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Abstract Based on the coupled conditional nonlinear optimal perturbation (C-CNOP) method, this study
explores the season-dependent predictability barrier (PB) affecting the forecasts of two types of El Nifio (central
Pacific, CP; eastern Pacific, EP) events by using CMIP6 models. It is found that CP (EP) El Nifio forecasts often
occurs summer (spring) PB, and only powerful season-dependent PB can lead to large prediction errors. Further
investigating the initial causes of the largest prediction errors and strongest PB, we find that the spatial pattern of
initial errors consistently exhibits the sea temperature anomaly dipole of east positive—west negative in the
equatorial Pacific, and errors over upper layers of North (South) Pacific are similar to the negative Victoria
mode (South Pacific Meridional Mode). Physically, the mode evolution of initial errors in the equatorial Pacific,
North and South Pacific are all positive feedback processes, which together ultimately lead to large cold biases
over the central-eastern (CP) or eastern (EP) equatorial Pacific in December. Analysis shows that the initial
error mode of North Pacific mainly affects the cold bias of the central Pacific, whereas the mode of South Pacific
mostly controls the bias in the eastern Pacific. These initial error modes found in this study can have more
serious impacts on forecasts of two types of El Nifio events than that in previous studies. The results of this study
offer valuable scientific guidance for the adaptive observation of ENSO, which will likely be able to maximize
the prediction skills for two types of El Nifio events.

Plain Language Summary El Nifio-Southern Oscillation (ENSO) is the most significant
interannual signal causing global climate anomalies; thus, its accurate forecast has attracted much attention. The
central Pacific (CP) and eastern Pacific (EP) El Nifio forecasts are closely associated with the season-dependent
predictability barrier (PB), which refers to the sharp drop of CP (EP) El Nifio prediction skills across the boreal
summer (spring) season. Our study found that only powerful season-dependent PB can lead to large
prediction errors. Furthermore, for such forecasts with the largest prediction errors and strongest PB, the
corresponding initial errors have consistent spatial pattern and evolutionary feature. Physically, the evolutions
of such initial errors found in this study in the equatorial Pacific, North and South Pacific are all to cause larger
cold biases over the equatorial Pacific at the final time. Therefore, if we deploy observations by using the
adaptive observation in some critical areas of the equatorial Pacific, North and South Pacific, where the initial
errors are large and concentrated, it will be possible to maximize prediction skills for two types of El Nifio
events.

1. Introduction

The El Nifio-Southern Oscillation (ENSO), which is the dominant mode on the interannual variability of the
large-scale coupled ocean-atmosphere, originates in the tropical Pacific but influences weather and climate
globally (Bjerknes, 1969; Latif et al., 1998; Mcphaden et al., 2006; Zhang et al., 2016). Sometimes, ENSO has
tremendous global climate impacts and even causes severe disasters. For instance, widespread climate anomalies,
including droughts and floods, have occurred globally, resulting in serious injuries and property damages after the
peak of the three strongest El Nifio events in 1982/1983, 1997/1998, and 2014/2016 (FAO, 2016; McPha-
den, 1999; McPhaden et al., 2006; Philander, 1983; Sanchez-Murillo et al., 2017; Valle et al., 1987; Zhai
et al., 2016). Accordingly, it is crucial to provide skillful ENSO forecasts.

With the progress in theoretical studies, the development in coupled models and the improvement in initialization
schemes, the skills of real-time forecasts for ENSO have improved considerably over the past four decades (Tang
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et al., 2018). Currently, more than 20 forecast models can provide effective predictions of ENSO warm and cold
events 6—12 months ahead (Barnston et al., 2012; Zheng & Yu, 2017). However, ENSO forecasts have not
improved steadily and still present large uncertainties; in particular, ENSO prediction skills have declined rather
than increased since 2000, even with the ongoing improvement of forecast models (Barnston et al., 2012; Hou
et al., 2022).

One major possible reason for the shift in the ENSO prediction skills is ENSO diversity (Ren et al., 2018;
Zheng & Yu, 2017). Traditionally, the action center of the sea surface temperature (SST) anomalies of ENSO
is usually located in the eastern Pacific cold tongue (Kug et al., 2009; Timmermann et al., 2018). However,
many studies have revealed that a different type of El Nifio—as compared to the traditional eastern Pacific
(EP) El Nifio—began to appear frequently since the late 1990s (Ren & Jin, 2011; Wang & Ren, 2017). This
trend has sparked a new wave of ENSO research. For this type of El Nifio, the action center of SST anomalies
appears in the central Pacific, so we will refer it as the central Pacific (CP) El Nifio (Zheng et al., 2014;
Zheng & Yu, 2017). The differences between EP and CP El Nifio are bound to have different impacts on
weather and climate (Chen et al., 2019; Zhang et al., 2016). However, the limited understanding of dynamic
mechanisms for CP El Nifio hinders the accurate simulation of El Nifio types and intensities in models (Hou
et al., 2019; Qi et al., 2021). Moreover, CP El Nifio will likely become more frequent under global warming,
increasing the uncertainty of ENSO forecasts (Yeh et al., 2009, 2014). Therefore, it is necessary to clarify the
differences in predictability dynamics between two types of El Nifio events for improving the predictive
power of ENSO.

Another important issue that contributes to the uncertainty of ENSO forecasts is the spring predictability barrier
(SPB), which is a long-standing problem. Webster and Yang (1992) described the SPB as a rapid decline of
observation-prediction correlations of SST in the boreal spring. From the perspective of error growth, the SPB
refers to the phenomenon that ENSO forecasting exhibits significant error growth during the boreal spring when
predictions are made prior to spring (Duan et al., 2009; Duan & Wei, 2013; Mu et al., 2007; Yu et al., 2009). There
are various hypotheses about the occurrence of the SPB phenomenon. Some studies argue that the SPB is the
result of the annual cycle of the background condition in the tropical Pacific (Jin et al., 2019; Lau & Yang, 1996;
Levine & McPhaden, 2015; Liu et al.,, 2019; Thompson & Battisti, 2001; Torrence & Webster, 1998;
Webster, 1995). Because the signal-to-noise ratio of SST tends to be lowest in spring, which destroys the
persistence of ENSO in this season (Samelson & Tziperman, 2001; Xue et al., 1994). Meanwhile, others
emphasized the role of initial errors in the SPB. A number of studies have demonstrated that the decline of ENSO
prediction skill in spring stems more from initial errors than from unpredictable noise, and thus, the prediction
skill across spring can be significantly enhanced by improving initialization (Chen et al., 1995, 2004; Lee
etal., 2018; McPhaden, 2003). Going further, Mu et al. (2007) demonstrated that a ‘significant SPB’ might be the
result of the combined effect of three factors: the climatological annual cycle, the El Nifio event itself, and the
initial error pattern. The first two factors are robust in existence, while the third factor is artificially induced. Even
if the annual cycle is robust in predictive models, specific initial error patterns are required to generate the SPB for
an El Nifio event (Duan & Wei, 2013).

