root mean square
difference (CRMSD, calculated as the RMSE of the predication and
observation after subtracting their own mean value), and the
absolute average errors (AAE, calculated as the absolute mean
value of differences between prediction and observation time
series), were used to evaluate the performances of those
prediction systems.

RESULTS

Initial State

The monthly mean initial results based on FIO-CPS v1.0 and
FIO-CPS v2.0 were analyzed for 1993-2019 by comparing the
differences in the annual mean SST of the simulation and OISST

Frontiers in Earth Science | www.frontiersin.org

n

October 2021 | Volume 9 | Article 759339


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Song et al.

FIO-CPS v2.0 and its Prediction Skill in ENSO

A
6 E
£ S
S 4 §
£ -
- 3 0
g
2 :
1 |
JFMAMJJASOND JFMAMJJASOND JFMAMJJASOND
0.4 0.5 0.6 0.7 0.8 0.9 1 -05 -025 0 0.25 0.5
D
6 B
g 5
S 4
€
o 3
5
a2
1
JFMAMJJASOND
Target months
: . |
0 0.2 0.4 0.6 0.8 1 05 020 02 05
FIGURE 5 | ACC and RMSE of the Nifio 3.4 SSTA as a function of the target month and lead month obtained using the (A, D) FIO-CPS v1.0; (B, E) FIO-CPS v2.0;
(C, F) the differences between FIO-CPS v2.0 and FIO-CPS v1.0.

v2.1. As shown in Figure 2, the bias of FIO-CPS v2.0 is generally
smaller than that of FIO-CPS v1.0. There are negative biases in
the equatorial Pacific, the western boundary current region in the
North Pacific and Atlantic, and several areas in the Southern
Ocean, indicating that the simulated SST in these areas is lower
than the observations. In addition, the SST differences for FIO-
CPS v1.0 exhibit a large warm bias in the eastern boundary of the
Pacific and the Southern Ocean. In FIO-CPS v2.0, these biases are
obviously improved. Both the spatial correlation coefficients in
FIO-CPS v1.0 and v2.0 are greater than 0.99, and the bias
represented by the CRMSD decreases from 0.43 to 0.33. The
annual mean results reveal that the initial values simulated using
FIO-CPS v2.0 are more consistent with the observations.
Figures 3A,B shows the ACC of the sea surface temperature
anomaly (SSTA) between the OISST v2.1 and the assimilation
results. It is found that the model that assimilates the observations
captures the SSTA pattern reasonably well in the tropical eastern
Pacific, with the highest ACC distribution in both models’ results.
Generally, the ACC in the tropics is higher than it in the

subtropics and at high-latitudes. In the zonal direction, the
initiation conditions in the Atlantic and Pacific are more
consistent with the observations than those in the Indian
Ocean. The difference of ACC between FIO-CPS v2.0 and v1.0
is shown in Figure 3C. The assimilation results of FIO-CPS v2.0
are improved compared with those of FIO-CPS v1.0, especially in
the Southern Ocean and the tropical region. The ACC of FIO-
CPS v1.0 is less than 0.6 in most Southern Ocean, where the ACC
in FIO-CPS v2.0 exhibits a increase. Generally, the improvement
is more significant in the Southern Hemisphere than the
Northern Hemisphere.

Seasonal Prediction

The ENSO is the dominant natural variability in the equatorial
Pacific on seasonal to interannual timescales. Here, we examined
the predictive skills of the two versions of the system in predicting
the ENSO state indicated by the Nifo3.4 index, which is
calculated by the area-averaged SSTA with a 3-month running
mean (Figure 4). The seasonal predictions of the ensemble mean
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results based on FIO-CPS v1.0 and v2.0 were evaluated by  result is consistent with the spatial distribution of the ACC
calculating the respective metrics (ie., the ACC and RMSE). (Figure 3). The ACC of FIO-CPS v2.0 is higher than that of
The horizontal axis represents the initial conditions and the  FIO-CPS v1.0, indicating that FIO-CPS v2.0 is more skillful than
prediction month for 1-month to 6-month lead times. As  FIO-CPS v1.0 in predicting the Nifi03.4 index. As the predicted
shown in Figure 4A, considering the assimilated results, the =~ month increases, the difference between the two models
ACC between the FIO-CPS v2.0’s simulation and the  increases. At a 6-month lead time, the ACC of FIO-CPS v2.0
observations is higher than that for the FIO-CPS v1.0. This  is 0.78, which increases by 11.09% compared with the value of
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FIGURE 8 | Vertical profile of subsurface ocean temperature along the
equator (averaged between 5°S and 5°N) between prediction and GODAS, (A,
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observation and prediction.

0.70 in FIO-CPS v1.0. In addition, the RMSEs of the two models
are compared in Figure 4B. The RMSE of FIO-CPS v1.0 increases
rapidly from the 2-month lead time. In contrast, FIO-CPS v2.0,
with its smaller RMSE in the initial conditions, exhibits a slower
error growth during the prediction. From lead-4 to lead-6 month,
the RMSE decreases by more than 0.20 that accounts for about
30% of the result of FIO-CPS v1.0. In addition, we also found that
the ability of the model to predict strong ENSO events has a great
impact on the average skill. For example, if the strong ENSO
event index in 2015/16 and the next few years are removed from
the time series, the ACC is 0.85 for a 6-month lead time predicted
using FIO-CPS v2.0, and the value is 0.75 based on the FIO-CPS
v1.0 (not shown).

Figure 5 shows the ACC and RMSE of the Nifio 3.4 SSTA of
FIO-CPS v1.0 and v2.0 as a function of the predicted target
month and lead time. The ACC distributions of the two systems
generally exhibit similar patterns. Both predictions indicate a
spring predictability barrier in the ENSO, with relatively lower
prediction skills in the boreal spring and extending to later
seasons for longer lead times. Generally, the FIO-CPS v2.0 has
a higher correlation skill in contrast to FIO-CPS v1.0, especially in
boreal winter and spring. The significant positive difference in the
ACC as the target month ranging from February to May
demonstrates that the predictability in winter has been
improved in FIO-CPS v2.0. Furthermore, we found that the
most significant improvement in the skill was for 3- to 6-

FIO-CPS v2.0 and its Prediction Skill in ENSO

month lead times in spring. Both the well initial conditions
and the improved climate model provide more skillful
predictions for a longer lead time. In addition, the RMSE of
FIO-CPS v1.0 increases significantly in the boreal summer from
2-month lead times, while the RMSE of FIO-CPS v2.0 is obvious
smaller than that of v1.0. In boreal winter and early spring, the
RMSE decreases by 0.5 for 5-month to 6-month lead times, and it
decreases by more than 0.3 in boreal summer for 3-month to 5-
month lead times. Overall, based on the ACC and RMSE
indicators, the predicted ENSO is dramatically improved in
the boreal winter and summer. Besides, the spring
predictability barrier is still obvious in FIO-CPS v2.0, but
there is a clear improvement of this problem and its persistence.

To explore the improvement in the ENSO prediction in more
detail, the spatial distributions of the SSTA ACC for 2-, 4-, and 6-
month lead times are shown in Figure 6. The ACC is higher in the
central and eastern tropical Pacific but is lower in the western
tropical Pacific and subtropical Pacific. The spatial patterns for the
different lead times are similar, but the magnitude differs for the
different lead months. FIO-CPS v2.0 exhibits an improved skill in
terms of the SSTA prediction in the tropical Pacific. As previously
discussed, the skill of FIO-CPS v2.0 in predicting the Nifl03.4 index
is improved (Figure 4A). However, the most obvious improvement
is not in the equatorial Pacific. The SSTA in the western Pacific and
subtropical eastern Pacific are predicted considerably better than the
SSTA in the equatorial Pacific. As shown by the differences in the
ACC of SSTA, there is a positive value in the western Pacific and the
extra-equatorial area.

The annual mean AAE of SSTA calculated using the absolute
value of the differences between the predictions and OISST v2.0
reflects the model’s ability to predict the mean state of the SSTA.
As shown in Figure 7, a large AAE exists in the equatorial Pacific,
with a maximum larger than 0.5°C for FIO-CPS v1.0. As the
prediction time increases, the error persists in the equator Pacific
and even increases. A clear improvement, with a reduced AAE, in
the equatorial Pacific is seen for FIO-CPS v2.0 over the whole
range of lead times. The difference in the AAE is negative along
the equator, and the improvement is more obvious in the
northern tropical Pacific. It is found that the negative
difference of less than 0.3°C is distributed in the northern
tropical Pacific for 2- and 4-month lead times.

The vertical profile of upper ocean temperature differences
averaged between 5°S and 5N between the prediction and
GODAS datasets is shown in Figure 8. The solid line represents
the mixed layer depth (determined by the criteria: a temperature
change from the ocean surface of 0.5°C) of GODAS (red line) and
prediction results (black line). There are cold biases below the mixed
layer in FIO-CPS v1.0, while the FIO-CPS v2.0 presents warm bias,
especially in the eastern Pacific. The bias gradually magnifies with
the increase of lead month. Moreover, the predicted MLD is deeper
as compared with the GOADS result in FIO-CPS v2.0. The ENSO
variability is closely related to the MLD variation. In the mixed layer,
the FIO-CPS v1.0 has an obvious cold bias in the Nifo region, which
tents to produce the La Nifia event more frequently, however, the
temperature bias in the FIO-CPS v2.0 is dramatically improved.
Generally, the FIO-CPS v2.0 tends to predict a more reasonable
vertical structure of upper ocean temperature.
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Figure 9 shows the prediction of the Nifi03.4 index starting
from 1 September 2021, here the SSTA is respect to the
1982-2020 climatology. The ensemble mean of the Nino3.4
index is close to zero in September and will decrease in
winter, but the Nifno3.4 index doesn’t surpass a threshold of
-0.5°C. It indicates that ENSO will be in a neutral state during the
winter time. Then, the Nifi03.4 SSTA will increase from January
in 2022. Specifically, the Nifio3.4 index of five ensembles will
increase with anomalies of up to 0.5°C in early summer in 2022. It
is found that there is significant differences between different
observational data. The index derived from OISST v2.1 is higher
than the ERSST result. In FIO-CPS v2.0, the daily OISST v2.1 is
assimilated, thus the nudging OISST v2.1 provides a warmer
initial condition for the prediction. A neutral ENSO condition
with negative Nifi03.4 index are favored through the winter of
2021 based on the ensemble mean prediction of FIO-CPS v2.0.
However, if the prediction is revised according to the ERSST, a
transition from ENSO-neutral to La Nifia is favored in the winter
2021-22.

CONCLUSION

The seasonal prediction system FIO-CPS v2.0 was recently
developed, and its prediction ability indicated by Niflo index
and SSTA in the tropical Pacific Ocean was evaluated based on
the hindcast results from 1993 to 2019. Compared with FIO-

CPS v1.0, FIO-CPS v2.0 has an improved skill in predicting
ENSO based on the indicators of ACC and RMSE. The
increases in the spatial and temporal correlations between
the simulation and the observations reveal that the initial
state of FIO-CPS v2.0 is well simulated. The improved
initialization and physical model result in a more skillful
seasonal prediction. Specifically, the ENSO prediction skill,
represented by the ACC, is 0.78 for a 6-month lead time, which
is 11.09% better than that of FIO-CPS v1.0. And the RMSE
decreases by 0.20 that represents 28.59% of the FIO-CPS v1.0
result. The prediction errors of the Nifo 3.4 SSTA exhibit a
seasonally dependent evolution, with the lowest ACC in the
boreal spring and early summer. A spring predictability barrier
exists in FIO-CPS v1.0 and v2.0, but this problem is less
pronounced in FIO-CPS v2.0. Moreover, the prediction skill
significantly increases in boreal winter and spring for 3- to 6-
month lead times, and in summer for 1- to 2-month lead times
in FIO-CPS v2.0.

It seems that the well-predicted mean state of the SSTA mainly
contributes to the improvement of the ENSO prediction. In FIO-
CPS v2.0, all model components are improved, with a more
reasonable parameterization scheme and higher horizontal and
vertical resolutions. Bao et al. (2020) and Liao et al. (2021)
pointed out that FIO-ESM v2.0 can simulate the strength and
period of the ENSO fairly well compared with observation. The
improvement in the model’s performance at simulating ENSO
plays a crucial role in enhancing its prediction ability. In this
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study, the prediction errors of the mean state were evaluated. In
the equatorial Pacific, the mean state of the SSTA is more
consistent with the observations. However, the change in the
ACC, representing the variability of the SSTA, did not exhibit a
comparable improvement. This further illustrates the importance
of the model’s ability in accurately simulating and predicting the
mean states in the tropical Pacific.

As shown by Barnston et al. (2019), the correlation skill of the
North American multi-model ensemble prediction plume’s
results is greater than 0.6 for 11- to 12-month lead times.
However, the error growth of the Nifio3.4 SSTA is accelerated
for a greater than 8-month lead time in FIO-CPS v2.0, and the
prediction skill is reduced to 0.5 for a 12-month lead time. In FIO-
CPS v2.0, only the fine resolution SST is considered in the initial
field using the nudging method, which can only modulate the
ocean temperature in the mixed layer. This implies that the
simple assimilation technique and neglecting the observations
in the subsurface ocean may lead to the growth of the SSTA error
during the prediction. To continually improve the prediction skill
of FIO-CPS v2.0, more observation datasets and reasonable
assimilation methods are needed to reduce the growth of the
prediction error.
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A Corrigendum on

The Short-Term Climate Prediction System FIO-CPS v2.0 and Its Prediction Skill in ENSO
by Song, Y., Shu, Q., Bao, Y., Yang, X., and Song, Z. (2021). Front. Earth Sci. 9:759339. doi:10.3389/
feart.2021.759339

In the original article, there was a mistake in Figure 5 as published. The color bar for Figure 5A is
inconsistent with the other figures, so the values in Figure 5A cannot represent the real prediction
skills of FIO-CPS v1.0. The corrected Figure 5 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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The reversal of winter surface air temperature anomalies (SATAs) over Central Asia (CA)
between December and January is investigated in this study and found to be closely
related to the sea surface temperature anomalies (SSTASs) over the central tropical Pacific
(CTP). The cold CTP SSTAs can lead to positive (negative) SATAs over CA in December
(January). The different responses of SATAs over CA to the SSTAs are attributed to
different Rossby wave propagations. In December, a wave train from the North Pacific
directly reaches CA, while in January it mainly propagates in the meridional direction and
cannot reach CA. The January SATAs of CA are influenced by a wave train from the North
Atlantic, which is induced by CTP SSTAs indirectly. The wave trains from the North Pacific
are mainly driven by the Gill-type response to the cold CTP SSTA in both December and
January. In January, since the climatological subtropical jet stream over the North Pacific is
stronger and situated more towards the equator, a stronger Gill-type response is excited
and causes the meridional propagation of the Rossby waves. Then, this stronger Gill-type
response can cause strong zonal wind anomalies over the East Pacific. Local anomalies of
the synoptic-scale transient eddy can be further caused by the zonal wind anomalies and
travel eastward to the North Atlantic. The eddy-induced geopotential anomalies over the
North Atlantic can further trigger Rossby waves and cause the negative SATAs over CA.
Numerical simulations reproduce these mechanisms.

Keywords: central Asia, surface air temperature anomaly, sea surface temperature anomaly, central tropical Pacific,
Rossby wave

1 INTRODUCTION

Central Asia (35°-65°N, 50°~100°E, CA), lying in the hinterland of the Eurasian continent and far
from the ocean, is characterized by a typical continental climate (Lioubimtseva and Henebry
2009; Mirzabaev 2013; Li et al., 2015). During the winter season (November—February), the
surface air temperature (SAT) over CA not only reaches its minimum but also shows its largest
variability in the annual cycle (Figure 1A). Variation of winter SAT over CA can cause severe
damage in terms of population health (Grjibovski et al., 2013; Zafren 2013; Nyssanbayeva et al.,
2019), livestock (Kerven et al., 2004) and environment (Darynova et al., 2018). Thus, further
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FIGURE 1 | (A) Annual cycle of monthly mean SAT of CA (35°-65°N,
50°-100°E) (bars; °C) and its standard deviation (black line; “C) during the
period 1979-2018 (B) Anomalies of monthly mean SAT of CA ('C) in
December (black bars) and the following January (blue bars) during the
period 1979-2018. The red triangles represent the year in which the
December and following-January SATA are of opposite sign.

studies on the winter SAT over CA and its variability are
necessary for the socioeconomic development of this region.

Previous studies have revealed that the leading mode of SAT
anomalies (SATAs) over CA, as a part of the Eurasian continent,
is characterized by a same-sign pattern in winter (Miyazaki and
Yasunari 2008; Wu and Chen 2020). The variation of winter
Eurasian SATAs is largely controlled by the large-scale
atmospheric circulation and teleconnections over this region.
As a critical semi-permanent winter system over the Eurasian
continent, the Siberian high plays an important role (Cohen et al.,
2001; Gong and Ho 2002; Kim et al., 2005; Wu et al,, 2011). A
strengthened Siberian high is associated with cooling over most of
the Eurasian continent, which may be due to the associated
change in the radiation condition and heat budget over this
region (Cohen et al., 2001; Gong and Ho 2002). Previous studies
have also found that the positive (negative) phase of the Arctic
Oscillation (AO)/North Atlantic Oscillation (NAO) is associated
with positive (negative) winter Eurasian SATAs (Hurrell and Van
Loon 1997; Thompson and Wallace 2000; Cattiaux et al., 2010).
In addition, Liu et al. (2014) pointed out that the three types of
Eurasian (EU) patterns (i.e., the traditional EU pattern,
Scandinavian pattern, and East Atlantic/West Russia pattern)
can exert different influences on the Eurasian SATAs in winter.

Besides the atmospheric circulation and teleconnections, the
Eurasian SATAs can also be affected by remote forcing, such as
the El Nifio-Southern Oscillation (ENSO) (Graf and Zanchettin
2012; Zhang et al., 2015; Feng et al., 2017; Garcia-Serrano et al.,

Impacts of SST on Temperature

2017), sea surface temperature (SST) anomalies (SSTAs) over the
North Atlantic (Liu et al., 2014; Wang et al., 2019; Chen et al.,
2020), sea ice (Mori et al., 2014; Chen H. W. et al., 2016; Chen
et al., 2019; Cohen et al., 2019), and snow cover (Cohen et al,,
2001; Saito et al., 2001; Chen S. et al., 2016).

Zhang et al. (2015) and Feng et al. (2017) found that the
central Pacific (CP) El Nifio (La Nifa) can lead to negative
(positive) AO/NAO-like atmospheric responses with negative
(positive) geopotential height anomalies over the subtropical
Atlantic and Eurasia as well as a cooler (warmer) winter, and
part of the mechanism can be explained by the tropospheric
bridge according to Graf and Zanchettin (2012).

The role of North Atlantic SSTAs has been studied, revealing
that through a sea-air interaction, the North Atlantic SSTAs can
cause anomalous atmospheric circulation and Rossby wave trains
and impact the Eurasian SATAs. For example, wave trains can be
emanated by the North Atlantic SSTAs and directly influence the
Eurasian SATAs (Liu et al., 2014; Chen et al., 2020); the North
Atlantic SSTAs in preceding summer and autumn can impact the
winter NAO pattern and subsequently influence the Eurasian
SATAs indirectly (Czaja and Frankignoul 1999; Czaja and
Frankignoul 2002; Tian and Fan 2015). The North Atlantic
SSTAs can also modulate the influence of ENSO on Eurasian
SATAs (Chen and Wu 2017; Chen et al., 2018). Arctic sea ice also
plays an important role in the variation of Eurasian SATAs (Mori
et al., 2014; Vihma 2014). The decline in Arctic sea ice in
preceding summer/autumn may modulate the winter Eurasian
SATAs via the increasing heat flux from ocean to atmosphere,
which may cause a negative phase of the AO/NAO (Vihma 2014)
or lead to more frequent Eurasian blocking situations (Mori et al.,
2014). Similar relationship was also found between the autumn
Arctic sea ice and spring AO (Chen et al., 2019). The association
between snow cover and the variation of Eurasian SATAs has also
been researched. Saito et al. (2001) suggested that the autumn
Eurasian snow cover anomalies may influence the winter
Eurasian SATAs not only by acting as a lower boundary
forcing to the tropospheric circulation but also by changing
the upward propagating Rossby waves that can influence the
AO. Chen H. W.etal. (2016) found that in spring, the snow cover
anomalies can contribute partly to Eurasian SATAs by
modulating surface net shortwave radiation.

Most of the studies mentioned above focused on the variation
of the seasonal average SATAs over Eurasia; however, the sub-
seasonal variation of the SATAs in this region has largely been
ignored, especially the sub-seasonal out-of-phase variation, which
may cause huge socioeconomic impacts. For example, Begzsuren
et al. (2004) pointed out that severe winter weather such as
sudden cooling and snowfall may be one of the main reasons
behind pastoral livestock mortality in cold and dry regions; and
Casson et al. (2019) highlighted that a warm period followed by a
cold period may cause damage to vegetation, as the warm weather
can break the dormancy of vegetation and the subsequent cold
weather can result in significant damage. In CA, a reversal of the
SATAs between winter months occurs frequently. In Figure 1B,
we can see that 16 of the total 39 winters, which amounts to 40%,
show opposite signs of SATAs between December and January
during the period 1979-2018. Such a monthly reversal of SATAs
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could be hidden by taking a simple seasonal average, and is
therefore worthy of further investigation.

The monthly reversal of the winter SATAs in East Asia has
attracted considerable attention among scientists in recent
years (Geng et al,, 2017; Xu et al., 2018; Dai et al., 2019; Lii
et al,, 2019). For example, Geng et al. (2017) pointed out that
the rapid reversal of East Asia from a warm spell to a cold surge
can be attributed to the super El Nifio during the boreal winter
of 2015/16, which caused a northward shift of the subtropical
jet and led to the reversal of the NAO phase. Dai et al. (2019)
suggested that the reversal of the winter SATAs over Northeast
China between December and January-February can be
attributed to the variations of sea ice in different Arctic
regions. Li et al. (2021) found that the CP ENSO-related
cooling SSTAs may be responsible for the reversal of SATAs
over China in December and January since 1997. They found
that, compared with the period before 1997, a westward-
extended Walker circulation can be caused by the CP
ENSO-related cooling SSTAs the over the South China Sea
and Kuroshio Extension. The westward-extended Walker
circulation, coupled with the different climatological
circulation between December and January, can lead to
different meridional circulations over China and its SATAs
in the months. Although previous studies have focused on this
topic, there is still no research concerning the
December-January reversal of the SATAs over CA.

As one of the most important predictors for global climate
variations, tropical Pacific SSTAs can impact the atmospheric
circulation (Zhang et al., 2015; Feng et al., 2017; Garcia-Serrano
et al., 2017). It would therefore be interesting to discuss whether
the tropical Pacific SSTAs can influence the monthly reversal of
the winter SATAs of CA. Accordingly, we seek to answer the
following questions in this paper:

(1) What are the main features of the December-January
reversal of the SATAs over CA and how can we describe
these features?

(2) What’s the relationship between the monthly reversal of
SATAs and the variation of the SSTAs over the tropical
Pacific?

(3) How the monthly reversal of SATAs is influenced by the
tropical Pacific SSTAs?

The rest of the paper is organized as follows: Section 2
describes the data and methods employed in the study.
Section 3 details the out-of-phase mode of the
December-January SATAs over CA, its connection to the
central tropical Pacific SSTAs (CTP SSTAs), and an analysis of
the possible mechanisms behind the connection. Section 4
provides a summary and some further discussion.

