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Abstract: The diversity of El Nifio is a critical field of the climate research. The eastern Pacific (EP)
and central Pacific (CP) types of El Nifio have been identified in the previous studies. However,
the extreme El Nifio event that occurred in 2015-2016 is quite different from both the EP and CP
El Nifo events. The sea surface temperatures anomalies (SSTA) for this event widely spread in
both the central and eastern Pacific and have a small zonal gradient in the central-eastern Pacific.
Many researchers regarded this event as a mixed type of El Nifio. Using the regression-EOF method,
the Mix El Nifio pattern is extracted from the tropical Pacific SSTA field during the period from 1900
to 2019. Here, we reveal that the Mix El Nifio is a very usual rather than a new type of El Nifio, it is
just that the EP and CP El Nifio events are more frequent since the 1980s, while the Mix El Nifio
events frequently appear before the 1980s. The time-spatial features of the Mix El Nifio are further
investigated. The results demonstrate a unique westward propagation of the maximum SSTA for the
Mix El Nifio from the far eastern Pacific to the central Pacific. In contrast, the SSTA center is locked
in the far eastern Pacific region for the EP El Nifio and the central Pacific region for the CP El Nifio.
The evolutions of subsurface ocean temperature anomalies and sea surface height anomalies are also
examined to support this. The ocean—-atmosphere interaction plays an important role in the evolution
of the Mix El Nifio. The anomalous atmospheric Walker circulation for the Mix El Nifio is mainly
in the western and central Pacific as well as very weak in the eastern Pacific. In contrast, there are
significant westerlies/easterlies in the eastern Pacific for the EP/CP El Nifio. The small gradient of
SSTA in the central-eastern Pacific for the Mix El Nifio leads to weak zonal wind anomalies, which
further weaken the zonal gradient of SSTA. All this suggests that the Mix El Nifio is not unusual
and fundamentally different from the EP and CP El Nifio with important implications for global
climate effects.

Keywords: mix El Nifio; Eastern Pacific El Nifio; Central Pacific El Nifio; El Nifio diversity; time-
spatial features

1. Introduction

El Nifio is the strongest signal in annual time-scale for the climate change with anoma-
lous warming sea surface temperature anomalies (SSTA) in tropical central and eastern
Pacific region [1]. The EI Nifio events are generally accompanied with strong ocean-
atmosphere coupled interaction and have great impacts on the global climate system
through atmospheric teleconnection [2-5]. The wide research on El Nifio is from the
1980s [6], to be exact, the 1982-1983 extreme El Nifio. With the emergence of more El Nifio
events, it is found that there are great differences among them [7]. As the diversity of El
Nifio is so pronounced, only one model cannot describe the El Nifio adequately [8]. The
1997-1998 El Nifio is the second extreme El Nifio event after 1982-1983 El Nifio. These
two El Nifio events are very similar in the time-spatial features, evolution, and impacts on
climate. As the SSTA during these two events are mainly in the eastern Pacific region, this
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type of El Nifio is called as EP El Nifio [9]. In some researches, the EP El Nifio is also called
as cold tongue El Nifio [10] or traditional El Nifio [11]. However, for some El Nifio events,
the SSTA are mainly located in the central Pacific, e.g., 2004-2005 El Nifio. Many El Nifio
events that with the warming center in the central Pacific occurred since 1980s [12]. This
type of El Nifio is generally called as CP El Nifio [9] (or warm pool El Nifio [10], El Nifio
Modoki [11], and Dateline El Nifio [13]). The evolution and climate effects of CP El Nifio
are also quite different from the EP El Nifio [14-16].

Ashoke et al. [11] applied Empirical Orthogonal Functions (EOF) analysis on the
tropical SSTA field from 1979 to 2006 and extracted the first two modes. The first mode is
the EP type of El Nifio, while the second mode is the CP type of El Nifio (Modoki El Nifio
is named in their research). The characters of CP El Nifio are deeply investigated in the
research and their results demonstrate that the CP El Nifio is an independent El Nifio from
the traditional EP El Nifio, which is further confirmed in the research of Li et al. [17]. The
EP El Nifio is a dipole mode with cooling in the western Pacific and warming in the eastern
Pacific while the CP EI Nifio is a tripolar mode with cooling in both eastern Pacific and
far eastern Pacific but warming in central Pacific [18,19]. Yu and Kao [9] believe the CP El
Nifio pattern is disturbed by the EP El Nifio pattern in basic EOF analysis and proposed
the regression-EOF method (see Data and Methods) to extract EP and CP types of El Nifio,
respectively. The regression-EOF method subtracts SSTA that highly related to the NINO4
and NINOL1 + 2 indices, respectively, from the original SSTA field and then apply EOF
analysis on the two processed SSTA field, respectively. The first modes of two EOF analyses
are EP and CP EI Nifio pattern, respectively. Ren and Jin [12] noticed the EP and CP El
Nifo could be easily characterized by the combination of NINO3 and NINO4 indices and
proposed a couple of El Nifio indices, Nifio index for Cold Tongue/Warm Pool El Nifio
(Nct/Nwp), to characterize two types of El Nifio, respectively.

