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1. Introduction
El Niño, the warm phase of the El Niño-Southern Oscillation (ENSO), has two flavors: cold-tongue El Niño 
(CT El Niño) and warm-pool El Niño (WP El Niño, also known as El Niño Modoki and Central Pacific El 
Niño). Although both are associated with warm sea surface temperature anomalies (SSTAs) in the equatori-
al Pacific, they operate under considerably different mechanisms (Kug et al., 2009; Ren & Jin, 2013) and trig-
ger distinctive climate anomalies (e.g., Hans-F & Davide, 2012; Yu et al., 2012). Conventionally, CT El Niño 
is recognized as warm SSTAs along the Pacific cold tongue spanning from the eastern Pacific coast, while 
WP El Niño is recognized as warming SSTAs in the central Pacific Ocean. This difference in typical position 
leads to various definitions of the two based on different fixed-location SSTA indices. Here, a fixed-location 
SSTA index is an index defined by a weighted SSTA average in which the weights are fixed in space. As an 
example, the El Niño Modoki index (EMI), a commonly used index to define WP El Niño, is defined by 
averaged SSTAs in several predefined regions (Ashok et al., 2007). The weight in the definition is fixed, and 
hence the index is a fixed-location index. Kao and Yu (2009) use principal component analysis on equatorial 
Pacific SSTAs to define WP El Niño. Since the loadings of the principal components are fixed in space, we 
treat the method proposed by Kao and Yu (2009) as based on a fixed-location index. A common implicit 
assumption behind fixed-location indices is that WP El Niño events have limited variation in position and 
size, so that the weights mostly capture the associated SSTAs.

Abstract This study surveys the variability and predictability of the position, magnitude, and size 
of warm-pool El Niño (WP El Niño), as well as its impacts on the climate. A new detection method for 
WP El Niño that is flexible regarding its position, magnitude, and size is developed. Thirteen WP El Niño 
events are found from 1950 to 2018 using this detector. These events have a mean (standard deviation) 
center position of 31.7 (12.4)° longitude, a mean peak sea surface temperature anomaly (SSTA) of 1.87 
(0.62) K, and a zonal size parameter of 19.99 (5.13)° longitude. Also, stronger WP El Niño events tend to 
be larger and take place farther east. Based on these distributions, a set of model experiments is conducted 
to evaluate climate sensitivity to these three features. The wintertime North American temperature dipole 
due to WP El Niño is chosen as an example. Its bearing is linearly controlled by the position of the SSTA 
field of WP El Niño, and this control is stronger when the SSTA field is stronger or smaller. Predictability 
of position, magnitude, and size of WP El Niño on seasonal scale by the North American Multi-Model 
Ensemble is examined. With a 2-month lead-time, the position and magnitude of WP El Niño are 
predicted accurately, but size tends to be large-biased. Increasing the lead-time generally leads to more 
eastward bias, cold bias, and large bias. Precision of the predictions is also reduced with lead-time.

Plain Language Summary Warm-pool El Niño (WP El Niño) is a phenomenon in which 
the surface of the central equatorial Pacific Ocean becomes unusually warm. The area of the warming 
comes with different size, magnitude, and takes place at different position along the equator. This study 
explores several agenda associated with the variability of position, magnitude, and size of WP El Niño. We 
first developed a new detector for WP El Niño that is flexible about these variabilities. With the detectors, 
we evaluated the distribution of the three features based on the detected WP El Niño events. We further 
conducted a set of numerical simulations and found that all the three features can significantly affect the 
wintertime climate in North America. Finally, while the magnitude and position of WP El Niño can be 
predicted accurately 2 months in advance, the predicted size of WP El Niño tends to be larger than actual. 
Prediction beyond 2 months tends to be weaker, larger, and located further to the east.
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Capotondi et al. (2015) point out that WP El Niño can take place anywhere in the equatorial Pacific Ocean 
east of 160°E. Also, different WP El Niño events can have noticeably different sizes. For example, the as-
sociated SSTA field of WP El Niño in 1990 was visibly smaller than that in 1986. This violates the assump-
tion of fixed-location indices. It is then natural to speculate, given that each WP El Niño event can differ 
significantly in the position and size of its associated sea surface warming, whether indices based on fixed 
locations are sufficiently general for all WP El Niño events.

It appears that variability in the position and size of WP El Niño is commonly ignored in studies on climate 
impacts. Instead, these studies tend to highlight how the climate impacts change with the magnitude of WP 
El Niño. Since WP El Niño and CT El Niño can lead to different climate impacts and take place at different 
locations, it is reasonable to speculate that the position of WP El Niño may be able to modulate its climate 
impacts as well. To our knowledge, Taschetto et al. (2016) is the only study that explicitly explores the effect 
of the location of SSTA warming on climate impacts. However, their sensitivity experiments were not de-
signed to study the realistic position variability of WP El Niño. Consequently, results from their study do not 
clearly show the effect of position variability on the climate impacts of WP El Niño. Also, to our knowledge, 
there is no study on the effect of observed size variability on climate impacts.

We further question how the position, magnitude, and size of WP El Niño modulate its climate impacts. The 
control by WP El Niño of the orientation of the wintertime North American surface anomalous temperature 
dipole is selected in this study to demonstrate the potential influence of the three features on the climate 
(justification provided in Appendix B). During boreal winter, WP El Niño triggers a prominent teleconnec-
tion pattern in the central Pacific that passes through the North Pacific to North America, which leads to 
a surface temperature dipole (Yu et al., 2012). The positions of the two surface temperature poles are then 
controlled by the teleconnection pattern above North America (around the 500 hPa level). During WP El 
Niño, a warm anomaly can be found over northwest of North America and a cold anomaly over southeast 
of North America. Through model sensitivity experiments, this study will explore the potential modulation 
of the position, size, and magnitude of WP El Niño on the climate.

If these three features have a considerable effect on climate impacts, their incorrect prediction could be 
detrimental to climate forecasts. Therefore, understanding the predictability of these three features can be 
useful in this regard. However, also to our knowledge, the predictability of position and size has not com-
monly been assessed in previous studies.

The objectives of this study are as follows: (a) characterize the variability of the position, magnitude, and 
size of WP El Niño; (b) investigate the modulation of these three features on the climate impacts of WP El 
Niño; (c) discover the predictability of these three features on a seasonal scale (2–8 months in this study). In 
Section 2, a new WP El Niño detection method will be introduced. A new WP El Niño detector is necessary 
given the possible insufficiency of existing detection methods. In particular, this new detector has to be 
flexible regarding the position, size, and magnitude of WP El Niño, and measure it at the same time. De-
scriptions of the data and numerical model used in this study are also provided in Section 2. Distributions 
of different features of the detected WP El Niño events, and the relationship between them, are provided in 
Section 3. Section 4 documents the sensitivity of the climate to all three features of WP El Niño. Section 5 
explores the seasonal predictability of these three features of WP El Niño in state-of-the-art climate predic-
tion models. Finally, Section 6 provides a conclusion and discussion.