2 DATA AND METHODS
2.1 Datasets

Four datasets were employed in this study, each spanning a
period of 40°years from 1979 to 2018, as follows:

Impacts of SST on Temperature

(1) The atmospheric reanalysis data used in this study are from the
National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR), with a 2.5 horizonal
resolution from 1,000 to 10 hPa comprising 17 pressure levels
(Kalnay et al, 1996), including the monthly mean SAT,
geopotential height, and zonal and meridional winds.

(2) The monthly mean SAT from Global Historical Climatology
Network (GHCN) weather stations is also employed to further
examine the change in SAT over CA (Peterson and Vose
1997). Moreover, the missing values in these records in each
year are excluded and the processed SAT records then
interpolated to the 2.5 x 2.5 grid for further verification.

(3) The monthly mean SST data are derived from the Japan
Meteorological Agency Centennial Observation-Based
Estimates of SST dataset, version 2, with a 1.0° horizonal
resolution (Hirahara et al., 2014).

(4) The monthly mean interpolated outgoing longwave radiation
(OLR) with a 2.5° horizonal resolution provided by the
National Oceanic and Atmospheric Administration
(Liebmann and Smith 1996) are employed as the proxy of
the intensity of convective heating.

2.2 Statistical and Analysis Method

The multivariate empirical orthogonal function (MV-EOF)
analysis method (Wang 1992) is adopted here to distinguish
the leading variability modes that combine the variations of the
December and following-January SATAs of CA during
1979-2018. In this study, an area-weighted correlation
coefficient matrix is constructed for the combined SATA
(weighted by the square root of the cosine of latitude) over
CA in December and the following January during 1979-2018
to carry out the MV-EOF. The method has been widely applied in
climate research. For example, Li et al. (2021) pointed out that the
MV-EOF method can distinguish the mode of the reversal of
December and January SATAs over China.

The wave activity flux (Takaya and Nakamura 2001) is
employed to describe the stationary Rossby wave propagation.
This wave flux is parallel to the local group velocity of a stationary
Rossby wave train in the Wentzel-Karmers-Brillouin
approximation. The horizontal flux is calculated as follows:

P { U(v’2 - 1//'1/;) + V(v’u' - 1//'14;)

Y=o LU(= v -yl + v(u? - ')

(1)
2

where P is the pressure scaled by 1,000 hPa, (U, V) denotes the
horizonal mean winds, y' is the perturbation geostrophic
streamfunction, and (u',v') denotes the perturbed winds. The
climatological mean values are calculated during the period
1979-2018.

The strength of the synoptic-scale transient eddy activity
(STEA) is measured by ¥'2 at 300 hPa, where v/ denotes the
synoptic-scale daily meridional winds subject to a 2.5-6-day
band-pass filter, and the overbar represents averaging over a
month (Ren et al., 2010). The eddy-induced geopotential
height tendency defined in Lau and Nath (2014) is
calculated as follows:
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where Z is the monthly mean geopotential height; g is the
gravitational acceleration; v = (u/,v') and {’ are the synoptic-
scale daily winds and relative vorticity at 300 hPa, respectively,
subject to 2.5-6-day bandpass filtering.

The Student’s t-test was used to estimate levels of statistical
significance, and the linear trends of all data used for regression

and correlation were removed. The number of equivalent degrees

of freedom for regression was calculated following Zwiers and
von Storch (1995).

2.3 Numerical Model

An atmospheric general circulation model, ECHAMS5
(Roeckner et al, 2003), is employed to validate the
mechanisms given in this study. The ECHAMS5 simulations
were performed with the spectral T63 horizontal resolution
and 19 vertical levels (T63L19). The detailed experimental
design is given in section 3d.
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FIGURE 3| Regressions of December (A) SAT (shading; °C) and (C) 850 hPa and (E) 300 hPa geopotential height (shading; m) and winds (vectors; m s™') onto the
PC2 for the period 1979-2017 (B,D,F) As in (A,C,E) but for January during 1980-2018. The black dashed boxes show the region of CA; anomalies significant at the 95%
confidence level are denoted by dots and purple contour lines, as estimated by the Student’s t-test.

3 RESULTS series are also highly correlated with PC1 and PC2 (higher than
0.97). Thus, the reversal of the SATAs between December and
3.1 Reversal of the SATAs Over CA Between January over CA can be represented by MV-EOF2.
December and January To examine the atmospheric circulation anomalies associated
Figure 2 shows the spatial patterns of the first two leading modes ~ with MV-EOF2, the PC2-related SAT As and the 850 and 300 hPa
(MV-EOF1 and MV-EOF2) and corresponding time series (PC1 geopotential height and wind anomalies in December and
and PC2). The first and the second leading modes explain 30.7  January are analyzed (Figure 3). The positive PC2
and 22.3% of the total covariance, respectively, and are both well ~ corresponds to the remarkable December warming and
separated in accordance with the method given by North et al. ~ January cooling (Figures 3A,B). In December, anomalous
(1982). MV-EOFI is an in-phase variation mode, which has southeasterlies can be seen over CA at 850-hPa, with a
similar spatial patterns in December and January, with strong  southwest—northeast distribution pattern (Figure 3C). The
amplitudes situated over the middle and northern part of CA  distribution pattern of the anomalous southeasterlies
(Figure 2A,B). MV-EOF2, meanwhile, shows maximum corresponds well with that of the SATAs (Figure 3A,C),
amplitudes distributed along the northeast-southwest of CA in  which indicates that the anomalous warm advection brought
December and exhibits nearly opposite anomalies in the same by the southeasterlies may contribute to the SATAs in December.
region in January (Figure 2C,D), which presents the out-of-phase  Besides, significant southwest—northeast positive height anomalies
nature of the SATAs between December and January. Similar in-  appear at 300 hPa (Figure 3E), which can induce a decline in cloud
phase and out-of-phase modes can be separated using the GHCN  cover. Thus, enhanced downward shortwave radiation may also
dataset, which have nearly the same spatial distributions as MV-  contribute to the warm SATAs over CA in December. In January,
EOF1 and MV-EOF2 (not shown), and the corresponding time  significant positive geopotential height anomalies appear over the
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dots, as estimated by the Student’s t-test. The black dashed boxes in (A, B, C,
D) show the Nifio4 region (5°S-5°N, 160°—150°W).

north side of CA at both 850 hPa and 300 hPa (Figure 3E),
accompanied by anomalous northeasterlies over CA. The cold
advection brought by these anomalous northeasterlies may cause
the cold anomalies over northern CA. The contrasting atmospheric
circulation anomalies between December and January play an
essential role in the reversal of the SATAs over CA.

Because MV-EOF2 represents an out-of-phase relationship
between the December and January SATAs, the signs of the mean
SATAs of the 2 months are more likely to be opposite when the
amplitude of MV-EOF2 is “relatively stronger” than that of MV-
EOFI. Years with opposite signs are marked in Figure 2E,F. A
higher PC2 is likely to appear in these years. To verify this, the
index Rpe; = |PC2|/(JPC1| + |PC2|) is defined to represent the

Impacts of SST on Temperature

“relative strength” of MV-EOF2, and the standardized time series
of Ry, is given in Figure 2G. The years in which the December
and January average SATAs are of opposite sign are marked in
Figure 2G. It can be seen that most of these years show positive
standardized values. The average value for the years with
opposites signs (16 years) is 0.67, while for the years with
same signs (24 years) is —0.46, the difference between the two
values is statistically significant at the 95% level according to the
Student’s t-test.

3.2 Relationship Between the Cold CTP
SSTAs and the Reversal of the SATAs
Over CA

To reveal the remarkable remote SST forcing that modulates the
reversal of the SATAs between December and January over CA,
the PC2-related SSTAs and outgoing longwave radiation (OLR)
in December and January are analyzed (Figure 4). Significant
negative SSTAs appear over CTP within the Nifio4 region (5°S—
5°N, 160°—150°W) in both December and January (Figure 4A,B),
and the pattern of the SSTAs resembles that of CP La Nifia (Yuan
and Yan, 2013, see their Figure 2B). Furthermore, positive OLR
anomalies appear in the Nifio4 region in both December and
January, and these positive OLR anomalies correspond well to the
SSTAs (Figure 4C,D). This indicates that the PC2-related
diabatic heating is directly associated with the SSTAs in the
2 months. As the Niflo4 index is defined as the area-averaged
SSTA over the Nifio4 region (Kug et al., 2009), the —Nifio4 index
is adopted to represent the variation of the CTP SSTAs. The
correlation coefficients between the —Nifo4 index in December
and January and PC2 are 0.37 and 0.38 (both statistically
significant at the 99% level), respectively. Thought the
correlation coefficients are not too high, the result still
suggests that a significant correlation exist between the
between the cold CTP SSTAs and the MV-EOF2.

Moreover, the -Nifo4-related SATAs and circulation
anomalies over CA are analyzed (Figure 5). In December,
weak positive SATAs are located over northern and western
CA, corresponding to the anomalous southerlies and
southwesterlies over western and northern CA at both 850
and 300 hPa (Figures C and E). The warm advection by the
anomalous winds may induce the weak positive SATAs in
December. In January, negative SATAs appear over CA,
corresponding to the significant negative geopotential height
anomalies at 300 hPa and anomalous northeasterlies at both
850 and 300 hPa (Figures 5B,F), which indicates the cold
advection by the anomalous winds may cause the cold
anomalies over CA. Besides, the decline of the downward
shortwave radiation caused by the negative geopotential height
anomalies at 300 hPa may also contribute to the cold anomalies.
Though differences exist between the PC2 and —Nino4-related
warm SATAs over CA in December (Figures 3A, 5A), similarity
at some level still exists between the PC2 and —Nino4-related
anomalous geopotential height and winds. Furthermore, the
abrupt change in the influence of the cold CTP SSTAs on the
SATAs in December and January may contribute to the reversal
of the SATAs over CA. The results also imply that the cold CTP
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SSTAs may not be the single factor for the reversal of SATAs over
CA, however, it is out of the scope of this study but deserves
further investigations in the future.

3.3 Possible Mechanisms of the Impacts of
Cold CTP SSTAs on the Reversal of SATAs
Over CA

To explore the possible physical mechanisms behind the impact
of remote SST forcing on the reversal of SATAs between
December and January over CA, the —Nifio4-related 300 hPa
geopotential height anomalies and the wave activity fluxes in
December and January are analyzed (Figure 6). In December, a
wave train extends from the North Pacific to CA, crossing North
America and the North Atlantic. This wave train consequently
results in the positive geopotential height anomalies over CA
(Figure 6A). In contrast, in January, the wave train originates
from the mid-latitude North Pacific and mainly propagates in the
meridional direction (Figure 6B). This wave train cannot reach
CA to influence the local SATAs. Interestingly, a wave train

starting from the North Atlantic could reach CA and result in the
local negative geopotential anomalies and SATAs. Therefore, two
questions are raised regarding the possible mechanisms
underlying the different roles of the wave trains associated
with the —Nifo4 between December and January: 1) why does
the propagation of the wave train from the North Pacific differ
between December and January; and 2) how do the cold CTP
SSTAs in January cause the negative SATAs over CA in January?

For the first question, the different Gill-type responses to the
cold CTP SSTA between December and January may play a key
role. The Gill-type response is the stationary Rossby wave
response to the tropical SST anomalies (Gill, 1980). The Gill-
type response corresponding to the cooling SST anomalies of La
Nifla winters can be characterized by a pair of low-level
anticyclonic anomalies residing at the northern and southern
sides of the equator, along with low-level easterly wind anomalies
and cyclonic anomalies symmetrical about the equator at the
upper level of the troposphere (Yuan and Yan, 2013; Zhang et al.,
2015). In Figure 7, the Gill-type response to the CTP SSTAs is
remarkable: on the one hand, anomalous -easterlies and

Frontiers in Earth Science | www.frontiersin.org

86

March 2022 | Volume 10 | Article 873040


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal Impacts of SST on Temperature

A 300-hPa hgt reg (-1*nino4) and TN-WAF (Dec) m
90N + L : . . : L . L L L :

60N

30N

0 L =AS
120E 150E 180 150W120W 90W 60W 30W 0 30E 60E 90E
0.4 m?s?

B 300-hPa hgt reg (-1*nino4) and TN-WAF (Jan) - m
90N 1 1 1 1 1

60N

30N

120E 150E 180 150W120W 90W 60W 30W 0 30E 60E 90E

0.4m’s?
—

FIGURE 6 | (A) Regression of December 300 hPa geopotential height (shading; m) onto the —Nifio4 for the period 1979-2017; and the associated horizonal
components of the wave activity flux (vectors; m? s7) (B) As in (a) but for January during 1980-2018. Anomalies significant at the 95% confidence level are denoted by

purple contour lines, as estimated by the Student’s t-test.

A 1000-hPa hgt reg (-1*Nino4) (Dec) m C 300-hPa hgt reg (-1*Nino4) (Dec)
1 | 1
N RS -1
60N > _225 60N
30N 30N
0 0
T
150E 180 150W 120W 90w 150E 180 150W 120W 90W
B 1000-hPa hgt reg (-1*Nino4) (Jan) m D 300-hPa hgt reg (-1*Nino4) (Jan)
Il ) L 1
- 2 - o= _”mv 2 -1
60N , &M eon
VS -
= 7
30N = 30N
Lol el
oy i =y b
1 7 . =
;(H( y \’H;“//’/’_”»\ 5l
0 Ny e e : N :'\ B 0
. Sl e
150E 180 150W 120W 90w 150E 180 150W 120W 90w

FIGURE 7 | Regressions of the December (A) 1,000 hPa geopotential height (shading; m) and winds (vectors; m s™), and (C) 300 hPa geopotential height
(shading; m) onto the —Nifio4 for the period 1979-2017 over the Pacific (B,D) As in (A, C) but for January during 1980-2018. Anomalies significant at the 95% confidence

level are denoted by dots and purple contour lines, and vectors represent the anomalous winds significant at the 95% confidence level, as estimated by the Student’s
t-test.

symmetric anticyclones at 1,000 hPa appear around the region  stronger in January than in December; whilst on the other
(20°S—20°N, 170°E-120°W) in both December and January  hand, in both December and January, a pair of cyclonic
(Figures 7A,B), and the easterly anomalies are relatively = anomalies appears over the CTP at 300hPa, and these
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anomalous cyclones in January are much stronger than they are
in December (Figure 7C,D). The result implies that the Gill-type
response to the cold CTP SSTAs in January is stronger than in
December.

With the enhanced Gill-type response in January, the
influence of cold CTP SSTAs on the extratropical atmosphere
over the North Pacific are strengthened. In January,
corresponding to the enhanced 300 hPa cyclonic anomalies in
the region (0°—20°N, 160°—130"W), stronger positive geopotential
height anomalies appear in the region (30°—60°N, 180°—150°W)
(Figure 7C,D). Consequently, intensified wave activity fluxes are
driven by the positive geopotential height anomalies, as seen in
Figure 6. Also, the more remarkable meridional dipole structure
of the geopotential height anomalies over the North Pacific might
cause the meridional propagation of the Rossby waves.

Additionally, the reason why the Gill-type response to the cold
CTP SSTAs in January is stronger than that in December is
explored. Previous studies have revealed that a strengthening of
the tropical heating could lead to a stronger Gill-type response
(Xing et al., 2014). Besides, Lee et al. (2009) suggested that a
stronger and more equatorward jet stream could result in a
stronger Gill-type response in the tropical atmosphere, along
with stronger responses in the extratropical atmosphere. Figure 8

shows the CTP SSTI-related SSTAs and the climatological
300 hPa zonal winds in December and January. The cold
SSTAs in the CTP region in January are slightly stronger than
these in December, but their difference is not statistically
significant (Figure 8A-C). Additionally, the subtropical jet
stream over the North Pacific in January is stronger and
situated more towards the equator (Figure 8D-F), which may
lead to the strengthened Gill-type response in the tropics, as
indicated by Lee et al. (2009). Thus, the CTP SSTAs in December
and January may excite different Gill-type responses in the
tropical atmosphere due to the difference in the climatological
jet stream. Subsequently, the different Gill-type and extratropical
atmospheric responses finally lead to a different propagation of
Rossby waves between December and January.

In terms of the second question, the strong 300 hPa zonal wind
anomalies associated with the CTP SST As may play a crucial role.
In January, significant positive and negative 300 hPa zonal wind
anomalies appear in the regions (40°—60°N, 180°—120°W) and
(20°—40°N, 180°—120°W), respectively (Figure 9A). The
meridional structure of the anomalous zonal wind can be
linked to the dipole structure of the geopotential height
anomalies in the January (Figure 7D). Corresponding to the
wind anomalies, significant positive and negative STEA
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anomalies appear over the eastern North Pacific (Figure 9A,B).
These STEA anomalies can travel eastwards to the North Atlantic
via the downstream development of wave packets (Riviére and
Orlanski, 2007; Li and Lau 2012a, Li and Lau 2012b).
Accordingly, the strength of STEA over the North Atlantic
shows non-significant positive anomalies over (40—60°N, 60°—
30°W) and significant negative anomalies over (20°—40°N, 60°—
30°W) (Figure 9B). Such a dipole structure of STEA anomalies
facilitates a positive geopotential height tendency over the region
(40°=50°N, 60°=30°W) (Lau and Holopainen 1984), which may
lead to the positive geopotential height anomalies associated with
the —Nifo4 index (Figure 9C). Hence, the CTP SSTAs may
influence the STEA over the North Atlantic, by which the positive
geopotential height over the North Atlantic can be forced, and
then the Rossby waves excited by the positive geopotential height
can propagate to CA to cause the local cold SATAs in January.
Moreover, the positive geopotential height over northwestern CA
forced by the anomalous STEA may also contribute to the driving
of the Rossby waves and the cold SATAs.

3.4 Validation by Model Experiments

In this section, three experiments were designed to validate the
mechanisms given above. The first one forces the model with the
climatological seasonal cycle of global SST and sea ice (referred to
as Ctrl). Ctrl was integrated for 50°years, and the first 20%years

were used for model spin-up and the remaining years were used
for analysis. In the second experiment (referred to as Runl), the
boundary forcing was changed to the climatological seasonal
cycle of global SST with additional SSTAs over the tropical Pacific
region (10°S—10°N, 150°E—90°W) from December to the following
January. The SSTAs used here were the regressions of the
December (January) SST onto the simultaneous —Nifio4 index
during 1979-2017 (1980-2018), and keeping the same value in
December (January). Runl included 30 members. Each member
was integrated from 30 November to 31 January of the following
year with the initial conditions taken from Ctrl. The third
experiment (referred to as Run2) was similar to Runl, except
that the SSTAs added to the climatological seasonal cycle of the
global SST in December and January were both from the
regression of the December SST onto the -Nifio4 index
during 1979-2017.

The composite differences in the SAT and 300hPa
geopotential height between Runl and the control run are
given in Figure 10. In December, although the SATAs over
CA in Runl are weak and non-significant (Figure 10A), the
geopotential height in December is similar to the —Niflo4 index-
related geopotential height anomalies (Figure 10C). The Gill-
type geopotential height anomalies appear over the tropical
Pacific and match with the obvious result. Furthermore, the
positive anomalies over the Bering Strait, the negative
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FIGURE 10 | Composite difference in the (A) December SAT (shading; “C) and (C) geopotential height (shading; m) between Run1 and Ctrl (B,D) As in (A, C) but for
January. The contours in (C, D) show the regression of the 300 hPa geopotential height onto the —Nifio4 index for December during 1979-2017 and January during
1980-2018, respectively, in which zero contours are omitted and negative values are dashed. The black dashed boxes show the region of CA; anomalies significant at
the 95% confidence level are denoted by dots, as estimated by the Student’s t-test.

anomalies over North America, and the weak negative anomalies
over western Europe in Runl correspond to the —Nifo4 index-
related geopotential height anomalies. Thus, the numerical
experiments roughly reproduce the mechanism of the —Nifo4
index’s impacts on CA in December. In January, strong and
significant negative SATAs appear over CA (Figure 10B), and the
geopotential height anomalies are similar to the observational
anomalies (Figure 10D). Interestingly, the Gill-type geopotential
height anomalies over the tropical Pacific are stronger than in
December, as expected. The results from Runl in December and
January support the proposed mechanism. On the one hand, in
December, there is a similarity between the geopotential height
anomalies and the —Nifo4-related geopotential height anomalies,
which validates the suggestion that an eastward-propagating

Rossby wave train may be excited by the anomalous cold CTP
SSTA in December. On the other hand, in January, a stronger
Gill-type response in the tropical Pacific is excited by —Nifio4-
related SSTAs, and may cause significant negative SATAs
over CA.

Since the SST forcings used in Runl in December and January
were different, as shown in Figure 8C, it is possible that the different
responses in Runl are caused by the difference in the SST forcings.
Thus, in Run2, the same SST forcing [the —Nifio4-related SSTAs
over the region (10°S—10°N, 150°E—90"W) in December] was added
in December and January. The composite differences in the SAT and
300 hPa geopotential height between Run2 and Ctrl are given in
Figure 11. The results closely resemble those of Runl. The similarity
between Runl and Run2 provides further support to the notion that

Frontiers in Earth Science | www.frontiersin.org

March 2022 | Volume 10 | Article 873040


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal

Impacts of SST on Temperature

A Diff SAT, Run2-Ctrl (Dec) %
QON A . : . ; i : : i :
60N
30N "
1.6
0 1.2
08
120E 150E 180 150W 120W 90W 60W 30W O 30E 60E 90E | 04
— o
B Diff SAT, Run2-Ctrl (Jan) | 0.4
: ) : . o
q.2
1.6
-2
120E 150E 180 150W 120W 90W 60W 30W 0 30E 60E 90E
C Diff 300-hPa hgt, Run2-Ctrl (Dec) -
GON . , ] , : ; . ; ; .
60N
30N 50
. 40
0 s % 30
AN R 20
120E 150E 180 150W 120W 90W 60W 30W O 30E 60E 90E [ 10
D Diff 300-hPa hgt, Run2-Ctrl (Jan) m B .0
— 20
-30
-40
-50
120E 150E 180 150W 120W 90W 60W 30W O 30E 60E 90E
FIGURE 11 | As in Figure 10 but for Run2.

changing climatological background winds might play an important
role in the reversal of the SATAs over CA.

4 CONCLUSION AND DISCUSSION

Subseasonal changes in winter SATAs over CA can cause severe
damage in terms of socioeconomic development in this region. In
this study, the monthly reversal of the December and January
SATAs over CA was investigated.

The MV-EOF analysis method was employed to identify the
leading modes of the monthly variation of the SATAs. The second
leading mode of MV-EOF represents the monthly reversal of the
SATAs, which corresponds to contrasting geopotential height
anomalies between December and January (Figure 3C—F). The
relationship between the MV-EOF2 and remote forcing of the

cold CTP SSTAs was studied. Significant negative SSTAs appear
over the CTP within the Nifio4 region in both December and
January, and the —Nifio4 index was adopted to represent the
variation of the CTP SSTAs (Figure 4). The -Nifio4-related
SATAs and geopotential potential height anomalies were checked.
In December, the CTP SSTAs can lead to positive but weak SATAs
over western and northern CA, while in January, the CTP SSTAs
may lead to strong cold SATAs over CA (Figure 5). The abrupt
change in the influence of the cold CTP SST'As on the SATAs in the
2 months can contribute to the reversal of the SATAs over CA.
The mechanisms behind the different impacts of remote SST
forcing in December and January were studied, and two interesting
phenomena were noticed (Figure 6). First, in December, the wave
train from the North Pacific can reach CA, while in January the wave
train form the North Pacific mainly propagates in the meridional
direction and cannot reach CA. Second, the January SATAs of CA are

Frontiers in Earth Science | www.frontiersin.org

91

March 2022 | Volume 10 | Article 873040


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal

influenced by the wave train from the North Atlantic. The following
research of this study revolved around these two phenomena.