The study about the initial errors belongs to the first type of predictability problems proposed by Lor-
enz (1975) (see a review by Mu et al., 2017). The perfect model predictability experiments assume that the
numerical model is perfect, and it only focuses on the impact of initial errors on prediction uncertainty. Thus,
many studies usually rely on the perfect model predictability experiments to explore the above SPB-related
initial errors (Duan et al., 2009; Duan & Hu, 2016; Hou et al., 2019; Qi et al., 2021; Yu et al., 2009;
Zhang et al., 2015). Some early studies conducted the perfect model predictability experiments using the
intermediate-complexity Zebiak-Cane (ZC) model to explore the initial errors leading to significant SPB for
EP El Niflo events (Duan et al., 2009; Yu et al., 2009). However, the limitation of the ZC model is that it only
considers interannual variability in the tropical Pacific. Therefore, researchers further explored the SPB-
related initial errors using CMIP5 coupled models (Zhang et al., 2015) and the Community Earth System
Model (CESM) (Duan & Hu, 2016) for EP El Nifio.

Furthermore, the frequent occurrences of CP El Nifio have prompted more studies to focus on the predictability
dynamics for CP El Nifio and the differences between two types of El Nifio events, aiming to improve the ENSO
prediction capability. Tian and Duan (2016) demonstrated that the prediction of CP El Nifio also exhibits the SPB
phenomenon in the ZC model. Recently, Hou et al. (2019) found that summer predictability barrier (PB) is
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commonly occurring for CP El Nifio. Simultaneously, more and more studies have emphasized the important role
of the subtropical Pacific in the occurrence and prediction for two types of El Nifio (Ding et al., 2015; Hong
et al., 2014; Hou et al., 2019; Min et al., 2017; Qi et al., 2021; Vimont et al., 2003; Wang et al., 2019; Yeh
et al., 2015; Yu & Kim, 2011; Zhang et al., 2014). From these previous studies, EP El Nifio events seem to be
closely linked to the South Pacific, whereas the Northern Pacific climate modes play a more prominent role in
influencing CP El Nifio. For example, Hou et al. (2019) used a predictability data analysis approach to investigate
the effect of initial SST accuracy in different Pacific regions on the prediction of two types of El Nifio events in the
CMIPS coupled model. However, Hou et al. (2019) only considered the forecasts that occur season-dependent PB
and have larger prediction errors, and the initial errors causing such forecasts are the SPB-related initial errors
commonly analyzed in the previous studies. More specifically, they did not investigate the initial errors with the
greatest impact on the prediction results, and the initial errors obtained from such extreme-value problem are not
necessarily the above SPB-related initial errors.

Undoubtedly, it is most desirable to reduce such initial errors that have the greatest impact on the prediction
results during initializing the model; finally the prediction skills are likely to be the highest. Because although the
season-dependent PB and the prediction error are closely related, the relationship between the two is nonlinear.
Therefore, when we examine the forecast series with the greatest impact on the prediction results, that is, those
with the maximum prediction errors, it is natural to be very concerned about whether the phenomenon of powerful
season-dependent PB occurs in those forecast series? As previously mentioned, the generation of season-
dependent PB requires specific initial error patterns. So if those forecast series with the largest prediction
errors experience season-dependent PB, what are the spatial structures and evolutionary characteristics of the
related initial errors? And how does the uncertainty in the tropical and subtropical Pacific contribute to the
development of these initial errors? To avoid the limitation that results are model-dependent, we select the more
coupled models with better performance in latest CMIP6 and comprehensively investigate the initial errors with
largest prediction errors, expecting to answer the above questions. In addition, we compare the similarities and
differences between the initial errors with largest prediction errors and the SPB-related initial errors. Eventually,
if we can find some specific initial errors, it will be possible to significantly minimize the prediction errors in the
actual forecasts.

The remainder of this paper is organized as follows. Section 2 describes the data and the method used in this study.
Section 3 explores the predictability barrier and prediction errors in different forecast series for CP and EP El
Niflo events. Section 4 focuses on the initial errors with largest prediction errors and their seasonal growth
mechanisms for the two types of El Nifio. In Section 5, we discuss the differences between the above initial errors
and the SPB-related initial errors. Lastly, Section 6 provides a summary and discussion.

2. Data and Method
2.1. CMIP6 Model Data

CMIP6 is the program with the largest number of models, the most complete scientific experiments, and the
largest amount of simulation data, since the implementation of Coupled Model Intercomparison Project (CMIP).
Further information about the CMIP6 protocol can be found by Eyring et al. (2016). Compared to the CMIP5
models, CMIP6 models tend to perform better in terms of the background climatology, pattern, and diversity of
ENSO (Planton et al., 2021). Therefore, we use offline CMIP6 data to investigate the spatial structures and
evolutionary characteristics of initial errors that lead to the largest prediction errors for two types of El Nifio
events in this study. In fact, the CMIP6 models have different abilities to simulate the two types of El Nifio events,
and in particular, the simulation of CP El Nifio is still poor (Hou & Tang, 2022). Referring to the assessments of
Bellenger et al. (2014) and Hou and Tang (2022), we evaluate the preindustrial Control (pi-Control) runs of 37
CMIP6 climate model integrations in terms of both the background climate and the El Nifio events (Figure S1-S8
and Table S1-S2 in Supporting Information S1). We finally choose 6 models, which can reasonably simulate the
CP and EP El Nifio events. Specific model configurations and affiliations are listed in Table 1. Sea surface
temperature (SST), zonal and meridional wind components, and ocean subsurface temperature (at depths of 5—
155 m) are obtained from the outputs of the 6 coupled models. All variable fields are uniformly interpolated into
the 1° X 1° grids using the Climate Data Operators (CDO) tools (Schulzweida, 2022), and the time is chosen as the
first 499 years of integration in each model. All outputs are monthly mean data.
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Table 1