Besides the EP and CP El Nifio, there are some El Nifio events with widely spread
of SSTA over both central and eastern Pacific and small zonal gradient in central-eastern
Pacific. These El Nifio events are called as Mix El Nifio [10,20-22], since they cannot be
classified properly as EP or CP El Nifio. Chen et al. [20] extracted three clusters of El Nifio
by the fuzzy clustering method. The cluster 1 and 2 are EP and CP types of El Nifio and the
cluster 3 has a widely spread of SSTA in both central and eastern Pacific which could be
regarded as the Mix El Nifio. Yu and Kim [21] further distinguished Mix El Nifio from EP
and CP El Nifio by developing a pattern correlation method. Zhang et al. [22] investigated
EP, CP, and Mix El Nifio by building a unified El Nifio index, which could distinguish
Mix El Nifo from EP and CP El Nifio. These studies all show that the Mix El Nifio is
very common type of El Nifio. The 2015-2016 El Nifio is the third extreme El Nifio after
1982-1983 and 1997-1998 El Nifo events based on the observation data [23]. However,
the 2015-2016 EI Nifio shows quite different physical features and climate effects from the
first two extreme strong El Nifio events and this El Nifio event is also quite different from
the CP El Nifio [23-27]. The 2015-2016 El Nifio is widely regarded as a mixed type of El
Nifio [28-30]. Therefore, the research of Mix El Nifio becomes of more significance owing
to its potential impacts on global climate.

The reason we study the El Nifio diversity is that the different types of El Nifio can
lead to different impacts to climate. A large number of studies have revealed the unique
impacts of EP and CP El Nifio. For example, the tropical rainfall patterns that related
to EP and CP El Nifio are quite different. The center of the anomalous precipitation is
around dateline for EP El Nifio, while it moves westward to around 165° E for CP El
Nifio [7,10]. The extratropical climate is also affected differently by two types El Nifio via
the atmospheric teleconnections. For example, the frequency and tracks of North Atlantic
cyclones during EP and CP El Nifio are quite different [31]. However, the impact of Mix El
Nifio on climate system is still not well understood. To improve the understanding of Mix
El Nifio impacts and related mechanisms, it is essential to study the time-spatial features of
Mix El Nifio. In this research, we investigated the unique time-spatial features, evolutions,
ocean—atmosphere coupled interaction of the mixed type of El Nifio.
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The rest of this paper is organized as follows: In Section 2, we introduced the data and
method used in this search. In Section 3, we extracted Mix El Nifio pattern from the SSTA
field during 1900 to 2019 using the regression EOF method. Then, we analyzed the decadal
features of three types of El Nifio in Section 4. In Section 5, we investigated the evolution
and ocean—atmosphere coupled interaction of Mix El Nifio. The summary and discussion
are in Section 6.

2. Data and Method
2.1. Data

Multisource observation datasets were used in this research. The specific information
of these datasets is shown in Table 1. It should be noted that we combined two wind
datasets to cover the research period from 1900 to 2019 (NOAA-CIRES data for 1900 to
1948 and NCEP data for 1948 to 2019) with a unified 2° x 2° horizontal resolution.

Table 1. Information of the datasets used in this study.