Firstly, the difference between the wave train propagation in
December and January was researched. It was found that the
negative CTP SSTAs in December and January can excite a Gill-
type response in the tropical atmosphere of the Pacific. In December,
the Gill-type response can excite eastward-propagating Rossby
waves over the North Pacific, which can then directly cause the
positive geopotential height anomalies and positive SATAs over CA.
In January, as the climatological subtropical jet stream over the
North Pacific is stronger and situated more towards the equator, the
Gill-type response over the North Pacific is stronger than that in
December. The Rossby wave train over the North Pacific propagates
mainly in the meridional direction and is unable to reach CA.

Secondly, the process was studied by which the cold CTP
SSTAs can cause the cold SATAs over CA in January. The
intensified positive and negative wind anomalies in January
over the North Pacific can cause stronger STEA, which can
extend to the North Atlantic and influence the local STEA.
Accordingly, the eddy-induced positive geopotential height
anomalies will excite Rossby waves and cause the negative
geopotential height anomalies and negative SATAs in January.
To validate the mechanism, especially the roles of the SSTAs and
changing climatological background winds, two sensitivity
experiments were designed. The results roughly reproduced
the influence of the cold CTP SSTAs on CA, and therefore
lend support to the proposed mechanism.

In this work, the impact of the CTP SSTAs on the reversal of
SATAs over CA in December and January was treated as the major
remote forcing to be investigated. However, it is also true that the
correlation coefficient between the —Nifno4 index and PC2 is not
large, and the PC2-related SATAs over CA in December are different
from the —Nifo4-related SATAs and the model results over CA. The
differences between the PC2 and -Nifio4-related SATAs in
December imply that other climatic factors may also roles in the
reversal of SATAs over CA. The atmospheric circulation over
northern Eurasia could be very important in driving the response
of the SATAs over CA. For example, the positive phase of
Scandinavian Pattern is associated with cooling over central
Russia and western Europe (Bueh and Nakamura, 2007; Liu
et al., 2014). Besides, boundary forcings, such as North Atlantic
SST, Arctic sea ice and snow cover may also have an influence (Mori
et al,, 2014; Chen et al,, 2019; Chen et al., 2020). For example, Mori
et al. (2014) pointed out that the SATAs over Eurasia could be
influenced by the Warm Arctic-Cold Continental pattern, which is
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It is well known that the El Nifno-Southern Oscillation (ENSO) could affect the precipitation
anomalies in the central-western Indian Ocean (CWIP) through modifying the Walker
circulation, with an El Nifio generally accompanied by an enhanced CWIP. In this study, we
find that this positive association is modulated by the Atlantic Multidecadal Oscillation
(AMO). When ENSO and AMO are out-of-phase combinations (i.e., AMO-/El Nifio and
AMO+/La Nifia), the CWIP is significantly stronger than that when they are in-phase
cooperated. It is suggested that the AMO’s modulating effect mainly comprises two
pathways that influence ENSO’s linkage with the CWIP. On one hand, AMO could
modulate the SST variability in the central-eastern tropical Pacific with a stronger
ENSO SST amplitude during its negative phase, thus influencing the ENSO-CWIP
relationship. On the other hand, AMO is associated with a multidecadal atmospheric
variation in the Walker circulation. The weakened circulation during the negative AMO
phase favors an anomalous ascending flow over the central-western Indian Ocean,
thereby favoring an enhanced CWIP there. Therefore, El Nifio is accompanied by a
more pronounced CWIP during the negative AMO phase compared to that during a
positive AMO phase. For La Nifia episodes, however, these two pathways have opposite
modulation effects. Although AMO+/La Nina is weaker than AMO-/La Nifa, the
accompanied CWIP is relatively stronger as an multidecadal dry background induced
by the Atlantic warming reinforces the negative CWIP anomaly generated by La Nifia. We
here highlight that the AMO decadal forcing needs to be considered when investigating the
Indian Ocean atmospheric variabilities during ENSO events.

Keywords: enso, Indian ocean precipitation, walker circulation, atlantic multidecadal oscillation, teleconnection

INTRODUCTION

As the predominant year-to-year climate variability on the planet, El Nifio-Southern Oscillation
(ENSO) arises through the coupled air-sea interactions in the tropical Pacific. Although rooted in the
tropical Pacific, ENSO can lead to global atmospheric circulation and patterns of climate variability
worldwide (e.g., van Loon and Madden, 1981; Ropelewski and Halpert, 1987; Trenberth et al., 1998;
Trenberth and Caron, 2000; McPhaden et al., 2006). When El Nifio events occur, the atmospheric
anomalies are first felt in the tropical Pacific. The warm sea surface temperature (SST) anomalies
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cause the edge of the Pacific warm pool extending eastward,
leading to a reorganization of tropical atmospheric convection
with the heating source moving farther east of its normal position.
Thus, anomalous ascending motions and wet conditions occur in
the central-eastern Pacific, while subsidence and precipitation
deficits emerge in the west, weakening the Walker circulation
(Ropelewski and Halpert, 1987). These reorganizations of the
Walker circulation and atmospheric convection are further
responsible for generating remote atmospheric or SST
teleconnections (e.g., Klein et al., 1999; Lau and Nath, 2003).
For example, the eastward shift of the Walker cell during El Nifio
events induces anomalous subsidence over the central-western
Indian Ocean (Trenberth et al., 1998; Xie et al, 2016; Wang,
2019), reducing precipitation and cloudiness there with
anticyclonic anomalies, which contribute to increasing SST
with a warm Indian Ocean basin mode (IOBM) pattern
through both enhanced downward solar and reduced latent
upward heat fluxes (Klein et al., 1999; Lau and Nath, 2003;
Tokinaga and Tanimoto, 2004).

However, observations have shown that ENSO
teleconnections  exhibit considerable multi-scale spatio-
temporal variabilities (e.g., Wang et al., 2000; Mariotti et al,
2002; Chen et al., 2014; Geng et al., 2017; 2020). For instance, the
anomalous western North Pacific (WNP) anticyclone, which
bridges ENSO and the East Asian monsoon, is detected to
have been weakened since the mid-1990s (Chen et al., 2014;
Geng et al, 2020). The decadal variations in ENSO
teleconnections are demonstrated to be closely associated with
the change of ENSO properties modulated by interdecadal
natural variabilities (e.g., Lu and Dong, 2008; Zhang et al,
2014; Geng et al,, 2020). It is argued that the Pacific Decadal
Oscillation (PDO) could play some role in modulating ENSO
decadal behaviors (Fedorov and Philander, 2000, 2001; Verdon
and Franks, 2006; Kravtsov, 2012; Chung and Li, 2013) and thus
modifying ENSO teleconnections (Feng et al., 2014; Watanabe
and Yamazaki, 2014; Liu et al., 2021). However, these viewpoints
are challenged by the argument that the Pacific multidecadal
mean state changes could result from averaging over the skewed
ENSO system (Schopf and Burgman, 2006) and thus a substantial
fraction of the PDO signal may be caused by ENSO (Alexander
et al., 2002; Newman et al., 2003; Wang et al., 2012; Di Lorenzo
et al., 2015).

As the basin-wide SST mode in the North Atlantic region with
a period of 60-80 years, the Atlantic Multidecadal Oscillation
(AMO) has also been widely proposed as an important forcing
modulating ENSO’s decadal variabilities (Dong et al., 2006; Dong
and Sutton, 2007; Kang et al., 2014; Yu et al., 2015; Levine et al.,
2017; Wang et al, 2017; Cai et al, 2019; Wang, 2019). A
multidecadal Atlantic warming is associated with strengthened
Walker circulation and trade winds in the western and central
tropical Pacific. This background change is conducive to a
deepened thermocline and weakened vertical stratification in
the equatorial Pacific, which weakens the coupled instability
via which ENSO events grow (Zebiak and Cane, 1987; Jin
et al., 2006), thus reducing the ENSO SST amplitude (Dong
et al., 2006; Dong and Sutton, 2007; Timmermann et al., 2007; Li
et al., 2016; Levine et al,, 2017; Gong et al., 2020). In addition,

AMO Modulates the ENSO-CWIP Relationship

there may also exists a physical linkage between the North
Atlantic warming and the zonal structure change of El Nifo
SST anomalies (Yu et al, 2015). Correspondingly, ENSO
teleconnections are also found to be modulated by the AMO
through modifying the amplitude or zonal structure of ENSO SST
anomalies (e.g., Lu and Dong., 2008; Chen et al., 2014; Geng et al.,
2017, 2020).

Although previous studies have demonstrated that ENSO
could affect the central-western Indian Ocean precipitation
(CWIP), but the nonstationary features of this teleconnection
have not been sufficiently elucidated. In particular, previous
studies have revealed that ENSO amplitude and spatial pattern
is modulated by the AMO forcing on decadal time scales (e.g.,
Dong et al, 2006; Kang et al., 2014; Gong et al., 2020), it is
interesting to explore whether the relation of ENSO with the
CWIP is modulated by the AMO. Because of a larger amplitude of
ENSO SST anomaly in the negative AMO phase, the CWIP
anomaly during ENSO mature winters is expected to be
stronger than those in the positive phase. However, in this
paper, we find that the intensity of CWIP anomaly during
ENSO winters is not necessarily consistent with the decadal
amplitude changes in the ENSO SST anomaly. This mismatch
between ENSO SST and CWIP anomaly can be largely attributed
to AMO’s another modulating pathway through generating a
multidecadal atmospheric variation in the Walker circulation. In
the remainder of this paper, Data and Methodology describes the
utilized datasets, methodologies, and model simulations. In The
Relation of ENSO With the CWIP Modulated by AMO, we explore
the modulation effect of the relation between ENSO and CWIP by
the AMO. Next, based on observations and a suit of idealized
pacemaker experiments from a coupled general circulation model
(CGCM), the possible mechanisms that can explain this AMO
modulation effect are presented in Possible Mechanisms.
Conclusion and Discussion presents the main conclusion
discussions.

DATA AND METHODOLOGY

Datasets

We primarily utilize monthly datasets (1948-2019) in this work.
Global SST is derived from the National Oceanic and
Atmospheric Administration (NOAA) Extended Reconstructed
SST analysis, version 3 (ERSST, Smith et al., 2008). Atmospheric
circulations are analyzed based on the National Centers for the
Environmental Prediction/National Center for the Atmospheric
Research (NCEP/NCAR) reanalysis data (Kalnay et al., 1996).
The precipitation anomalies are examined using the NOAA’s
precipitation reconstruction dataset (PREC) (Chen et al., 2002).
To further test our results, we also utilize the atmospheric
circulations from the NOAA-CIRES-DOE 20th Century
Reanalysis version 3 (20CRv3) (Slivinski et al., 2019) and the
precipitation provided by the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) (Xie et al., 1997). The
horizontal spatial resolutions are 2 x 2° for the SST dataset and 2.5
x 2.5° for the atmospheric circulation and precipitation datasets,
respectively.
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TABLE 1 | El Nifio and La Nifia events for the 1948-2018 period.

El Nifio events

1951, 1953, 1957, 19568, 1963, 1965, 1968, 1969, 1972, 1976, 1977, 1982, 1986,

1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2015, 2018

Methodologies
Several climatic indices are used to facilitate our analysis. We
define an AMO index as the area-averaged SST anomalies within
the domain of 0°~60°N and 0°-80°W (Trenberth and Shea, 2006).
A 10-year low-pass fast Fourier transform (FFT) filter is utilized
to extract its inherent decadal variability (conclusion does not
change when other filters, such as 9- and 11-year low-pass filters,
is used). Based on the time evolution of the AMO index, we select
the 1948-1967 and 1998-2018 periods as positive AMO phases
and the 1968-1997 period as a negative AMO phase according to
the filtered AMO index. The Nifio-3.4 index, which is calculated
as the area-averaged SST anomalies in the Nifio-3.4 region
(5°S-5°N, 120°-170°W), is adopted to describe ENSO intensity.
Following conventions, ENSO events are defined by a threshold
of £0.5 standard deviation of the Nifio-3.4 index during the
boreal winter season (December-February: DJF). With this
method, we can identify 23 El Niflo and 26 La Nifa events
(Table 1). Note that all the datasets are analyzed for the
boreal winter season (December-February: DJF) and the
winter of 1948 represents December 1948-February 1949. All
the above indices are normalized before our investigations. The
linear trends have been removed from all anomalies to avoid
possible interferences associated with the long-term trend.
Statistical significance tests are all performed based on the
two-tailed Student’s ¢ test. It should be mentioned that the
filtered decadal data are highly autocorrelated and thus the
effective number of degrees of freedom, N%, is adjusted and
calculated as:

1 1 2EN-j

NN + NFITJ xx (])pyy (/)

where N is the sample size and p. (j) and p, (j) are the
autocorrelations of two sampled time series at time lag-j
(Pyper and Peterman, 1998).

Model Simulations

Due to the relatively short observational period, we further verify
our hypotheses by employing the idealized Atlantic Multidecadal
Variability (AMV, referred to as the Atlantic Multidecadal
Oscillation or AMO in this paper) pacemaker simulations with
the Earth System coupled climate model EC-Earth3 (EC-Earth3;
Daoscher et al., 2021), which were performed as part of the
Decadal Climate Prediction Project (DCPP). Following the
DCPP-C protocol (Boer et al,, 2016), two sets of ensemble
simulations have been performed, in which time-invariant SST
anomalies corresponding to the warm (AMO+) and cold (AMO-)
phases of the observed AMO were imposed upon the 12-months
model climatology over the North Atlantic (from 10" to 65°N)
using SST nudging. The model is allowed to evolve freely outside

AMO Modulates the ENSO-CWIP Relationship

La Nina events

1949, 1950, 1954, 1955, 1964, 1967, 1970, 1971, 1973, 1974, 1975, 1984, 1988,
1995, 1998, 1999, 2000, 2005, 2007, 2008, 2010, 2011, 2012, 2013, 2016, 2017

this target region. An 8°-wide buffer zone is applied at the edge of
the nudging area to minimize shocks and to suppress instabilities
due to artificial SST gradients. All the external forcings are set to
their preindustrial values. An ensemble of 32 members is
conducted for each AMO phase and each realization is
integrated over a 10-year period. The first 11 months of
integration are considered as a spin-up period and are
discarded for the current analysis. We can thus obtain 9
winters in each ensemble of the simulations. More extensive
description of the experimental protocol is provided in the
technical note for AMV DCPP-C simulations: https://www.
werpclimate.org/wgsip/documents/Tech-Note-1.pdf. We note
that, when calculating anomalies in this suit of model
simulations, the average of AMO+ and AMO- experiments for
each realization is considered as the corresponding reference
state. If the DJF SST departure from the reference state is greater
than 0.5°C or less than —0.5°C, we define it as an ENSO winter.

THE RELATION OF ENSO WITH THE CWIP
MODULATED BY AMO

We first display the regressed precipitation and atmospheric
anomalies onto the DJF Nifo-3.4 index from 1948 to 2018 in
Figure 1. It can be seen that an El Nifio winter is accompanied by
anomalous ascending flows in the central-eastern tropical Pacific
and in the western tropical Indian Ocean. And the western
tropical Pacific is controlled by an evident descending flow
(Figure 1B). This Walker circulation reorganization leads to
low-level easterly wind anomalies over the tropical Indian
Ocean, causing enhanced precipitation in the central-western
part of the Ocean (Figure 1A). To show the temporal variability,
we define a CWIP index as the area-average precipitation
anomalies in the region of 30°S-6°N, 50°E-90°E and then
display its time evolution with the Nifio-3.4 index in Figure 2.
It is clear that the CWIP index exhibits conspicuous interannual
variability, which is significantly correlated the Nifo-3.4 index.
Their temporal correlation coefficient reaches up to 0.50
(exceeding the 99% confidence level), suggesting that the
CWIP intensity is positively proportional to the ENSO SST
amplitude. These results are in well agreements with many
previous studies (e.g., Xie et al., 2002; Kao and Yu, 2009; Liu
and Alexander, 2007).

Previous studies have suggested that ENSO SST amplitude
shows considerable decadal variations and is significantly
modulated by the AMO. ENSO events during the negative
AMO phase are generally stronger than those during the
positive phase (e.g., Dong et al., 2006; Kang et al., 2014; Gong
et al,, 2020). Thus, it is compelling to expect that the CWIP
anomaly in ENSO winters is stronger during the AMO negative
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FIGURE 1 | Regressed DJF anomalous (A) 850-hPa wind (vectors in m s™'), precipitation (shading in mm day™"), (B) Walker circulation and vertical velocity
(shading in Pa s~") onto the Nifio-3.4 index for the 1948-2018 period. Note that the vertical velocity anomalies are multiplied by a factor of -100 for better visualization.
The magenta box outlines the domain used as the definition of the CWIP index. The precipitation, 850-hPa wind and vertical velocity anomalies are only displayed when
they are significant at the 90% confidence level.
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FIGURE 2 | Time evolution of the DJF Nifio-3.4 (bar) and CWIP (green curve) indices for the 1948-2018 period. The correlation coefficient (R) is also displayed and
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phase. To verify this hypothesis, we first categorize the ENSO
events into four types according to the AMO phase, that is, El
Nifo events with a positive AMO phase (AMO+/El Niio), El
Nifio events with a negative AMO phase (AMO-/El Nifio), La
Nifa events with a positive AMO phase (AMO-+/La Nifa), and La
Nifla events with a negative AMO phase (AMO-/La Nifa)
(Table 2). And then display the composite SST (Figure 3) and
precipitation (Figure 5) anomalies for these four cases. It can be
seen that, compared with those during the positive AMO phase,

both El Nifio and La Nifia events during the negative AMO phase
mature with weaker SST anomalies in the central-eastern tropical
Pacific. The composite Nifo-3.4 indices in AMO+/El Niio,
AMO-/El Nino, AMO+/La Nifna and AMO-/La Nifia winters
are 1.05, 1.28, -0.95 and —1.11, respectively (Figure 4), consistent
well with previous studies (Dong et al., 2006; Kang et al., 2014;
Gong et al., 2020). In accordance with this decadal amplitude
change in ENSO SST anomaly due to AMO modulation, we
speculate that the accompanied CWIP anomaly during ENSO
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TABLE 2 | Category of ENSO events for the 1948-2018 period according to the AMO phase.

AMO+/EI Nifo AMO-/EI Nifo

1951, 1953, 1957, 1958, 1963, 1965,
2002, 2004, 2006, 2009, 2015, 2018

1968, 1969, 1972, 1976, 1977,
1982, 1986, 1987, 1991, 1994,
1997

1949, 1950, 1954, 1955, 1964, 1967, 1998, 1999, 2000,
2005, 2007, 2008, 2010, 2011, 2012, 2013, 2016, 2017

AMO+/La Niha AMO-/La Nina

1975, 1984, 1988, 1995

AMO-/EI Nifio

20S

150E 180 150W 120W O 60W

Cc AMO+/La Nifia

205
|

150E 180 150W 120W 90w 60W

B AMO-/EI Nifio
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20N

. A
20S

150E 180 150W 120W 90W 60W

-183 -1 -05 -03 -0.1

0.1 03 05 1 1.3

FIGURE 3 | Composite SST anomalies (shading in°C) during the (A) AMO+/El Nifio, (B) AMO-/El Nifio, (C) AMO+/La Nifia, and (D) AMO-/La Nifia boreal winters.
The SST anomalies are only displayed when they are significant at the 90% confidence level.
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FIGURE 4 | Composite Nino-3.4 and central-western Indian Ocean SST (30°S-6°N, 50°E-90°E) indices during the AMO+/EIl Nifio (red bar), AMO-/El Nifio (blue bar),
AMO+/La Nifia (magenta bar), and AMO-/La Nifia (green bar) boreal winters. The solid bars indicate the composites exceeding the 90% confidence level. The error bars

represent one standard deviation for the indices during four ENSO cases.
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FIGURE 5 | Composite 850-hPa wind (vectors in m s™') and precipitation (shading in mm day~") anomalies during the (A) AMO+/El Nifio, (B) AMO-/El Nifio, (C)
AMO+/La Nifia, and (D) AMO-/La Nifia boreal winters. The red box outlines the domain used as the definition of the CWIP index. The wind and precipitation anomalies

winters exhibit similar intensity difference. However, an
unexpected result is obtained when checking the composite
precipitation anomalies (Figure 5). For El Nifio episodes, the
DJF CWIP anomalies are more pronounced during the negative
AMO phase compared to those during the positive phase. The
composite CWIP indices for the AMO+/El Niflo and AMO-/El
Niflo cases are 0.27 and 0.79 respectively (Figure 9),
corresponding well to ENSO SST amplitude difference for
these two cases. In contrast, La Nifia winters during the
negative AMO phase are accompanied by a weaker CWIP
(Figures 5C,D), although their Nifo-3.4 SST anomalies are
stronger than those during the positive phase (Figure 4). In
other words, the intensity difference of the CWIP anomalies does
not match the amplitude difference of La Nifa tropical Pacific
SST anomalies associated with the AMO modulation.

Then, to examine the possible roles of local air-sea interaction,
the Indian Ocean local SST indices (30°S-6'N, 50°E-90°E) during

the four cases are also displayed in Figure 4. They show similar
features as the Nino-3.4 indices. The SST anomaly in the tropical
Indian Ocean is stronger for AMO-/La Nifa winters, inconsistent
with the weaker CWIP anomaly, either. It seems that, apart from
via modifying ENSO-related SST amplitudes, AMO may also
modulate the relation of ENSO with the CWIP in a different
pathway.

POSSIBLE MECHANISMS

Previous studies have shown that the AMO are closely connected
with the climate variabilities in Indian Ocean region (e.g., Sun
et al,, 2019; Xie et al., 2021). A positive AMO could generate an
anomalous descending flow in the central Indian Ocean via
Atlantic-Indian Ocean multidecadal atmospheric
teleconnections (Xie et al., 2021). Therefore, we speculate that
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FIGURE 6 | Regressed DJF 850-hPa wind (vectors inm s™') and precipitation (shading in mm day~") anomalies onto the AMO index for the 1948-2018 period. The
red box outlines the domain used as the definition of the CWIP index. The precipitation and 850-hPa wind anomalies are only displayed when they are significant at the

there may also exist an atmospheric pathway through which
AMO modifies the relation of ENSO with the CWIP. Figure 6
shows the regression patterns of DJF precipitation anomalies
onto the AMO index. We can see that the precipitation anomalies
in tropical Pacific and central-western Indian Ocean are both
significantly associated with AMO. A positive AMO favors
weakened precipitation anomalies in the central tropical
Pacific and in the central-western Indian Ocean, but leads to
strengthened precipitation anomalies in the western tropical
Pacific. The anomalies are generally reversed during a negative
AMO phase.

