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Abstract

North tropical Atlantic (NTA) spring sea surface temperature (SST) tends to be warmer (cooler) than normal in Central
Pacific (CP) El Niflo decaying years during 1960s to mid-1980s. However, the relationship between the NTA spring SST
and CP EI Nifio-Southern Oscillation (ENSO) is weakened after mid-1980s. This study presents this interdecadal change
and investigates possible causes. Before the mid-1980s, above-normal NTA SST peaks in post-El Nifio spring. The CP El
Nifio can affect NTA spring SST by inducing a negative phase of North Atlantic Oscillation (NAO) anomaly over North
Atlantic from winter to spring. This negative NAO circulation weakens the Azores High and causes weaker than normal
trade wind. As a result, less heat loses from the NTA Ocean and above-normal SST anomalies generated. In contrast, after
the middle 1980s, the connection between CP ENSO and NAO-like anomaly has been disrupted. This leads to a weakening
of CP ENSO influences on the NTA spring SST. The observed change in the relationship between NTA spring SST and
CP ENSO is likely related to the state of the polar vortex. Before the middle 1980s, the polar vortex is weak, this favors the
propagation of ENSO-related wave flux. The Rossby wave trains spread to the stratosphere during El Nifio conditions and
cause weaker than normal polar vortex, resulting in a negative NAO in the low levels. And the subtropical jet is enhanced
and elongated which provides a potential waveguide for wave activity propagating to the Atlantic through a tropospheric way.
However, the polar vortex is strong after mid-1980s, preventing the propagation of the ENSO-related wave trains through
the stratosphere or the troposphere.
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1 Introduction

Northern tropical Atlantic pattern is one of the several
prominent modes in tropical Atlantic sea surface tempera-
ture (SST) variability (e.g., Enfield and Mayer 1997; Huang
et al. 2004; Huang and Shukla 2005; Handoh et al. 2006),
with SST anomalies extending westward into the Caribbean
from the coast of northern Africa in seasonal to interannual
timescales. Previous studies have elaborated that NTA SST
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anomalies have tremendous influence on climate variability
in the surrounding and remote regions (e.g., Folland et al.
1986; Saravanan and Chang 2000; Cassou and Terray 2001;
Cassou et al. 2004; Wu and Kirtman 2011; Wu et al. 2011;
Hatzaki and Wu 2015; Zhou and Wu 2015; Chen and Wu
2017). For example, Saravanan and Chang (2000) suggested
there is a “dipole” correlation structure between tropical
Atlantic SST and rainfall in the Nordeste Brazil region. Hat-
zaki and Wu (2015) found that the winter precipitation field
in south-eastern Europe is strongly correlated to the tropical
North Atlantic SSTs through a Rossby wave pattern spread-
ing from western tropical Atlantic to Europe. Furthermore,
the NTA SST anomalies may also affect the Pacific ENSO
(e.g., Wang et al. 2011; Ham et al. 2013, 2014; Martin et al.
2015), the generation of western North Pacific (WNP) anti-
cyclone (e.g., Huo et al. 2015; Cao et al. 2016) and Indian
monsoon (Kucharski et al. 2009). Therefore, it is of great
importance to gain a better understanding of the NTA SST
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variability and the influence factors in order to improve the
climate prediction in the surrounding regions as well as the
remote areas.

Previous studies have pointed out that the NTA SST
anomalies are driven by heat flux anomalies through change
in trade winds (Enfield and Mayer 1997; Carton et al. 1996;
Mo and Hakkinen 2001; Czaja et al. 2002). The trade wind
anomalies are associated with regional ocean—atmosphere
interaction (e.g., Handoh and Bigg 2000; Wu and Liu 2002;
Huang et al. 2004; Huang and Shukla 2005) as well as
remote forcing, with ENSO and the North Atlantic Oscil-
lation (NAO) being the primary drivers which account for
approximately half of the NTA SST variance (Saravanan
and Chang 2000; Giannini et al. 2001; Sutton et al. 2000;
Huang et al. 2002; Chang et al. 2003; Liu et al. 2004; Lee
et al. 2008; Garcia-Serrano et al. 2017). The teleconnec-
tion between NTA SST and ENSO is robust, with significant
positive (negative) SST anomalies in the NTA which lag
about one season of El Nifio (La Nifia) mature phase and
peak in boreal spring (MAM), as a result of reduction in
the surface trade wind and decrease of latent heat losses
over the region of interest (e.g., Saravanan and Chang 2000;
Lee et al. 2008). Various mechanisms have been proposed
to explain the connection between ENSO and NTA SST
variability which involved the atmospheric bridge (Alex-
ander et al. 2002). Most researchers explained this linkage
in terms of an anomalous Walker circulation (e.g., Wang
2005) and the Rossby wave train that propagates across the
Pacific-North American (PNA) region (e.g., Enfield and
Mayer 1997; Giannini et al. 2000). Some others suggested
a tropospheric temperature (TT) mechanism (e.g., Chiang
and Sobel 2002; Chang et al. 2006) and a remote Gill-type
response over the TNA region (Garcia-Serrano et al. 2017).
Previous studies suggested that the ENSO-TNA telecon-
nection is linear with respect to the phase of ENSO (e.g.,
Czaja et al. 2002; Handoh et al. 2006; Rodrigues et al. 2011,
Rodrigues and McPhaden 2014). Czaja et al. (2002) found
that warm El Nifio years are typically associated with warm
NTA conditions, and the reverse situation during La Nifia
years are associated with cold NTA conditions. Handoh et al.
(2006) demonstrated that the composited SST anomalies of
warm and cold NTA events have very similar patterns in
the tropical Pacific with the opposite sign. Rodrigues et al.
(2011) and Rodrigues and McPhaden (2014) further unrav-
elled that the SSTA composited for Eastern and Central
Pacific El Nifio events both show warm anomalies in the
NTA, and the scenario is similar for La Nifia events, except
that the sign of the SST anomalies is opposite.