Dataset Name Coverage Download Website
Hadley Centre Sea Ice and Sea Surface 1° x 1° horizontal resolution https:/ /www.metoffice.gov.uk/
Temperature dataset (HadISST) [32] 1870-present hadobs/hadisst/

EN4: quality controlled subsurface ocean
temperature and salinity profiles and
objective analyses (version 4.2.1) from the
Met Office Hadley Centre

observation datasets [33]

1° x 1° horizontal resolution and 42 (20)

levels from subsurface depth 5 M to 5350 M https://www.metoffice.gov.uk/

(315 M) hadobs/en4/download-en4-2-1.html
1900-present

Reanalysis Data NCEP monthly pressure
u-wind and vertical wind [34]

2.5° x 2.5° horizontal resolution and 10
vertical levels from 1000 to 200 hPa
1948-present

https:/ /psl.noaa.gov/data/gridded/
data.ncep.reanalysis.pressure.html

Monthly NOAA-CIRES 20th Century

Reanalysis V2c [35]

2° x 2° horizontal resolution and 24

vertical levels from 1000 to 10 hPa https://psl.noaa.gov/data/gridded/

data.20thC_ReanV2c.html

18512014
GPCP Version 2.3 Combined 2.5° x 2.5° horizontal resolution https:/ /psl.noaa.gov/data/gridded/
Precipitation Dataset [36] 1979-present data.gpcp.html

2.2. Index

Many indices have been proposed to characterize EP and CP El Nifio. The specific
information and brief description of some common indices are shown in Table 2. In this
study, we choose Nct/Nywp for the research, which has been proved to be a good pair of
indices to characterize and distinguish EP and CP EI Nifio [12]. The EMI (Improved El
Nino Modoki Index, IEMI)/NINO3 and EP/CP El Nifio Subsurface index (EPSI/CPSI) are
also good pairs of indices for EP and CP El Nifio [17,37,38]. We have used these indices
to examine the main results of this work and the results are similar to that of Nct/Nwp.
To get rid of the Mix El Nifio signal that mixed in Nct and Nyp indices, we multiply the
Nct and Nwp by the absolute value of TNI (which represents the zonal SSTA gradient in
central-eastern Pacific). The EP El Nifio index (EPI) and CP El Nifio index (CPI) are defined

as follows
EPI = |TNI|* N¢r 1)
CPI = |TNI|* Nwp

By this transformation, the value of the EPI (CPI) will be higher than the Nct (Nwp)
during EP (CP) El Nifio events, while lower than the Nct (Nwp) during Mix El Nifio events.

2.3. Regression-EOF

Yu and Kao [9] first subtracted the anomalies regressed with the NINO4 and NINO1 +
2 from the original SSTA field, respectively, then applied EOF analysis on the two processed
SSTA fields, respectively, and finally extracted two leading modes, which are EP and CP El
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Nifio, respectively. As the SSTA of Mix El Nifio widely spread in both central and eastern
Pacific. With the basic EOF method, most of the Mix El Nifio events will be forcibly divided
into EP or CP category, and as a result, the mixed pattern can hardly be extracted. In
this research, the Mix El Nifio has been successfully extracted by the method similar with
Yu and Kao [9].

Table 2. Definitions of the El Nifio indices used in this study.

Index Name

Definition

Brief Description

NINO1 +2
NINO3
NINO4

NINO3.4

Area-averaged SSTA over (90° W-80° W, 10° S-0°)
Area-averaged SSTA over (150° W-90° W, 5° 5-5° N)
Area-averaged SSTA over (160° E-150° W, 5° 5-5° N)
Area-averaged SSTA over (170° W-120° W, 5° 5-5° N)

Well-known EI Nifio indices, but
cannot well distinguish different
types of El Nifio.

Trans-Nifio index (TNI)
(8]

TNI = NINO1+2— NINO4

An index representing the zonal
SSTA gradient in central-eastern
Pacific region

EMI = [SSTA] 4, — 0.5 % [SSTA]5 — 0.5 % [SSTA] -

An index that is built based on the

El Nifio Modoki index The brackets represent the area-averaged SSTA over the region  zonal tripolar structure of central

(EMI) [11] A (165° E-140° W, 10° S-10° N), B (110° W-70° W, 15° S-5° N),  Pacific (CP) El Nifio pattern derived
and C (125° E-145° E, 10° 5-20° N), respectively. by the EOF method.
Improved EI Nifio An improved index of EMI by
Modoki index (IEMI) IEMI =3 [SSTA] 4 — 2 [SSTA]p — [SSTA] adjusting the proportion of three
[37] items in EMI.
Nifio index for Cold NCT = NINO3 — a * NINO4 A pair of El Nifio index that is built
NWP = NINO4 — a * NINO3 based on the features of NINO3 and
Tongue/Warm Pool El

Nifio (Nct/Nwp) [12]

where « equals 0.4 when NINO3*NINO4 > 0, otherwise
equals 0.