Basic Information of Six CMIP6 Coupled Models

Model

Institute/country

Resolution (lon X lat, vertical)

Atmosphere

Ocean

CAMS-CSM1-0

CMCC-CM2-SR5

FGOALS-f3-L

HadGEM3-GC31-LL

MIROC6
MRI-ESM2-0

CAMS/China

CMCC/Italy

CAS/China

MOHC/UK

MIROC Consortium/Japan
MRI/Japan

320 x 160, L31
288 x 192, L30
360 x 180, L32
192 x 144, L85
256 x 128, L81
320 x 160, L8O

360 x 200, L50
362 x 292, L50
360 x 218, L30
360 x 330, L75
360 x 256, L63
360 x 364, L61

2.2. The Couple Conditional Nonlinear Optimal Perturbations Method

As mentioned above, the pi-Control experiments are adopted in the present study. The pi-Control experiments are
driven under a constant external forcing (fixing greenhouse gases, aerosols, ozone, and solar constant at 1850) and
are the reference for other runs such as historical, climate sensitivity, and so on. Based on pi-Control outputs of
CMIP6 coupled models, the couple conditional nonlinear optimal perturbations (C-CNOP) method proposed by
Duan et al. (2024) can help us to explore the predictability dynamics of two types of El Nifio events in terms of
initial errors growth. This method is expected to adequately capture the nonlinear unstable growth of initial
uncertainties, while also taking into account the effect of the coupling processes uncertainty on initial pertur-
bations. Below we give a brief introduction to the C-CNOP method; more detailed descriptions are provided in
Duan et al. (2024).

First, we abstract the multisphere coupled dynamical system as a conceptual model that includes the interaction of
fast variables (such as weather variability in the atmosphere) and slow variables (such as sea temperature evo-
lution). In this study, we analyze forecasts for the slow variable X (e.g., SST); the governing equations for X are
expressed as follows:

dX = .Y, nd vdi
{X FX,Y,t)dt + fx t, X [0.7] W

Xl = Xo

where F is a nonlinear functionality, Y is a fast variable, 7 is time, T is forecast time, € [0,T], X, is the initial
state, fy represents the external forcing of the slow variable X and is a constant in the pi-Control runs.

Then, by integrating Equation 1 from #, to #, (¢, <1, <T), the corresponding state X, at the future time 7, can be
derived as follows:

Iy
X, =X, + f FX,Y,0)dt + fx(t, — t,) 2)
1,

a

We pick two time periods [fg;,¢;] and [fy,2,] from the time series of coupled model data with initial states

denoted as X, | and X, , respectively. According to Equation 2, if the two time periods have same length, then, the

difference between two final states X; and X,, can be described as follows:

sz - X’l = X’oz - Xfm + /Z [Flnz - Ffm] dt (3)

where F;,

respectively. And D) is the time interval [#y,,#,] or [fn,%,]. From Equation 3, it is known that the difference
between X, and X, can be considered to be derived by the model Equation 2 that are only caused by initial
difference X, , — X, .
if the series during the time period [fo,¢;] is regarded as an “observation”, the series during [fq,,,] can be

and F; are the F in two integrations of Equation 2 over the time intervals [#,7,] and [tg,,2,],

Because it does not involve model errors, the functional form of F is not changed. Further,
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referred as “prediction” of “observation”. Therefore, “prediction error” at the termination time is only caused by
“initial error” implied by X, — X

02 for*

For a given time series, we can build different optimization problems to analyze different initial errors if we
consider different constraints. For example, if we consider the initial errors that can lead to the largest prediction
errors, the optimization problem is established as follows:

I ) = MAX(||X7, , — X7, 1/11X0,, — Xo,I),  1<n<N;m=12,..M (4)

where x,, , represents the initial errors that can lead to the largest prediction errors at the forecast time 7', based on
the m—th “observation” and its n “predictions”. n <N represents the number of forecast series, which can be
broadly selected from the model outputs. M represents the number of observations. Therefore, Equation 4 pro-
vides the initial error that is statistically optimal and that contains the impact of interaction uncertainties between
fast and slow variables.

In this study, we select 10 typical CP El Nifio events and 10 typical EP El Nifio events as one-year “observations”
from the 499-year integrations of each model. The typical El Nifio events refer to warming in early boreal spring
and peaking at the end of the year. For each of one-year “observations”, we select the remaining 497 one-year
periods (the last year is also ignored) of all 499-year integrations as “predictions” (12 months lead time) for
an “observation”. This will yield 4970 “predictions” for 10 CP and 10 EP El Nifio events of each model,
respectively. Then, the corresponding prediction errors E(#) are only caused by the initial errors. The calculation
formula is as follows:

IXP (D) = X0 (D]
B = IX°0) ~ X0l = J 20,0 - X0 ©)

where X? represents “prediction”, X° is “observation”, (i,j) indicates grid points in the Nifio4 area [5°S—5°N,
160°E—150°W] for CP El Niiio (the Nifio3 area [5°S—5°N, 150°W—-90°W] for EP El Nifio), and S is the total
number of grid points.

Next, we measure the seasonal growth of prediction errors. Mu et al. (2007) proposed that the tendency of
prediction error can be described as the slope k of curve E(f), which can be approximated as follows for the
monthly data used in the present study:

_OE() _ Elt) - E(1)

k
ot th—1

(6)

with the interval of , — #; being 1 month (¢, > #;). The growth rate of prediction errors during one season can be
calculated with the average of the three successive monthly slopes k in this season (i.e., a 3-month running mean
was applied for k, denoted as k*“”",f € [1,T — 1]). Then, if the growth rate of prediction errors for a particular
season is the largest in most forecasts, the season-dependent PB is deemed to occur. The larger the positive
seasonal growth rate, the stronger the season-dependent PB.