However, previous studies confined their attention on
the conventional central-eastern Pacific ENSO phenome-
non (Capotondi et al. 2015), using the Nifio3.4 index or the
Nifio3 index to describe the tropical Pacific SST variability.
In fact, there also exists a Central Pacific ENSO, verified
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by numerous publications (Kug et al. 2009; Kao and Yu
2009; Yeh et al. 2009; Ashok et al. 2007; Weng et al. 2007),
with primarily anomalous SST appears in the tropical central
Pacific. Similar to the EP El Nifio, the extratropical telecon-
nection connected to the CP El Nifio events is manifested as
a negative phase of NAO over North Atlantic Ocean region
in boreal winter. Some studies suggested a stratospheric
mechanism that connects the CP El Nifio events with the
NAO (e.g., Bronnimann et al. 2007). They explained that
during an El Nifio event, the stratospheric polar vortex is
weaker than normal which favors the development of a nega-
tive phase of NAO (e.g., Perlwitz and Graf 1995). However,
previous studies have contradictory results on the CP El
Nifio’s impacts over the Northern Hemisphere (NH) polar
stratosphere and NH climate. On one hand, Hegyi and Deng
(2011) found a significantly stronger polar vortex during CP
El Nifio. On the other hand, previous studies reported an
anomalously weak polar vortex in CP EI Nifio years in rea-
nalysis data and two idealized simulations (Garfinkel et al.
2013; Hegyi et al. 2014). Garfinkel et al. (2013) concluded
that the NH polar stratospheric response to CP El Nifio is
not robust, as its sign depends on the composite size, the
index used, and the month or seasonal average analyzed.
Calvo et al. (2017) found that CMIP5 results do not sup-
port a stratospheric pathway for a remote influence of CP
ENSO events on NH teleconnections. While some others,
such as Graf and Zanchettin (2012), provided a tropospheric
mechanism in which the poleward propagating Rossby
waves induced by anomalous heating in the tropical Pacific
could be blocked by the subtropical jet and then propagate
eastward to the North Atlantic region along this subtropical
waveguide (e.g., Branstator 2002). Based on this, we are
interested in the connection between the CP ENSO and NTA
SST, by using an EMI index (Ashok et al. 2007) instead of
the most used Nifio3.4 index or the Nifio3 index. And we
find a close connection between CP ENSO and the NTA SST
anomalies, which peak in the following spring after the peak
of ENSO events. Another interesting phenomenon discov-
ered in our study shows that their relationship is not stable,
with an interdecadal change occurred in the mid-1980s. The
nonstationary behavior of the ENSO-NAE atmospheric tel-
econnection has been addressed in some recent work (e.g.,
Loépez-Parages et al. 2015, 2016a, b; Ayarzagiiena et al.
2018). Based on the effects of El Nifio on late winter Euro-
pean rainfall, Lopez-Parages et al. (2015, 2016a, b) distin-
guished two sub-periods on the correlation between Nifio
3.4 index and the principal component of the first variabil-
ity mode of the Euro-Mediterranean precipitation in Febru-
ary—March—April (FMA). They found that the ENSO tele-
connection to the NAE climate is broadly correlated over the
periods 1944—-1964 and 2003-2008, while they are mainly
anti-correlated over the periods 1900-1940 and 1965-1984.
They attributed the variable of ENSO-EuroMediterranean
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rainfall link to changes in the multidecadal variability of
the SST and the associated tropospheric teleconnections.
Ayarzagiiena et al. (2018) focused on the non-stationarity
of the ENSO teleconnections to Europe through the strat-
osphere regardless of the type of ENSO. However, these
studies mainly focus on the Euro-Mediterranean rainfall and
distinguish sub-periods using a Nifio 3.4 index. The telecon-
nections between ocean basins could be a more complicated
process which may include the ocean dynamical process and
the air-sea interaction process. Moreover, besides Euro-Med-
iterranean area, north tropical Atlantic SST anomalies could
cause climate anomalies in other surrounding areas such as
the intra-Americas region. Thus, the study of the interdec-
adal change in the relation between CP El Nifio and the NTA
SSTA would give rise to a hot consideration of the climate
change in the surrounding areas which is related to the NTA
SST or/and the CP El Nifio. Therefore, we will discuss the
instability of the connection between CP ENSO and NTA
spring SST and the possible mechanisms.