NINO4 during eastern Pacific (EP)
and CP El Nifio.

EP/CP El Nifio
Subsurface index
(EPSI/CPSI) [38]

Area-averaged SSTA of (90° W-80° W, 5° 5-5° N,
upper 100 m)/(160° E-150° W, 5° S-5° N, upper 100 m)

EP and CP El Nifio indices based on
the subsurface ocean temperature
anomalies.

UCEI = (NINO3 + NINO4) + (NINO3 — NINO4)i = re
the r represents the strength of El Nifio while the 6 is used to

A complex index characterizing EP,
CP, and Mix El Nifio unifiedly, good

Unified Complex El
Nifio index (UCEI) [22]

determine the type of El Nifio as follows: at classification of three types of El

0 € (15°, 90°) EP EI Nino Nifio but not convenient for some
6 € (—15°, 15°) Mix El Nino statistical analysis such as

0 € (-90°, —15°) CP EI Nino lead-lag correlation.

6 € (—165°, —90°) EP La Nina

6 € (—195°, —165°) Mix La Nina

0 € (—270°, —195°)  CP La Nina

The SSTA of EP El Nifio is very strong in the eastern Pacific region and weak in the
central Pacific region, while the SSTA of CP El Nifio is strong in the central Pacific region
and weak in the eastern Pacific region [9,10]. Both EP or CP El Nifio have strong zonal SSTA
gradient in central-eastern Pacific region in mature phase. However, the zonal gradient
of SSTA during Mix El Nifio is very small. Based on this feature, we first subtracted the
anomalies regressed with the time series of the zonal gradient (NINO1 + 2-NINO4, i.e.,
TNI, which includes the signals of both EP and CP El Nifio) from the original SSTA field
and then applied EOF analysis on the processed SSTA field.

2.4. Wavelet Power Spectrum

The Wavelet Power Spectrum analysis is a common method to analyze the time—
frequency features of El Nifio. In short, by sliding a Morlet wavelet with a specific width
(i.e., period) along the time axis, we can find the El Nifio that has the similar period
at different points in time axis. By changing the width of the wavelet, we can get the
performance of El Nifio at different periods. For more information of Wavelet Power
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Spectrum, see: https:/ /paos.colorado.edu/research/wavelets/waveletl.html (accessed on
7 April 2021).

3. Mix El Nifio Pattern Derived by Regression-EOF Method

Figure 1a shows the normalized time series of the zonal SSTA gradient in the central-
eastern Pacific region from 1900 to 2017. Zonal gradients of 1982-1983 and 1997-1998 (two
extreme EP El Nifio) are very large, while the 2015-2016 Mix El Nifio (with comparable SSTA
strength relative to the 1982-1983, 1997-1998 El Nifio events) shows a small zonal gradient.

(a) Zonal Gradient

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

b) Regression Pattern

%/\_\_‘__\/J 1
30° N
A
20° N ~ =~y
& 05
10° N+
o Jouet
oKL ¢ o r/ q 0
10° s+ . b
\
20° S 1 - 05
30° S 1
. Y /\3 i i -1
120° E 160° E 160° W 120° W 80° W

Figure 1. (a) Time series of zonal gradient, defined as NINO1 + 2 — NINO4, smoothed with 7-month
running mean, unit: °C and (b) pattern of sea surface temperatures anomalies (SSTA) regressed on
the zonal gradient, black boxes indicate NINO4, NINO3, and NINO1 + 2 regions, respectively.

As for CP El Nifio, it shows a negative zonal gradient, e.g., the 20042005 El Nifio
event. The regression pattern of the zonal gradient is shown in Figure 1b. The positive
SSTA in the eastern Pacific cold tongue region is the typical EP El Nifio pattern with the
maximums in NINOL1 + 2 region while the negative SSTA with an apparent horseshoe
pattern in the western Pacific warm pool region is the typical CP El Nifio pattern.