To understand how the AMO physically affects the CWIP
multidecadal variability, we display the regression profiles of DJF
Walker circulation onto the AMO index in Figure 7. An Atlantic
SST warming is accompanied by anomalous ascending flows in
the western equatorial Atlantic and western equatorial Pacific
regions. Meanwhile, descending flows can be observed over the
central-eastern equatorial Pacific and central-western Indian
Ocean. As a result of the local descending flows over the
central-western Indian Ocean, the CWIP is reduced. These
results are well consistent with previous studies (McGregor
et al, 2014; Xie et al, 2021). Previous studies have
demonstrated that the AMO is also positively correlated with
the SST anomalies in the WNP region through extratropical
inter-basin atmospheric teleconnections (Sun et al., 2017; 2021).
During the positive AMO phase, the induced WNP warming may
establish positive feedback with the anomalous Walker
circulation, which could also play a role in AMO’s influence
on the CWIP. This can also explain why we observe a relatively
stronger WNP SST anomaly in the AMO-/El Nifio and AMO+/
La Nifna winters in Figure 3. Nevertheless, by comparing Figure 1
with Figures 6, 7, we can find that the tropical Walker circulation
and CWIP anomalies are significantly associated with both ENSO
and AMO. But the impacts seem to be opposite in phase. An El
Nifio and a negative AMO favor ascending flows and enhanced
precipitation anomalies in the central-western Indian Ocean,
while La Nifa events and positive AMO phases are conducive
to atmospheric sinking motions and reduced precipitation

-
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FIGURE 7 | Regressed DJF Walker circulation and vertical velocity
(shading in Pa s™") anomalies onto the AMO index for the 1948-2018 period.
Note that the vertical velocity anomalies are multiplied by a factor of =100 for
better visualization and are displayed only when they are significant at the

90% confidence level.

anomalies there. As a result, compared with those during the
positive AMO phase, El Nifio winters during the negative AMO
phase are accompanied by more robust ascending motions the
precipitation anomalies due to their in-phase impacts (Figures
8A,B). This amplitude difference of the atmospheric anomalies
between AMO+/El Niflo and AMO-/El Nino winters are further
reinforced because stronger El Nifio events in the negative AMO
phase (Figures 3A,B) also leads to more robust ascending
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motions and stronger CWIP. On the other hand, although La
Nifa events in the negative AMO phase are stronger than those in
the positive phase (Figures 3C,D), the atmospheric perturbations
induced by La Nifia anomalous SST are partly counteracted by
the opposite impacts by the remote Atlantic multidecadal forcing,
thereby resulting in weaker anomaly amplitudes (Figure 8D). In
comparison, AMO+/La Nifia winters are accompanied by
stronger descending flows and precipitation anomalies in the
central-western Indian Ocean due to the in-phase influences from
ENSO and AMO SST forcings (Figure 8C). These results suggest
that the AMO may exert two different pathways modifying the
ENSO-CWIP relationship. While AMO’s indirect modulation
effect on the relation of ENSO with the CWIP is through
modifying the ENSO SST anomaly amplitude, AMO’s direct
influence is via generating a multidecadal atmospheric

variation in the Walker circulation, which leads to the
mismatch between intensities of La Nifla anomalous SST and
the accompanied CWIP anomaly.

We next compare the composite DJF CWIP indices for the
four cases based on the original (i.e., observational), single-factor
(Nifio-3.4 index) and two-factor (Nifio-3.4 and AMO indices)
reconstructed anomalies in Figure 9. When only the Nifio-3.4
index is considered, the reconstructed DJF CWIP anomalies
during ENSO events are stronger in the AMO negative phase
because of a stronger ENSO SST anomaly amplitude, which is
consistent with our observed composite results for El Niio
winters, suggesting a role of AMO’s indirect modulation effect
via modifying the ENSO SST anomaly amplitude. This effect can
be quantificationally expressed by the difference between the
AMO+/El Nifio and AMO-/El Nifio (or the AMO+/La Nifa and
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anomalies for the AMO+/EI Nifio (red bar), AMO-/EI Nifio (blue curve), AMO+/La Nifia (magenta bar), and AMO-/La Nifia (green bar) boreal winters. The solid bars indicate
the composites significant at the 90% confidence level. The error bars represent one standard deviation for the indices during four ENSO cases.
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FIGURE 10 | The same as Figure 3 but for the composite SST anomalies based on the EC-Earth3 DCPP-C simulations.

AMO-/La Nifia) composites based on this single-factor (Nifio-  that pure ENSO SST impacts cannot explain why the CWIP
3.4) reconstructed CWIP index, which are —0.11 and —0.06 for EI ~ anomaly in AMO+/La Nifia winters is stronger than that in
Nifo and La Nifia winters, respectively. However, for La Nifia =~ AMO-/La Nifa winters. Only when the AMO decadal influence is
episodes, the single-factor reconstructed composite CWIP indices ~ considered together can the composite CWIP anomalies for the
are inconsistent with the observational results, which indicates  four ENSO cases show better agreements with the observational
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results. To quantitatively express this AMO direct decadal
modulation, we first subtract the single-factor reconstructed
composite CWIP indices from the two-factor reconstructed
composite CWIP indices for these four ENSO cases
(ie, -0.18, 0.18, —0.11, and 0.27 respectively for AMO+/El
Nifio, AMO-/El Nifio, AMO+/La Niiia, and AMO-/La Nifa
winters). Then, we calculate the differences between the
AMO+/El Nifno and AMO-/El Nifio values (or the AMO+/La
Nifa and AMO-/La Nifa values), which are —0.36 and —0.38 for
El Nifo and La Nifia, respectively. By comparing the direct and
indirect AMO effects on the CWIP anomaly during ENSO
winters, we further suggest that the AMO’s direct decadal
modulation pathway through modifying the Walker
circulation plays a key role in causing the observed relation of
ENSO with the CWIP.

To further consolidate our conclusion, we conduct a parallel
analysis based on the atmospheric circulations derived from the
NOAA-CIRES-DOE 20CRv3 dataset (Supplementary Figures
S$1-S5). It should be noted that the obtained Walker circulation
anomalies induced by ENSO and AMO in the Indian Ocean
(Supplementary Figures S1B, S4) are slightly weaker than the
results based on the NCEP/NCAR dataset (Figures 1B, 7), which
may be related to the different schemes of data assimilation or
model performance of these two reanalysis datasets (Yang et al.,
2022). Despite some discrepancy, the features of precipitation and
atmospheric circulation anomalies based on this NOAA-CIRES-
DOE 20CRv3 dataset remain qualitatively unchanged compared
to the NCEP/NCAR results. We also use the precipitation dataset
from the CPC CMAP to test our hypotheses. Although the time
period is relatively short (ie., 1979-2018), similar AMO’s
modulation effect can also be qualitatively reproduced
(Supplementary Figures S6-S9). Next, we use a suit of
idealized AMO pacemaker simulations with the coupled model
EC-Earth3 that comply with the Model Intercomparison phase

six (CMIP6)/DCPP-C protocol (Boer et al., 2016, see Data and
Methodology for details). The ENSO events in each AMO + or
AMO- realization is first identified, and then the spatial
distributions of composite SST anomaly for the four ENSO
cases in all AMO + or AMO- realizations are displayed in
Figure 10. We can see that in the AMO- simulations, both El
Nifo and La Nifia events are stronger than those in the AMO-
experiments, which is consistent with the observational results.
The simulated DJF atmospheric anomalies in the central-western
Indian Ocean for the four cased are then displayed in Figure 11.
Despite a relatively large spreads in the EC-Earth3 DCPP-C
model simulations, both the vertical velocity and the
precipitation anomalies in the central-western Indian Ocean
are also relatively stronger in AMO-/El Nifio and AMO+/La
Nifa winters, qualitatively consistent with the observational
results. This consistency between the observations and model
experiments further increases our confidence for the
aforementioned hypothesis about the AMO modulation effects
on DJF ENSO-CWIP relationship.

CONCLUSION AND DISCUSSION

It has been well known that ENSO can exert significant impacts
on the CWIP via modifying the Walker circulation. Based on
both observations and a suit of coupled model idealized
pacemaker simulations, the present study demonstrates that
this positive ENSO-CWIP association is modulated of by the
AMO. We suggest that AMO’s modulation effects include two
pathways. On the one hand, AMO could affect ENSO SST
variability through “atmospheric bridge-thermocline feedback”
(e.g., Dong et al., 2006; Dong and Lu, 2013; Gong et al., 2020).
During a negative AMO phase, ENSO events mature with
stronger SST anomalies in the central-eastern tropical Pacific.

Frontiers in Earth Science | www.frontiersin.org

104

March 2022 | Volume 10 | Article 866241


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhao et al.

Therefore, the relation of ENSO with the CWIP should be
enhanced during the negative AMO phase, with stronger
CWIP anomalies in the AMO-/El Niflo and AMO-/La Nina
winters. However, we find that the CWIP anomalies of ENSO
winters during different AMO phases are not necessarily
consistent with the ENSO SST amplitude changes. While El
Nifio in the negative AMO phase corresponds to stronger
CWIP anomalies due to its stronger central-eastern tropical
Pacific SST anomaly than that in the positive AMO phase, a
different picture is observed for La Nifia. Compared with those in
the positive AMO phase, La Nifia events in the negative AMO
phase are accompanied by a weaker CWIP, although their SST
anomalies in the central-eastern tropical Pacific are stronger.
There exists a mismatch between the intensities of La Nifa
tropical SST and central-western Indian Ocean atmospheric
anomalies. Strong La Nina SST anomaly during the negative
AMO phase does not necessarily concur with strong CWIP
anomalies.

We suggest that this mismatch for La Nifia events are largely
attributed to AMO’s another direct decadal modulation
pathway through the atmospheric teleconnection in Walker
circulation. Besides the significant relationship with ENSO on
the interannual time scale, The DJF CWIP anomaly is also
significantly associated with the AMO SST forcing on decadal
time scales. But the influences from AMO and ENSO are
opposite in phase. An AMO warming could generate an
anomalous descending flow in the central-western Indian
Ocean through changing the Walker circulation, thus
reducing the CWIP anomalies there. Therefore, when La
Nifia coincides with a positive AMO, the anomalous
descending flows in central-western Indian Ocean is
superimposed, which gives rise to a stronger negative CWIP
anomaly. In contrast, during AMO-/La Nina winters, the
atmospheric descending anomalies in central-western Indian
Ocean induced by La Nifa anomalous SST are partly
counteracted by the multidecadal anomalous ascending flow
associated with the AMO, thus resulting in weaker CWIP
anomaly. For El Nifio episodes, the enhanced precipitation is
strengthened and weakened during the negative and positive
AMO phases, respectively, which further reinforces the
amplitude difference of the CWIP anomaly caused by El
Nifo SST anomaly in the central-eastern tropical Pacific. The
idealized AMO pacemaker experiments based on the coupled
model EC-Earth3 can well capture these observational results,
further consolidating the two pathways through which AMO
modulates the relation of ENSO with the CWIP.

In the present study, we emphasize the Atlantic multidecadal
(i.e., AMO) SST modulation effects on the relation of ENSO with
the CWIP during the boreal winter. The conclusions carry
important implications for our climate research community.
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The multiyear La Nifa (MYLN) is characterized by longer duration, bimodal feature, more
continuous circulation anomaly, and different climate impacts compared to the canonical
single-peak La Nifa. In this study, we focus on the evolving impacts of the MYLN on
precipitation in southern China, which mainly occur in boreal winter and summer and
correspond to significantly less precipitation and frequency of extreme rainfall. Results
show that such impacts have remarkable differences between the first and second half of
the MYLN lifecycle. In the first boreal winter when the MYLN reaches its first peak, the
precipitation in southern China decreases significantly, while it tends to be insignificantly
anomalous in the next winter. In the summer after its first peak, the MYLN has no apparent
impact on precipitation in southern China, but when it basically disappears in the next
summer, precipitation decreases significantly in southern China. Such seasonally evolving
features in the impacts of the MYLN on precipitation in southern China can be mainly
interpreted by the patterns of the anomalous cyclonic circulation in northwestern
subtropical Pacific during the first peak winter and the decaying summer of the MYLN,
which favors an anomalous reduction of moisture supply over southern China.

Keywords: multiyear La Nifa, double-peak, precipitation, southern China, cyclonic circulation

1 INTRODUCTION

The El Nifio-Southern Oscillation (ENSO) is the strongest interannual variability in the tropical
ocean-atmosphere coupled system. El Niflo and La Nifia are the warm and cold phases of ENSO
which usually last for 1-2 years and have a period of about 2-7 years. ENSO is characterized by
strong phase-locking with developing in boreal spring and summer and peaking in winter (Jin, 1996;
Neelin et al., 2000; Fang and Zheng, 2021). ENSO is one of the most important precursors that can
influence the climate in East Asia, especially the precipitation in China (e.g., Zhang et al., 1996; Wang
et al., 2000; Chen, 2002; Zhang et al., 2011). For example, during the developing year of El Nifio, the
summer and winter precipitation in southern China tends to increase (Zhang et al., 1996; Lim and
Kim, 2007; Feng et al., 2010; Feng et al., 2011; Feng and Li, 2011; Zhang et al., 2011; Yuan and Yang,
2012; Li et al.,, 2016; Xu et al.,, 2016).

The anomalous Northwest Pacific anticyclone (NWPAC) plays a key role in connecting ENSO
with the precipitation in eastern China (Zhang et al, 1996). The southeasterly wind anomalies
associated with the NWPAC transport warm and humid air from the South China Sea to eastern
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China, favoring the positive precipitation anomalies in eastern
China. Several theories have been proposed to explain how ENSO
excites and maintains an anomalous NWPAC, such as the warm
pool atmosphere-ocean interaction mechanism (Zhang et al,
1996; Wang et al, 2000), the Indian Ocean capacitor
mechanism (Xie et al, 2009, 2016), the moist enthalpy
advection/Rossby wave modulation theory (Wu et al., 2017),
and the ENSO-annual cycle combination mode (Stuecker
et al, 2013; Stuecker et al., 2015; Zhang et al, 2016).
Compared with El Nifio, during the mature stage of La Niiia,
there is an anomalous low-level cyclone in the northwestern
subtropical Pacific, which reinforce the East Asian winter
monsoon and leads to anomalously dry conditions in East
Asia (Huang et al., 2012; Li and Ma, 2012; Zhang R. et al,
2014; Xu et al., 2018). However, some studies have also found that
the climate impacts of La Nifla over southern China are much
weaker than those of El Nifo in recent decades, which show
clearly asymmetric climate impacts between the two ENSO
phases (Zhou et al., 2007).

In recent years, more attention has been paid to the asymmetry
between El Nifio and La Nifia (Ohba and Ueda, 2009; Karori et al.,
2013; Zhang R. et al.,, 2014; Zhang et al., 2015; Guo et al., 2017;
Timmermann et al., 2018; Geng et al,, 2019; Chen et al., 2022;
Song et al., 2022). The El Nifio has more super strong events and
decays much faster than the La Nifa (Song et al., 2022), while the
La Nifa tends to sustain longer and is more likely to re-intensify
after the first peak, i.e., develop to the multiyear La Nifia (denoted
as MYLN) (Zheng et al., 2015; Okumura et al., 2017). For
example, in the most recent 3 years, 2020-2022, there were the
2020/2021 and the following 2021/2022 La Nifa events, though
the latter is still evolving by now.

As a common type of La Nifa, the MYLN is getting more and
more attention in recent years and progress has been made on
understanding its complex process and dynamic mechanism
(Okumura and Deser, 2010; Zheng et al., 2015; Yu and Fang,
2018; Iwakiri and Watanabe, 2021; Kim and An, 2021; Kim and
Yu, 2021; Park et al., 2021). Okumura and Deser (2010) suggested
that the nonlinear response of atmospheric deep convection to
SSTs in the western tropical Pacific, which leads to a westward
shift of anomalous precipitation, enhances the duration of local
zonal wind anomalies during La Nifia and leads to the
prolongation of La Nifia. Kim and An (2021) attributed the
double-peak feature to a strong seasonal modulation of the
ENSO growth rate, which results in a seasonal gap of ENSO
phase locking and a bifurcation of the peak time of ENSO.
Moreover, the preceding strong El Nifo, the incursion of off-
equatorial subsurface cold water, and the subtropical air-sea
coupled forcing are also suggested to be important for
increasing the complexity of ENSO evolution and tend to
produce MYLN events (Zheng et al., 2015; Yu and Fang, 2018;
Iwakiri and Watanabe, 2021; Kim and Yu, 2021; Park et al., 2021).

Though the dynamics of MYLN remains controversial, several
studies have focused on the lingering climate impacts of MYLN
due to its bimodal feature, long duration, and continuous
circulation anomaly, which are different from the single-peak
type (Okumura et al., 2017; Prasanna et al., 2019; Raj Deepak
et al., 2019; Tokinaga et al., 2019; Iwakiri and Watanabe, 2021).

MYLN-Related Precipitation Changes in Southern-China

For example: a MYLN event can trigger an Atlantic Niflo by
enhancing the Walker circulation, but a single-year event cannot
establish such a teleconnection (Tokinaga et al., 2019). Compared
to the first winter during an MYLN event, the second winter has a
strengthened and zonally elongated atmospheric circulation
anomalies in the North Pacific and a northeastward shift of
United States drought region (Okumura et al., 2017). The East
Asian monsoon region is also suggested to have contrary
anomalous rainfall patterns in the first and second summers
of MYLN events (Raj Deepak et al, 2019), which is a sign
indicating that impacts between the first and second years of
the MYLN events may be different in southern China where
rainfall is highly affected by ENSO (Feng et al., 2010; Feng et al.,
2011; Feng and Li, 2011).

In this study, we intend to investigate the seasonally evolving
impacts of the MYLN on precipitation in southern China and
find out the key factors causing such impacts. The remainder of
this paper is organized as follows. The data and methods are
introduced in Data and Methods. Characteristics of MYLN and
its impacts on precipitation in southern China are investigated in
Characteristics of MYLN and Its Impacts on Precipitation in
Southern China. Mechanisms of the MYLN impacting
precipitation in southern China are analyzed in Mechanisms of
the MYLN Impacting Precipitation in Southern China. A
summary and a discussion are provided in Summary and
Discussion.

2 DATA AND METHODS

In this study, the monthly SST dataset is derived from the Hadley
Centre Sea Ice and Sea Surface Temperature dataset (HadISST)
spanning from 1980 to 2021 with a horizontal resolution of 1°
latitude x 1° longitude (Rayner et al, 2003). The daily
precipitation data at 699 Chinese meteorological stations for
the period 1980-2020 is from the daily precipitation dataset of
the Chinese surface climate data (V3.0) provided by the National
Meteorological Information Center of the China Meteorological
Administration (CMA). The atmosphere reanalysis data is from
the fifth generation of the European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis (ERAS5,
Hersbach et al.,, 2020) with a horizontal resolution of 0.25° x
0.25°. The climatology is taken as the period 1980-2020.
Anomalies are defined as the departure from the
climatological calendar mean and linear trends are removed.
MYLN events are selected according to the criterion in
Okumura et al. (2017): when the Nifio-3.4 index (5°S-5°N,
170-120°'W) falls below —-0.75 standard deviations in any
month during October (0) to February (1) and remains below
-0.5 standard deviations in any month during October (1) to
February (2). Here, the Nifio-3.4 index has been smoothed with a
3-months running mean and removed the long-term linear trend,
the standard deviation is calculated separately for each month,
and the year in which La Nifa first begins to develop is defined as
Year (0). Based on this criterion, four MYLN events after 1980
(1983-1985, 1998-2000, 2007-2009, and 2010-2012) were
identified (Figure 1A). For simplicity, we divide the lifecycle
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FIGURE 1 | (A) Time series of Nifio-3.4 index (black line). Red lines are —0.75 standard deviations of Nifio-3.4 index for each calendar month from October to
February. The blue shadings denote the MYLN events. (B) Evolutions of MYLN events from year (0) to year (2) and their composite.
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of MYLN in half according to the beginning time of the re-
developing stage after the first La Nifa peak.

3 CHARACTERISTICS OF MYLN AND ITS
IMPACTS ON PRECIPITATION IN
SOUTHERN CHINA

Composite evolution of the Nifio-3.4 index for the four MYLN

events (1983-1985, 1998-2000, 2007-2009, and 2010-2012) are
shown in Figure 1B (black line). It is obvious that the first peak

(-1.43°C) is stronger than the second peak (-1.15°C), which is
consistent with previous studies (Okumura and Deser, 20105
Okumura et al., 2017; Tokinaga et al, 2019). The MYLN
slowly decays after the first peak in D (0) JF (1) and begins to
re-intensify in JJA (1) and develops into the second relatively
weak peak in D (1) JF (2). During the time between the first and
second peaks, the Niflo-3.4 index remains negative, reflecting the
long duration of the La Nifia state in the equatorial Pacific, which
is remarkably different from the conventional ENSO cycle.
Figure 2 shows composites of D (0) JF (1), JJA (1), D (1) JE (2),
and JJA (2) SST anomalies of the MYLN. In D (0) JF (1), the
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MYLN reaches its first peak, the negative SST anomalous center is
located at around 165°W in the central equatorial Pacific. A
significant positive SST anomalies region extends from the
western equatorial Pacific to the north subtropical Pacific
continuously. In D (1) JF (2), the MYLN reaches its second peak,
the spatial pattern of SST anomalies in the tropical Indian Ocean and
Pacific is similar to that at its first peak, but the strength weakens
obviously. However, the meridional width of the significant region in
the central and eastern equatorial Pacific is much larger than that at
the first peak. Besides, there are significant signals in the Indian
Ocean and Warm Pool area during the duration of MYLN. The
anomalous circulation system in this area plays an important role in
affecting the precipitation in southern China (Zhang et al., 2022). In
JJA (2), the MYLN basically decays to neutral, but there are
significant negative SST anomalies in the surrounding sea areas
of northern Southeast Asia.

After the MYLN events had been identified, we further
investigated the seasonally evolving impacts of MYLN on
precipitation in southern China (Figure 3). Overall, during the
duration of MYLN, precipitation in southern China generally
decreases, but there are remarkable differences between the first
and second half of the MYLN lifecycle. In SON (0), the MYLN is in
its developing stage, and precipitation in the area south of the lower
reaches of the Yangtze River decreases, which is consistent with the
previous study (Zhang W. et al., 2014). While, in SON (1), the re-
developing stage of MYLN, the distribution of the precipitation
anomalies are insignificant in southern China. In the first boreal
winter [D (0) JF (1)], the MYLN reaches its first peak and the
precipitation in southern China decreases significantly, while the
MYLN seems to be irrelevant to the precipitation in the next winter
[D (1) JF (2)]. In the decaying stage after the first peak [MAM (1)
and JJA (1)], the precipitation anomalies are insignificant, and so is
in MAM (2). In JJA (2), when the MYLN basically disappears, the
precipitation in southern China decreases significantly again,
which is also the most conspicuous influence among seasons
during the second half of the MYLN lifecycle.

In addition, we also investigated whether the MYLN modulates
the probability of extreme precipitation days (Figure 4). Following
the previous studies (Xiao et al., 2017), we define the historical 95th
percentile precipitation for each season as the extreme threshold of
this season, and any day with precipitation exceeding the
corresponding threshold would be recognized as an extreme
precipitation day. Further, the frequency change of extreme
precipitation in the MYLN (AP,;) events relative to the
normal years is measured as the following:

Py (x2x) - Py (x 2 x)

x 100%
Pcli (x 2 xt)

APy = 1
Where, Py, on the right-hand side is the occurrence probability
of extreme precipitation days in the MYLN years, and Py; = 0.05
is the occurrence probability of extreme precipitation under the
normal status. Here, the so-called probability is just proxied by
the frequency calculated with our data samples. x represents the
daily precipitation value in the target seasons and x; is the
extreme threshold of the seasonal precipitation. As shown in
Figure 4, in the first developing stage of MYLN [SON (0)], the
occurrence probability of extreme precipitation days has been

MYLN-Related Precipitation Changes in Southern-China

decreased in areas south of the Yangtze River, and the affected
area extends throughout the lower reaches of the Yangtze River in
the first mature stage [D (0) JF (1)]. However, after that, the
MYLN seems to have very limited significant impacts on the
extreme precipitation over southern China.