2. Data and Methodology
2.1. Data

This study uses the Extended Reconstruction Sea Surface Temperature version 4 (ERSST v4) provided by 
the National Oceanic and Atmospheric Administration (NOAA) for the sea surface temperature (SST) data 
(Huang et al., 2017). This data set provides monthly SST data from 1854 onward on a horizontal grid of 
2°N × 2°E. Johnson (2013) suggests that SST distribution after 1950 is less dependent on the choice of data 
set. As such, we limit the use of the SST data to the years 1950–2017 to reduce the sensitivity of the results to 
the choice of data set. The only exception is that in Section 2.2, data from 1900 to 2017 are used during the 
derivation of the SST anomaly distribution of typical WP El Niño. This allows more previously identified WP 
El Niño events to be included in the template of typical WP El Niño. At the time of this writing, this data set 

CHEUNG ET AL.

10.1029/2021JD034917

2 of 21

 21698996, 2021, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JD

034917 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

is freely accessible on NOAA's official website (https://www.ncdc.noaa.gov/data-access/marineocean-data/
extended-reconstructed-sea-surface-temperature-ersst-v4).

Atmospheric data used in this study are from the NCEP/NCAR Reanalysis 1 (Reanalysis 1) provided by 
NOAA (Kalnay et al., 1996). These data have a horizontal resolution of 2.5°N × 2.5°E. Data covering the 
period from 1950 to 2017 are used. This data set is freely accessible on NOAA's official website (https://www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html).

Predictability of the features of WP El Niño is evaluated by examining how well they are predicted in hind-
cast. The North American Multi-Model Ensemble (NMME) project is used to examine the predictability 
of the position, magnitude, and size of WP El Niño (Kirtman et al., 2013). This project provides hindcasts 
made by various state-of-the-art climate prediction models. This data set can be freely accessed at http://
iridl.ldeo.columbia.edu/SOURCES/.Models/.NMME/.

Not all the NMME model hindcast data are used in this study. We selected models from the project based on 
the following criteria. First, for each data-providing institute, only one set of model data was used. Second, 
only models with a hindcast lead-time of at least 9 months were selected. The selections are summarized 
in Table 1.

The hindcast data are on a 1° latitude × 1° longitude horizontal grid. In order to compare with results de-
rived from ERSST v4, the hindcast data are regridded to the grid of ERSST v4 and further smoothed by a 
9-point average. Limited by data availability, the analysis covers only the period from 1982 to 2010. Six WP 
El Niño events are included in this period (events in 1982 and 1997 are removed since they transformed to 
CT El Niño soon afterward). This study focuses on hindcast lead-times from 2 to 8 months.

Anomalies are derived by deseasonalizing the data. Base period for the anomalies is from 1981 to 2010. They 
are also pretreated with a 3-month moving average to remove sub-seasonal signals. Missing values in the 
SST data are imputed by solving Poisson's equation.

2.2. SSTA Distribution of Typical WP El Niño

The proposed detection method operates based on a parametric SSTA distribution of typical WP El Niño. 
Such a distribution is called a template in this study, and it is statistically derived from the list of consistent 
WP El Niño events reported by Pascolini-Campbell et al. (2015) (called Campbell's list in this study). The 
reported WP El Niño events are generally agreed upon by a list of nine commonly used definitions of WP 
El Niño. Hence, results derived based on the records should not be sensitive to the detection criteria. This 
justifies our use of the records to derive the required template of typical WP El Niño.

CHEUNG ET AL.
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Model label Full name Agency/institutea
Number of 
realizations Reference

COLA-RSMAS-CCSM4 Community Climate System Model version 4.0 NCAR, RSMAS, and COLA 10 Infanti and Kirtman (2016)

GFDL-CM2p5-FLOR-B01 GFDL Climate Model, version 2.5 GFDL 12 Delworth et al. (2006)

NASA-GMAO-062012 Global Modeling and Assimilation Office NASA 12 Rienecker et al. (2008) and 
Molod et al. (2012)

NCEP-CFSv2 Climate Forecast System Version 2 NCEP 24 Saha et al. (2014)

GEM-NEMO Atmosphere: Global Environmental ModelOcean: 
Nucleus for European Modeling of the Ocean

ECCC 10 Smith et al. (2018)

CANSIPS Canadian Seasonal to Inter-annual Prediction 
System

CCCma 20 Merryfield et al. (2013)

aFull name of the agencies or institutes: CCCma, Canadian Centre for Climate Modeling and Analysis; COLA, Center for Ocean-Land-Atmosphere Studies; 
ECCC, Environment and Climate Change Canada; GFDL, Geophysical Fluid Dynamics Laboratory; NASA, National Aeronautics and Space Administration; 
NCAR, National Center for Atmospheric Research; NCEP, National Centers for Environmental Prediction; RSMAS, Rosenstiel School of Marine & Atmospheric 
Science.

Table 1 
List of North American Multi-Model Ensemble Models Selected
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The template of typical WP El Niño is computed by shifted, signed, and 
normalized composite mean SSTAs in the records. The WP El Niño 
events on Campbell's list show prominent variations in zonal position, 
magnitude, and zonal size. A simple composite mean cannot account for 
these variabilities and could lead to over-representation of the large and 
strong events, and an averaging effect due to the variation in zonal posi-
tion. These issues may lead to misrepresentation of WP El Niño by the 
template and could undermine detection. To reduce the effects of zonal 
position variability, the composite is centered on the maximum SSTA of 
each WP El Niño (the maximum warming center). To reduce the effects 
of variability in magnitude, the SSTA field of each WP El Niño is normal-
ized by the maximum SSTA before it is used in the computation. Finally, 
negative values are set to zero to make the detection method more sensi-
tive to positive values (i.e., warming by WP El Niño).

Figure  1a shows the composite of the consistent WP El Niño events 
(those on Campbell's list) that will be used as the template for the detec-
tion method. The high composite standard deviation to the east and west 
of the maximum warming center of the composite mean illustrates that 
there is considerable zonal size variation among the WP El Niño events 
on Campbell's list. To minimize the impacts of size variation on detec-
tion, the detection method must be flexible regarding the size of WP El 
Niño. The composite standard deviation to the north and south of the 
maximum warming center is comparatively minuscule. Therefore, while 
WP El Niño events vary greatly in zonal size, they vary minimally in me-
ridional size.