The Mix El Nifio pattern is successfully extracted by the regression-EOF method
(shown in Figure 2a, which is the first mode and explains 33% of the total variance). The
normalized time series of the principal component of the first EOF mode (PC1, Figure 2b)
will be used to characterize Mix El Nifio in this research. It should be noted that even
though we have subtracted the SSTA that are highly related to the EP and CP El Nifio, the
PC1 during 1982-1983 and 1997-1998, two extreme EP El Nifio events, is still high. It is
reasonable that the SSTA widely extend into central Pacific during these two events and the
SSTA distribution is similar to Mix El Nifio pattern after removing the EP El Nifio signal.
Due to their extreme strength, the left Mix El Nifio signal is still relatively high.
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(a) EOF 1
1
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80° W
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Figure 2. Mode 1 of the Regression-Empirical Orthogonal Functions (EOF) of the tropical Pacific
SSTA. (a) Spatial pattern, black boxes indicate NINO4, NINO3, and NINO1 + 2 regions, respectively.
(b) normalized and smoothed (7-month running mean) time series of PC1.

4. Decadal Change of Mix El Nifio

The processed EP and CP indices (see Section 2.2) are shown in Figure 3 as well as the
regression patterns of two indices. As the Figure 3c,d demonstrates, the regression patterns
of EPI and CP1 are closer to the ideal EP and CP El Nifio pattern. From this section, we use
the EPI and CPI to investigate the characters of EP and CP El Nifio as control result.

(a) EPI (b) CPI
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Figure 3. (a,b) Normalized time series of eastern Pacific El Nifo index (EPI) and central Pacific El Nifio index (CPI) (c,d)
regression patterns of SSTA on EPI and CPI, unit: °C. Black boxes indicate NINO4, NINO3, and NINOL1 + 2 regions,
respectively.
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The El Nifio’ type has a significant decadal change. Many researches have pointed
that the CP El Nifio occurred frequently since 1980s. The EP El Nifio is regarded as a
traditional type of El Nifio. However, we find that the Mix El Nifio is quite more frequently
than the EP EI Nifio before 1980s. During 1900 to 1980, none extreme El Nifio occurred.
We noticed among these moderate El Nifio events, most of them are Mix type according
to the determination of the work of Yu and Kim [22]. To further investigate the decadal
change of three types of El Nifio, we applied power spectrum analysis on PC1 (represents
Mix El Nifio), EPI (represents EP El Nifio), CPI (represents CP El Nifio) (Figure 4). We also
applied the Wavelet Power Spectrum analysis on Nct and Nwp indices and the results
are similar to the EPI and CPI (not shown in figure). As the Figure 4a demonstrates, the
occurrence of Mix El Nifio is significant (dashed line) during the entire research period
while the occurrence of EP and CP El Nifio are both significant only since 1980s.

(a) Mix El Nifio Wavelet Power Spectrum
0.25]- I ’ _|L
4

05 i

Period (years)

(b) EP El Niflo Wavelet Power Spectrum
T

0.25 H

|

|
05 i

\

Period (years)
N

16

2 = — =
1900 1920

(c) CP EI Nifio Wavelet Power Spectrum
- T - ,
025 , [ ¢ 0

[
|

0.5 J’\. ‘ U \

1 NV

Period (years)
N
)

Ll S —————

32 | ——
1900 1920

Figure 4. Wavelet Power Spectrum of (a) Mix El Nifio (PC1), (b) EPL, and (c) CPI. The contours indicate the power (absolute
value squared) of the wavelet transform for the PC1, EPI, and CPI, respectively. The values below the black solid curves are
uncertain and the black dashed lines denote the 0.05 significant level.

The 2015-2016 El Nifio is quite different from EP type and CP type and has been
generally studied as a unique type of El Nifio [23-30]. However, from this perspective, the
Mix El Nifio is a very traditional El Nifio even though this type of El Nifio did not occur
as frequently as EP or CP El Nifio during 1980 to 2015. It is hardly to say whether the
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(a) Mix El Nifio "

frequency of Mix El Nifo will return to the pre-1980s level without a full understanding of
the mechanism of Mix El Nifio evolution.