3. Predictability Barrier and Prediction Errors

We first explore the PB and prediction errors for two types of El Nifio events by using the C-CNOP method
described in Section 2.2. As mentioned previously, the so-called season-dependent PB in ENSO forecasts refers
to the significant growth of prediction errors in a particular season. Figure 1 shows the number of predictions (CP
El Nifio) and the main months (CP and EP) with the maximum growth rates of prediction errors. It is shown that in
most models, the prediction errors of CP El Nifio events mainly increase significantly during July—September
(Figures la—1g). For EP El Nifio events, the prediction errors mostly grow significantly from April to June
(Figure 1h). Therefore, consistent with previous studies (Hou et al., 2019; Tao et al., 2023), the CP El Nifio
forecasts tend to experience the summer PB, while the EP El Nifio forecasts often occur the spring PB. Moreover,
the positive error growth rates of EP El Nifio are generally larger than that for CP El Nifio, indicating the stronger
season-dependent PB for EP El Nifio events (see Figure S9 in Supporting Information S1).
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Figure 1. (a)—(f) shows the number of predictions with the maximum growth rates of prediction errors by month in each
model for CP El Nifio (4970 predictions in total). The red bar shows the first largest number of predictions, and the blue
(green) bar corresponds to the second (third) largest number of predictions. (g) and (h) show the number of models with the
first (red), second (blue), and third (green) largest number of predictions by month for CP and EP El Niilo, respectively.

However, not all forecasts experience spring PB (EP El Nifio) or summer PB (CP El Nifio). Even when the season-
dependent PB occurs in some forecasts, the resulting prediction errors are not always large (pink regions in Figure
S10 in Supporting Information S1). Next, we only focus on the series with large prediction errors, and then
establish three different types of optimization problems based on different constraints for comparative analysis
(see Table 2). According to the method in Section 2.2, we give the corresponding mathematical expression in
Table 2. First, the main emphasis in this study is on the series with the greatest impact on forecasts, namely those
with the largest prediction errors. Based on Section 2, the first 5 series with the largest prediction errors are
selected from the 497 “predictions” of each “observation”; consequently, each model generates 50 “predictions”
for selected 10 CP or 10 EP El Nifio (for convenience, denoted as “Max Pred”). Similarly, we also select the first 5
series with the largest seasonal error growth rate (i.e., with the strongest PB; denoted as “Max PB”). Third, we
randomly choose 50 series from the “predictions” that experience the spring PB (EP El Nifio) or summer PB (CP
El Nifio) and have large prediction errors at the final time (referred to as “Often PB”’). Consequently, “Often PB”
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Table 2
Prediction Series of Different Groups of Optimization Problems
Description Mathematical expression
Max Pred For m~th observation, choose the first 5 prediction series X1, =with the largest prediction te[0,7T], n € Index1 fn
errors

Indexlsm =Arg maXS(ET/M ), 1<n<N
n

Max PB For m—th observation, choose the first 5 prediction series X2, ~with the largest seasonal error te[0,T], ne Indefon

h
growth rate ]ndefon =Arg maxs(kmaxm,,,), 1<n<N
n

kmax,, , = Max(kj**"), /e [I,T—-1]

mn

Often PB For m—th observation, randomly choose 50 prediction series X3, that experience the spring te[0,T], ne Index3fno

PB (EP EI Nifio) or summer PB (CP El Nifio) and have large prediction errors Index3,5n° _ Randomso(SPBm,,, AELwe L,)’ l<n<N
n

myn

larg e
{Em,n

Eg > Average(E, ) }
y : y

Often PB II As above, but randomly choose 5 prediction series X4, te[0,T], ne I”dex4fn
Index43, = Random®(SPB,,, NEL*8¢),1 <n<N
p §

myn mn

{Elarge

Eg, > Average(E, )}
f y

of each model generates 500 predictions for the selected 10 CP or 10 EP EI Nifo. “Often PB” is the series
commonly analyzed in previous studies, and represents predictions in which PB universally occurs. The first
meaning of “Often” refers to the fact that CP El Nifio forecasts universally experience summer PB and EP El Nifio
forecasts commonly occur spring PB. The second meaning of “Often” is reflected in the number of forecasts, that
is, the filtered forecasts are often more than those under the first two constraints. Therefore, it is not known
whether the seasonal-dependent PB will occur in “Max Pred” and “Max PB”. If it does, what are the similarities
and differences between the both and “often PB”?

Mathematically, the Arg max function is used to find the parameter value that makes the function maximum. In
this study, Arg max’ represents the parameter n values for which the first 5 maximum values are found. Random™
n n

represents the parameter n values for which 50 values are randomly selected.

To compare the PB intensity of the three types of prediction series under same conditions, we again randomly
select 5 series from the “predictions” that experience the seasonal-dependent PB and have large prediction errors
at the final time (denoted as “Often PB II", also shown in Table 2). Figure 2 shows the error growth rates of “Max
Pred”, “Max PB”, and “Often PB II"” for CP El Nifio events (see Figure S11 in Supporting Information S1 for EP
El Nifio). It is clear that “Max Pred” and “Max PB” for CP El Nifio generally present the summer PB (June—
August), similar to “Often PB II” (July—September), only slightly a month ahead. Likewise, EP El Nifio events
tend to experience the spring PB (April-June) for three types of prediction series. However, the seasonal-
dependent PB of “Max Pred” and “Max PB” for two types of El Nifio events are stronger than that of “Often
PB II”. The evolutionary behaviors of prediction errors of “Max Pred”, “Max PB”, and “Often PB” for CP and EP
El Nifio are shown in Figure 3 and Figure S12 in Supporting Information S1. For “Often PB”, most of predictions
exhibit significant error growth in the boreal summer (CP El Nifio) or spring (EP El Nifio), and have large
prediction errors at the final time. However, there are some predictions that have significant seasonal-dependent
PB, but the prediction errors at the final time are relatively smaller, and vice versa. As mentioned in the intro-
duction, specific initial errors are the necessary condition to generate the seasonal-dependent PB for two types of
El Nifio events. It means that if the seasonal-dependent PB is weakened by reducing the specific initial errors, the
prediction error does not necessarily decrease (see Figure S13a in Supporting Information S1). Also, reducing the
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Figure 2. Monthly growth rates of prediction errors for the three types of prediction series (50 predictions on the horizontal axis) in each model. (a), (b), and (c) denote
the “Max Pred”, “Max PB”, and “Often PB II” for CP El Nifio events, respectively. Positive values (red color) indicate increases of prediction errors, and negative values
(blue lines) indicate decreases of prediction errors.