4 MECHANISMS OF THE MYLN IMPACTING
PRECIPITATION IN SOUTHERN CHINA

Since impacts of MYLN on precipitation in southern China mainly
occurs in boreal winter and summer, we further analyzed what
causes the differences in the responses of precipitation in southern
China to the first and second half of MYLN. In the first mature
stage of MYLN [D (0) JF (1)], the negative SST anomalous center is
located in the central equatorial Pacific, and positive SST anomalies
arelocated in a belt that stretch from the Maritime Continent to the
subtropical central North Pacific (Figure 2A). The easterly 850 hPa
wind anomalies in the western and central equatorial Pacific can
strengthen the trade winds and enhance the Walker circulation, the
convection is suppressed in the eastern tropical Pacific but
enhanced in the Indo-Pacific warm pool, and an anticyclonic
circulation is formed in the north of the Maritime Continent
(Figure 5A). The southwesterly wind anomalies in the
northwestern tropical Pacific induced by the equatorial La Nifa
cold SST anomalies are contrary to the trade winds, which suppress
the local evaporation and lead to anomalous SST warming,
Eventually, an anomalous lower-tropospheric  cyclonic
circulation in the northwestern subtropical Pacific is formed at
around 30°N, 160°E as a response to the anomalous SST warming
(Wang et al., 2000). The northerly wind anomalies on the west side
of the anomalous cyclonic circulation are in eastern China,
strengthening the East Asian winter monsoon. Therefore, due to
the influence of the anomalous cyclonic circulation in the
northwestern subtropical Pacific, southern China is drier than
usual winter, which has been mentioned in Karori et al. (2013).

Figure 6A is the composite of anomalous vertically integrated
moisture fluxes (VIMFs, 1000-300 hPa vertically integrated) and
their divergence in D (0) JF (1). The distribution of anomalous
VIMFs is similar to that of the 850 hPa wind anomalies (Figures
5A, 6A). In the western and central equatorial Pacific, the easterly
wind anomalies transport moisture to the west and north. The
anomalous divergence of VIMFs is positive in southern China
and negative in South China sea. Meanwhile, under the influence
of the anomalous cyclonic circulation in the northwestern
subtropical Pacific, moisture is transported from the former to
the latter, which means that the precipitation in southern China
will become less. Figure 7A shows the composite of the zonal
circulation over the northern hemispheric Indo-Pacific region (5-
20°N) in D (0) JF (1). The ascending motion around 120°E is
strong, which reflects the strong large-scale modulation of Walker
circulation by matured La Nifia. Moreover, the lower-level
easterly wind anomalies are in the east of the date line, which
suggested that the formation of the anomalous cyclonic
circulation in the northwestern subtropical Pacific is closely
associated with the off-equatorial Rossby wave response
(Wang et al.,, 2000).
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FIGURE 5 | Composites of outgoing longwave radiation (shaded, units: W/m?) and 850hPa wind anomalies (vector, units: m/s) during (A) D (0) JF (1), (B) JJA (1),
(C) D (1) JF (2), and (D) JJA (2). Dotted areas and purple vectors indicate values exceeding the 90% confidence level determined using a two-tailed Student’s t test.

Compared with the first La Nifia peak in D (0) JF (1), the
second peak in D (1) JF (2) has a similar La Nifa SST pattern in
the tropical Pacific with weaker amplitude (Figures 1B, 2C), and
the anomalous zonal circulation in the north of the equatorial
Pacific weakens remarkably in D (1) JE (2) (Figure 7C).
Furthermore, there are no obvious warming in the
northwestern subtropical Pacific, so the local response of the
lower-level atmospheric circulation is weak that cannot form a
closed anomalous cyclonic circulation (Figure 5C). As a result,
there are neither significant northerly wind anomalies nor
anomalous VIMFs in eastern China (Figures 5C, 6C), which
cannot significantly influence the East Asian winter monsoon.
Therefore, the second peak of MYLN cannot significantly affect
the precipitation in southern China.

In JJA (1), the positive SST anomalies are disappeared in the
western equatorial Pacific, but the negative SST anomalies in the
central equatorial Pacific persist (Figure 2B). Easterly wind
anomalies are observed in the east of the Maritime Continent
(Figure 5B). However, there are almost no significant signals of
low-level atmospheric circulation and moisture transport in the off-
equatorial northwestern Pacific (Figures 6B, 7B). In addition, the
north Indian Ocean is dominated by the easterly wind anomalies
and no conspicuous descending motion (Figures 5B, 7B), which
has no contributions to the maintenance of the anomalous cyclonic
circulation in the northwestern subtropical Pacific.

In JJA (2), the SST anomalies in the equatorial Pacific have
almost completely disappeared and the MYLN has decayed to a
neutral state (Figure 2D). The easterly wind anomalies in the
equatorial Pacific that prevailed during the lifecycle of the
MYLN have also become weak (Figure 5D). However, negative
SST anomalies in the northern tropical Indian Ocean are still
significant. On their east side, the westerly wind anomalies
responded to the negative SST anomalies with strong cyclonic
shear, forming an anomalous cyclonic circulation over the
Philippine sea, which is consistent with the Indian Ocean
capacitor theory proposed by Xie et al. (2009). The
northerly wind anomalies in the west of the anomalous
cyclonic circulation are opposite to the prevailing southerly
winds of East Asian summer monsoon, which weakens the
latter. Meanwhile, under the influence of the anomalous cycle,
moisture diverges in southern China (Figure 6D), resulting in
less precipitation in this region. In Figure 7D, the northwest
tropical Pacific is characterized by anomalous ascending
motion, which forms an anomalous zonal atmospheric
circulation with the descending motion in the tropical
Indian Ocean, also suggesting the maintenance of the
anomalous cyclonic circulation in the north of the
Philippines in summer may be closely related to the Indian
Ocean capacitor effect (Wu et al., 2009; Xie et al., 2009; Li et al.,
2017).
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5 SUMMARY AND DISCUSSION

In this study, we focused on the seasonally evolving impacts of the
MYLN on precipitation in southern China. After 1980, there are four
MYLN events (1983-1985, 1998-2000, 2007-2009, and 2010-2012).
We found that impacts of MYLN on precipitation in southern China
mainly occur in boreal winter and summer and correspond to
significantly less precipitation and frequency of extreme rainfall
in southern China. Such impacts have remarkable differences
between the first and second half of the MYLN lifecycle.

In the first boreal winter [D (0) JF (1)], the MYLN reaches its
first peak and the precipitation in southern China decreases
significantly, and the probability of extreme precipitation days
is also apparently depressed, while the MYLN tends to be
irrelevant to the precipitation in the next winter [D (1) JF
(2)]. In the first mature stage of MYLN [D (0) JF (1)], the
negative SST anomalous center is located in the central
equatorial Pacific, and positive SST anomalies are located in
a belt that stretch from the Maritime Continent to the
subtropical central North Pacific. An anomalous lower-
tropospheric cyclonic circulation in the northwestern

subtropical Pacific is formed at around 30°N, 160°E as a
response to the anomalous SST warming (Wang et al,
2000). The northerly wind anomalies on the west side of the
anomalous cyclonic circulation are in eastern China,
strengthening the East Asian winter monsoon. Therefore,
due to the influence of the anomalous cyclonic circulation in
the northwestern subtropical Pacific, moisture is transported
from southern China to South China sea, and southern China is
drier than usual winter, which has been mentioned in Karori
et al. (2013). Compare with the first La Nina peak in D (0) JF
(1), the second peak in D (1) JF (2) cannot form a closed
anomalous cyclonic circulation in the northwestern subtropical
Pacific. As a result, there are no significant northerly wind
anomalies in eastern China, which cannot significantly affect
the precipitation in southern China.

In the summer after the first La Nifia peak [JJA (1)], the MYLN
have no significant contributions to the precipitation in southern
China, but when the MYLN basically disappears in the last
summer [JJA (2)], the precipitation in southern China
decreases significantly, which is also the most conspicuous
influence among seasons during the second half of the MYLN
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lifecycle. In JJA (1), the positive SST anomalies disappear in the
western equatorial Pacific, but the negative SST anomalies in the
central equatorial Pacific persist. However, there are almost no
significant signals of low-level atmospheric circulation and
moisture transport in the off-equatorial northwestern Pacific.
InJJA (2), the SST anomalies in the equatorial Pacific have almost
completely disappeared and the MYLN has decayed to a neutral
state, while negative SST anomalies in the northern tropical
Indian Ocean are still significant. On the east side of the
northern tropical Indian Ocean, the westerly wind anomalies
responded to the negative SST anomalies, contributing to the
deepened convection in the Philippine sea and forming an
anomalous cyclonic circulation over the Philippine sea.
Meanwhile, the northwest tropical Pacific is characterized by
anomalously ascending motion, which forms an anomalous zonal
atmospheric circulation with the descending motion in the
tropical Indian Ocean, suggesting the maintenance of the
anomalous cyclonic circulation in the north of the Philippines
in summer may be closely related to the Indian Ocean capacitor
effect (Wu et al, 2009; Xie et al., 2009; Li et al., 2017). The
northerly wind anomalies in the west of the anomalous cyclonic
circulation weaken the prevailing southerly winds of East Asian
summer monsoon and correspond to significantly less
precipitation in southern China.

The MYLN in its lifecycle mainly depressed the precipitation
and frequency of extreme rainfall over southern China, which can
be mainly interpreted by the patterns of the anomalous cyclonic
circulation in northwestern subtropical Pacific. However, in its
first developing stage [SON(0)], the occurrence probability of
extreme precipitation days has an increase in the Yangtze-Huaihe
Region, but the seasonal mean precipitation in this region has no
significant changes, which may be due to the MYLN contributing

to the formation of local atmospheric conditions in this region
that is conducive to the extreme precipitation. Due to the limited
number of MYLN events, the understanding of such type of La
Nifa in its dynamic processes and evolving impacts is still
insufficient, as well as its predictability. Therefore, it is
necessary to use coupled ocean-atmosphere models to further
analyze mechanisms of the climate impacts of MYLN in future.
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Siberian High (SH) is the dominant pressure system located in the mid-high latitudes of
Eurasia during boreal wintertime. This study reveals a triggering impact of SH variation in
preceding winter on the following ENSO events, and gives a possible explanation via
diagnosing the SH-associated air-sea response over the tropical Pacific and North Pacific.
When SH is anomalously enhanced (suppressed) during boreal winter, an Aleutian Low
enhanced (suppressed) response will occur over the downstream North Pacific. The
Aleutian Low response gradually evolves into a meridional dipole structure similar to the
negative (positive) phase of the North Pacific Oscillation (NPO) during the following spring
and early summer. Correspondingly, the oceanic response in the North Pacific features a
pattern similar to the negative (positive) phase of the Victoria mode. These SH-associated
air-sea responses over the subtropical North Pacific will be maintained and further
delivered into the tropical Pacific through the so-called seasonal footprinting
mechanism, which favors the Bjerknes feedback established around boreal summer
and finally grows into a La Nifa (El Nifo).

Keywords: Siberian High, El Nifo-Southern Oscillation, North Pacific, seasonal footprinting mechanism, wind-
evaporation-SST feedback

INTRODUCTION

The El Nino-Southern Oscillation (ENSO) is the dominant interannual variability in the tropical
Pacific, which can directly impact the weather and climate in the tropical Pacific and adjacent
continents, and have remote effects worldwide through some teleconnection processes (Rasmusson
and Carpenter, 1982; Philander, 1983; Jin, 1996; Trenberth et al., 1998; Paegle and Mo, 2002).
Nowadays, ENSO plays an important role in seasonal and interannual climate predictions in plenty
of regions (e.g., Zhang et al., 1996; McPhaden et al., 2006a; Zhang et al., 2015; Infanti and Kirtman,
2016; Luo et al., 2016). Thus, it is of great value for sciences and social benefits to understand the
dynamics and climate impacts of ENSO.

In recent decades, substantial attention has been paid to the ENSO diversity and complexity, and one
important part is the diversity of ENSO triggers (Timmermann et al,, 2018; Ren et al., 2020). Many studies
have indicated that the tropical Pacific air-sea interaction plays a fundamental role in the ENSO dynamics
(Bjerknes, 1969; Neelin et al, 1998; Wang, 2018; Ren et al, 2020). However, forcings from the
extratropical Pacific are also of great importance in modulating the ENSO outbreaks (e.g., Terray,
2011; Wang et al, 2011). For example, North Pacific Oscillation (NPO) can cause a sea surface
temperature (SST) “footprint” when its subtropical portion (0°-20°N) forces the overlying atmosphere,
resulting in zonal wind stress anomalies that favor the initiation of an ENSO event (Vimont et al., 2001,
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FIGURE 1 | Winter (January-February-March) sea level pressure
climatology. Reference period is 1981-2010. Only pressures exceeding

1020hPa are shown as white lines. The values of SLP for the box region are
averaged to define the intensity index of the winter Siberian High.

2003; Amaya, 2019). The Victoria Mode (VM), a vital interannual-
scale mode of the North Pacific SST anomaly, was also demonstrated
to be a potential ENSO precursor (Ding et al., 2015a; 2015b). In
addition, the anomalous SST warming in the Indian and Atlantic
Oceans could influence the ENSO development via interbasin
interactions (Li and Mu, 2000; Wang et al., 2017).

Previous studies were more like to seek the possible ENSO
triggers in oceans, while there was relatively little attention paid
to the impact from atmospheric circulation systems located on the
inner continent. The Siberian High (SH) is the most vital high-
pressure system in the lower troposphere over Mongolia-Siberia
during boreal wintertime, which dominates the low-level
atmospheric circulation and the associated anomalous events in
almost the whole Asian continent (Ding, 1990; Miyazaki et al., 1999;
Gong and Ho, 2002). Moreover, SH can modulate the hemispheric-
scale circulation over the downstream Pacific Ocean and more
distant regions (Cohen et al., 2001; Wu and Wang, 2002). Given
that the tropical air-sea interaction has been found closely tied to
variabilities in North Pacific (Bond et al., 2003), it is reasonable to
deduce that SH may also have a remote impact on ENSO.

This paper intends to examine the possible impact of the boreal
winter SH on the ENSO development in the subsequent year, and
explain how the SH-associated impacts maintain and propagate to
the tropical Pacific. The remainder of this paper is organized as
follows. Data and Methodology introduces the data and methods.
Relationship Between the Preceding SH and ENSO in the Following
Winter reveals the linkage between the preceding boreal winter SH
and the ENSO in the following winter. The associated physical
processes of how SH affects the following ENSO development are
described in Possible Mechanisms Linking the Preceding SH to ENSO.
Summary and Discussion gives a summary and brief discussion.

DATA AND METHODOLOGY

The present study employs monthly SST data from the Met
Office, Hadley Centre Sea Ice and Sea Surface Temperature

FMA(1) ——=
JFM(1) — &
DUF(1) | |
NDJ(1)
OND
SON
ASO
JAS
JUA
MJJ
AMJ

MAM

FMA

JFM , —
180 135W  90W

[ LI
-0.5-0.25 0 0.25 0.5

FIGURE 2 | Evolution of equatorial (5°S-5°N-averaged) SST anomalies
(Unit: “C) obtained by correlation on the normalized JFM SHI index. Stippled
regions in green (purple) indicate anomalies significant at the 90% (95%)
confidence level according to the Student’s ¢ test.

dataset (HadISST), with a horizontal resolution of 1° x 1°
(Rayner et al, 2003). Atmospheric variables, including
monthly sea level pressure (SLP), surface wind stress,
pressure-level winds, and surface upward latent heat flux are
obtained from the fifth-generation European Center for Medium-
Range Weather Forecasts (ECMWF) reanalysis of the global
climate (ERA5; Hersbach et al., 2020) at 1° x 1° resolution. All
analyses are conducted with a period of 1980-2020. Anomaly is
obtained as the departure from the climatological mean of
1981-2010. In order to remove the influence of climate
change, the long-term linear trend has been removed.

Following the previous studies (Gong and Ho, 2002), we focus
on the variation of SH during late winter (January-February-
March, JEM). Siberian High intensity (SHI) index is defined as
the mean SLP over a key region (70°-120°E, 40°-60°N), which
generally covers the central regions of SH (Figure 1). Nifio-3.4
index, defined as the averaged SST anomalies over 5°S-5°N and
170°-120°W, is employed to represent the ENSO variability.
Regression, correlation, and composite analyses are used to
clarify the typical characteristics of the SH-associated air-sea
responses, and their statistical significance is determined with
the two-tailed Student’s ¢ test.

RELATIONSHIP BETWEEN THE
PRECEDING SH AND ENSO IN THE
FOLLOWING WINTER

In this section, we first examined the relationship between the
winter SH and tropical Pacific SST anomalies in the following
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FIGURE 3 | (A) Time series of the JFM SHI index and NDJ (1) Nifio-3.4 index during 1980-2020. The correlation coefficient shown in the upper right corner is the
correlation with JFM SHI index leading NDJ (1) Nifio-3.4 index. (B) Scatter plots of the JFM SHI and NDJ (1) Nifio-3.4 indices. Both indices are normalized by their
standard deviations (STDs), and the red (blue) points are the years with Nifio-3.4 indices greater than 0.5 STDs (less than —0.5 STDs), indicating strong El Nifio (La Nifia)
events; grey spots are neutral events. The lines represent the regression fit. Dashed lines indicate that JFM SHI index is equal to 0.5 STDs.

year. Figure 2 shows the correlation evolution of the JFM SH with
the lagged meridional mean (5°S-5°N) of tropical SST anomalies.
In total, it highly resembles a typical eastward propagation of
ENSO development. A significant negative correlation between
the winter SH and following SST anomalies in the equatorial
Pacific establishes in the late spring, firstly occurring in the
western and central Pacific. This negative correlation will be
rapidly enhanced and eastward spread in the following seasons.
The strongest correlation between SH and SST anomalies over the
Nifo-3.4 region occurs at the end of the year (November-
December-January (1), NDJ (1), where (1) indicates time
comes to the next year). Therefore, the preceding SH variation
is likely to be a precursor of an ENSO development in the
following year.

Motivated by the high correlation between the winter SH and
tropical Pacific SST anomalies in the following winter, we then
examine the yearly correspondence of the normalized JFM SHI
and NDJ (1) Nifio-3.4 indices during the period of 1980-2020, as
shown in Figure 3. The correlation coefficient of these two
indices is —0.46, which is statistically significant at the 99%
confidence level. In the previous winter of the three super El
Nifo events after 1980 (i.e., El Nifios in 1982/1983, 1997/1998,
and 2015/2016), the SHs were all relatively suppressed.
Meanwhile, preceding some typical La Nifa events (e.g., La
Nifas in 1988/1989, 2010/2011), there were enhanced SHs in
winter (Figure 3A). In specific, after 12 enhanced SH winters
[JEM SHI index >0.5 standard deviations (STDs)], there are
6 years with a La Nifa event (NDJ (1) Nifio-3.4 index < -0.5
STDs) developed in the subsequent winter. Comparatively, in
9 years out of 15 suppressed winter SH years (JEM SHI index <
-0.5 STDs), the Nifio-3.4 region becomes anomalous warming in
the following, and six of them grow into an El Nifio winter (ND]
(1) Nifo-34 index >0.5 STDs) (Figure 3B). The high
correspondence of the two indices suggests again that there is
a close relationship between the SH variation in the preceding
winter and the development of ENSO in the following winter.
Moreover, the potential impact of preceding SH on ENSO is
generally symmetric between the enhanced and suppressed SH.

To explore the typical characteristics of the potential impacts
of the preceding SH, we select the historical years when apparent
SH variation leads to the following ENSO events and conduct a
composite analysis on the atmospheric and oceanic anomalies
during these years. The six La Nifla years with enhanced SH
(1984, 1988, 2005, 2008, 2010, 2011) are identified as years with
the JFM SHI index exceeding 0.5 STDs and ND]J (1) Nifio-3.4
index lower than -0.5 STDs. Similarly, six El Nifo years with
suppressed SH (1982, 1997, 2002, 2004, 2009, 2015) are years with
the JFM SHI index lower than -0.5 STDs and NDJ (1) Nifo-3.4
index higher than 0.5 STDs. As shown in Figure 4A, when the SH
is anomalously enhanced during the boreal wintertime, there is
no significant synchronized SST response in the tropical Pacific,
but some easterly wind anomalies occur over the warm pool. In
the North Pacific, there is a significant low-level westerly wind
anomaly over around 30°-40°N, with a strong anticyclonic
atmospheric circulation at its southern flank. Accordingly,
there are weak SST warming responses excited underlying the
anomalous winds (Figure 4A). Coming to the late spring (April-
May-June, AM]J), the subtropical anticyclone and corresponding
horseshoe-shaped SST response are further intensified. The
negative SST anomalies in the subtropical Pacific are enhanced
and southward extend to the tropical central Pacific and eastern
Pacific. In addition, the easterly wind anomalies only covering the
warm pool in the preceding season also extend to the tropical
central-eastern Pacific (Figure 4B).

Entering the second half of the year, the meridional horseshoe-
shaped pattern of SST response in the North Pacific shows little
changes except the westward extending of warming SST to the
Asian coasts and warm pool area. In the tropics, the negative SST
anomalies are further enhanced, and the center of anomalies
gradually extends from the western Pacific to the central-eastern
Pacific. Meanwhile, the easterly wind anomalies develop and
cover the whole Pacific equatorial band (Figures 4C,D). These
variations can be attributed to the positive feedback of zonal wind
and SST gradient, namely, the so-called Bjerknes feedback
(Bjerknes, 1969; Neelin et al., 1998; Wang, 2018; Ren et al.,
2020). The above composite analysis implies that the North
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Pacific may be a critical passway of the SH impacts, where the
anomalous signal maintains and propagates before the Bjerknes
feedback established in the second half of the year.

POSSIBLE MECHANISMS LINKING THE
PRECEDING SH TO ENSO

The above results have shown that the JFM SH, as a precursor,
may influence the occurrence and development of ENSO. There
is no doubt that the strong tropical Bjerknes feedback dominates
the development of ENSO during the second half of the year.
However, how the preceding SH initiates the Bjerknes feedback in
the first half of the year remains unclear. Given that North Pacific
may be the vital passway, next, we examined the evolutionary
features of North Pacific air-sea anomalies associated with the SH
during the first half of the year to clarify the possible mechanisms.

Figure 5 illustrates regressions of the North Pacific SLP and
850-hPa wind anomalies in JEM and AM]J upon the JFM SHI
index. The JEM SLP anomalies exhibit a negative response over
the mid-latitude North Pacific, resembling an enhanced Aleutian
Low (AL) anomaly (Figure 5A) (Overland et al, 1999). The
corresponding variation between the SH and AL reflects the
connectivity among atmospheric centers of action. Referring to
previous work (Chen et al., 2020), an AL intensity (ALI) index is
defined to describe the strength variation of AL (Table 1). As
shown in Figure 6, the AL response over the North Pacific to the
JEM SH begins quickly and remains throughout the winter and
spring. The negative correlation reaches the highest when AL lags
SH about 1 month. Affected by the enhanced AL, significant low-

level westerly wind anomalies occur at the southern flank of AL.
Besides, there are easterly wind anomalies confined over the
warm pool (Figure 5A). Moreover, the westerly wind
anomalies at the southern flank of AL are opposite to the
background winds, which may cause the warm SST anomalies
observed in the central subtropical North Pacific (Figure 7A) by
weakening the local evaporation (Figure 8A) (Chen et al., 2020).
The anomalous AL response in the mid-latitude North Pacific
diminishes rapidly in spring (Figure 5B). The SH-related SLP
anomalies change from the anomalous AL pattern to a meridional
dipole pattern with centers in the 60°N and 30° N North Pacific,
respectively, which is similar to the pattern of NPO (Wallace and
Gutzler, 1981). Several studies have suggested that such variation
may be attributed to the interaction between the synoptic-scale
eddy activity and mean flow and associated vorticity
transportation. Westerly wind anomalies at the southern flank
of the enhanced AL are accompanied by an increased synoptic-
scale eddy activity, which will excite an anomalous anticyclonic
circulation in the subtropical North Pacific (Chen et al., 2014;
Chen et al, 2020). Connected with atmospheric circulation
changes, a remarkable northeast-southwest dipole mode of
SST anomalies occurs in the North Pacific in late spring
(AMJ), namely, the so-called VM pattern (Bond et al., 2003;
Ding et al., 2015b). The positive SST anomalies in the central
subtropical North Pacific are enhanced. Moreover, significant
negative SST anomalies occur at the northern and southern flanks
of the positive anomalies, extending from the coast of North
America to the central subtropical North Pacific (Figure 7B).
The correlation evolution of indices between the JEM SHI and
associated air-sea responses in the North Pacific also reflects the
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TABLE 1 | Definitions of the AL, NPO and VM indices.