5. Evolution and Ocean—Atmosphere Interaction of Mix El Nifio

Figure 5a shows the lead-lag regression of SSTA on PC1. As the figure demonstrates,
the SSTA widely spread in both central and eastern Pacific. However, quite different from
EP or CP El Nifio, the maximum SSTA have a significant westward propagation. During
the developing period (Figure 5a, —9, and —6 months lag), the warming center is located
in the far eastern Pacific, which is similar to the EP type of El Nifio. During the mature
period (Figure 5a, 0 lag), the warming center spreads in both central and eastern Pacific
while it is relatively weak in the far eastern Pacific, which is the typical feature of the Mix
El Nifio. When it comes to decaying period, the warming center concentrates in central
Pacific while it is weak in the eastern Pacific, which is similar to the CP type of El Nifio
(Figure 5a; 6 months lag). In contrast, the SSTA are mainly in the eastern Pacific and the
maximum SSTA are locked in the far eastern Pacific for the whole process of the EP El Nifio
(Figure 5b). The two extreme EP El Nifio events, 1982-1983 and 1997-1998, also show this
feature (not shown). As for CP El Nifio (Figure 5c), the warming SSTA are mainly in the
central Pacific and the anomalies in eastern Pacific region are very weak. In some CP El
Nifio events, the far eastern Pacific region even shows an anomalous cooling condition,
e.g., the 2004-2005 CP El Nifio (not shown). The warming center is locked in the central
Pacific with weak zonal propagation.
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Figure 5. Lead-lag regression coefficient of SSTA on (a) PC1, (b) EPL, and (c) CPI during 1900 to 2019, unit: °C. The numbers
on the top of each panel indicate the lead-lag months of the index.

To further verify this unique feature of the Mix El Nifio, we check the SSTA evolution of
the 2015-2016 El Nifio event (Figure 6). As the Figure 6 demonstrates, there is a significant
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westward propagation of the SSTA center within this event. The SSTA center is located
in the far eastern Pacific in summer and autumn (Figure 6a,b). In winter (Figure 6c), the
maximum SSTA are in both central and eastern Pacific and the far eastern Pacific is no
longer the center region. Along with the propagating, the SSTA center is mainly located in
the central Pacific in spring of the next year (Figure 6d).
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Figure 6. SSTA distributions of 20152016 El Nifio event during different seasons, unit: °C: (a)
summer in 2015, (b) autumn in 2015, (c) winter in 2015, and (d) spring in 2016.
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Figure 7a shows the subsurface ocean temperature anomalies (SOTA) evolution of
Mix El Nifio. The warming maximum of SOTA concentrates near the thermocline, while
the cooling SOTA are in western Pacific warm pool region. The warming anomalies widely
spread in the mix layer in both central and eastern Pacific. Slightly zonal propagation is
found during Mix El Nifio. As the location of the thermocline in tropical Pacific is deep in
central Pacific and shallow in eastern Pacific. The SSTA are stronger in eastern Pacific than
in central Pacific during the developing period (Figure 7a). Along with the evolution of
Mix El Nifio, the SOTA in central Pacific begin to emerge in the ocean surface, while the
SOTA in eastern Pacific decay, resulting in the westward propagation of the SSTA center.

In contrast, the SOTA evolution shows a significant eastward propagation from central
Pacific to eastern Pacific during EP El Nifio (Figure 7b). The maximum SOTA appear near
the thermocline and continuously transport shifts to the far eastern Pacific region, which
results in a locked SSTA center over the far eastern Pacific region throughout the whole
evolution of EP El Nifio. As for CP El Nifio (Figure 7c), the SOTA distribution shows a
zonal tripolar structure with the warming SOTA mainly in central Pacific, while cooling
anomalies in western Pacific and far eastern Pacific region. The zonal propagation of CP El
Nifio is weak and the zonal tripolar distribution of SOTA persists throughout the whole
evolution of CP El Nifio. During the development period, the Mix El Nifio is similar to EP
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El Nifio (-9, —6, and —3 months lag), but when it reaches the mature and decay periods
(0, 3, and 6 months lag), the widely spread of the SOTA in both central and eastern Pacific
makes the Mix El Nifio quite unique from the EP and CP El Nifio.

(a) Mix EI Nifio (b) EP El Nifio (c) CP El Nifio
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Figure 7. Same as Figure 5, but for subsurface vertical (unit: meter) temperature anomalies averaged of 5° S-5° N, unit: °C.