In our study, we offer preliminary evidence of a corre-
lation between winter CP ENSO and the following NTA
spring SST. Moreover, the interdecadal change of their
relationship and the possible modulators are also investi-
gated. The arrangement of the text is as follows. Section 2
describes the data and methodology used in this study. In
Sect. 3, we investigate the interdecadal change in the relation
between the CP ENSO and the NTA spring SST. In Sect. 4,
we contrast the regression patterns of spring SST anomalies
with previous winter CP ENSO index between different peri-
ods and address relevant changes in CP ENSO-related circu-
lation anomalies to elucidate the possible pathways in which
the CP ENSO could influence the NTA SST anomalies. The
plausible causes for the interdecadal change are discussed
in Sect. 5. Summary and discussion are provided in Sect. 6.

2 Data and methodology

The monthly mean SST is from the NOAA Extended
Reconstruction SST, version 3b (ERSST.v3b; Smith et al.
2008), with a resolution of 2.0°x2.0°, from 1854—present.
A parallel analysis has been performed using SST from
Met Office Hadley Center, version 1.1 (HadISST.v1.1;
Rayner et al. 2003), with a resolution of 1.0°x 1.0°, rang-
ing from 1870 to present. The results based on HadISST.
vl.1 are very similar to those based on the ERSST.v3b
and thus are not shown. The sea level pressure (SLP), geo-
potential height and wind are from the National Centers
for Environmental Prediction-National Center for Atmos-
pheric Research (NCEP-NCAR) reanalysis (Kalnay et al.
1996), with a resolution of 2.5° X 2.5°, ranging from 1948
to present. In addition, this study employs monthly mean
net surface heat fluxes including net shortwave radiation

flux, net longwave radiation flux, latent heat flux, and
sensible heat flux from the NCEP-NCAR reanalysis. The
results are confirmed by the OAflux data, with a resolution
of 2.5°x2.5°, covering the period from 1958 to 2009. For
heat flux anomalies, positive (negative) anomalies indicate
that the ocean gains (gives) heat from (to) the atmosphere.

Seasonal means are constructed and the annual cycle is
removed. To reduce the effect of long-term trends, a first-
order polynomial (i.e., linear trend) is removed from all
anomalies. And the anomalies are created by subtracting
the 1959-2016 mean. The main statistical methods used
are the canonical correlation analysis, the linear regres-
sion analysis and the composite analysis. A Student’s t
test is used to assess the statistical significance of correla-
tion-regression patterns. As the analysis windows are as
short as 21 years, the effective degrees of freedom (EDOF)
are taken into account when assess the statistical signifi-
cance of correlations and regressions using the method
discussed in Bretherton et al. (1999):

[1 - rlrz]

N' =N x ,
[1+r1r2]

ey

where N’ is the EDOF, N is the original sample size, and r;
and r, are the lag 1 autocorrelation coefficients of the two
time series involved. Since the lag 1 autocorrelation coeffi-
cient for the EMI index is 0.46, we have N’ = 0.62N assum-
ing thatr; = r,.

Following Ashok et al. (2007), CP ENSO index is
defined as EMI = [SSTA], — 0.5[SSTA]z — 0.5[SSTA],
where the square bracket with a subscript represents the
area-mean SST anomaly (SSTA) averaged over three
different tropical Pacific regions including the central
region (A: 165°E-140°W, 10°S—10°N), the eastern part
(B: 110°W-70°W, 15°S-5°N), and the western one (C:
125°E-145°E, 10°S-20°N). The November-Decem-
ber—January (NDJ) EMI index is used in our study to
compute the related regression maps, and for conveni-
ence we denote it as ND(—1)J. The NTA spring SST
index is defined as area-averaged SST anomalies over the
region 4°N-25°N and 15°W-60°W and averaged over
March—April-May (MAM) in the post-ENSO year. This
particular index is chosen because it captures the center
action of the dominant mode of NTA SST variability (e.g.,
Nobre and Shukla 1996; Dommenget and Latif 2000) and
is most pronounced in spring (Nobre and Shukla 1996).
The strength of the polar vortex in the stratosphere is
measured by a stratospheric polar-night jet index (SPJI)
which is defined by the zonal-mean wind at 60°N at 30 hPa
(Wei et al. 2015).