AL
NPO
VM

Definitions

area-averaged SLP anomalies over 30°—65°N, 160°E-140"W
PC time series corresponding to EOF2 of SLP anomalies over 120°E-80°W, 20°-60°N
PC time series corresponding to EOF2 of the North Pacific (124.5°E-100.5°"W, 20.5°N-65.5°N) monthly SST anomalies (after

removing the monthly mean global average SST anomalies)

Sources

Chen et al. (2020)
Yu and Kim, (2011)
Ding et al. (2015b)
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FIGURE 6 | Lag correlation coefficients between the JFM SHI and the AL (blue), NPO (yellow), VM (red), U (black) indices during 1979-2020. The U index is defined
as the regional mean 10-m zonal wind anomaly in the equatorial eastern-central Pacific (10°S—10°N, 180° E-120°W). The horizontal axis represents the target month of
used AL, NPO, VM, and U indices. The dashed lines indicate the correlation coefficient significant at the 95% confidence level. Time notations indicate the year alongside
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aforementioned processes (Figure 6). The SHI index poorly
correlates with the NPO and VM indices in late winter. While
in spring, when the relationship between SH and AL decays, the
correlation between JEM SH and NPO becomes significant and
can last throughout the whole summer, indicating that the SH-
related atmospheric response gradually changes into an NPO-like
pattern. Meanwhile, the negative correlation between the VM and
JEM SH also becomes significant in late spring.

Previous studies suggested that the NPO-induced SLP
anomalies linking with the North Pacific trade winds can
excite surface and subsurface temperature anomalies in the
equatorial Pacific, which is beneficial to developing ENSO
events (Vimont et al, 2001; Vimont et al., 2003; Anderson
et al, 2013). Moreover, the SST anomalies featuring a VM
pattern can also transfer the anomaly from extratropical North
Pacific to equatorial Pacific and support the occurrence of ENSO
events (Ding et al, 2015a; Ding et al., 2015b). When SH is
enhanced in the preceding winter, the NPO-like pattern in late
spring features an anticyclonic circulation over the subtropical
North Pacific. The northeasterly wind anomalies at its southern
side strengthen the trade winds (Figure 5B), thus sharpening the
evaporation over the subtropical northeastern Pacific (Figure 8B)
and leading to the local cooling anomalies (Figure 7B). The
cooling anomalies can further strengthen the northeasterly wind
anomalies and evaporation through the so-called wind-
evaporation-SST feedback, which can sustain and stretch to
the central equatorial Pacific during the spring and summer
(Xie and Philander, 1994; Chiang and Vimont, 2004). The
coupled easterly winds and cooling SST anomalies extending
to the equator will enhance the zonal air-sea interaction over the
equatorial Pacific. Besides, the associated off-equatorial wind
stress curl anomalies may lead to a discharge of the subsurface
heat content (Ding et al., 2015b; Amaya, 2019). Both processes
contribute to establishing the tropical Bjerknes feedback, favoring
the subsequent ENSO development. As shown in Figure 6, the
negative correlation between zonal wind anomalies in the central-
eastern equatorial Pacific and JFM SHI is insignificant until
summer. With the development of ENSO, this negative
correlation will last in the second half of the year.

SUMMARY AND DISCUSSION

As one of the vital atmospheric circulation systems in the
northern hemisphere during boreal wintertime, SH has remote
impacts on the hemispheric-scale atmospheric circulation over
the downstream regions. Our study found that the SH variation in
the previous winter is well correlated with the tropical Pacific SST
anomalies in the following year, which can be used as an
atmospheric precursor of ENSO. An enhanced SH in the
previous winter is likely to trigger a La Nifa-related SST
anomalous pattern in the central-eastern equatorial Pacific in
the following winter. Conversely, a suppressed SH may lead to an
El Nifio event.

Through diagnosing the air-sea responses over the North
Pacific and tropical Pacific, we gave a possible explanation of
how the SH impacts maintain, propagate, and eventually
trigger an ENSO in the following year. As summarized
schematically in Figure 9, in response to a strengthened
boreal winter SH, an enhanced AL response will occur over
the downstream North Pacific. During the late spring (AM]),
this anomalous AL response gradually evolves into an NPO-
like SLP structure. Correspondingly, the North Pacific SST
anomalies feature a typical VM pattern. In the subtropical
North Pacific, the NPO-like atmospheric circulation and VM-
associated SST anomalies cause a cooling SST “footprint.” This
cooling SST and associated northeasterly wind anomalies can
be enhanced and delivered to the central Pacific through the
seasonal footprinting mechanism. That contributes to the
rapid development of the tropical Bjerknes feedback in
summer and eventually results in a La Nifia event.
Similarly, the North Pacific air-sea responses will be in the
opposite phase when a suppressed SH occurs, contributing to
an El Nifo event.

This study links the preceding SH variation and following
ENSO development through air-sea interactions over North
Pacific. However, it should be noticed that these North Pacific
air-sea interactions may be sensitive to the background
interdecadal time scales. For example, the Arctic Oscillation
showing a substantial interdecadal variability could
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significantly affect the seasonal footprinting mechanism (Yeo  interannual ENSO prediction and weaken the predictability
et al,, 2012; Chen et al., 2013). Some interdecadal variabilities,  barrier if reasonably used.

such as Pacific Decadal Oscillation, can directly change the

linkage between North Pacific and tropical Pacific (Vimont
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The El Nifo-Southern Oscillation (ENSO) phenomenon features rich sea surface
temperature (SST) spatial pattern variations dominated by the Central Pacific (CP) and
Eastern Pacific (EP) patterns during its warm phase. Understanding such ENSO pattern
diversity has been a subject under extensive research activity. To provide a framework for
unveiling the fundamental dynamics of ENSO diversity, an intermediate coupled model
based on the Cane-Zebiak-type framework, named RCZ, is established in this study.
Compared with the original Cane-Zebiak model, RCZ consists of revised model
formulation and well-tuned parameterization schemes. All model components are
carefully validated against the observations via the standalone mode, in which the
observed anomalous SST (wind stress) forcing is prescribed to drive the atmospheric
(oceanic) component. The superiority of RCZ’s model components over those in the
original Cane-Zebiak model is evidenced by their better performance in simulating the
observations. Coupled simulation with RCZ satisfactorily reproduces aspects of the
observed ENSO characteristics, including the spatial pattern, phase-locking, amplitude
asymmetry, and, particularly, ENSO diversity/bi-modality. RCZ serves as a promising tool
for studying dynamics of ENSO diversity as it resolves most of the relevant processes
proposed in the literature, including atmospheric nonlinear convective heating, oceanic
nonlinear dynamical heating, and the ENSO/westerly wind burst interaction.

Keywords: El Nino-Southern Oscillation, ENSO diversity, ENSO bi-modality, Cane-Zebiak model, nonlinear
convective heating, subsurface temperature parameterization

1 INTRODUCTION

The El Niflo-Southern Oscillation (ENSO), a basin-scale atmosphere-ocean coupled phenomenon, is
the dominant interannual climate variability in the tropics. Since the Tropical Ocean-Global
Atmosphere (TOGA) decade, extensive observational studies have unveiled the ENSO temporal
complexity and inter-event pattern diversity (Timmermann et al., 2018, and references therein). El
Nifio exhibits rich diversity in the sea surface temperature anomaly (SSTA) pattern at its mature
phase and is accordingly categorized into two types/flavors- Eastern Pacific (EP) El Nifio and Central
Pacific (CP) El Nino (Larkin and Harrison, 2005; Ashok et al., 2007; Kao and Yu, 2009; Kug et al.,
2009; Yeh et al.,, 2009; Ren and Jin, 2011). Corresponding to the contrasting spatial pattern and
magnitude of the associated SSTA, the two types of El Nifio exhibit substantial differences in their
impacts (see review articles by Yang et al., 2018; Taschetto et al., 2020; Cai et al., 2021). In contrast to
El Nifo, La Nina exhibits less obvious pattern diversity (Kug and Ham, 2011).

The distinct feedback processes associated with the two types of El Nifio have been well
documented. Growth of SSTA during EP and CP El Nifio events is accomplished by different
combinations of thermocline feedback and zonal advective feedback, with the latter being more (less)
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important for CP (EP) El Nifio (Kug et al., 2009; Capotondi, 2013;
Ren and Wang, 2020; Wang and Ren, 2020). The discharge/
recharge paradigm serves as delayed-negative feedback and thus
contributes to the phase transition of EP El Nifio. Such a slow
oceanic adjustment process, however, is less distinct for CP El
Nifio (Kug et al., 2010; McPhaden, 2012; Capotondi, 2013; Ren
and Jin, 2013).

A large amount of research efforts has been put forth to
advance our understanding of the coexistence of the two types
of El Nifio. The current understanding of ENSO diversity is
generally classified into two camps, representing two distinct
possible pathways. The first understanding, which is essentially
from the linear perspective, underscores the role played by
stochastic processes in generating the two types of ENSO
through exciting either two coexisting ENSO-like linear modes
or distinct optimal growth (Bejarano and Jin, 2008; Newman
et al., 2011a; Newman et al.,, 2011b; Vimont et al., 2014; Vimont
et al., 2022; Chen et al,, 2015; Hayashi and Watanabe, 2017; Xie
and Jin, 2018). The other understanding emphasizes the effect of
nonlinear processes and speculates that the two types of ENSO
represent the moderate and extreme regimes of the universal
ENSO phenomenon (Takahashi et al., 2011; Takahashi and
Dewitte, 2016; Okumura, 2019). Due to their limitations,
neither of the above two understandings is conclusive; the
dynamics of ENSO diversity is still far from being fully
understood. A major roadblock is the intertwining of
proposed mechanisms in explaining various aspects of ENSO
diversity. To unambiguously disentangle its dynamics, one needs
to turn to a simple but comprehensive framework that allows a
clean separation among the possible mechanisms.

The classic Cane-Zebiak model (CZ model hereafter; Zebiak
and Cane, 1987, ZC87 hereafter), along with its simplified
variants (e.g., Jin and Neelin, 1993; Jin, 1997), has dramatically
advanced ENSO research as it provides a decent framework for
studies on ENSO theory, modeling, and prediction. It is also a
useful tool for studying ENSO diversity as it allows testing of
contribution from various mechanisms by switching on/off
relevant processes. Recently, the CZ model has been utilized to
investigate 1) the linear ENSO dynamics of relevance to ENSO
diversity (Bejarano and Jin, 2008; Xie and Jin, 2018) and 2) the
effects of westerly wind bursts and their interaction with ENSO
on ENSO diversity (Chen et al., 2015; Hayashi and Watanabe,
2017). It deserves to point out that the CZ model was built more
than three decades ago, when there was not enough observational
data, especially oceanic data, to test its validity. With the
emerging satellite and in-situ data not long after the model
was established, Perigaud and Dewitte (1996) and Dewitte and
Perigaud (1996) were able to identify several deficiencies in the
CZ model components. It has been noted in Geng (2021) that
characteristics of ENSO diversity exhibit strong sensitivity to the
mean state and feedback processes, which effectively determine
the ENSO regime. Thus, attempts toward understanding ENSO
diversity with the CZ model shall be cautious, especially
considering that the mean state and model parameters in such
an anomaly model are somewhat arbitrary.

Inspired by the convenience of the Cane-Zebiak-type framework
for studying ENSO diversity while acknowledging its deficiencies, we

ENSO Diversity in RCZ Model

aim to build a revised CZ model in which model formulation and
parameterization schemes are improved and carefully validated. The
model is referred to as RCZ, with “R” denoting “revised”. Section 2
provides the model description and verification of model
components against observations. Characteristics of RCZ-
simulated ENSO behavior are summarized in Section 3.
Summary and some discussions on shortcomings and potential
improvements of RCZ are presented in Section 4.

2 MODEL DESCRIPTION AND
VERIFICATION

2.1 Revisions to the CZ Model

The skeleton of RCZ resembles that of the CZ model, comprising
a diagnostic atmospheric model, a prognostic ocean dynamics
model, and a prognostic mixed-layer model. All model variables
are anomalous fields defined as deviations from the prescribed
seasonal-varying mean state. Detailed descriptions of the model
equations are provided in the Supplementary Appendix. Key
differences in model configurations between RCZ and the CZ
model are summarized as follows.

2.1.1 Atmospheric Model

In the CZ model, the tropical surface wind stress anomalies are
driven by SSTA-related condensation heating and anomalous
circulation-determined convective heating, in which the latter is
solved iteratively. However, as numerical convergence for iteration
is not guaranteed, especially for the linear stability analysis
performed with grid point perturbation which has been utilized
to study linear ENSO dynamics (Bejarano and Jin, 2008; Xie and
Jin, 2018), the iteration method introduces truncation error and
artificial randomness. Anomalous diabatic heating in RCZ,
therefore, is solely determined by SSTA in the form of

Q, = aq exp (boT) | boT + %(bQT)Z +=(boT)’ (1)

1

6
where T and T denote the mean SST and SSTA, respectively.
Values of the coefficients ag and b are empirically obtained
through best-fitting and are provided in the Supplementary
Appendix. In contrast to the CZ model where the
condensation heating is linearly dependent on SSTA, the high-
order terms (i.e., the quadratic and cubic terms) on the right-
hand-side (RHS) of Eq. 1 are introduced to describe the nonlinear
convective heating which has been suggested to play critical roles
in ENSO asymmetry (Kang and Kug, 2002; Ohba and Ueda, 2009;
Frauen and Dommenget, 2010; Choi et al., 2013; An and Kim,
2017) and ENSO diversity/bi-modality (Okumura, 2019;
Takahashi et al, 2019). The formulation of nonlinearity
(i.e, third-order truncation of Taylor expansion for
exponential function) is inspired by observing that the local
relationship between precipitation and underlying SST
generally follows an exponential curve (e.g., Okumura, 2019).

2.1.2 Ocean Dynamics Model
Unlike the CZ model, which adopts the longwave approximation
in the ocean dynamics component, RCZ utilizes the full shallow-

Frontiers in Earth Science | www.frontiersin.org

129

April 2022 | Volume 10 | Article 899323


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Geng and Jin

ENSO Diversity in RCZ Model

A obs B RCZ Cc cz
1980 1980 1980
1985 = 9 1985 e 1985 =
1990 — —_— 1990 — 1990 —
P - — - —{
1995 — 1995 — 1995 —
| | e
2000 — —5; 2000 = 2000 -
2005 2005 - 2005 -
2010 s 2010 = 2010
2015 2015 2015
R = B =
T T B e T T
135E 180 135W 90W 135E 180 135W 90W 135E 180 135W 90W
[ [ [ [ I
75 6 -45 -3 -15 0 15 3 45 6 75
FIGURE 1 | (A) Time evolution of the observed equatorial (5°S-5°N average) subsurface temperature anomalies (unit: “C) over the Pacific during 1980-2018. (B,C)
Same as (A) but for subsurface temperature anomalies parameterized through Eq. 2 and Equations A12 and A13in ZC87, respectively. The subsurface temperature is
defined as the temperature at the depth of Hsy, = 75m. Ocean temperature and 20°C-isotherm depth are from the ECMWF ORAS5 dataset.

water model. Instead of separately integrating Kelvin and Rossby
wave components as in Cane and Patton (1984) or applying
modal decomposition to project oceanic variables onto Hermite
polynomials as in Bejarano and Jin (2008), RCZ explicitly resolves
the anomalous zonal current, meridional current, and
thermocline depth. Furthermore, rather than being assigned a
fixed value as in the CZ model, the reduced gravity constant in
RCZ is spatial-varying, which effectively relieves the ocean wave
over-reflection at the eastern boundary observed in shallow-water
model simulations with a fixed reduced gravity constant.

2.1.3 Mixed-Layer Model

The primary difference of the mixed-layer model between RCZ
and the CZ model is in the formulation of subsurface temperature
parameterization. (2020) found that the
parameterization scheme in the CZ model 1) artificially
introduces an over-strong El Nifio/La Nifia asymmetry and 2)
underestimates subsurface temperature anomalies in the central
Pacific (also see Figure 1). Inspired by ZC87 and Yuan et al.
(2020), a subsurface temperature parameterization is proposed as

Yuan et al

h-H,,
Tb) +(1=9)Tm

2

where /1 and h denote the mean thermocline depth (i.e., depth of
the 20°C-isotherm) and thermocline fluctuation, respectively; and
T, is the mixed layer temperature anomaly (MLTA). The second
term on RHS of Eq. 2 mimics the entrainment process, with 1 — y
measuring the efficiency of entrainment. Definitions and values

E+h—Hsub ¢

& anh

Top = yAs,,b<tanh

of other coefficients are provided in the Supplementary
Appendix. Compared with that proposed in ZC87, this
parameterization scheme removes the artificial El Nifio/La
Nifia asymmetry and thus better captures the observed cold
equatorial subsurface temperature anomalies during La Nifa
events (Figure 1).

Though the mixed layer depth (MLD) is prescribed and
assumed to be fixed in RCZ and the CZ model, it varies
spatially and temporally in realistic situations. Variation of
mixed layer temperature defined with fixed MLD, which is
essentially vertically averaged temperature over the upper-level
rather than the real mixed layer, is generally of larger magnitude
than that of the corresponding SSTA if the mixed layer is
shallower than the prescribed MLD, for instance in the eastern
Pacific. Rather than assuming SSTA to be equivalent to MLTA as
in the CZ model, RCZ takes into consideration the deficiency of
fixed MLD approximation and empirically relates SSTA to MLTA
in an empirical way (Supplementary Appendix Equation A10).
A close relationship between the observed SSTA and that
parameterized with MLTA validates our empirical formulation
(Figure 2).

2.1.4 Stochastic Forcing

The original CZ model introduced in ZC87 is a purely
deterministic model in which irregularities emerge primarily
through nonlinear processes. In subsequent studies with the
CZ model, stochastic processes have been incorporated in the
form of white/red noise forcing or episodic westerly wind burst
(WWB) occurrences. A parameterization scheme of state-
dependent WWBs similar to that in Hayashi and Watanabe
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FIGURE 2 | Scatter plot of the observed equatorial (5°S-5°N average) SSTA (unit: °C) vs. MLTA (unit: °C) averaged over (A) the western Pacific, (B) the central
Pacific, and (C) the eastern Pacific during 1979-2018. Longitude boundaries of the above three regions are indicated on top of each plot. (D-F) Same as (A-C) but for
the scatter plot of the observed and parameterized equatorial SSTA. The observed SSTA and MLTA are obtained from the ORASS dataset; the parameterized SSTA is
calculated from the observed MLTA following Supplementary Appendix Equation A10. MLTA is defined as the anomalous vertical averaged temperature within
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FIGURE 3 | Spatial domain for the ocean dynamics model (gray shading)
and mixed layer model (blue hatching) of RCZ.

(2017) is proposed to describe the stochastic forcing. In contrast
to some previous studies, both the mechanical and thermal
forcing effects from WWBs are included in RCZ.

2.1.5 Numerical Scheme

The model domain for RCZ is within a closed tropical Pacific
basin, bounded by a north/south boundary at 30°N/30°S and
artificial meridional boundaries mimicking the realistic tilted
coastline along the Maritime Continent and North America
(Figure 3). The model has a resolution of 1° (meridional) x
2.5 (zonal). The ocean dynamics variables are discretized on the
staggered Arakawa C-grid. The ocean current is subject to the
non-slip and no-normal flow boundary condition. MLTA is
subject to the no-flux boundary condition. The advection
terms in the mixed layer model are calculated through the

upwind finite-difference scheme. The prognostic model
components are integrated forward using the semi-implicit
Euler method, with a time step of 4 h. All model components
are instantaneously coupled at each time step.

2.2 Verification of Model Components
Model components are verified via the standalone
(i.e., uncoupled) mode. Specifically, observed SSTAs are
prescribed to drive the atmospheric model, and observed
wind stress anomalies are prescribed to drive the ocean
dynamics model and the mixed layer model. Comparison
between the observations and the model-simulated
responses allows verification of each model component. The
above verification procedures are repeated, except that the CZ
model is utilized instead, to compare RCZ with the CZ model,
The prescribed seasonal-varying mean state is obtained
through the ensemble mean of multiple in-situ and
reanalysis-based  datasets listed in Table 1. The
corresponding observed anomalies, covering 1980-2018, are
obtained after removing the long-term climatology and then
de-trending.

2.2.1 Atmospheric Model

As meridional wind stress anomalies play a minor role in driving
oceanic responses on ENSO timescale, we compare the observed
and the model-simulated zonal wind stress anomalies to verify
the atmospheric model. Given the observed SSTA, RCZ
satisfactorily captures the variation of equatorial zonal wind
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TABLE 1 | List of datasets used for model verification.

Fields (variables) Datasets Resolution References
Atmosphere (Ua, Va) ERA5 17 % 1° Hersbach et al. (2020)
MERRA-2 0.5° x 0.625° Gelaro et al. (2017)
NCEP/DOE Reanalysis 2 25" %x25° Kanamitsu et al. (2002)
SST COBE SST 17 % 1° Hirahara et al. (2014)
ERSST V5 2°x 2° Huang et al. (2017)
HadISST 1" %x1° Rayner (2003)
QOISST V2 17 % 1° Reynolds et al. (2002)
Ocean (u1,V1,W,h, Tsup» Tx Ty) GFDL 17 % 1° Zhang et al. (2007)
GODAS 0.333" x 1° Behringer and Xue (2004)
ECMWF ORAS3 17 % 1° Balmaseda et al. (2008)
ECMWF ORAS5 1" x1° Zuo et al. (2019)
SODA3.1.1 0.5° x 0.5° Carton et al. (2018)
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FIGURE 4 | Time evolution of (A) the observed, (B) the RCZ-simulated, and (C) the CZ model-simulated equatorial (5°S-5°N average) zonal wind stress anomalies
(unit: N/m?) during 1980-2018. The model simulations are performed with the atmospheric component only and are driven by the observed SSTA.

stress anomalies (Figure 4). The over-strong eastern Pacific wind The major discrepancy between the observations and the
stress response identified in the CZ model is significantly =~ RCZ simulation lies in the meridional structure of wind stress
alleviated in the RCZ simulation. The correlation coefficient  anomalies. During the mature phase of ENSO (i.e., boreal
between the observed and RCZ-simulated equatorial zonal  winter), the observed zonal wind stress anomalies center to
wind stress anomalies over the western-to-central Pacific,  the south of the equator. The model simulated zonal wind stress
where maximum wind stress anomalies locate, reaches 0.92  anomalies, however, straddle along the equator. Considering
(Figure 5). In comparison, the CZ model simulation exhibits  that the corresponding SSTA forcing is generally symmetric
less correlation with the observation and a larger root mean  about the equator, the absence of north-south asymmetry in
square error. As indicated by the composite analysis shown in ~ zonal wind stress anomalies indicates the deficiency of the
Figure 6, the spatial pattern and the magnitude of zonal wind  assumption that SSTA solely determines the atmospheric
stress anomalies during the mature phase (ie., November to  response. Gong and Li (2021) found that the asymmetric
January) of the two types of El Nifio and La Nifa are well = mean state about the equator during boreal winter plays a
captured by RCZ. In contrast, the CZ model-simulated  key role in the southward shift of zonal wind stress
equatorial (off-equatorial) zonal wind stress anomalies to the  anomalies. It is to bear in mind that in the current version of
west (east) of SSTA maximum are significantly weaker (stronger) RCZ, an at-rest mean state has been assumed in the atmospheric
than observed. model. In addition, the moisture processes involved in the
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FIGURE 5 | Upper panel: Time series of the observed (red line) and RCZ-
simulated (blue line) equatorial (5°S-5°N average) zonal wind stress anomalies
averaged between 150°E and 150°W. The correlation between the red line and
the blue line, along with the standardized root mean square error of the
simulated equatorial zonal wind stress anomalies, is indicated in the upper-
right corner. Setting of the model simulation is the same as that in Figure 4.
The zonal wind stress anomalies have been smoothed through the 3-month
running average. Lower panel: Same as the upper panel, except that the blue

line denotes the CZ model-simulated equatorial zonal wind stress anomalies.

circulation-convection interaction have not been explicitly
incorporated. Thus, the modulation effect of asymmetric
mean states shall be taken into consideration in a more
realistic atmospheric model with circulation-convection
interaction included.