The composite mean is parameterized with Equation 1 fitted by the least 
square method,

   
3

0, , ,T x y T A x y (1)

 
            

01, .
ec x xyA x y M a

a b d
 (2)

Here, x and y are longitude and latitude; a, c, and e are constants that define the shape of the template; T0 
is the peak magnitude of WP El Niño; b and d are parameters that determine the meridional and zonal size 
of the function; x0 represents the zonal position of WP El Niño; and M is a function to set negative values 
to zero, such that

 
   


, 0
,

0, otherwise
g g

M g (3)

We have also fitted the composite mean with other parametric functions, such as the Gaussian function 
and cosine function. However, they do not fit the composite mean as well as the proposed function does. 
Figure 1b demonstrates that the proposed function fits adequately with the composite mean.

2.3. Template Matching for WP El Niño Detection

Detection is done by sliding the shape function T(x, y) along the equatorial Pacific Ocean and fitting it onto 
the local SSTA distribution at all zonal steps. Similar to Section 2.2, negative values are set to zero to focus 
the detector on the warming. The goal of the detection is to discover the distribution of the zonal position 
of maximum warming centers (x0), peak SSTAs (T0), and zonal size (d) of WP El Niño. In this study, fitting 
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Figure 1. (a) Mean (shading) and standard deviation (contours) of 
the composite of the normalized sea surface temperature anomaly of 
the warm-pool El Niño events on Campbell's list. Darker contour lines 
represent higher values of composite standard deviation. (b) shows the 
same composite mean (shading) and parametric shape function (contours) 
fitted onto it.
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is done within a sliding window size of 20° latitude by 80° longitude. Constant a = 12.087, c = 1.376, and 
e = 1.6 (dimensionless; values from the composite mean in Section 2.2). Fitting is done by least square 
residual minimization, and goodness of fit is evaluated by pattern correlation (r). The results of this process 
are time-longitude distributions of fitted T0, b, d, and the pattern correlation.

Based on these four values, grid-level false detections are filtered out based on the following criteria:

1.  r > rmin. This serves as a guarantee that the local SSTA distribution resembles the template at least to a 
certain degree.

2.  T0 > T0,min. This removes those detections too weak to be called “El Niño.”
3.  d < dmax. Due to the design of the algorithm, zonal and meridional sizes tend to be unrealistically high 

over non-WP El Niño. This criterion further removes false detections by imposing an upper limit on 
zonal size.

4.  b < bmax. Same as criterion (3) but limits meridional size.
5.  The main body of the detection (f) is west of the South American coast. This minimizes false detections 

of CT El Niño as WP El Niño.

Here, the body of the detection is defined as the area with SSTAs greater than a fraction f of peak temper-
ature T0. Rearranging Aqsa. 1 and 2, the longitude of the easternmost point of the body of the detection,

       3
0 0, , 1 ,ex x d f x d a f (4)

where x+ is a function of x, d, and f. Should x+ be further east or at the South American coast (85°W), the 
body of the detection is said to have gone to South America, and it is rejected as a possible WP El Niño.

With proper choices of the five critical values (rmin, T0,min, dmax, bmax, and f), the time-longitude distribution 
of fitted T0, b, d, and the pattern correlation can be broken into isolated patches. Patches of signals that last 
less than 3 months are removed at this point. Each of these patches of signals is a possible WP El Niño. Each 
has a representative center point, which is defined by when and where the maximum temperature is found 
within it. The properties of WP El Niño are then defined by the values of T0 and d (i.e., magnitude and zonal 
size) at the center, as well as the zonal position of the representative center (x0).

The choice of the five critical values used in the filter can considerably affect the performance of the de-
tector. The sensitivity of the detection to the choice of values will be examined by bootstrapping. Due to 
the use of thresholds in the detection criteria and block extrema to locate the representative center, some 
properties of the detection (for example, T0 of the detected WP El Niño) tend to distribute similarly to those 
from the generalized Pareto family (Coles, 2001). It is known that typical bootstrapping by resampling with 
replacements is not reliable for distributions with infinite moments. As a precaution, an m-out-of-n boot-
strap is performed instead for all bootstrap analyses in this study (Chernick, 2007). The five critical values 
are subjective in nature and cannot be determined objectively. Their values are then chosen to minimize the 
sensitivity of the results to the choices, maximize the number of detections, and minimize potential con-
troversy. The former two can be achieved with the sensitivity analysis as described above. The last principle 
is to be achieved by keeping the choices and results consistent with preexisting views on WP El Niño (for 
example, minimum magnitude and frequency).

2.4. Numerical Climate Model

An atmospheric general circulation model with a slab ocean model developed by the International Centre 
for Theoretical Physics (ICTP) is used to perform these experiments (Kucharski et al., 2006; Molteni, 2003). 
The atmospheric component of the ICTP model is a T30 model with eight vertical layers ranging from the 
pressure level of 925 to 30 hPa. The model has been used to study ENSO impacts, monsoon simulations, and 
other applications (Bracco et al., 2007; Di Lorenzo et al., 2015; Dogar et al., 2017; Herceg Bulić et al., 2012). 
The appeal of the model is that it is highly simplified and can run economically (Kucharski et al., 2013), 
which allows us to incorporate more ensemble members in the model study. Nevertheless, as the model is 
less sophisticated and has a lower resolving power than common climate models, complicated or small-
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scale phenomena may not be well simulated. Because of this, we verified the model before using it in the 
sensitivity experiments (Appendix B).

2.5. Representation of the Modulation of Climate Impacts

Climate impact simulated in model experiments is defined as deviation from that of a control experiment. 
The three-dimensional dependence of climate impacts on the position, magnitude, and size of WP El Niño 
cannot be readily visualized using 2D graphics. Instead, the modulation of these three features on the cli-
mate is represented by a linear response and a Hessian matrix. The Hessian matrix contains the second-or-
der partial derivatives of an arbitrary scalar function of climate anomaly K(x0, T0, d) (e.g., temperature 
anomaly) with respect to the three features:

   
 

    
    
    
 

   
      

2 2 2

2
0 0 00

2 2 2

2
0 0 00
2 2 2

2
0 0

K K K
x T x dx

K K K
T x T dT

K K K
d x d T d

 (5)

This describes the curvature of function K with respect to different features of WP El Niño. Diagonal ele-
ments in the matrix show the nonlinearity of the relationship between the anomaly and certain features of 
WP El Niño. The off-diagonal elements show the synergistic impact between two features of WP El Niño on 

the climate. For example, 
 

2

0 0

K
T x

 shows the modulation of T0 on the linear relationship between K and x0 

(or, by the symmetry of second-order partial differentiation, the modulation of x0 on the linear relationship 
between K and T0).