(a1) CAMS-CSM1-0
0

prediction error may not always weaken the seasonal-dependent PB (Figure S13b in Supporting Information S1),

which breaks our habitual thinking. In contrast, “Max Pred” and “Max PB” exhibit significant seasonal-dependent
PB in almost all series, and prediction errors are overall larger at the final time. Upon further comparison, the error
evolutions of “Max Pred” are very similar to that of “Max PB”; thus, the intensity of seasonal-dependent PB and

the magnitude of prediction errors are also very similar. The above results indicate that only powerful season-

dependent PB can lead to large prediction errors. Therefore, we infer that the initial errors of “Max Pred” and

“Max PB” may be different from that of “Often PB”, whereas the initial errors of “Max Pred” may be very similar
to that of “Max PB”. Then, which characteristics of initial errors for the three types of prediction series are more
likely to cause the seasonal-dependent PB? Moreover, how do initial errors evolve and impact the forecasts for
two types of El Nifio events?
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Figure 3. The evolution of prediction errors for three types of prediction series in each model. (a), (b), and (c) denote the “Max Pred”, “Max PB”, and “Often PB” for CP
El Nifio events, respectively. The prediction errors tend to present the significant growth (i.e., the large slope indicated by the short thick red line) in the period June—
August (“Max Pred” and “Max PB”) or July—September (“Often PB”). All composite trends (short thick red line) in six models are significant at the 99% confidence

level.
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Figure 4. Composite of anomalous ocean temperature (shaded) (units: °C) and surface wind (vectors) (units: m/s) components of CP-Type-1 initial errors for “Max
Pred”. The top 4 rows correspond to different ocean levels, from the sea surface to 55 m and then to 95 m and 135 m. The last row shows the meridional average of ocean
temperature anomaly over 5°S—5°N. The composite of initial SST errors that reach 90% significance level is colored. Showing significant surface wind vectors at the

90% level.

4. The Initial Errors That Cause the Largest Prediction Errors and Their Related
Evolutions

To address the questions proposed in Section 3, the empirical orthogonal function (EOF) analysis is used in the
above initial SST errors in Pacific regions [66.5°S—66.5°N, 120°E—70°W] for “Max Pred”, “Max PB”, and
“Often PB”. For each prediction series, we select initial errors that are highly related to the first three EOF modes.
Specifically, if a principal component (PC) value is greater than the average of all positive PCs for each EOF
mode, the corresponding initial SST error is deemed highly positively related to that EOF mode. Conversely, if a
PC value is less than the average of all negative PCs, the corresponding initial SST error is considered to be highly
negatively related to the EOF mode. Further, we composite the corresponding initial errors that are highly
positively or negatively related to each EOF mode, resulting in six patterns of composite initial errors. The above
steps are repeated for each of predetermined models. It is found that there are two types of composite initial SST
errors with relatively consistent patterns in all six models. For convenience, we denote the two types of composite
initial errors as CP-Type-1 and CP-Type-2 errors for CP El Nifio (EP-Type-1 and EP-Type-2 errors for EP El
Niflo), respectively. In this section, we concentrate on the spatial structures and evolutionary characteristics of the
two types of composite initial errors for “Max Pred”.

Figure 4 shows the spatial patterns of CP-Type-1 initial sea temperature errors at different depths for “Max Pred”.
The results show that CP-Type-1 errors exhibit the SSTA dipole structure of east positive—west negative in the
equatorial Pacific for all the selected models, that is, warm anomalies in the upper layers (above 90 m) of the
eastern equatorial Pacific and cold anomalies in the subsurface (90-155 m) of western equatorial Pacific. In
addition, for most of the models, the CP-Type-1 errors over the upper layers of North Pacific are similar to the
negative Victoria mode (VM) described by Ding et al. (2015), and the negative anomalies mainly in the upper
layers of South Pacific are generally similar to the negative South Pacific Meridional Mode (SPMM) (see Min
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Figure 5. Composite evolutions of anomalous ocean temperature (shaded) (units: °C) and surface wind (vectors) (units: m/s) of the two types of errors for “Max Pred”, as
shown in January, March, June, September, and December from left to right. (1) and (2) denote the CP-Type-1 and CP-Type-2, respectively. The shaded areas denote
those exceeding the 90% significance level. Only surface wind vectors significant at the 90% level are shown. This figure shows the results of the CMCC-CM2-SRS5

model.

et al., 2017). CP-Type-2 errors are very similar to CP-Type-1 in the equatorial Pacific, North and South Pacific,
showing good pattern consistency (Figure S14 in Supporting Information S1). Differently, the magnitude of CP-
Type-2 errors is overall smaller than that of CP-Type-1. In summary, both CP-Type-1 and CP-Type-2 errors
indicate that the forecasts of CP El Niflo events are sensitive to initial errors not only in tropical Pacific but also in
North and South Pacific. Then, how do these two types of initial errors for “Max Pred” evolve and affect the
forecasts of CP EI Nifio?