The wave activity flux (Takaya and Nakamura 2001)
is used to explore the stationary Rossby wave sources
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and propagation induced by the CP ENSO. It is a phase-
independent flux and is parallel to the local group velocity
of a stationary Rossby wave train in the Wentzel-Kram-
ers—Brillouin (WKB) approximation. The three-dimen-
sional flux is calculated according to the following
equation:

U(v2’ - w’v}’() + V(=uV +y'u)
R, = ﬁ U(—u'v +y'ul) + V<u2’ + y/’u;>
LN YT = y'T)) + V=T - y'T))|

N2H,

@)
where U=(U, V), («',V'), w', T' are the climatologic zonal
and meridional wind velocity, the perturbation of geos-
trophic wind, stream function and air temperature. R, H,,,
Jo» N, p are the dry air gas constant, atmosphere scale height,
Coriolis parameter at 45°N, buoyancy frequency and the
pressure, respectively. The subscripts x and y indicate the
partial derivatives in the zonal and meridional directions,
respectively.

)

3 Theinterdecadal change
of the relationship

In this section, we will investigate the interdecadal change
of the relationship between the ND(— 1)J CP ENSO and the
NTA SST. First, we calculate the lag correlation of monthly
NTA SST anomalies with respect to the ND(— 1)J EMI SST
in a 21-year window (Fig. 1a). Before the mid-1980s, the
prominently positive SST anomalies occur in the spring-
time with a correlation coefficient up to 0.7, consistent with
previous studies (e.g., Saravanan and Chang 2000; Lee
et al. 2008). However, this connection disappears after the
mid-1980s with no significant correlation signals. Thus, it
suggests that the NTA spring SST has a tight connection
with CP ENSO before the mid-1980s, and this connection
vanished afterwards during late-1980s and 1990s. Actually,
the correlation coefficient between MAM NTA index and
ND(— 1)J EMI index is only 0.43 in the long-term from
1959 to 2016, indicating a 18% variance of the NTA SST
explained by the EMI SST. This is because the EMI SST
and the NTA SST anomalies are of same signs during most
years before mid-1980s while they indicate both same- and
opposite-sign signals afterwards (Fig. 1b). Figure 1b dem-
onstrates the NTA SST index (the continuous curve) along
with years of high and low phases of CP ENSO, indicated
by red and blue circles. As shown in Fig. 1b, NTA SST
index tends to be positive (negative) during warm (cold)
CP ENSO years in P1, while this linearity is disturbed in
P2. The statistical results of the relationship are shown in
Table 1 by a 0.5 standard deviation criterion. A different
criterion leads to a change in the number of anomalous years
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(a) Lag correl of monthly NTA SST with ND(-1)J EMI
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Fig.1 a Lag correlation in a 21-year sliding window of monthly
NTA SST (averaged over 4°N-25°N, 60°W-15°W) with respect
to ND(—1)J EMI index (red shadings represent the 95% confidence
level). b Normalized time series of MAM NTA index (continu-
ous curve) with years of high (larger than 0.5 SD) and low (lower
than 0.5 SD) phases of CP ENSO, indicated as red and blue circles,
respectively. The green line indicates the year of 1983. ¢ 21-year
sliding correlation of the NTA index in MAM with EMI index in
ND(— 1)J (dashed line indicates the 95% confidence level). Using the
ERSST.v3b datasets. And confirmed by the HadISST.v1.1 datasets

but not the statistical relationship. During 1959-1983, there
are nine same-sign years and one opposite-sign year. During
1984-2016, there are twelve same-sign and six opposite-sign
years. The unsteady relationship is further demonstrated by
the sliding correlation between the MAM NTA SST and
ND(-1) J EMI SST with a 21-year window (Fig. 1c). The
correlation is positive and significant before mid-1980s,
while the connection is weak and insignificant after that.
This confirms that the connection between the MAM NTA
SST and ND(— 1) J EMI SST has experienced interdecadal
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Table 1 Years when the MAM
NTA SST and ND(— 1)J] EMI

1959-1983

1984-2016

SST anomalies have the same

Same sign years
and opposite signs for 0.5 SD

Opposite sign years 1983

1964, 1966, 1969, 1971, 1974, 1975,
1976, 1980, 1981

1984, 1985, 1987,1988, 1989, 1999,
2000, 2005, 2009, 2010, 2012,
2013

1991, 1992, 1993, 1994, 1998, 2015

change around the mid-1980s. The sliding correlations with
different length of window, such as 17-, 19-, and 23-year are
also calculated and the results show similar periods of high
and low correlation.