To provide a simpler expression of the scalar climate anomaly K within the domain covered by the sensitiv-
ity experiments, K is fitted to a multivariate quadratic function:

    
3 3

,
ˆ 2ij i j k k

i j k
K m x x n x p (6)

where K̂  is the quadratic representation scalar function K; mij, nk, and p are constant coefficients to be de-
rived; and xi is the ith feature of WP El Niño. With the quadratic representative, the Hessian matrix for the 
climate anomaly can be easily derived by differentiating Equation 6:

  
 

  
   

11 12 21 13 31

12 21 22 23 32

13 31 23 32 33

m m m m m
m m m m m
m m m m m

 (7)

The linear responses of the climate anomaly K to the three features are represented by the linear compo-
nents of the quadratic representation (2n1, 2n2, 2n3).

3. Detected WP El Niño Events and the Variability of Position, Magnitude, and 
Size
The performance of the detector can be affected significantly by the values of the five critical values (rmin, 
T0,min, dmax, bmax, and f). For example, if the minimum requirement for the correlation coefficient (rmin) is 
too low, cases that do not resemble typical WP El Niño may be falsely detected as WP El Niño. However, if 
rmin is too high, the detector may miss some cases of WP El Niño due to overfitting. Also, improper choice 
of values can lead to nonsensical detections. For example, if T0,min is set too low, some cold events may be 
falsely identified as WP El Niño. Ultimately, their values are selected as indicated in Table 2 based on the 
following principles:
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1.  Features of the detections have a low local sensitivity to the choice of values
2.  Results are comparable to current understanding of WP El Niño
3.  Number of detections is high

The first principle is to reduce the sensitivity of the results in this study to value choices, which is considered 
undesirable. Sensitivity analysis is needed to help select values that lead to lower local sensitivity (these 
sensitivity tests are documented in Appendix A). The second principle is to keep the results sensible. As 
exemplified, setting T0,min or rmin too low will yield false detections. Visual inspection is needed to check 
whether the detections are acceptable (Section 3.1). Also, as will be shown in the sensitivity tests, a set of 
over-relaxed criteria will lead to unreasonably high occurrence frequency of WP El Niño. If this occurs, 
the criteria should be rejected as well. Finally, the last principle is to increase the number of samples to be 
analyzed in subsequent analyses.

3.1. Performance of the Detection Method

Using the critical values listed in Table 2, 14 possible WP El Niño events are detected from 1950 to 2017, and 
they are illustrated in Figure 2. Most of the detections are visually similar to the WP El Niño events depicted 
in previous studies (e.g., Larkin & Harrison, 2005; Pascolini-Campbell et al., 2015). The detections in 1982 
and 2015 may be more controversial than the others given the strong Eastern Pacific coastal warming. As 
the detection method is not designed to take coastal warming into account, what it has detected is actually 
the part of El Niño shaped like a typical WP El Niño. Should this behavior be undesirable, one can simply 
use a criterion based on area-averaged SSTAs along the Peruvian coast as a condition. However, this is be-
yond the scope of this study, and the following analyses are done with these two cases of El Niño included.

The detection from 2006 illustrates a failure of the detection method. As shown in Figure 2l, there are 
two closely located areas of elliptical warming along the equator. The warming to the west is considerably 
weaker than that to the east. Ideally, both should be separately identified. However, the detector treats the 
two as a single object and rejects part of the stronger one to the east by criterion e (proximity to the east 
coast). As a result, the detector treats the warming to the west and part of the warming to the east as a 
single WP El Niño. The SSTA distribution happens to fulfill all the detection criteria and hence produces a 
false detection. This detection is removed from subsequent analyses in this study.

3.2. Statistics of the Detected WP El Niño Events

Table 3 shows the mean and standard deviation of various properties of the 13 detected WP El Niño events 
(after removing the false detection in 2006). The large uncertainties are the result of the small number of 
detections. This information will be used in the design of the numerical climate sensitivity experiments in 
Section 4.

The distributions of x0, T0, and d among the detections are different and do not clearly resemble any well-
known distribution (Figure 3). Contrary to what has been suggested in Section 2, the distribution of T0 
is not similar to that of the generalized Pareto distribution family (the red dashed line in Figure 3b is the 
most fitting one from the family). This does not mean the use of an m-out-of-n bootstrap is unwarranted. 
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Critical value Description Value

rmin Minimum pattern correlation 0.6

T0,min Minimum peak SSTA 0.95 K

dmax Maximum zonal size 40.0° longitude

bmax Maximum meridional size 8.0° latitude

f Maximum proximity to South American coast 0.5

Abbreviation: SSTA, sea surface temperature anomaly.

Table 2 
Critical Values Used in the Detector
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With different detector settings, T0 of the detections distributes as in the generalized Pareto distribution 
(not shown). With ordinary bootstrapping with resampling, parts of the confidence intervals shown in Fig-
ures A1–A3 are unreliable.

Standard deviations of d and b determine the variability of the zonal and 
meridional size of WP El Niño, respectively. The standard deviation of b 
is very small, and 6.16 times less than that of d. Therefore, the variation 
in meridional size is neglected in this study, and we will therefore focus 
only on the effects of x0, T0, and d.

Some properties of the detected WP El Niño events are found to be corre-
lated. Table 4 shows the cross-correlations among different properties of 
these WP El Niño events. Zonal position (x0), peak magnitude (T0), and 
zonal size (d) are significantly interrelated (p-value < 0.05, also shown 
in Figure 4). Strong WP El Niño events tend to be located farther east 
in the equatorial Pacific Ocean, while weak WP El Niño events tend to 
be farther west. This finding agrees with that of Capotondi et al. (2015). 

CHEUNG ET AL.
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Mean Standard deviation

x0 148.3 (141.8, 155.1)°W 12.35 (7.90, 15.36)° longitude

T0 1.87 (1.55, 2.21) K 0.62 (0.34, 0.79) K

d 19.99 (17.32, 22.91)° longitude 5.13 (2.94, 6.55)° longitude

b 4.39 (3.96, 4.87)° latitude 0.83 (0.48, 0.99)° latitude

Abbreviation: WP El Niño, warm-pool El Niño.

Table 3 
Properties of the Detected WP El Niño Events (95th Confidence Interval)

Figure 2. Normalized sea surface temperature anomalies (shading) in the equatorial Pacific Ocean during the detected 
warm-pool El Niño (WP El Niño) events. Crosses on the plots mark the representative center of WP El Niño. Ellipses on 
the plots approximate the body of WP El Niño (Equation 4 with f = 0.5).
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Also, stronger WP El Niño events tend to be larger than weak WP El Niño 
events. This is also the first principal component among the three proper-
ties of WP El Niño. It explains 90.5% of the variance (Figure 4c).

It is also worth mentioning that there are several statistically insignificant 
but potentially impactful long-term trends. Both b and d appear to be in-
creasing with time (p-value of 0.272 and 0.112, respectively). The product 
of b and d (assumed to be proportional to the area of WP El Niño) shows 
a significant increasing trend of 9.23 ± 8.43° square per decade (95% con-
fidence interval). Therefore, WP El Niño may have been enlarging over 
time.