All six models exhibit resemble dynamical behaviors. To clearly show the evolution of errors, we take the CMCC-
CM2-SR5 model as an example (Figure 5; all models see Figure S15 and S16 in Supporting Information S1). It is
shown that the CP-Type-1 and CP-Type-2 errors start with the decay of El Niflo-like mode, and then transition to
the development of La Nifia-like mode. The transition occurs around June. The two types of initial errors
eventually triggered cold biases of prediction in the central-eastern equatorial Pacific, especially in the Nifio4
area. Physically, the warm SSTA over the eastern equatorial Pacific in CP-Type-1 and CP-Type-2 boosts strong
westward winds in the central equatorial Pacific, which evokes the upwelling eastward-propagating Kelvin waves
in the ocean. Corresponding Kelvin waves gradually transmit the cold SSTA in the lower of western equatorial
Pacific to be eastward and upward. Once the cold SST errors in the central-eastern equatorial Pacific begin to
occur, eastward wind anomalies will be generated, and thereafter, the cold anomalies gradually develop under the
Bjerknes positive feedback mechanism (Bjerknes, 1969). Following the mechanism of wind—evaporation-SST
feedback (WES; Xie & Philander, 1994), the negative SPMM-like cold SSTAs over the South Pacific could
sustain themselves and penetrate into the equatorial Pacific, which accelerates the disappearance of warm SSTA
(Zhang et al., 2014). The induced southeasterly wind anomalies also play an important role in reversing the former
westerly winds in the central equatorial Pacific, which contributes to the development of cold SSTA in the central-
eastern equatorial Pacific at the following time (Min et al., 2015). Similarly, the negative VM-like cold SSTAs
over the North Pacific are able to penetrate into the equatorial Pacific via WES feedback, and the induced wind
anomalies are dispersed in the central equatorial Pacific, which contributes to the earlier emergence and devel-
opment of cold SSTA over the central-eastern equatorial Pacific (Ding et al., 2015; Su et al., 2014). The
contributing processes in the equatorial Pacific, North and South Pacific ultimately combine to result in large
negative errors over the central-eastern equatorial Pacific in December.

Figure 6 shows the composite initial errors of EP-Type-1 for “Max Pred”. It can be seen that the spatial patterns of
EP-Type-1 and EP-Type-2 (not shown) are generally similar to that of CP-Type-1 and CP-Type-2, respectively.
That is, the equatorial Pacific exhibits the SSTA dipole structure of east positive—west negative, the upper layers
of North Pacific are similar to the negative VM mode, and the upper layers of South Pacific show a general
resemblance to the negative SPMM mode. Similarly, the mode difference between EP-Type-1 and EP-Type-2 is
similar to that of CP-Type-1 and CP-Type-2, that is, mainly in the magnitude. However, the difference is that the
EP-Type initial errors in most models tend to have weaker warm SSTA in the central-eastern equatorial Pacific
(Figure S17 in Supporting Information S1). Also, the EP-Type-1 and EP-Type-2 initial errors show the
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Figure 6. As in Figure 4, but for the EP-Type-1 initial errors for “Max Pred”.
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evolutionary feature from the El Niflo-like decay to the La Nifla-like development (Figure S18 in Supporting

Information S1). But unlike CP-Type errors, the transition of the EP-Type pattern (from warm SSTA to cold
SSTA in the equatorial Pacific) occurs in around April-May, and ultimately triggers more easterly regions of the
equatorial cold bias in December (Figure 7). Further, by comparing the errors evolution between two types of El
Nifio events, we found that the SSTA mode of negative VM-like for CP El Nifio plays a stronger role than that for
EP El Niflo, whereas the negative SPMM-like SSTA mode of EP EI Nifio plays a stronger role than that of CP El
Niflo. It is consistent with the previous studies in which the North Pacific process mainly favors the development

of SSTA in the central equatorial Pacific, whereas the South Pacific process mainly favors the development of

SSTA in the eastern equatorial Pacific (Hou et al., 2019; Min et al., 2017; Zhang et al., 2014).
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level.
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Figure 8. Composite evolutions of anomalous ocean temperature (shaded) (units: °C) and surface wind (vectors) (units: m/s) of CP-Type-1 errors for “Max PB”, as
shown in January, March, June, September, and December from top to bottom. The shaded areas denote those exceeding the 90% significance level. Only surface wind
vectors significant at the 90% level are shown.

Furthermore, we also analyze the composite initial errors for “Max PB” (Figure 8 for CP-Type-1; Figure S19 in
Supporting Information S1 for EP-Type-1; and others not shown). It is shown that the patterns and evolutions of
two types of composite initial errors for “Max PB” are very similar to that for “Max Pred”, and so, the overall
amplitude difference is very small, regardless of CP or EP El Nino. The above conclusion confirms the inference
in Section 3 that the initial errors between “Max Pred” and “Max PB” are very similar. Then, we further ask the
following question: What is the difference between the specific initial errors for “Max Pred” and the SPB-related
initial errors for “Often PB”’? What is the indication of difference for the forecast of two types of El Nino events?

5. The Difference Between the Initial Errors That Cause the Largest Prediction Errors
and the SPB-Related Initial Errors

To answer the above questions, we first analyze the SPB-related initial errors for “Often PB” (Figure 9). It is
shown that CP-Type-1 (Figures 9a1-9el) and EP-Type-1 (Figures 9a2-9¢2) are very similar in spatial structures
and evolutionary features. That is, the spatial structures of initial errors in the equatorial Pacific exhibit a dipole
structure with positive errors in the upper central-eastern Pacific and negative errors in the lower western Pacific;
in the South Pacific show the negative SPMM-like and in the North Pacific are the VM-like for most models. The
evolutionary features of CP-Type-1 and EP-Type-1 start with the decay of El Nifio-like, and then transition to the
development of La Nifia-like. Physically, the warm SSTA over the central-eastern equatorial Pacific promotes
westward winds, and thus, evoked Kelvin waves in the ocean gradually transmit the cold SSTA in the lower
region of western equatorial Pacific to be eastward and upward. Once the cold SST errors over the central-eastern
equatorial Pacific appear and then gradually develop under the Bjerknes feedback. The negative SPMM-like cold
SSTA and its induced southeasterly wind anomalies over the South Pacific promote the disappearance of warm
SSTA and then contribute to the development of cold SSTA in the central-eastern equatorial Pacific through the
WES feedback. However, the role of the VM-like SSTA mode over the North Pacific initial errors is opposite to
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Figure 9. As in Figure 5, but for the two types of composite errors in CP and EP El Nifio for “Often PB”. This figure shows the results of the CMCC-CM2-SR5 model.

that of the two previous processes for the equatorial and South Pacific. Specifically, the warm SSTA near the
Alaska Gulf induces the near-surface counterclockwise circulation anomalies through convective feedback,
which tend to transport the warm SST to the equator (Hou et al., 2019).