ENSO Diversity in RCZ Model

To test the validity of the atmospheric nonlinearity
introduced in RCZ, we compare the atmospheric response
to prescribed EP and CP El Nifio-like SST forcing with varying
amplitudes simulated by an AGCM (Community Atmospheric
Model, CAM4; Neale et al., 2010) and the atmospheric model
of RCZ (not shown). Consistent with the observations, the
atmospheric response in CAM4 exhibits relatively strong
(weak) nonlinearity to EP (CP) El Nifo-like SST forcing.
Such atmospheric nonlinearity to prescribed SST forcing is
satisfactorily reproduced in RCZ simulation, thus validating
the nonlinear formulation of diabatic heating proposed
in Eq. 1.

2.2.2 Ocean Dynamics Model and Mixed Layer Model
The oceanic component of RCZ, consisting of the ocean
dynamics model and the mixed layer model, is verified via
uncoupled simulation forced with the observed wind stress
anomalies. The ocean dynamics responses (ie., anomalous
thermocline depth, surface zonal current, and upwelling)
exhibit a strong resemblance to the observations, except that
the simulated zonal surface current near the eastern boundaries is
slightly weaker than the observations (not shown).

The advantages of RCZ over the CZ model are most evident in
the simulation of SSTA. Time evolution of equatorial SSTA
indicates that most observed ENSO events are successfully
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FIGURE 6 | Composited November-December-January (NDJ) average zonal wind stress anomalies (shading; unit: N/m?) associated with EP El Nifio, CP El Nifio,
and La Nifa in (A,D,G) the observations, (B,E,H) the RCZ atmospheric component simulation, and (C,F,l) the CZ model atmospheric component simulation. Contours
in each plot denote the corresponding observed SSTA. The contour level is 0.4°C, and dashed contours represent cold SSTA. EP EINifio (1982, 1997)/CP EI Nifio (1990,
1991, 1994, 2002, 2004, 2009) years are selected as the monthly E-index/C-index (Takahashi et al., 2011) exceeds one standard deviation from October to
February. La Nifia years (1988, 1998, 1999, 2007, 2010) are similarly selected as Nifio 3.4 index is smaller than minus-one standard deviation.
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FIGURE 7 | Time evolution of (A) the observed, (B) the RCZ-simulated, and (C) the CZ model-simulated equatorial (5°S-5°N average) SSTA (unit: °C) during
1980-2018. The model simulations are performed with the oceanic component only and are driven by the observed wind stress anomalies.

reproduced in RCZ (Figures 7A,B). The correlation coefficients
of the eastern Pacific and central Pacific SSTA between the
observations and the RCZ simulation reach 0.91 and 0.92,
both exceeding the 99.9% confidence level (Figure 8). The
correlation coefficient/standardized root mean square error for
the CZ model simulation is smaller/larger than that for the RCZ
simulation. As shown in the composite analysis (Figure 9), the
observed spatial patterns associated with the two types of El Nifio
and La Nifa are satisfactorily captured in RCZ. The CZ model,
however, fails to distinguish CP El Nifio from EP El Nifio, and it
can hardly capture La Nina (Figures 7C, 9). The too-weak CP El
Nifio and La Nifa in the CZ model possibly result from the
deficient subsurface temperature parameterization scheme
(Figure 1). In RCZ, the dynamical damping in the central
Pacific is partially offset by the mean advection of subsurface
temperature anomalies, thus allowing the emergence of CP El
Nifo and La Nifia. In contrast, such offset is less evident in the CZ
model, making the dynamical damping dominate over the mean
advection of subsurface temperature anomalies.

Compared with those observed, the EP El Nifio SSTA pattern
in RCZ extends more westward toward the warm pool. Such
excessive warming in the equatorial central-western Pacific is a
common bias in climate models and is arguably attributed to the
model-simulated ~ stronger-than-observation ~mean  zonal
temperature gradient (Chen et al, 2021; Jiang et al, 2021).
Interestingly, it is to be noted that the mean zonal
temperature gradient in RCZ is prescribed as observed. The
reason for the SSTA pattern bias in RCZ is thus worthy of
further investigation. In addition, the RCZ-simulated ENSO
patterns are of a slightly smaller meridional scale, for which
the reason is possibly related to the biased ocean circulation
response and needs to be further studied.

A EP
4.0 ——obs correlation=0.91 , RMSE=0.44
] —RCZ
E 2.0 .
@ 0.0 o
-2.0 4
4.0 —obs correlation=0.88 , RMSE=0.52
B —Cz
;) 2.0 "
mo.o—;——;v——f—\i?jﬂ% oA AR
2.0 4
T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015
B CP
4.0 ——obs correlation=0.92 , RMSE=0.4
(% 2.0
@ 0.0 o \\}\/i\* “= W\
-2.0 4
4.0 ——obs correlation=0.82 , RMSE=0.7
] —cz
E 2.0 E A
-2.0
I I I T T T T
1980 1985 1990 1995 2000 2005 2010 2015

FIGURE 8 | (A) upper panel: Time series of the observed (red line) and
RCZ-simulated (blue line) equatorial (5°S-5°N average) EP SSTA

(i.e., averaged between 140°W and 90°W). The correlation between the red
line and the blue line, along with the standardized root mean square error

of the simulated EP SSTA, is indicated in the upper-right corner. Settings of
the model simulation are the same as that in Figure 5. SSTA has been
smoothed through the 3-month running average. (A) lower panel: Same as the
upper panel, except that the blue line denotes the CZ model-simulated
equatorial EP SSTA. (B) Same as (A) but for the equatorial CP SSTA

(i.e., averaged between 170°E and 140°W).
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FIGURE 9 | Composited November-December-January (NDJ) average SSTA (shading; unit: °C) associated with EP El Nifio, CP El Nifio, and La Nifa in (A,D,G) the
observations, (B,E,H) the RCZ oceanic component simulation, and (C,F,l) the CZ model oceanic component simulation. EP EI Nifio, CP El Nifio, and La Nifia years are
selected as in Figure 6.
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FIGURE 10 | Hovmdller diagram of 120-year RCZ simulated equatorial (5°S-5°N average) SSTA (unit: °C). The 120-year segment of data is from the 5000-year
simulation and is separated into four consecutive 30-year segments for display. The type of each ENSO event is indicated on the right-hand-side of the Hovmdller
diagram, with red “E” denoting EP El Nifio, red “C” denoting CP El Nifio, and blue “L” denoting La Nifa.

3 ENSO DIVERSITY IN RCZ default model settings. The prescribed seasonal-varying mean
. state is obtained from the long-term averaged observations. The
3.1 General ENSO Behavior Hovmoller diagram of a 120-year segment of the RCZ-simulated

To evaluate the performance of RCZ in simulating ENSO  equatorial SSTA, as shown in Figure 10, exhibits intermittency of
features, we perform a 5000-year coupled simulation with ~ ENSO activity, with more or less frequent occurrences of ENSO
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FIGURE 12| (A) Seasonal standard deviation of Nifio 3 index (unit: °C) in
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blue bars). (B) Histogram of the monthly Nifio 3 index (unit: °C) in the
observations (upper panel; red bars) and the RCZ simulation (lower

panel; blue bars). The bin size is 0.2°C.

events in various epochs/decades. The intensity of the tropical
Pacific interannual variability, measured by the standard
deviation of SSTA, is shown in Figure 11. Consistent with the
observations, RCZ-simulated SSTA variability is strongest in the
central-eastern Pacific. However, the amplitude of SSTA
variability is stronger in RCZ than in the observations. Such
inconsistency is partly due to the fact that ENSO simulated in
RCZ exhibits less irregularity than in the observations. As shown

in the Hovmoller diagram of equatorial SSTA in Figure 10, warm
and cold events tend to occur alternatively in active ENSO
epochs. In contrast, observed El Nifo events, especially for CP
El Nino, are more-or-less episodic-like rather than being
regularly followed by La Nifa events (Figure 7A). The
underestimated irregularity in RCZ indicates that ENSO
behavior in active decades may reside in the self-sustained regime.

The phase-locking behavior of ENSO is examined via the
seasonal standard deviation of the Nifio 3 index (Figure 12A).
Again, the standard deviation in the RCZ simulation is stronger
than in the observations. Consistent with the observations, ENSO
events tend to see peak phases in boreal winter, as indicated by the
strongest Nifio 3 index variability from November to January.
The minimum amplitude of Nifio 3 index variability in RCZ,
however, is slightly shifted by 2-month compared with the
observations. The relationship between seasonal ENSO
stability and ENSO phase locking has been well noted (e.g.,
Chen and Jin, 2020). In the current version of RCZ, the
stability of the coupled system is solely determined by the
seasonal cycle of oceanic variables. By considering the
atmospheric control over the ENSO stability associated with
the seasonal migration of the Intertropical Convergence Zone
(ITCZ) and the South Pacific Convergence Zone (SPCZ), the
simulated ENSO phase-locking may be further improved.

The observed El Nifio/La Nifia asymmetry is also successfully
reproduced in RCZ (Figure 12B). The monthly Nifio 3 index is
skewed toward the positive end in the observations and the RCZ
simulation, with the skewness [calculated following An and Jin
(2004)] being 0.72 and 0.77, respectively.

3.2 Characteristics of ENSO Bi-Modality

ENSO pattern diversity can be clearly identified in the Hovméller
diagram of the RCZ-simulated equatorial SSTA (Figure 10).
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Warm events are generally categorized into two groups, with
maximum SSTA at the peak phase located either over the eastern
Pacific or slightly to the east of the dateline. Consistent with
previous observational findings (e.g., Kug and Ham, 2011), cold
events exhibit less pattern diversity, and the associated SSTA
spans broadly over the central-to-eastern Pacific. To better
distinguish the different ENSO types, El Niflo events are first
identified according to the following criteria: equatorial SSTA
averaged over the eastern Pacific region (i.e., 140°W-90"W) or the
central Pacific region (i.e., 170°E-140°W) exceeds 0.5°C for five
consecutive months. La Nifia events are similarly identified but
with the threshold being —0.5°C. As shown in Figure 13A, the
probability density function (PDF) for the centroid longitude of
equatorial SSTA at the peak phase of El Nifo events exhibits
double peaks. In contrast, only a single peak exists in the PDF for
La Nifia’s centroid longitude (Figure 13B) Here, the centroid
longitude of SSTA is defined as A, = J ATdM/ I TdA, with A
being the longitude and Ay (Ag) belng the western (eastern)

ENSO Diversity in RCZ Model

mixed layer model boundary. The PDF for the longitude of SSTA
maximum is qualitatively similar to the PDF for SSTA centroid
longitude, except for being less smooth because identification of
SSTA maximum is subject to some ambiguity, especially
in situations where SSTA exhibit multiple local maxima. Next,
by observing the two PDF peaks in Figure 13A, El Nifio events
are classified into EP/CP type with SSTA centroid longitude
located to the east/west of 127.5°W. In total, 352 EP El Nifo
events and 999 CP El Nifio events are identified in the 5000-year
simulation. In the observations, EP El Nifo, especially extreme
EP El Nifio, generally sees fewer occurrences than CP El Nifo as
well. The direct comparison of the relative frequency associated
with the two types of El Nino between the observations and the
RCZ simulation, however, is less straightforward. Classification of
El Nifio events in the observations is subject to the limited sample
size and suffers from large uncertainty associated with varying
datasets (Dieppois et al., 2021, see their Figure 2A) and metrics
for identifying ENSO types (Wiedermann et al., 2016, see their
Table 1; Capotondi et al., 2020, see their Table 4.1). As shown in
Figure 14, composited SSTA patterns associated with the EP El
Nino, CP El Nifio, and La Nifa generally resemble those observed
(Figure 9), except for a slightly stronger amplitude and eastward-
shifted SSTA center during CP El Nifo. To test the robustness of
the SSTA pattern against the definition of ENSO types, the
E-index and C-index introduced in Takahashi et al. (2011)
have been utilized to identify EP and CP El Niio. Firstly, we
perform an Empirical Orthogonal Function (EOF) analysis of the
boreal winter (i.e., November to January) averaged tropical
Pacific SSTA. Then the E-index is defined as E=
(PC1 - PC2)//2 and the C-index as C = (PC1 + PC2)/+/2,
with PC1 and PC2 denoting the first and second principal
component, respectively. The SSTA patterns associated with
the E-index and the C-index are shown in Figures 15A,B.
Consistent with that identified with the observations
(Takahashi et al.,, 2011), the SSTA pattern associated with the
E-index and C-index center in the eastern Pacific and central
Pacific, respectively. In comparison with that shown in Takahashi
et al. (2011), the RCZ-simulated E-pattern is less confined along
the South American coast but slightly shifted westward. This may
be attributed to the fact that the coastal El Nifio events cannot be
captured in RCZ due to a lack of local air-sea interaction
processes (Garreaud, 2018; Rodriguez-Morata et al, 2019).
Next, EP and CP El Nifio events are selected if the E-index
and C-index exceed one standard deviation, respectively. A total
of 379 EP El Nifo events and 1125 CP El Nifio events are
identified. The associated SSTA patterns, as shown in Figures
15C,D, closely resemble those obtained according to the SSTA
centroid longitude criteria. The similarity of the relative
frequency and SSTA pattern of the two types of El Niio
between the above two identification criteria indicates that
characteristics of ENSO diversity/bi-modality simulated in
RCZ are insensitive to the definition of ENSO types.

Besides the centroid longitude of SSTA, the intensity of ENSO
events exhibits bi-modality as well. As shown in Figure 16, the
trajectory of ENSO events generally features two distinct orbits
(i.e., one with a larger amplitude and the other one with a smaller
amplitude), reminiscent of the strong and moderate ENSO
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randomly chosen for display.

regimes identified in Takahashi and Dewitte (2016) and
Takahashi et al. (2019). The two aspects of ENSO bi-modality
shall bear strong correspondence with each other.

4 SUMMARY AND DISCUSSION

By acknowledging its potential practical usage in investigating
dynamics of ENSO diversity while observing some
shortcomings in its model components, the CZ model has
been revised in terms of the model formulation and
parameterization schemes while keeping the model skeleton
unchanged. The new model, named RCZ, is carefully validated
against observations through the standalone mode. When

forced with observed SSTA (wind stress anomalies), the
simulated atmospheric (oceanic) responses in RCZ
resemble those observed to a much more satisfying extent
than that in the CZ model. Aspects of the observed ENSO
characteristics (i.e., ENSO amplitude, phase-locking, and El
Nifio/La Nifia asymmetry) are reasonably reproduced in the
coupled simulation with RCZ. In addition, the observed
ENSO bi-modality is well captured in RCZ, where EP and
CP El Nifio, of which the spatial patterns resemble those
observed, are clearly distinguished. A number of studies using
various intermediate coupled models, including the CZ
model, have arguably simulated ENSO diversity/complexity
to a satisfying extent (Chen et al, 2015; Hayashi and
Watanabe, 2017; Xie and Jin, 2018; Chen et al., 2022).
Though the two types of El Nino identified with RCZ
exhibit more realistic characteristics than some of the
previous studies, it is not the purpose of this study to argue
that RCZ outperforms other intermediate coupled models in
simulating the observed ENSO diversity. Instead, this study
aims to provide a framework in which all the model
components accurately describe the realistic physical
processes so as to ensure that ENSO diversity is simulated
for the right reason. It is to bear in mind that interpretation of
ENSO diversity in a model with biased physics may be
misleading.

The major discrepancy between the observed and RCZ-
simulated ENSO behavior is its temporal characteristics. In
comparison with the observations, RCZ-simulated ENSO
events exhibit less irregularity. The underestimated irregularity
may be attributed to a lack of tropical basin-interaction (Ham
et al., 2013a; Ham et al., 2013b), ENSQ’s interaction with Pacific
Meridional Modes (Yu et al., 2010; Vimont et al., 2014; Vimont
et al, 2022), and ENSO-Tropical Instability Wave (TIW)
interaction (An, 2008). Furthermore, RCZ fails to capture the
observed El Nifio/La Nina duration asymmetry and the
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contrasting time-evolution of the two types of ENSO
(Dommenget et al., 2013). Generally, in the observations, EP
El Nifo experiences rapid termination and phase transition after
the mature phase, whereas the subsequent La Nifa persists
through the second year or longer (Okumura and Deser,
2010). CP El Nifio, on the other hand, is more episodic-like
and exhibits less apparent phase reversal. Several nonlinear
processes (e.g., ENSO-TIW interaction, nonlinear convective
heating response, and nonlinear radiative fluxes) have been
suggested to play some role in the ENSO duration asymmetry.
Whether incorporating these nonlinear processes in RCZ benefits
the simulation of ENSO duration asymmetry deserves to be
further explored.

As discussed in Section 2.2, the major flaw associated with the
atmospheric model of RCZ resides in parameterizing diabatic
heating as being solely dependent on SSTA. The important role of
circulation-convection  interaction in shaping tropical
atmospheric response has been widely acknowledged (Webster,
1981; Weare, 1986; Kleeman, 1991; Gong and Li, 2021).
Furthermore, Wu et al. (2000) noticed that the atmospheric
response is sensitive to the vertical structure of convective
heating, further casting doubts on the appropriateness of the
Gill model. In the future version of RCZ, we seek to replace the
Gill-type atmospheric model with a simplified primitive
equation model.

The shallow water approximation, on the other hand, is
suggested to be insufficient in capturing equatorial ocean
dynamics by noticing the significant contribution to surface
zonal current and sea surface height anomalies from multiple
baroclinic modes, especially in the vicinity of the dateline
(Dewitte et al., 1999; Dewitte, 2000; Zhao et al., 2021). On the
other hand, the high-order baroclinic modes contribute to a
vertically slanted structure of upper-level ocean temperature
anomaly in the central Pacific, thus degrading the assumption
that the subsurface temperature anomaly at a fixed depth can be
parameterized as being linearly related to the thermocline
fluctuation (Zhao et al., 2021). In the future version of RCZ,
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The El Nifio Southern Oscillation (ENSO) phenomenon, manifested by the great swings of
large-scale sea surface temperature (SST) anomalies over the equatorial central to eastern
Pacific oceans, is a major source of interannual global shifts in climate patterns and
weather activities. ENSO’s SST anomalies exhibit remarkable spatiotemporal pattern
diversity (STPD), with their spatial pattern diversity dominated by Central Pacific (CP)
and Eastern Pacific (EP) El Nifo events and their temporal diversity marked by different
timescales and intermittency in these types of events. By affecting various Earth system
components, ENSO and its STPD yield significant environmental, ecological, economic,
and societal impacts over the globe. The basic dynamics of ENSO as a canonical oscillator
generated by coupled ocean—atmosphere interactions in the tropical Pacific have been
largely understood. A minimal simple conceptual model such as the recharge oscillator
paradigm provides means for quantifying the linear and nonlinear seasonally modulated
growth rate and frequency together with ENSO’s state-dependent noise forcing for
understanding ENSO’s amplitude and periodicity, boreal winter-time phase locking,
and warm/cold phase asymmetry. However, the dynamical mechanisms explaining the
key features of ENSO STPD associated with CP and EP events remain to be better
understood. This article provides a summary of the recent active research on the dynamics
of ENSO STPD together with discussions on challenges and outlooks for theoretical,
diagnostic, and numerical modeling approaches to advance our understanding and
modeling of ENSO, its STPD, and their broad impacts.

Keywords: El Nifio Southern Oscillation phenomenon, spatiotemporal pattern diversity, phase locking, ENSO
asymmetry, recharge oscillator paradigm

INTRODUCTION OF ENSO STPD

ENSO is the most prominent phenomenon of year-to-year fluctuations in the global climate system.
It interacts strongly with the rest of the weather—climate continuum involving timescales ranging
from synoptic through multidecadal to centennial, affecting not only the global climate system but
also marine and terrestrial ecosystems, fisheries, human health, and other societal and economic
aspects of the Earth system (cf. McPhaden et al., 2006; Cashin et al., 2017; Timmermann et al., 2018;
Boucharel et al., 2021). The primary dynamical mechanisms for ENSO’s basic features as a canonical
oscillator have been extensively investigated in terms of a leading coupled ocean-atmosphere model
of the tropical Pacific essentially described by the simple conceptual delayed oscillator/recharge
oscillator paradigm (Cane and Zebiak, 1985; Suarez and Schopf, 1988; Battisti and Hirst, 1989;
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FIGURE 1 | November—December—January mean SST anomalies (A,B) and subsurface temperature anomalies at the equator (2°S-2°N) (C,D) during the 1997/98

EP (A,C) and 2009/10 CP (B,D) El Nifio events from NOAA/PMEL (https://www.pmel.noaa.gov/tao/drupal/disdel/). (E) Wavelet power spectrum of the normalized time
series of Nifio-3.4 SST anomalies from HadISST (Rayner et al., 2003). The green contour encloses regions of greater than 95% confidence level tested against red noise.
Cross-hatched regions on either end indicate the “cone of influence” where edge effects become important.
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Philander, 1990; Jin and Neelin, 1993; Neelin and Jin, 1993; Jin,
1997a, 1997b; Neelin et al., 1998; Wang and Picaut, 2004; Jin et al.,
2020). Different ENSO-like behaviors observed in nature and
simulated in various coupled models were viewed qualitatively as
the result of the sensitive dependence of the leading coupled
linear mode to variations in the climate background state (Jin and
Neelin, 1993; An and Jin, 2000; Fedorov and Philander, 2000,
2001).

In the past 2 decades, new layers of complexity of the ENSO
phenomenon were identified with important implications for
ENSO’s impacts and predictability (Timmermann et al., 2018).
It has been widely recognized that the observed ENSO pattern
diversity and temporal complexity tend to manifest roughly in
two dominant ENSO types known as central Pacific (CP) and
eastern Pacific (EP) El Nifio events (Larkin and Harrison, 2005a,
2005b; Ashok et al., 2007; Weng et al., 2007; Kug et al., 2009; Kao
and Yu, 2009), as exemplified by two typical EP and CP El Nifo
events shown in Figures 1A, B. Associated with the sea surface
temperature (SST) anomaly patterns, there is a westward shift of
the slanted boundary marking the transition region between
positive and negative equatorial ocean subsurface temperature
anomalies (Figures 1C, D), suggesting that different upper
thermocline thermal stratification responses may contribute to
different dynamical feedback strengths during CP and EP El Nifio
events (Zhao et al., 2021a). The pacing or periodicity is different
as well, with CP events tending to occur every ~2-3 years (during
the epoch of the 2000s, for example), whereas EP events tend to
exhibit slower pacing with occurrences every ~4-5 years, as

shown in Figure 1E. Moreover, there is a modulated
intermittency with active/less-active epochs with relatively
more/fewer CP over EP events. A detailed and informative
overview of the key characteristics of ENSO STPD can be
found in the work of Capotondi et al. (2020).