4. Potential Influences of the Three Features of WP 
El Niño
The goal of the numerical experiments is to discover how sensitive the 
climate in boreal winter (December–February) is to the WP El Niño-as-
sociated SSTAs defined by different combinations of the three features. 
This is done by driving a numerical climate model by different SSTAs 
described by the shape function (Equation 1) with different x0, T0, and d 
in boreal winter.

Sensitivity experiments are then set up for various combinations of the 
three features (position [x0], magnitude [T0], and zonal size [d]). For each 
feature, standard scores ranging from −1.4 to 1.4 with a step size of 0.35 
are tested. As such, the set of experiments consists of 729 members. The 
actual tested values are listed in Tables  5 and  6 (the driving SSTAs of 
some experiments are illustrated in Figure A6). Sensitivity experiments 

set up in this way have an empirical coverage of 53.8% of all the detected WP El Niño events. The sensitivity 
experiments are repeated 50 times with different initial conditions for more robust results. Results from the 
sensitivity experiments are the average of these 50 repetitions.

One of the most prominent wintertime climate impacts of El Niño is an anomalous surface temperature 
dipole in North America (Yu et al., 2012). WP El Niño leads to a warm northwest-cold southeast dipole, but 
it is warm northeast-cold southwest during CT El Niño. This implies control of the dipole over the position 
of the sea surface warming, and by extension the position of WP El Niño (x0). To demonstrate the possible 
modulating effect of the position, magnitude, and size of WP El Niño on the climate, we focus on how these 
factors change the bearing (θ) of the dipole:

   
  

 
1 Δtan ,

Δ
x
y

 (8)

where ∆x and ∆y are the difference in longitude and latitude of the center 
of the two poles, respectively. The center of the warm (cold) pole is where 
the maximum (minimum) temperature anomaly in North America is 
found. The bearings from all 729 experiments are fitted to a quadratic 
function of the standard scores of x0, T0, and d (Equation 6). The correla-
tion coefficient between the model results and the fitted function is 0.569, 
indicating that the quadratic fitting is adequate.

The bearing of the dipole is significantly, positively, and linearly related 
to the position of WP El Niño (p-value less than 0.05). This means the 
bearing of the dipole increases (tilts clockwise) linearly when WP El Niño 
takes place farther east. This is termed as “bearing sensitivity to position” 
in this study. On the other hand, the linear effects of magnitude and size 
on the bearing are not statistically significant.
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Figure 3. Distribution of (a) x0, (b) T0, and (c) d among the 13 detected 
warm-pool El Niño events in Figure 2 (excluding Figure 2l). Red dashed 
line in (b) is the fitted generalized Pareto distribution function to the 
distribution of T0.

Time x0 T0 b d

Time - −0.207 0.218 0.329 0.462

x0 −0.207 - 0.740* −0.470 0.566*

T0 0.218 0.740* - −0.177 0.647*

B 0.329 −0.470 −0.177 - 0.061

D 0.462 0.566* 0.647* 0.061 -

Abbreviation: WP El Niño, warm-pool El Niño.
*P≤0.05.

Table 4 
Cross-Correlation of the Properties of the Detected WP El Niño Events
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The Hessian matrix of the fitted bearing is derived to show its curvature with respect to the three features of 
the temperature dipole (Table 7). The bearing sensitivity to position is found to be significantly controlled by 
the magnitude and size of WP El Niño. The bearing sensitivity to the position of WP El Niño is higher (lower 
or reversed) when WP El Niño is stronger (weaker) or smaller (larger). Hence, although the bearing of the 
dipole is sensitive only to the position of WP El Niño, the magnitude and size of WP El Niño can modulate 
the sensitivity significantly. In other words, the climate impacts of WP El Niño are potentially dependent on 
all three features of WP El Niño.

Yu et al. (2012) suggest that the surface temperature dipole is effectively an imprint of the Pacific-North 
American-like teleconnection pattern from the 500 hPa pressure level to the surface (Figures 5a and 5b in 
Yu et al., 2012). The warm pole of the dipole is located next to a high 500 hPa geopotential height (GPH) 
anomaly in northern North America, while the cold pole is located next to a low GPH anomaly to the south. 

The bearing of the dipole at the surface is then controlled by the location 
of the high and low geopotential height anomaly (GPHA) at the 500 hPa 
level. To understand the modulation of WP El Niño on the bearing of the 
dipole, we focus on how the teleconnection pattern changes under WP El 
Niño with different combinations of the three features.

To illustrate the causes of the bearing sensitivity to position, we first 
examine the differences in the averaged GPHA between the realiza-
tions of the EAST experiment group and those of the WEST experi-
ment group (Figure  5a). As indicated in Table  6, the EAST (WEST) 
experiment group includes all experiments with a standard score of x0 
greater than 1.0° longitude (less than −1.0° longitude). An east-west 
GPHA dipole along 50°N is clearly visible over the North American 
continent. This indicates that when WP El Niño is farther east (west), 
the high GPHA in northern North America (shown as contour lines in 
Figure 5b), and hence the surface warm pole nearby, shifts eastward 
(westward). Also in Figure 5a, a negative signal is found along the west 
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Standard score x0 (°E) T0 (K) d (degrees longitude)

−1.4 194.4 1.00 12.8

−1.05 198.7 1.22 14.6

−0.7 203.1 1.44 16.4

−0.35 207.4 1.65 18.2

0 211.7 1.87 20.0

0.35 216.0 2.09 21.8

0.7 220.3 2.30 23.6

1.05 224.7 2.52 25.4

1.4 229.0 2.73 27.2

Table 5 
Values of x0, T0, and d at Different Standard Scores to be Tested in the 
Sensitivity Experiments

Figure 4. Relationship between (a) T0 and x0, and (b) d and T0 among the detections. (c) Distribution of the three 
parameters (blue crosses). The red solid line represents the first principal component of the three parameters. The red 
dashed line is the projection of the principal component onto the d = 0 plane. Gray dashed lines show the d value of 
each data point.
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coast of North America, which is to the northwest of the typical nega-
tive GPHA response to WP El Niño in southern North America. Hence, 
when WP El Niño is farther east (west), both the low GPHA and the 
surface cold pole will shift to the northwest (southeast). Due to the 
eastward shift of the surface warm pole and the northwestward shift 
of the surface cold pole, the surface temperature dipole tilts clockwise 
(bearing increases) during an eastward-shifted WP El Niño. In other 
words, the sensitivity of the dipole bearing to the position of WP El 
Niño is positive.