The sea surface height anomalies (SSHA) evolution of Mix El Nifio is shown in
Figure 8a. The SSHA data is only available since 1980s, which is too short to cover
the research period. Considering there is a linear relationship between SSHA and the
change of thermocline depth [39], we use the vertical averaged SOTA between surface and
subsurface 300 m to reflect the change of thermocline depth and further to represent the
SSHA evolution. As the figure shows, the positive SSHA during Mix El Nifio are mainly
in the central and eastern Pacific around equator with a slight eastward propagation and
the negative SSHA are located in the western Pacific warm pool. In contrast, the SSHA
evolution of EP El Nifio (Figure 8b) shows a pronounced eastward propagation from
central Pacific to far eastern Pacific, which is a typical equatorial Kelvin wave process. The
developing period of EP El Nifio is similar to Mix El Nifio, but the mature and decaying
period is quite different from Mix El Nifio. As for CP El Nifio (Figure 8c), the SSHA in
central Pacific are positive, while in western and far eastern Pacific are negative, which
show a typical tripolar structure with little change along with the evolution of CP El Nifio.
Consistent with the evolutions of SSTA and SOTA, the evolution of SSHA of the Mix El
Nifio is also similar to the EP El Nifio during the development period (—9 and —6 months
lag), but during the mature period (0 lag), the center of the anomalies does not reach the
far eastern Pacific region and shows a meridional off-equatorial direction decay in central
and eastern Pacific regions (6 months lag), which is quite different from the EP El Nifio.
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Figure 8. Same as Figure 5, but for sea surface height anomalies, which we used averaged subsurface temperatures of
surface to 300 m depth to represent, unit: °C.

The El Nifio is accompanied with strong ocean—atmosphere coupled interaction and
the ocean—atmosphere coupled interaction processes are quite different among three types
of El Nifio. From this section, we try to figure out the related ocean—atmosphere coupled
interaction of Mix El Nifio. Figure 9a demonstrates the evolution of zonal wind shear
anomalies, which are calculated by the low level 850 hPa subtracting high level 200 hPa
zonal wind anomalies during Mix El Nifio. The evolution of 850 and 200 hPa zonal
wind anomalies are also examined, and the results of two levels are very similar but with
opposite direction (not shown in Figures). The burst of the westerlies at low level is a very
important driver for the rise of all three types of El Nifio, which delivers the warming
water from the western Pacific warm pool to the central and eastern Pacific along the
thermocline. The difference among three types of El Nifio is mainly in the eastern Pacific
region. As Figure 9a shows, the westerlies during Mix El Nifio are mainly located in central
Pacific region while weak in the eastern Pacific and have little movement. The weak zonal
westerlies at low level in the eastern Pacific region may be the key factor that leads to the
small zonal gradient of SSTA. According to the Bjerknes positive-feedback mechanism [40],
the small zonal SSTA gradient weakens the zonal westerlies, which, in turn, further leads to
the smaller zonal SSTA gradient in central-eastern Pacific. In contrast, the strong westerlies
of EP El Nifio have a significant propagation from the western Pacific to the eastern Pacific.
During the decaying period of EP El Nifio, the strong zonal westerlies at low level in the
eastern Pacific region helps to lock the center of SSTA in the far eastern Pacific region. The
high zonal SSTA gradient strengthens the zonal westerlies, which, in turn, further maintain
the zonal SSTA gradient of SSTA. As for CP El Nifio, except for the westerlies, there are
easterlies at low level in the eastern Pacific region. The westerlies deliver warming water
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(a) Mix EI Nifio

from western Pacific and the easterlies deliver warming water from the far eastern Pacific
to the central Pacific, which results in the tripolar SSTA structure of CP El Nifio.

(b) EP EI Nifio
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Figure 9. Same as Figure 5, but for the zonal wind shear (850200 hPa).

The anomalous atmospheric Walker circulation during Mix El Nifio is mainly located
in the western-central Pacific region (Figure 9a). In contrast, the anomalous atmospheric
Walker circulation of EP El Nifio during the development period is similar to Mix El Nifio
but after that extends to the eastern Pacific during the mature and decay periods (Figure 9b).
As for CP El Nifio (Figure 9c¢), the anomalous atmospheric Walker circulation in western-
central Pacific is similar to Mix El Nifio, but there is another anomalous atmospheric Walker
circulation in eastern-central Pacific. The differences of the anomalous atmospheric Walker
circulations among three types of El Nifio highly related to the SSTA features of three types
of El Nifio. The weak anomalous Walker circulation in eastern Pacific finally leads to the
weak zonal gradient of SSTA in central-eastern Pacific. In contrast, the eastward extending
of the anomalous Walker circulation during EP El Nifio helps maintaining the positive high
zonal gradient of SSTA and locking the SSTA center in the far eastern Pacific region. As for
CP El Nifio, the opposite direction anomalous Walker circulation in central-eastern Pacific
helps maintaining the negative high zonal gradient of SSTA in central-eastern Pacific and
locking the SSTA center in central Pacific.