The observed key features of diversity in patterns and
temporal evolution of ENSO, referred to ENSO STPD
hereafter, are still inadequately captured by state-of-the-art
climate models, despite the increasing successes achieved in
simulating the ENSO phenomenon due to better process
representations and increased in model resolutions (Planton
et al,, 2021). This is in part due to the fundamentally sensitive
nonlinear dynamics of ENSO STPD and the fact that ENSO
STPD involves multiscale interactions between ENSO and other
major modes of variability, including the Madden Julian
Oscillation (MJO) and Westerly Wind Bursts (WWBs),
Tropical Instability Waves (TIWs), Pacific Meridional Modes
(PMMs), the Interdecadal Pacific Oscillation (IPO) and/or Pacific
Decadal Oscillation (PDO), and modes in other tropical ocean
basins (see reviews by Timmermann et al., 2018; Wang, 2018;
Yang et al., 2018; Cai et al., 2019). As a result, various biases in the
climate mean state, seasonal cycle, the composition of key
coupled feedback processes of ENSO, and ENSO’s interactions
with other modes of variability can all play important roles in
hindering the state-of-the-art climate model’s capabilities of
simulating ENSO and its STPD, which shall affect the
performances of these models in projecting changes of ENSO
and their associated global impacts under global warming. Thus,
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advancing our understanding of ENSO STPD and its broad
impacts on various aspects of the Earth system has been the
subject of active multi-disciplinary research.

KEY SOURCES FOR ENSO STPD

A great amount of work has been directed to understanding the
implications of this ENSO STPD in all aspects of ENSO’s impacts.
At the same time, a surge of research activities aimed at
understanding the dynamics of ENSO STPD has led to some
significant progress. Much of it has been recently reviewed by
several authors, including Capotondi et al. (2015, 2020),
Timmermann et al. (2018), and Taschetto et al. (2020). A few
hypotheses have been put forth as potential mechanisms for
observed ENSO STPD. First, based on linear eigen-analyses of
modified versions of the Cane-Zebiak (CZ) model and
subsequent nonlinear simulations of CP and EP pattern
diversity performed by Bejarano and Jin (2008) and Xie and
Jin (2018), the coexistence of CP and EP ENSO-like linear
eigenmodes under a given climate basic state and parameter
setting were proposed as a promising linear pathway for
understanding the observed ENSO STPD (Timmermann et al.,
2018). Second, ENSO’s interactions with other modes of
variability, either in the Pacific Ocean sector or other tropical
basins, have been suggested to play some viable roles in
generating ENSO STPD (Chiang and Vimont, 2004; Yu et al,
2010; Yu and Kim, 2011; Ham et al., 2013; Lian et al., 2014;
Vimont et al., 2014; Zhang et al., 2014; Chen et al., 2015; Fedorov
et al., 2015; Jadhav et al., 2015; Hu and Fedorov, 2018). However,
the underlying fundamental deterministic dynamics that allow
various other modes of variability to be effective in either exciting
and/or interacting with ENSO and thereby generating ENSO
STPD remains to be addressed. Third, the two types of El Nifio
were noted to develop under two different combinations of the
thermocline feedback and zonal advective feedback, with EP El
Nifo having relatively stronger thermocline feedback and CP El
Nifo a relatively stronger zonal advective feedback (Kug et al.,
2009; Capotondi et al., 2015, 2020). This notion adds a partial
understanding of ENSO STPD but again does not address the key
controlling dynamical mechanism that sustains these contrasting
ENSO behaviors. Fourth, key nonlinearities residing in 1) the
threshold dependence of convective heating on SST (Choi et al.,
2013; Takahashi et al., 2019) and 2) the nonlinear zonal advection
of SST (Capotondi, 2013; Chen and Majda, 2017) have been
suggested important for ENSO nonlinear growth, although how
the different nonlinearities effectively alter the linear dynamical
processes to generate ENSO STPD remains to be better
understood.

A POTENTIAL UNIFYING PARADIGM FOR
ENSO STPD

Recently, important progress was made in a newly completed
Ph.D. thesis study (Geng, 2021). By uncovering an error in the
method of solving the eigen solutions by Bejarano and Jin (2008)
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and Xie and Jin (2018), this new study dismissed the linear
pathway for ENSO STPD proposed by Xie and Jin (2018) and also
advocated by Timmermann et al. (2018). This is not only because
the proposed linear pathway therein was based on spurious
coexistence of unstable linear CP and EP modes but also due
to the fact that ENSO STPD simulated by these earlier versions of
the CZ-type model and a recently revised CZ model (RCZ
hereafter; Geng and Jin, 2022) are all due to a general
nonlinearity/noise-induced ~ regime  transitions ~ (NIRT)
mechanism. To be more specific, when conditions are right, a
solo leading linear ENSO mode in the CZ-type model can
undergo strong nonlinear modifications owing to advective
and/or convective nonlinearities. As a result, it is the
nonlinear pathway via the NIRT mechanism that is
responsible for the simulated ENSO STPD in the CZ-type
model with transitions of EP- and CP-like El Nifio events
taking place deterministically or stochastically. For this NIRT
mechanism to take effect, however, it requires the leading linear
ENSO mode to satisfy two stingy constraints: 1) its linear growth
rate to be near criticality or supercritical so that nonlinearity
becomes effective and 2) its interannual frequency and SST
pattern both being highly sensitive to modest changes in the
basic state and parameters. Under these strongly double
constraints, the leading ENSO mode can lead to irregular
transitions between CP and EP El Niflo events via
deterministic chaos and/or stochastic excitations.

With the RCZ model that underwent careful validations using
observational data, Geng (2021) showed that ENSO STPD can be
captured only within a narrow range near the best-estimated
parameter setting and observed basic state conditions owing to
the strongly double constraints. The RCZ model simulated ENSO
exhibits basic features reasonably reminiscent of what is observed:
intermittency of CP and EP El Nino events with a strong
bimodality in the probability density distribution for the SST
centroid longitude and some modest decadal to multidecadal
modulations of the mean state. In the case without noise forcing
and with no annual cycle in the basic state, the leading CP-like
ENSO mode will give rise to self-sustained ENSO oscillation
whose amplitude increases with stronger supercriticality
following the normal manner of Hopf-bifurcation as
delineated in the weakly nonlinear regime as in appendix of
Jin (1997a). However, under weak to moderate supercritical
conditions slightly away from the very limited weakly
nonlinear regime, this simple ENSO oscillator itself becomes
unstable owing to the sensitive interaction between the ENSO
oscillator and the mean state, which generates a regime for ENSO
STPD featuring deterministic chaos with CP and EP ENSO
regime transitions and quasiperiodic orbits with CP and EP
events alternations. When the observed annual cycle in the
basic state is included, the parameter range for ENSO STPD is
significantly expanded as the route to chaos via the so-called
overlap subharmonic resonance (Chang et al., 1994; Jin et al,
1994; Tziperman et al., 1994) becomes effectively activated due to
the nonlinear interaction between ENSO and the annual cycle.
With stochastic forcing, the ENSO STPD regime broadens
further, especially towards the subcritical regime where the
leading mode is not self-sustained. It is worthy to emphasize
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that ENSO chaos generated by ENSO-annual cycle interaction
noted by Jin et al. (1994) only features weak temporal irregularity
in simulated ENSO behaviors without exhibiting CP and EP
pattern diversity. Similarly, in the slightly stronger subcritical
regime where the ENSO linear mode is more damped or in the
regimes where the leading mode is insensitive to nonlinear
modifications, noise forcing can generate temporal irregularity
but does not lead to significant CP and EP diversity. In other
words, ENSO STPD can be generated via nonlinear deterministic
and stochastic dynamics-induced CP and EP ENSO transitions,
but only when the aforementioned doubly constrained conditions
are satisfied. This general mechanism can be considered as a
potential unifying paradigm because it incorporates the keynoted
sources for ENSO STPD, including 1) deterministic nonlinear
dynamics, 2) stochastic forcing (which can be largely related to
various excitations from other modes of variability), and 3) CP
and EP’s different mechanisms in terms of relative strengths of
the zonal advective feedback and thermocline feedback processes.
The doubly constrained conditions for ENSO STPD portrayed by
this paradigm make ENSO STPD fundamentally sensitive to
modest biases or changes in the climate mean state, seasonal
cycle, the composition of feedback processes, and ENSO’s
interaction with other modes of variability. This sensitivity
poses a great challenge for simulating ENSO STPD and
projecting ENSO’s changes through comprehensive climate
models. Further active research of the dynamics of STPD may
lead to a better understanding of the observed and climate model
simulated ENSO and its STPD and associated broad impacts.

CHALLENGES AND OUTLOOKS

The advance in our understanding of ENSO in the past 4 decades
was achieved in multiple areas, including observations, theory and
dynamics, modeling and prediction, past and future changes, and
impacts, which all have been comprehensively reviewed in a recent
AGU monograph by McPhaden et al. (2020). Hierarchical modeling
approaches, comprising conceptual models, intermediate complexity
models, and comprehensive climate models, have been instrumental
in these remarkable advancements. In fact, ENSO’s basic features
(for example, its amplitude, growth, frequency, noise forcing, and
asymmetry) and how they may be affected by a model’s
compositions of coupled processes, mean state, and annual cycle,
have been meaningfully assessed and analyzed in many recent
studies with this approach (cf, Jin et al, 2020; Yu et al, 2016;
Chen and Jin, 2020, 2021; Vijayeta and Dommenget, 2018; Zhao
et al., 2021b; Levine and Jin, 2010; Levine et al., 2016; Levine and Jin,
2017; Levine et al., 2017; Wengel et al., 2018). For example, using a
data-fitted recharge oscillator model, Wengel et al. (2018)
demonstrated that the ENSO amplitude simulated by state-of-
the-art climate models depends on ENSO’s growth rate and its
noise excitation. This ENSO growth rate metric can be proven to be
nearly the same as the total linear and nonlinear combined growth
rate using a Bjerknes Instability index (a measure of the linear ENSO
growth rate resulting from the net effect of positive and negative
feedbacks) formulation (Jin et al., 2020). Thus, one may gain further
insights into ENSO amplitude in terms of linear and nonlinear
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growth rate and stochastic forcing (Jin et al., 2020). Chen and Jin
(2021) demonstrated that the biases of seasonal modulations of the
ENSO growth rate are responsible for pronounced biases of ENSO
phase locking in climate models. The broad inter-model spread of
simulated ENSO phase locking was shown to be understood by the
conceptual RO model. Even for models with relatively “good” ENSO
simulation capabilities, such as the E3SM-1-0, CESM2, and GFDL-
CM4 models, Chen et al. (2021) noted pronounced common biases
in the zonal advective feedback in the central to western Pacific and
associated ENSO SST pattern biases near the warm pool edge. These
common biases may hinder models’ ability to simulate EP and CP
diversity, which is strongly sensitive to the relative strengths of the
zonal advective and thermocline feedbacks according to the NIRT
mechanism.

The previous success of the hierarchical modeling approaches
and the latest advancements in ENSO theory for understanding
ENSO and its STPD pointed to promising ways to address and
resolve several main challenging issues concerning ENSO STPD
and its implications. For example, can we achieve a conceptual
understanding of ENSO STPD through a systematic investigation
of various contributing sources in a similar way to the simple
recharge oscillator paradigm for our understanding of the basic
dynamics of ENSO? Can we achieve a better understanding of the
roles of model biases in the climate mean state and its seasonal
cycle and in the composition of its main feedback processes in
model simulated ENSO STPD and thus identify practical
pathways for improving climate models’ capability in
simulating ENSO and its STPD? Can we achieve a better
understanding of ENSO STPD’s predictability for ENSO
regime behavior as noted by Timmermann and Jin (2005)?
Can we achieve a better understanding of the projections of
ENSO changes relative to the current observed ENSO STPD
regime, which can be fundamentally sensitive to climate change?
Can we achieve a better understanding of ENSO STPD’s direct
and indirect impacts from other modes of variability influenced
by ENSO on various aspects of the Earth system?

To further discuss the outlooks to address these questions, a
synthesized framework focusing on ENSO STPD is illustrated in
Figure 2, which is extended from the frameworks schematically
depicted in Timmermann et al. (2018) and Wittenberg (2018).
This framework highlights three foci in addition to the basic
coupled dynamics understood in existing conceptual models and
ICMs for ENSO. First, it highlights the newly uncovered NIRT
mechanism that is essential for ENSO STPD. Second, it highlights
two key physical processes, the convective-radiative feedback in
atmospheric moist dynamics (Adames and Kim, 2016) and wind-
driven thermal stratification adjustment in the central equatorial
Pacific (Zhao et al., 2021a), both of which may have strong effects
on the composition of ENSO feedbacks in both nature and
comprehensive climate models. Third, it highlights ENSO’s
interactions with various other modes of variability and the
roles of deterministic nonlinearities and stochastic forcing,
which all have been suggested to be of importance for ENSO
STPD. I will briefly discuss a few areas for potential significant
advances with this guiding framework.

On low-order conceptual models for ENSO STPD: Simple
conceptual models such as the recharge oscillator model have
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played an important role in understanding ENSO’s basic
dynamics and features. To address the need of developing new
conceptual models that can serve as wuseful tools for
understanding key features of ENSO STPD, a working group
under the CLIVAR Pacific Panel was established in 2020 under
the leadership of Dr. Jerome Vialard to review the progress and to
discuss prospects for developing such a kind of models. Two SST
variables for central and eastern Pacific SST anomalies, T¢ and
Tg, respectively, are the minimal degrees of freedom that must be
considered for capturing the essence of CP and EP pattern
diversity. The quasi-steady atmospheric response in terms of
wind stress and heat fluxes can be expressed as linear or nonlinear
functions of these SST anomalies by making reasonable
approximations. These were adopted in attempts to develop
simple conceptual models for ENSO diversity (Fang and Mu,
2018). However, an essential issue remaining to be resolved in
constructing a low-order conceptual model for capturing ENSO
STPD is to derive a minimum low-order component to describe
oceanic memories associated with the thermocline and zonal
current responses to ENSO’s winds. In the recharge oscillator
model, this oceanic memory resides in a slow recharge mode
which was reduced to 1-degree of freedom in terms of warm pool
heat content or zonal mean heat content (Jin, 1997a, 2001). To
better capture the rich temporal complexity of ENSO, it may be
necessary to include the gravest ocean basin mode noted by Cane
and Moore (1981), which is important for better capturing central
Pacific zonal currents associated with ENSO as was first noted by
Picaut et al. (1997). Moreover, both the slow recharge mode and
the fast gravest ocean basin mode can be destabilized into an
ENSO-like mode by increasing dynamical coupling, as
demonstrated by Cane et al. (1990), Jin (1997b), and more
recently by Geng (2021). In fact, it was noted that when the
leading ENSO mode has mixed features of the recharge oscillator
mode and the wave oscillator mode, it becomes highly sensitive to
the composition of the zonal advective feedback and thermocline

feedback. It is this sensitivity that allows the nonlinear processes
to act very effectively in altering the leading ENSO mode and
thereby generate CP and EP ENSO nonlinear intermittent
transitions via the so-called NIRT mechanism. It requires at
least 3-degrees of freedom for a low-order ocean dynamics
model to capture both the slow ocean heat content recharge/
discharge mode and the gravest ocean basin mode. Thus, a
conceptual model for ENSO STPD may need five or more
degrees of freedom. Moreover, proper considerations of
nonlinear processes in such a low-order model become much
more important. As the developments of low-order ENSO models
for its STPD have attracted more attention, some prototypes are
emerging and will become useful additions to the hierarchy of
modeling tools for assessing and understanding ENSO STPD.
On Intermediate Coupled Models (ICM) for ENSO STPD:
CZ-type models have served as the core framework for the
advances of ENSO theory during the past 4 decades. Our
recent study uncovered the NIRT mechanism for ENSO STPD
and again used a CZ-type model. Nevertheless, some essential
processes, such as 1) convective cloud radiative feedback
associated with moisture dynamics and 2) a key oceanic
process involving wind-driven upper thermocline ocean
stratification adjustment of the equatorial ocean is highlighted
in Figure 2, are currently omitted in CZ-type models. The
convective cloud radiative feedback associated with moisture
dynamics of ENSO affects both the dynamic air-sea coupling
through ENSO’s wind-SST relationship and the thermodynamic
feedback through surface heat flux sensitivity as noted in our
study using new versions of a moist linear baroclinic model
(mLBM) for the atmosphere (Hayashi and Jin, 2022; Chen
et al., 2022, personal communication). These key feedbacks are
controlled by the dynamic air-sea coupling parameter and SST
thermal damping parameter, both of which can be assessed using
climate model outputs and reanalysis data. However, unlike in a
CZ-type model, they cannot be arbitrarily changed in climate
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models. Thus, using the mLBM as an alternative to the Gill-type
atmospheric component to form new versions of ICM models
will be useful to examine the role of the convective cloud radiative
feedback associated with moisture dynamics in ENSO and its
STPD. Similarly, the ocean component of the CZ-type model may
be replaced by a linear continuously stratified (LCS) tropical
Pacific Ocean model (McCreary, 1981; McPhaden, 1981;
Keenlyside and Kleeman, 2002) to capture wind-driven
equatorial upper thermocline thermal stratification adjustment,
which contributes to ENSO’s zonal advective feedback and
thermocline feedback differently between EP and CP ENSO
events and thus may affect ENSO and its STPD (Zhao et al,
2021a). Clearly, this kind of extension of the CZ-type model will
be helpful for better advancing processes-level understanding of
the dynamics of ENSO and its STPD.

On the role of ENSO-Annual Cycle Interactions in ENSO
STPD: Although ENSO chaos through nonlinear subharmonic
overlap resonance as found by Jin et al. (1994), Tziperman et al.
(1994), and Chang et al. (1994) was noted as an important
deterministic source of ENSO irregularity, it has not gained
much further attention because ENSO as part of the climate-
weather continuum has been suggested to be more of a noise-
driven irregular oscillator. However, some new evidence indicates
that the annual cycle can effectively expand the extent of the
ENSO STPD regime in the RCZ model (Geng 2021) because the
NIRT mechanism provides a natural nonlinearity-induced ENSO
frequency sensitivity which allows the nonlinear subharmonic
overlap resonance route to chaos to become effective, not only
creating temporal irregularity but also spatial pattern diversity of
ENSO. Moreover, ENSO-annual cycle interaction with the NIRT
mechanism at work may effectively create a frequency cascade
toward ENSO decadal timescale variability through readily
exciting nonlinear transitions of frequency-locked CP and EP
ENSO cycles. For example, if there were pronounced frequency-
locked 3-years and 4-year periodic orbit transitions, one would
expect a potential 12-years spectral peak. This kind of ENSO
frequency cascade can generate low-frequency variability and
provides a potentially important driver for both ENSO
modulation and Pacific decadal variability. This role of ENSO-
annual cycle interactions in ENSO STPD may have implications
for paleo and future changes of both ENSO and the tropical
climate mean state.

On ENSO’s nonlinear interactions with other modes for
ENSO STPD: There is a large body of studies suggesting that
ENSO may be excited or affected by various other modes of
variability both within and outside the tropical Pacific while
ENSO, as one of the strongest climatic modes, can affect those
modes as well. Depending on the natures of these modes, ENSO’s
interaction with them may not only affect ENSO’s basic features
but also serve as sources for ENSO’s “noise” forcing and
modulations, which all may play important roles in ENSO
STPD. For example, one of the most prominent features that
are closely associated with ENSO is the enhanced/reduced TIW
activity during La Nino/El Nifio events. An and Jin (2004)
demonstrated that nonlinear ENSO-TIW interaction can affect
ENSO asymmetry. Boucharel and Jin (2020) and Xue et al. (2020)
built a conceptual model to demonstrate that this nonlinear
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interaction is highly seasonally modulated. This asymmetric
nonlinear interaction may have strong implications for ENSO’s
rectification on the basic state, which in turn can affect the NIRT
pathway to ENSO STPD. Moreover, the strong seasonality in this
interaction can serve as another source of seasonal modulation that
may affect the extent of the ENSO STPD regime. The work of
Boucharel and Jin (2020) and Xue et al. (2020) has paved the way
for developing nonlinear and seasonally modulated
parameterizations for TIW-induced nonlinear feedback on
ENSO, which can be useful for assessing TIW’s feedback on
ENSO simulated in climate models and can be incorporated
into the CZ-type model or other ICMs for studying the impacts
of ENSO-TIW interaction on ENSO and its STPD.

There is a large body of studies investigating the roles of the
MJO and WWBs in exciting ENSO’s complex behaviors and even
altering ENSO’s growth rate and frequency and predictability
using conceptual models, CZ-type models, and coupled climate
models. However, simple conceptual and CZ-type ICMs mostly
describe MJO/WWB activity and its modulation by ENSO in ad
hoc manners, often in terms of state-dependent noise.
Developments of conceptual models and ICMs for
understanding the dynamics of ENSO’s modulation on MJO/
WWB will be essential for better understanding ENSO’s
interaction with MJO/WWB activity, especially for its roles in
ENSO STPD.

Several studies suggested that Pacific Meridional Modes
(PMMs) may play a potentially important role in ENSO STPD
through stochastically exciting ENSO cycles and providing
distinct optimal precursors for the two types of ENSO
(Amaya, 2019, and references therein; Vimont et al, 2014,
2022; Capotondi and Ricchiardulli, 2021). However, the notion
that ENSO serves as a strong driver of PMM makes the PMM’s
contribution to ENSO and its STPD an open question needing
further exploration (Stuecker, 2018). ICMs explicitly resolving
the relevant physical processes, particularly the wind-evaporation
and cloud-radiation to SST feedbacks that are missing out in most
ICMs, may be helpful to advance our understanding of how these
PMMs may interact with ENSO to affect the extent of ENSO
STPD regimes. Moreover, the wind stress curl in subtropical
regions may excite slow ocean adjustment and potentially yield
decadal coupled modes once this slow process is connected to
coupled dynamics in the equatorial Pacific (Wang et al., 2003a;
2003b). Thus, according to the NIRT mechanism, the presence of
PMMs and their associated wind-driven slow ocean adjustment
may enhance ENSO’s internal low-frequency modulation as the
result of nonlinear interaction between ENSO and the mean state.
This ENSO low-frequency variability associated with ENSO
STPD and its potential enhancement through ENSO-PMM
interaction may serve as important sources for the so-called
Pacific Decadal Oscillation (PDO) and Interdecadal Pacific
Oscillation (IPO). Moreover, ENSO STPD may affect and also
be affected by ENSO’s interactions with the modes of variability
outside the Pacific. Further investigation of inter-basin
interactions among ENSO and the modes of variability in
other ocean basins shall also shed light on ENSO STPD.

The advances in understanding the dynamics of ENSO STPD
will also lead to better assessment and understanding of ENSO
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STPD simulated in state-of-the-art climate models, which are
mostly still falling short in realistically simulating ENSO STPD.
Such models’ deficiency is likely attributed to the high sensitivity
of ENSO STPD to even modest biases in climate models in terms
of simulated climate mean state, its seasonal cycle, and the
composition of key feedback processes of ENSO. Nevertheless,
better assessing and understanding how these biases or potential
reductions of them may affect the capabilities of climate models
to more realistically capture ENSO and its STPD may lead to
potential pathways for model improvements. Moreover, ENSO
STPD, together with ENSO’s nonlinearly and seasonally
modulated interactions with other modes of variability, make
ENSO’s influences on various aspects of the Earth system much
more complex. That is, ENSO can have not only direct impacts
but also indirect impacts through its influences on the other
modes of variability in both nonlinear and nonstationary
manners. Better assessing, understanding, simulating ENSO
and its STPD may provide better understanding and predictive
skills for ENSO and its impacts even on the regional but highly
destructive and thus hazardous phenomena as demonstrated, for
example, in recent research on ENSO’s impact on worldwide
coastal ocean wave activity and coastal shorelines (Boucharel
et al,, 2021; Almar et al., 2022, personal communication).
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