It is clear that when WP El Niño is strong, the signal by shifting WP 
El Niño over North America is similar to that in Figure 5a (STRONG 
experiment group, shown in Figure 5b). Following the same argument 
above, when WP El Niño is strong, an eastward (westward) shift in the 
WP El Niño position turns the surface temperature dipole clockwise 
(anti-clockwise). In contrast, if we focus only on the weak WP El Niño, 
the only significant signal in the GPHA response by shifting WP El 
Niño is weaker and confined to southern North America (WEAK exper-
iment group, shown in Figure 5c). Hence, when WP El Niño is weak-
er, the location of the negative GPHA response is less sensitive to the 

position of WP El Niño, while that of the position of the positive GPHA response becomes desensitized. 
Consequently, the bearing sensitivity to the position of WP El Niño is weaker when WP El Niño is weaker. 
Because of the differences in GPHA responses, the bearing sensitivity to the position of WP El Niño can 
be modulated by the strength of WP El Niño.

The size of WP El Niño can also modulate the sensitivity of the dipole bearing to the position of WP El 
Niño by modulating the GPHA responses. Figures 6a and 6b show that the signal in GPHA by shifting 
the position of WP El Niño (contrast between EAST and WEST experiments) in the LARGE and SMALL 
experiment groups is similar. Figure 6c highlights the effect of the size of WP El Niño by subtracting 
the signal from the LARGE and SMALL experiments. The mean high GPHA response in North America 
is sandwiched between a patch of positive signal to the west and a patch of negative signal to the east. 
Hence, the high GPHA response (and in turn the surface warm pole) tends to shift less (more) to the east 
when WP El Niño is large (small). Figure 6c also shows a northeast-southwest dipole along the southeast-
ern North American coast where the mean low GPHA response is found. During a large (small) WP El 
Niño, the low GPHA response (along with the surface cold pole) shifts more northeastward (southwest-
ward) as WP El Niño shifts east. Thus, the westward shift of the surface cold pole is more to the position 
of a smaller WP El Niño, and that there is more of a shift east than there is with a larger El Niño. The 
position of the surface cold pole is therefore more (less) sensitive to the position of WP El Niño when WP 
El Niño is smaller (larger).

Because of this, the warm pole of the temperature dipole shifts more (less) to the east and the cold pole 
shifts more (less) to the west when WP El Niño is situated farther east and is small (large). In other words, 
the bearing of the dipole is more sensitive to the position of WP El Niño when it is small.

5. Seasonal Predictability of the Three Features
The previous section demonstrates that the impacts brought by WP El 
Niño may be modulated by its position, magnitude, and size together. 
This implies that, at least in North America during boreal winter, sea-
sonal climate predictions will be partly affected by the predictability of 
these three features of WP El Niño. The predictability of magnitude is 
commonly studied. For instance, Doi et al. (2016), Ren et al. (2019), and 
others have explored the predictability of the EMI, an index of the mag-

CHEUNG ET AL.

10.1029/2021JD034917

11 of 21

Set label Group x0
a (°E) T0

a (K) da (degrees longitude)

Niño4 - −0.35 All All

EAST - >1.0 All All

WEST - <−1.0 All All

EAST STRONG >1.0 >0.5 0

WEST STRONG <−1.0 >0.5 0

EAST WEAK >1.0 <−0.5 0

WEST WEAK <−1.0 <−0.5 0

EAST LARGE >1.0 0 >0.5

WEST LARGE <−1.0 0 >0.5

EAST SMALL >1.0 0 <−0.5

WEST SMALL <−1.0 0 <−0.5
aStandard score.

Table 6 
List of Experiment Sets

∂/∂x0 ∂/∂T0 ∂/∂d

∂/∂x0 −0.0965 0.225* −0.243*

∂/∂T0 0.225* 0.179 −0.0867

∂/∂d −0.243* −0.0867 0.0342

*P≤0.05.

Table 7 
Hessian Matrix of the Fitted Bearing of the North America Temperature 
Dipole
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nitude of WP El Niño. In contrast, to our knowledge, the predictability 
of the position and size of WP El Niño is rarely discussed in detail. This 
leads to our interest in how well these three features are predicted in 
state-of-the-art climate prediction models on seasonal scale.

We investigate the predictability of these three features of WP El Niño on 
a seasonal scale with NMME models (Kirtman et al., 2013). The detection 
method proposed in this study detects six WP El Niño events from 1982 
to 2010, the common coverage of the reforecast data are available online. 
By applying the detection algorithm to the hindcast SSTs at the time of 
the observed WP El Niño events (the persistence criterion is omitted), 
we can evaluate how predictable the three features of WP El Niño are. 
Figures  7a–7c show the bias in x0, T0, and d of the reproduced WP El 
Niño events by the model at different lead-times. Here, bias (labeled δ) 
is defined as the difference between the WP El Niño in the model real-
ization and the observation. Note that the realized SST does not always 
resemble a WP El Niño. If the detection algorithm cannot detect a WP 
El Niño, the hindcast is deemed unsuccessful and no record is presented 
in the figure. The number of successful hindcasts drops with increasing 
lead-time (Figure 7d).

The distribution of hindcast position bias with a 2-month lead-time is 
centered close to zero bias, meaning that the prediction of position is 
largely unbiased (Figure  7a). The distributions with longer lead-times 
shift further to the positive side and are more negatively skewed. In other 
words, with a longer lead-time, the prediction of the position of WP El 
Niño tends to be more east-biased. Also, the spread of the distribution in-
creases with a longer lead-time. Hence, the prediction becomes less pre-
cise with a longer lead-time. Similarly, the hindcast magnitude bias with 
a 2-month lead-time is also largely unbiased (Figure 7b). However, with 
a longer lead-time, the distributions shift to the negative side (cold bias), 
become positively skewed, and spread slightly wider. Hence, the predic-
tion of magnitude tends to be more cold-biased and less precise with a 
longer lead-time. Unlike the prediction of position and magnitude, the 
prediction of the size of WP El Niño is large-biased (bigger than actual) 
with a 2-month lead-time (Figure 7c). The large-bias generally increases 
with a longer lead-time. Also, the precision of the prediction is reduced 
with a longer lead-time.

To summarize, with a short lead-time, the prediction of position and 
magnitude is largely unbiased while that of size is slightly large-biased. 
The predictions tend to be more east-biased, cold-biased, and large-bi-

ased with increasing lead-time. Also, the precision of the forecast for all three features decreases noticeably 
with a longer lead-time.

6. Discussion and Conclusions
A new pattern-based detection algorithm for WP El Niño is proposed in this study. Unlike existing methods, 
the proposed algorithm is flexible about the position, magnitude, and size of WP El Niño-associated SSTA 
distribution, while being insensitive to CT El Niño. As a result, the proposed algorithm is a more generalized 
detector for WP El Niño compared to existing methods.

Using the proposed detector, 14 WP El Niño events are found from 1950 to 2017. One of the detections 
is false positive. With this false detection removed, the mean (standard deviation) of the center position 
of the detections is 148.3°W (12.4° longitude). The mean (standard deviation) of the maximum SSTA 

CHEUNG ET AL.