In the following, we will select high- and low-correla-
tion periods to further investigate the interdecadal change
in winter EMI SST-spring NTA SST connection. Based on
the sliding correlation in Fig. 1c and Table 1, we select one
high period (1963-1983, referred to as P1) and one low-
correlation period (1984-2004, referred to as P2). We select
these two periods because they are not overlapping and have
large contrast of the correlation. According to the Fisher’s
r-to-z transformation, the correlation during P2 is signifi-
cantly different from that during P1 at 95% confidence level.
And the correlation coefficient between the MAM NTA SST
and ND(—1) J EMI SST for P1 is 0.71, significant at 99%
confidence level, while the correlation coefficient in P2 is
0.15 and insignificant.

4 Contrast of anomalous SST
and circulations related to the EMI index

In this section, we contrast the regressed SST anomalies
and circulation variations with respect to the ND(— 1)J EMI
index between the two periods selected above to investigate
the possible pathway the CP ENSO exerts its impact on the
NTA spring SST and to understand why the relationship
between the EMI SST and the MAM NTA SST has changed.
We use the regression analysis because the ENSO-NTA tele-
connection is linear with respect to the phase of ENSO, sug-
gested by previous studies (e.g., Czaja et al. 2002). And as
shown in Fig. 1b, NTA SST index tends to be positive during
warm CP ENSO years and negative during cold CP ENSO
years, indicating a linear connection between them. Besides,
we conduct some composite analysis based on major CP El
Nifio events to complement the regressional analysis.

4.1 SST anomalies

Figure 2 presents SST anomalies related to the ND(— 1)J
EMI index from winter to spring for the two periods. The
SST anomalies are positive in the central tropical Pacific
and negative in the western tropical Pacific in DJF during
the two periods (Fig. 2a, e), featuring a CP El Nifio pattern.

This positive SST anomalies in the central tropical Pacific
weakened from winter to spring, indicating a decay phase
of the CP El Nifio. The SST anomalies in the north tropical
Atlantic are quite different for the two periods. During P1,
there are significant positive SST anomalies in the north
tropical Atlantic, which appear in the previous winter and
peak in the spring (Fig. 2a—d). While no notable signals
appear in the north tropical Atlantic for P2 (Fig. 2e-h). This
confirms the strong connection between ND(— 1)J EMI SST
and the MAM NTA SST anomalies during P1 and the weak
connection in P2. Another notable distinction between the
two periods is the SST pattern over the equatorial Pacific.
The SST anomalies are more eastward shifted in P1 (Fig. 2a)
compared to that in P2 (Fig. 2e). Some studies suggested that
the connection between ENSO and NTA SST is related to
the SST pattern over the equatorial Pacific (e.g., Taschetto
et al. 2016; Lopez-Parages et al. 2016a). But the interdecadal
change of the relationship between CP ENSO and the NTA
SST may not lie on the SST pattern. As shown in Fig. 2a,
though the SST anomalies are more eastward shifted than
that in P2 (Fig. 2e), the maximum SSTA warming for the
two periods are both mainly located to the west of 150°W,
which is the boundary of the Nifio3 and Nifio4 areas. And
the SST warming extended to the eastern Pacific in P1 is not
very strong and insignificant at a confidence level of 95%,
thus it is probably not strong enough to affect the Atlantic
basin. The reason for the interdecadal shift in the relation
between CP ENSO and the NTA SST is probably related to
the teleconnections which will be discussed in Sect. 5.

To complement the regressional analyses based on the
EMI index, we conduct a composite analyses of SST based
on major CP El Nifio events in both epochs. Numbers of
studies have worked on the selection of CP El Niiio (e.g.,
Taschetto et al. 2016; Feng et al. 2017). For example,
Taschetto et al. (2016) defined a warming CP El Nifio event
when the EMI index exceeds 1 SD threshold for at least six
consecutive months. Following their results (see Table 1 in
their text), there are three CP El Nifio events for both period
1963-1983 (1966, 1968, and 1978) and 1984-2004 (1991,
1995, and 2003). The composited SSTA based on these
major CP El Nifio events in both epochs are shown in Fig. 3.
In both periods, the SSTA in the central tropical Pacific show
a CP El Nifio-like pattern in DJF (Fig. 3a, c), which decay in
the following spring (Fig. 3b, d), with a stronger amplitude
in the latter period. There is a significantly positive SSTA
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Fig.2 Anomalous SST (units:

(a) Reg (EMI, SST_DIJF) 1963-1983

(e) Reg (EMI, SST_DIF) 1984-2004
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as a—¢, but for 1964-2004. The (b) Reg (EMI, SST_JFM) 1963-1983 (f) Reg (EMI, SST_JFM) 1984-2004
dotted regions indicate the 95% 40N Fo 7 = . 40N o7
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Fig.3 Composite maps of (a) Com SST_DJF 1963-1983

(¢) Com SST_DJF 1984-2004

anomalous SST (units: °C; [ oe N 52 i
shadings) in DJF and MAM for 20N g‘ = - P
period 1963-1983 (a, b) and 0 ’f""%ﬁ«  ——— AP
period 1984-2004 (¢, d). The 558 il ';m\
dotted regions indicate the 90% 120E 180 120W 60W 120E 180 120W 60W 0
confidence level, based on the (b) Com SST_MAM 1963-1983 (d) Com SST_MAM 1984-2004
Student’s t-test 40N Tz 40N Fo 7
20N E NEL R -~
0 Exo. 0 oo
205 h s 205 A o n
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in the north tropical Atlantic during P1 (Fig. 3b), while no
notable signal occurs in P2 (Fig. 3d). These composited
SSTA structures are very similar to the regression analysis
with respect to the EMI index except for a larger magnitude,
which further confirm the results of the interdecadal shift of
the relationship between EMI SST and NTA SST.

4.2 Circulation anomalies

Figure 4 shows the regressed sea level pressure anomalies
and the surface wind anomalies with respect to ND(— 1)J
EMI index from winter to spring for different periods. For
P1, significant negative SLP anomalies are seen over the
mid-latitudes and notable positive anomalies are observed
over the high latitudes over North Atlantic (Fig. 4a—d). This
anomalous circulation pattern resembles a negative phase of
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NAO. It takes place in the former winter and peaks in late
winter (Fig. 4a, b). Then the NAO-like anomaly decreases
and disappears in spring (Fig. 4c, d). However, in P2, there
are only weak negative SLP anomalies in the high latitudes
of North Atlantic, lack of a NAO-like circulation anomaly
(Fig. 4e-h). This indicates that the EMI SST may influence
the MAM NTA SST by generating a NAO teleconnection
over North Atlantic in late boreal winter, as previous studies
suggested that CP type El Nifio can induce a positive NAO
anomaly (e.g., Graf and Zanchettin 2012). During P1, the
negative SLP anomalies in the mid-latitudes of North Atlan-
tic in late winter could weaken the intensity of Azores High,
causing anomalous southwest wind over the north tropical
Atlantic area. This wind anomaly will abate the climato-
logical northeasterly trade winds and result in less surface
heat flux loss and positive SST anomalies, according to the
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Fig.4 Anomalies surface level
pressure (units: hPa; shadings)
and surface wind (units: m/s;
vectors) obtained by regression
on the normalized ND(— 1)

J EMI index for a DJF, b

(a) Reg (EMI, slp&wmd DJF) 1963-1983

- (e) Reg (EM], slp&wind_DJF) 1984-2004
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JFM, ¢ FMA, d MAM during
1963-1983. e-h Same as a—d,
but for 1984-2004. The green
contours indicate the 95%
confidence level, based on the
Student’s t-test. The vectors less
than 0.1 m/s are omitted
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wind-evaporation-SST feedback mechanism (WES; Xie and
Philander 1994). The composited results show very similar
features (Fig. 5). A remarkable negative NAO-like pattern
locates over the North Atlantic during P1 in winter and early
spring (Fig. 5a—c). The associated surface wind fields show
a southwest wind anomalies in the NTA area in the first
period. This anomalous winds can reduce the climatology
trade winds and give rise to the positive SSTA shown in
Fig. 3b. While for P2 (Fig. Se—g), the circulation anomalies
are reversed and weaker over North Atlantic, with rather
weak northeast wind anomalies in winter and southwest
wind anomalies in spring. The 500 hPa height anomalies
(Fig. 6) over North Atlantic are very similar to the SLP,
indicating a quasi-barotropic structure.

To verify the WES mechanism, the latent heat flux anoma-
lies (Fig. 7) regressed onto the ND(— 1)J EMI index is pre-
sented for the two periods. Surface sensible heat and radiative
flux anomalies are much smaller than latent heat flux anoma-
lies, and thus they are not shown (consistent with Klein et al.
1999). As for P1 in boreal winter (Fig. 7a), there are positive
latent heat anomalies over the entire north part of the north
tropical Atlantic and negative anomalies over southwest part of
the north tropical Atlantic. As the anomalous southwest wind
enhanced and stretched further south in late winter (Fig. 4b),

-3 25 2

-15 -1 05 0 05 1 15 2 25 3

the negative latent heat anomalies are weakened and the posi-
tive anomalies are strengthened and expanded (Fig. 7b). Then
the heat anomalies decreased and vanished in the following
seasons (Fig. 7c, d). Thus, the positive latent heat anomalies in
the late winter and early spring, which indicates net heat trans-
ferred to the ocean, contribute to the generation of positive
SST anomalies over north tropical Atlantic in spring. While in
P2 (Fig. 7e-h), consistent with the weak circulation anomalies
(Fig. 4e-h), the latent heat flux anomalies are rather weaker
than that in P1.