Likewise, the spatial structures of SPB-related initial errors for CP-Type-2 (Figures 9a3-9e3) and EP-Type-2
(Figures 9a4-9e4) are very similar, showing opposite patterns compared to CP-Type-1 and EP-Type-1. The
evolutionary characteristic of CP-Type-2 and EP-Type-2 show the development of La Nifia-like in most models.
However, the December cold SSTA of CP-Type-2 over the central equatorial Pacific is significantly weaker than
that of EP-Type-2 over the central-eastern equatorial Pacific. Physically, the easterly wind anomalies accom-
panying the cold SST errors over the central-eastern equatorial Pacific are very weak in both CP-Type-2 and EP-
Type-2, so the Bjerknes positive feedback is weak overall. The further comparison reveals that the negative VM-
like SST errors over the North Pacific in EP-Type-2 contribute significantly stronger to the development of cold
bias in the equatorial Pacific than that in CP-Type-2 during January—March. Thereafter, the contribution in the
North Pacific of CP-Type-2 and EP-Type-2 diminishes for most models, and the role of South Pacific becomes
prominent. The SPMM-like warm SSTA component on the western side of South Pacific always exists but does
not induce significant northwesterly wind anomalies, regardless of the development process of CP-Type-2 or EP-
Type-2. Over the southeastern Pacific near the equator, the cold SSTA and related southeasterly wind anomalies
for EP-Type-2 are constantly developing and strengthening, especially from June to September. Nevertheless, the
cold SSTA in the southeastern Pacific are always weak for CP-Type-2. In summary, the process of North and
South Pacific in EP-Type-2 together leads to the stronger cold bias over the central-eastern equatorial Pacific.
Whereas, the cold bias over the central equatorial Pacific caused by CP-Type-2 mainly benefits from the weaker
contribution of North Pacific.

The composite difference between the CP-Type-1 errors evolution of “Max Pred” and that of “Often PB” is given
in Figure 10 (Figure S20 in Supporting Information S1 for EP-Type-1). It is found that the difference is very
similar to the evolutionary pattern of Type-1 errors for “Max Pred”, regardless of CP El Nifio or EP El Nifio.
Combined with the previous results, it is shown that the spatial patterns (in the equatorial and South Pacific) and
evolution features of the Type-1 initial errors for “Max Pred” are very similar to that for “Often PB” in two types

ZHANG ET AL.

13 of 18

858017 SUOWILIOD 3A1e81D) 3|qeotjdde 8y} Aq pausenob afe Sapiie O ‘88N JO S3IN1 10} ArIq1T 3UIUO AB|IA LD (SUORIPUOD-PUR-SLLIBY WD A8 IM"ARRIq 1 BUI|UO//STNY) SUORIPUOD PUe SWS 1 83 83S " [202/2T/ST] Uo AriqiTauliuo (1M ‘SosAud dLeydsouny JO uonnisu| Aq €€9TZ00rY202/620T OT/I0pAw00 A8 1M Asreiqijputjuosqndnbey/sdny wouy papeojumoq ‘2T ‘#202 ‘16266912



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2024JC021633

60S

60N

30N

0
308
60S

120E150E 180 150W120W90W 120E150E 180 150W120W90W
Dec Dec

60N
30N

0 o

308
60S

120E150E 180 150W120W90W

2) CMCC-CM2-SR5

Jan 3) FGOALS-3-L

| 60S

120E150E 180 150W120W9QW
Sep

F6oN
| son

120E150E 180 150MI20W90W  120E150E 180 150WI20W90W  120E150E 180 150WA20WS0W  120E150E 180 150WI20WS0W  120E150E 180 150W120WSOW
I I I [ T T
-2 -1.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2 1.6 2 2.4

Figure 10. As in Figure 8, but for the composite difference (units: °C) between CP-Type-1 errors of “Max Pred” and CP-Type-1 errors of “Often PB”.

of El Nifio events, except that the amplitude is overall stronger than that of “Often PB”. Whereas the spatial
structures of Type-1 initial errors over the North Pacific for “Max Pred” show the negative VM-like SSTA mode,
which is opposite to that of “Often PB”. Furthermore, the biggest difference of initial errors between “Max Pred”
and “Often PB” is reflected in the Type-2 initial errors for two types of El Nino events. In terms of spatial
structures, the patterns are almost opposite in the equatorial Pacific and South Pacific, and similar in the North
Pacific with the negative VM-like SSTA mode (Figures S16 and S18 in Supporting Information S1 vs. Figure 9).
Correspondingly, the evolution features are different in the early stage, but both of them eventually show the
development of La Nifia-like. However, although the initial errors of Type-2 for “Max Pred” show the warm
SSTA over the equatorial Pacific, the cold SST errors is still significantly stronger than that of “Often PB” at the
final time (not shown). In summary, it indicates that despite the two types of composite initial errors for “Max
Pred” have larger warm SSTAs in the equatorial Pacific, such initial errors identified in the present study have
stronger positive feedback processes acting together in the equatorial Pacific, North and South Pacific, which can
have more serious impacts on the final prediction of two types of El Nifio events.

6. Summary and Discussion

The existence of the season-dependent PB phenomenon and the frequent occurrence of CP El Nifio are two of the
main reasons affecting the ENSO prediction skills since 2000. Therefore, many efforts have been made to explore
the predictability dynamics of the two types of El Nifio events associated with the initial uncertainties in ocean
temperature from the perspective of season-dependent PB (e.g., Hou et al., 2019; Qi et al., 2021). However, few
studies investigate the relationship between forecasts and initial errors (and with the corresponding PB) by
directly considering the largest prediction errors. Duan et al. (2024) proposed the new method, namely, the
coupled conditional nonlinear optimal perturbation (C-CNOP) method, which expects to adequately capture
the nonlinear unstable growth of initial uncertainties, and also be able to take into account the effect of the
coupling processes uncertainty on initial perturbations. Therefore, based on the C-CNOP method, this study
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explores the predictability dynamics of two types of El Nifio events from the perspective of initial errors growth
by using the pi-Control outputs of CMIP6 coupled models.