10.1029/2021JD034917

12 of 21

Figure 5. (a) Composite difference in geopotential height anomaly 
(GPHA) at the 500 hPa level between the EAST and WEST experiments. 
Difference in level between contour lines is 2 m. Dashed contour lines 
represent negative values. Yellow shading indicates where the composite 
difference is statistically significant. (b) Averaged anomaly of GPHA 
(contours) at the 500 hPa level of all the experiments and the composite 
difference in GPHA (shading) at the 500 hPa level between the EAST and 
WEST experiments within the STRONG experiment group. Difference in 
level between contour lines is 4 m. (c) Same as (b) but with the composite 
difference from the WEAK experiment group. In (b and c), only the signal 
that is statistically significant is drawn.
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of the detections is 1.87 K (0.62 K). The mean (standard deviation) of the zonal size is 19.99° longitude 
(5.13° longitude). It is also found that meridional size varies much less than zonal size. Hence, this 
study focuses on issues regarding the variability of the position, magnitude, and zonal size of WP El 
Niño.

We found that the position, magnitude, and zonal size of WP El Niño are significantly inter-correlated. As 
such, stronger WP El Niño events tend to take place farther east (agrees with Capotondi et al., 2015), and 
they are also larger (the first principal component among the three, which explains 90.5% of the variance).

Numerical climate sensitivity experiments, designed based on the observed variabilities of position, mag-
nitude, and size, revealed that the bearing of the North American temperature dipole is significantly and 
linearly related to the position of WP El Niño. When WP El Niño takes place farther east, the bearing of the 
dipole increases (its orientation tilts from northwest-southeast to northeast-southwest). This sensitivity of 
the bearing to the position increases when WP El Niño is stronger or smaller, but decreases when WP El 
Niño is weaker or larger. Therefore, the bearing of the dipole is ultimately controlled by all three features 
of WP El Niño.

The bearing of the temperature dipole can be explained by the response of the GPH anomaly at the 500 hPa 
pressure level (Yu et al., 2012). When WP El Niño is weak, the differences in GPH response between an 
eastward-shifted WP El Niño and a westward-shifted WP El Niño are weak and confined to the south of 
North America. Hence, when WP El Niño is weak, the bearing is less sensitive to the position of WP El Niño. 
In contrast, when WP El Niño is stronger, the differences in GPH response tend be more pronounced and 

CHEUNG ET AL.

10.1029/2021JD034917

13 of 21

Figure 6. (a and b) are similar to Figures 5b and 5c but for the LARGE and SMALL experiment sets, respectively. 
Shading in (c) shows the difference between (a) and (b).
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the dipole is tilted more clockwise when WP El Niño takes place farther east. As a result, the sensitivity of 
the bearing of the dipole to the position of WP El Niño can be strengthened by increasing the magnitude 
of WP El Niño.

On the other hand, when WP El Niño is large, the positions of both temperature poles shift less than they 
do during a smaller WP El Niño. Hence, the bearing of the dipole becomes less sensitive to the position of 
WP El Niño when WP El Niño is larger.

Based on the hindcast analysis, it is concluded that the position and magnitude of WP El Niño can be 
predicted accurately with a 2-month lead. With a longer lead-time, the prediction can become east-bi-
ased and cold-biased. Also, the precision is reduced with a longer lead-time. On the other hand, the 
predicted WP El Niño tends to be larger than observed with a 2-month lead and more large-biased with 
a longer lead. The precision of size prediction is reduced with increasing lead-time.

We have demonstrated that the position, magnitude, and size of WP El Niño can significantly modulate 
climate impacts, and their prediction are considerably biased beyond a 6-month lead-time. Therefore, bi-
ases in the prediction of WP El Niño can lead to significant biases in climate predictions at lead-times of 
6 months or more. In particular, as predicted WP El Niño SSTA distributions tend to be located farther east 
and are weaker and larger than those of actual WP El Niño, the orientation of predicted North American 
temperature dipoles also tends to be clockwise-biased as well. Improvement in the prediction of these fea-
tures of WP El Niño could be beneficial to seasonal climate forecasts. This requires better understanding of 
the variability of these features in further studies.
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Figure 7. Empirical probability density function of biases in (a) x0, (b) T0, and (c) d of warm-pool El Niño (WP El 
Niño) events from 1982 to 2010 reproduced in the hindcast at different lead times. Color of the histogram indicates the 
lead time of the hindcast, ranging from 2 months (green) to 8 months (purple). (d) shows, at different lead times, how 
many hindcast realizations among the North American Multi-Model Ensemble models are able to reproduce the WP El 
Niño events.
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WP La Niña, the cold counterpart of WP El Niño, has recently gained some recognition by the research 
community (e.g., Zhang et al., 2015). We did not attempt to detect WP La Niña with the detection algorithm 
because there was no consensus on the typical SSTA pattern of WP La Niña available at the time of writing. 
Assuming that the typical pattern were already established, the detection algorithm could be used to detect 
WP La Niña by negating the sign of the field SSTA with a new set of parameters for the detector (rmin, T0,min, 
dmax, bmax, and f).

Appendix A: Sensitivity of the Detector to the Critical Values
Sensitivity tests are conducted to examine how sensitive the distributions of x0, T0, and d of the detections 
are to the selected critical values. In these sensitivity tests, the detector is rerun with one of the critical 
values multiplied by a factor ranging from 0.4 to 1.6 while the others are held constant. We focus on a mul-
tiplication range from 0.9 to 1.1 for local sensitivities.

Local sensitivity of the mean position to a critical value is measured by the slope of the corresponding line 
around a multiplication of 1.0 (i.e., the selected value). If the slope is steeper around this point, the mean 
zonal position is said to be more sensitive to the choice of that critical value. Bootstrapped 95% confidence 
intervals are also attached to the line corresponding to T0,min and f in the figure to evaluate the significance 
of these sensitivities (slope of the line). Should the confidence interval be wider than the difference due to 
different choices of a particular critical value around the 1.0 multiplication, the sensitivity to that critical 
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Figure A1. (a) Mean longitude (solid lines) of the maximum warming centers among the detected warm-pool El 
Niño events with the detector with different critical values. Shading on the plot shows the 95th confidence interval of 
the mean longitude with respect to T0,min and f. Horizontal dashed line indicates the mean longitude if all values are 
not modified (i.e., all critical values multiplied by 1.0, as marked by the vertical dashed line). (b) Same as a but with 
standard deviation of the longitude.
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value is not significant. Note that bootstrapping is not done if there are fewer than 12 detections, as it would 
leave a considerably insufficient number of samples for subsequent analyses. In this case, an infinite confi-
dence interval is shown in the figures. As will be shown below, sensitivity to T0,min and f is generally higher 
than that to rmin, dmax, and bmax. Therefore, only the confidence intervals associated with the changing T0,min 
and f are discussed in the results.