To sum up, the key direct difference that impacts the change
of the relationship between the ND(— 1)J] EMI and MAM NTA
SST is a NAO-like teleconnection. In the following section,
we will investigate the possible mechanisms for the EMI/NAO
teleconnection to gain a better understanding of the underlying
physical process for the change of the relationship between the
EMI SST and NTA SST.
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Fig.5 Composite maps of

i (a) Com slp&wind_DJF 1963-1983

(e) Com slp&wind_DJF 1984-2004
90N

anomalous SLP (units: hPa;
shadings) and surface wind 6N 4
(units: m/s; vectors) for a DJF, ’
b JFM, ¢ FMA, d MAM during 30N 3
1963—-1983. e~h Same as a—d,

but for 1984-2004. The green
contours indicate the 95%
confidence level, based on the
Student’s t-test. The vectors less
than 0.2 m/s are omitted
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5 Discussion of plausible reasons
for interdecadal change in the EMI-NTA
SST relationship

Why does the connection between the winter CP ENSO
and the NTA spring SST differ in the two epochs? Based
on the above analysis, the key link between the CP ENSO
and the NTA SST is NAO anomaly which can cause sur-
face southwest wind anomalies in the NTA region. And the
results show that the EMI/NAO teleconnection is different
in the two periods with close relationship in P1 and weak
connection in P2. Different factors may play a role in this
distinction, such as the changes in the propagations of the
CP ENSO signal and the changes in location and intensity of
tropical heating. Moreover, the change in the first variabil-
ity mode of the atmospheric circulation over North Atlan-
tic (NAO) may also regulate the atmospheric response to
tropical Pacific heating. In this section, we first discuss the
changes in the pathways of the EMI/NAO teleconnection.
Then we explore the plausible factors for the interdecadal
change.

To do this we will investigate the EMI-related polar
vortex, subtropical westerly jet (STJ) and the wave activ-
ity flux. As mentioned in the Sect. 1, the CP El Nifio/NAO
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teleconnection could be explained by a “stratospheric
bridge” pathway as well as a “tropospheric bridge” pathway.
And as suggested by previous studies, the most prominent
extratropical atmosphere responses to the tropical heating
anomalies mainly take place in the mid to late winter (Huang
et al. 1998; Bronnimann et al. 2007), only the January—Feb-
ruary—March (JFM) atmosphere circulation anomalies will
be demonstrated in the following analysis.

5.1 The stratospheric pathway

Same as Graf and Zanchettin (2012), we use the 50 hPa
height anomalies to indicate the variations of the polar vor-
tex. Figure 8 shows the regressed geopotential height anoma-
lies at 50 hPa with respect to the ND(— 1)J EMI SST in JEM
for different periods. Previous research has documented that
the stratospheric polar vortex tends to be weak during El
Nifio events in boreal winter (e.g., Bronnimann et al. 2007).
In P1 (Fig. 8a), there are notable positive height anomalies in
the whole polar region corresponding to a CP El Nifio event,
indicating a weaker than normal stratospheric polar vortex,
consistent with previous studies. This weak polar vortex
condition favors the development of a negative NAO in the
surface over North Atlantic Ocean (see the SLP anomalies
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Fig.6 Composite maps of
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anomalous 500 hPa geopotential
height (units: m; shadings) for
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as a—d, but for 1984-2004.

The contours indicate the 95%

confidence level, based on the

120E 180
Student’s t-test

120W

120W 60w 0
(f) Com Z500_JFM 1984-2004

60W 0 120E 180

(b) Com Z500_JFM 1963-1983
90N —

90N

-—rd

180 120W
(¢) Com Z500_FMA 1963-1983
N = e e .

60W 0

120E 180

120W
(d) Com Z500_MAM 1963-1983
90N

120W 60W
(h) Com Z500_MAM 1984-2004
90N

60w 0 1205 180

120E 180

120W

60W 0 120E 0

P e S I I T | I —
-50 -40 -30 -20 -10 10 20 30 40 50

in Fig. 4a—d; Perlwitz and Graf 1995; Chen and Wei 2009).
Whereas in P2 (Fig. 8b), there is negative height anomalies
in the polar cap, elucidating a reverse connection between
CP El Nifio and stratospheric circulation anomalies, which
does not accord with previous work. The correlation coef-
ficient between EMI index and vortex index is —0.46 dur-
ing P1, significant at 95% confidence level. This indicates
that EMI SSTA can explain about 21% of vortex variance.
While for P2, the correlation coefficient is only — 0.07. This
certifies a closer connection between the EMI SSTA and the
polar vortex in the first period than the second.