Figure 10a shows the spatial correlation between 500 hPa vertical upward wind
anomalies (omega, contour line) as well as the precipitation anomalies (shaded) and PC1.
As the figure shows, the related omega and precipitation anomalies widely spread in both
central and eastern Pacific and the maximums are mainly in central Pacific. In contrast,
the related omega and precipitation anomalies of EP El Nifio are also in central and
eastern Pacific, while the maximums are in eastern Pacific (Figure 10b). As for CP El Nifio
(Figure 10c), there is a dipole pattern in central and eastern Pacific with the upward wind
anomalies and increased precipitation in central Pacific and downward wind anomalies and
decreased precipitation in eastern Pacific. In the western Pacific and southeast Asia region,
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all three types of El Nifio show downward wind anomalies and decreased precipitation.
As for the teleconnection impacts, the related increased precipitation of Mix El Nifio occurs
in the Middle east, Indian Ocean, southeast of China, northeast Pacific, north America and
north Atlantic at around 30 N, and southeast Pacific and south America at around 30 S. The
related decreased precipitation of Mix El Nifio mainly occurs in the south Africa, north and
south Pacific, and northern south America. The spatial distribution of the related Omega
anomalies of Mix El Nifio is consisted with the precipitation anomalies.
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Figure 10. Correlation coefficient between precipitation anomalies (shaded) and 500 hPa vertical
wind anomalies (line, positive indicates upward direction) and (a) PC1, (b) EPI, and (c) CPL

6. Summary and Discussion

In this research, the mixed type of El Nifio is investigated. The EP and CP El Nifio
both have a strong zonal SSTA gradient in central-eastern Pacific region, while the zonal
SSTA gradient of Mix El Nifio is very weak. Based on this unique feature of Mix El Nifio,
we first removed the SSTA that highly related to the zonal SSTA gradient from the original
SSTA field and then applied the EOF analysis on the processed SSTA field (similar to the
regression-EOF method used in [9]). Finally, we successfully extracted the Mix El Nifio
pattern from the tropical Pacific. It is widely believed that the EP El Nifio is a traditional
type of El Nifio. However, our research demonstrates that the Mix El Nifio is a more usual
El Nifio because the frequency of Mix El Nifio is much higher than the EP EI Nifo as well
as CP El Nifio before the 1980s. The frequency of extreme El Nifio may increase under
the global warming background [41] and the latest extreme El Nifio 20152016 is a typical
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Mix El Nifio. Whether Mix El Nifio will be a tendency of the extreme El Nifio still needs
further investigation.

The evolution and ocean—atmosphere coupled interaction during Mix El Nifio are
investigated in this research. The SSTA center of Mix El Nifio has a significant westward
propagation from the far eastern Pacific to central Pacific. In contrast, the maximum SSTA
are locked in the eastern/central Pacific region during EP/CP El Nifio. The anomalous
atmospheric Walker circulation of Mix El Nifio is mainly in western and central Pacific
while very weak in eastern Pacific. The weak zonal westerlies in eastern Pacific at low
level leads to the small zonal gradient of SSTA and the small gradient of SSTA in turn
weakens the westerlies in eastern Pacific. In contrast, the high positive SSTA gradient of EP
El Nifio is accompanied with strong westerlies in eastern Pacific, and the high negative
SSTA gradient of CP El Nifio is accompanied with easterlies in eastern Pacific.

In the past research, EP and CP EI Nifio are the focus of the attention. As the Mix
El Nifio rarely appears in recent decades, this type of El Nifio has been overlooked to a
certain extent. However, the recent 2015-2016 El Nifo, which is the first extreme event in
the 21st century, is a mixed type of El Nifio [28-30]. Many unique physical characters of
2015-2016 El Nifio event have been identified, e.g., the westward propagation of the SSTA
center [42], which has been proved to be a universal feature of Mix El Nifio events in our
research. In addition, the climate impacts of 2015-2016 El Nifio event are quite different
from the previous EP and CP El Nifio events. Moreover, the tropical Pacific SST anomaly
pattern is very important for regional climate variabilities [43], simulations [44,45], and
projections [46,47]. Furthermore, several studies have demonstrated that the Mix El Nifio
have unique impact on climate, such as global average temperature [48], Indian ocean
dipole [49], south American rainfall [50], and summer rainfall in China [51]. Therefore, it is
necessary to further investigate the nature as well as the climate impact of Mix El Nifio,
which will advance the understanding of the El Nifio diversity.
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