It is clear that the mean zonal position (x0) of the detected warm-pool El Niño (WP El Niño) is the most 
sensitive to the choice of T0,min and f (Figure A1a). Even then, the variations in mean zonal position caused 
by changing these values are much less than the width of the confidence interval. The mean zonal position 
is then considered not significantly sensitive to the choice of either T0,min or f. On the other hand, the curves 
corresponding to rmin, dmax, and bmax are effectively flat around the 1.0 multiplication (i.e., the selected values 
in Table 1). Hence, the mean longitude of the detected WP El Niño is not significantly sensitive to the choice 
of any of the five critical values around the selected values.

On the other hand, the standard deviation is not significantly sensitive to the choice of T0,min, but it is to the 
choice of f (Figure A1b). The standard deviation x0 at the 1.0 multiplication is slightly outside the confidence 
interval at the 0.9 multiplication. It is therefore concluded that the standard deviation of the zonal position 
of the detected WP El Niño is significantly sensitive to the choice of f only.

It is trivial that the mean T0 among the detections is generally dependent on the choice of T0,min. Figure A2a 
shows that this sensitivity exists and is stable across a wide range of multiplications. However, such sensi-
tivity is not significant around the selected value. Other than that, the mean T0 among the detections is not 
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Figure A2. Same as Figure A1 but with minimum peak sea surface temperature anomaly T0.
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sensitive to other critical values. The same is also true for the standard deviation of T0 among the detections 
(Figure A2b).

Finally, the mean of d among the detections is not sensitive to all critical values (Figure A3a), while its 
standard deviation is significantly sensitive to the choice of f (Figure A3b). The sensitivity to the choice of f 
can be reduced by increasing f by more than 1.2 times. Although it is desirable to minimize the sensitivity, 
increasing f is counterproductive since it makes the detector less able to differentiate WP El Niño from CT 
El Niño. We have tried to increase f while keeping the other values unchanged. Some CT El Niño events 
were falsely identified as WP El Niño as a result. Since it is more desirable to reduce the number of false 
detections than to reduce sensitivity, f is kept at the selected value in Table 2.

The number of detections also shows strong sensitivity to T0,min and much weaker sensitivity to other crit-
ical values (Figure A4). At the selected values, there are 14 possible WP El Niño events, which is close to 
the number of WP El Niño events reported by Yu et al. (2012) within a similar study period using different 
methodology (13 from 1950 to 2010). Sensitivity to T0,min can be reduced by increasing T0,min by around 1.4 
times. This will reduce the number considerably, which is undesirable for subsequent analyses. Similarly, 
by reducing T0,min by around 0.5 times, a similar degree of sensitivity can also be achieved with a much 
higher number of detections. However, this is also undesirable. First, T0,min (peak sea surface temperature 
anomaly [SSTA] within WP El Niño) will become 0.475 K. This means the peak SSTA of the detected WP 
El Niño can be as low as 0.475K. Considering that most commonly used definitions for El Niño require the 
averaged SSTAs over a large region to be greater than 0.5 K, a T0,min of 0.475 K is a much weaker criterion. 
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Figure A3. Same as Figure A1 but with zonal size parameter d.
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Some detections will be too weak to be recognized as El Niño. Second, with a 0.475 K T0,min, 25 possible 
WP El Niño events are detected. Given that our study period spans from 1950 to 2017, this means WP El 
Niño occurs every 2.7 years on average. Such occurrence frequency is uncharacteristically high for ENSO, 
which has a typical oscillation period of 2–7 years. It is therefore not justifiable to adjust T0,min to minimize 
sensitivity.

At this point, it is evident that the standard deviations of x0 and d are sensitive to the choice of f, while the 
number of detections is sensitive to the choice of T0,min. Otherwise, the features of the detection are locally 
not sensitive to the choice of the five critical values. The choice of f and T0,min cannot be settled based on 
sensitivity only. We choose the values for the two also considering their impact on the performance of the 
detector (Section 3.1).

Appendix B: Performance of the Climate Model
This analysis is done to find the regions in which the climate variability can be reproduced by the climate 
model. Figure B1a illustrates the composite geopotential height anomaly at the 500 hPa pressure level 
in response to WP El Niño in boreal winter (December–February) as seen in the reanalysis data. Here, 
the composite consists of years with the Niño 4 SSTA index (averaged SSTA in the region of 160°E to 
150°W, ±5°N) greater than 0.5 of the all-time standard deviation from 1950 to 2017. Both the reanalysis 
and the Niño 4 SSTA index are linearly detrended. A prominent wave train is generated from the central 
equatorial Pacific, propagating northeastward to North America and then to the east. It is similar to 
the Pacific-North American (PNA) teleconnection pattern (Wallace & Gutzler, 1981) and argued to be 
a typical response to WP El Niño (Yu et al., 2012). This pattern is simply called the PNA-like pattern in 
this study. There are noticeable geopotential height anomalies over the northwest Pacific and southern 
Pacific. The majority of the significant temperature anomaly at the 925 hPa pressure level can be found 
in the Pacific and North America. Warm anomalies can also be found in the Indochina Peninsula, South 
China, and Japan.

A composite of the model-simulated impacts triggered by WP El Niño is shown in Figure  B1b. This 
composite consists only of the realizations from experiments in which the driving SSTA is centered at 
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Figure A4. Same as Figure A1a but with number of detections. WP El Niño, warm-pool El Niño.
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152.6°W (called Niño4 experiments; the averaged driving SSTA of this experiment set is shown in Fig-
ure B1c). This set of experiments leads to equatorial Pacific warming of air temperature at the 925 hPa 
level similar to that in Figure B1a. Hence, realizations from these experiments would be the most rele-
vant to the composite based on the Niño 4 SSTA index, making them comparable to the impacts seen in 
Figure B1a.

In the climate model simulation, only the PNA-like pattern is well reproduced. Climate anomalies in 
other regions realized in the model do not clearly resemble those from the reanalysis. Therefore, we can 
confirm that the model can skillfully simulate the climate in North America. However, we are uncertain 
about its realizations elsewhere. Therefore, subsequent climate sensitivity studies will focus on North 
America.
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Figure B1. (a) Composite of anomalous temperature (shading) at the 925 hPa pressure level, and geopotential height 
of 500 hPa isobaric surface (contours) during warm-pool El Niño. (b) Same as (a) but from the composite of the Niño4 
experiments. For the temperature anomaly, only the values that are statistically significant beyond the 95% confidence 
level are drawn. (c) shows the sea surface temperature anomaly (SSTA) in the Niño4 experiment set.
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Figure B2. Averaged driving sea surface temperature anomaly (SSTA) in the (a) EAST, (b) WEST, (c) LARGE, and (d) SMALL experiment sets.
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