In contrast to the forecast series related to season-dependent PB (denoted as “Often PB”), which are commonly
analyzed in previous studies, this study adds two types of forecast series targeting different optimization problems
(i.e., “Max Pred” with the greatest influence on the prediction and “Max PB” with the strongest PB). The results
show that CP EI Nifio forecasts tend to experience the summer PB, while EP El Nifio forecasts often occur the
spring PB for three types of forecast series. The intensity of seasonal-dependent PB and the magnitude of pre-
diction errors between “Max Pred” and “Max PB” are very similar, indicating that only powerful season-
dependent PB can lead to large prediction errors.

Specific initial errors are the necessary condition to generate the seasonal-dependent PB. Then, we first focus on
analyzing the spatial structures, evolutionary characteristics, and evolutionary mechanisms of the initial errors for
“Max Pred”. For CP El Nifio, the spatial patterns of CP-Type-1 and CP-Type-2 errors are very similar. That is, the
equatorial Pacific exhibits the SSTA dipole structure of east positive—west negative, the upper layers of North
Pacific are similar to the negative VM mode, and the upper layers of South Pacific show a general resemblance to
the negative SPMM mode. Differently, the magnitude of CP-Type-2 initial errors is overall smaller than that of
CP-Type-1. The evolutions of two types of errors start with the decay of El Nifio-like mode, and then transition to
the development of La Nifia-like mode. Physically, the positive feedback processes in the equatorial Pacific,
North and South Pacific ultimately combine to result in large negative errors over the central-eastern equatorial
Pacific in December, causing underestimations of the intensity of CP El Nifio events and perhaps even influencing
its structure. For EP El Nifio, the spatial patterns and evolutions of EP-Type-1 and EP-Type-2 errors are similar to
that of CP-Type-1 and CP-Type-2, but ultimately triggering more easterly regions of the equatorial cold bias in
December. Further analysis reveals that the SSTA mode of negative VM-like for CP El Nifio plays a stronger role
than that for EP El Nifio, whereas the negative SPMM-like SSTA mode for EP EI Nifio plays a stronger role than
that for CP El Nifio. Therefore, the two types of El Nifio events with similar errors are made to have different
locations of the equatorial cold bias. Moreover, the patterns and evolutions of two types of composite initial errors
for “Max PB” are very similar to that for “Max Pred”, regardless of CP or EP El Nino.

Finally, we pay further attention to delving into the difference between the specific initial errors for “Max Pred”
and the SPB-related initial errors for “Often PB”. The spatial patterns (in the equatorial and South Pacific) and
evolution features of CP-Type-1 and EP-Type-1 for “Max Pred” are very similar to that for “Often PB”. Whereas
the spatial structures of Type-1 initial errors over the North Pacific for “Max Pred” is opposite to that of “Often
PB”. Furthermore, the spatial patterns of CP-Type-2 and EP-Type-2 between “Max Pred” and “Often PB” are
almost opposite in the equatorial Pacific and South Pacific, and similar in the North Pacific. Consequently, the
evolution features are different in the early stage, but both of them eventually show the development of La Nifia-
like. Anyway, the initial errors of “Max Pred” and “Max PB” identified in the present study can have more serious
impacts on the final prediction of two types of El Nifio events.

The adaptive observation technique that can help to design the observation strategy with a limited number of
observations in some critical areas is expected to improve prediction skills for high-impact weather or climate
events at the lowest cost (Jiang et al., 2024; Mu et al., 2015). Therefore, if we deploy observations by using the
adaptive observation in some critical areas of the equatorial Pacific, North and South Pacific, where the initial
errors of “Max Pred” or “Max PB” are large and concentrated, it will be possible to maximize prediction skills for
two types of El Niflo events. The key point is that improvements to the accuracy of initial SST in the North and
South Pacific may even be very helpful in distinguishing the type of El Nifio. Further comparison reveals that the
evolution of El Nifio and its error growth have a similar mechanism, and thus, these observations are also helpful
in identifying the precursor perturbations of El Nifio. Additionally, Hou et al. (2019) using the CMIPS5 coupled
model, show that EP EI Nifio is less predictable than CP El Nifio. This study also found that the season-dependent
PB of EP El Nifio occurs earlier than that of CP El Nifio, and the PB of EP El Nifio is stronger, which may further
indicate that successful prediction for EP El Nifio is more difficult than that for CP El Nifio. However, the actual
forecast models still have large biases for the prediction of CP-EI Nifio events, which may be one of the main
reasons for the higher actual prediction skills of EP El Nifio than CP-El Nifio (Fang & Chen, 2023; Zheng &
Yu, 2017). Also, it seems that there is no qualitative improvement in the simulations of CP EI Nifio from CMIP5
to CMIP6, so model development remains one of the priorities on ENSO research (Hou & Tang, 2022). In the
future, with the continuous development of models, it is worthy to further explore how the heterogeneous
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predictability (i.e., the actual prediction skills; Kumar et al., 2016; Jin, 2022) of the two types of El Nifio events
will change. Another interesting topic is how long can the effects of the coupled initial perturbations of this study
on the forecast results continue in the actual forecast models, considering model errors? It is thereby worth to
further examine the ENSO predictability dynamics by using the more advanced method in references (e.g.,
Andreou & Chen, 2024; Fang & Chen, 2023). Lastly, as stated in Section 2, we realize that the irregularity of
ENSO is the result of multiscale interactions. Therefore, the present study describes the coupled perturbations by
using the deterministic equations of the C-CNOP method, which can handle different scale processes (e.g., ocean
and atmosphere). However, the C-CNOP method is not yet able to deal with the effects of stochastic processes on
ENSO as proposed in some recent papers (Chen et al., 2022; Geng et al., 2020), and this issue is worth exploring
in-depth in the future.
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The monthly CMIP6 data sets are available at https://esgf-node.llnl.gov/projects/cmip6/.
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