To understand the propagation of CP El Nifio-related
wave trains, the wave activity flux and its divergence are
calculated (Fig. 9). In P1 (Fig. 9a), the divergent wave flux
originated from the upper tropospheric levels near 30°N
spreads poleward and propagates upward into the strato-
sphere at high latitudes. The convergence of the wave activ-
ity flux leads to a weakening of the zonal wind in the strato-
sphere through wave—mean flow interaction. Thus the polar
jet stream is decelerated and the polar vortex is weakened,
consistent with previous studies (e.g. Bronnimann et al.

2004; Manzini et al. 2006). In P2 (Fig. 9b), the wave activity
flux derived from the upper troposphere at middle latitudes
propagates horizontally to the north and refracts to the lower
troposphere with almost no signal spread to the stratosphere.
This contributes to the weak connection between the CP El
Nifio and the polar vortex.

5.2 The tropospheric pathway

Figure 10 presents the JFM 200 hPa zonal winds anoma-
lies regressed by the ND(—1)J EMI index in different peri-
ods. During P1, there are positive anomalies in the 200 hPa
zonal winds along latitude 30°N (Fig. 10a), indicating an
enhanced STJ which has a wide extension stretching from
North Pacific to North Atlantic. This is consistent with pre-
vious studies who suggested that the STJ is elongated and
strongly reinforced during CP El Nifios due to the diver-
gence of the meridional wave activity flux in the upper
troposphere (Graf and Zanchettin 2012; Feng et al. 2017).
This strengthened STJ could influence the propagation of
the Rossby wave originating from the tropical Pacific and
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Fig.7 Anomalies surface latent
heat flux (units: W/m?; shad-
ings) obtained by regression on
the normalized ND(— 1)] EMI
index for a DJF, b JFM, ¢ FMA,
d MAM during 1963-1983. e-h
Same as a—d, but for 1984—
2004. The dotted regions indi-
cate the 95% confidence level,
based on the Student’s t-test

Fig. 8 Northern Hemisphere
50 hPa geopotential height
anomalies (units: m) in JFM
obtained by regression on the
normalized ND(— 1)J EMI for
a 1963-1983 and b 1984-2004.
The dotted regions indicate the
90% confidence level, based on
the Student’s t-test

contribute to atmospheric anomalies by providing a zonal
waveguide. In that case, the wave ray trajectory could be
captured in the subtropical westerly jet and then propagate
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to the north tropical Atlantic area. To examine the propaga-
tion of the Rossby waves, the 200 hPa Rossby wave activity
flux is given in Fig. 11. During P1, two branches of the
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Fig.9 Vertical wave activity
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Fig. 10 Northern Hemisphere 200 hPa zonal wind (units: m/s) anom-
alies in JFM obtained by regression on the normalized ND(—1)J EMI
for a 1963-1983 and b 1984-2004. The dotted regions indicate the
95% confidence level, based on the Student’s t-test

Rossby wave activity flux originating from the North Pacific
are found (Fig. 11a, vectors). The main one is equatorward
which reflects at the latitudes where the zonal winds equal
zero and penetrates into the North Atlantic, contributing
to the negative geopotential height anomalies there in the
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Fig. 11 200 hPa horizontal wave activity flux (units: m? s7%; vectors)

and geopotential height (units: m; shadings) anomalies obtained by
regression onto the normalized ND(—1)J EMI for a 1963-1983 and
b 1984-2004. The dotted regions indicate the 95% confidence level,
based on 2the Student’s t-test. Vectors only depict the part exceeding
0.3m"s”

mid-latitudes of North Atlantic (Fig. 11a, shadings). This is
consistent with Jimenez-Esteve and Domeisen (2018) who
suggested that downstream propagation of wave activity is
increased to the North Atlantic during El Nifio conditions.
The other branch is northeastward with weaker strength and
similar to the PNA-like pattern but shifts further east. The
height anomalies at 200 hPa is similar to that in the sea
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surface level (Fig. 4a—d), with positive anomalies at high
latitudes and negative anomalies at mid-latitudes of Atlan-
tic, indicating a quasi-barotropic structure. While in P2
(Fig. 10b), the enhanced zonal wind at 200 hPa is limited
to the North Pacific, and the intensity is weaker compared
to that in P1. The propagation of the wave activity flux in
P2 (Fig. 11b, vectors) is quite different from that in P1. The
equatorward branch submerged with no transfer to the North
Atlantic region due to the weak and discrete zonal wind
anomalies at 200 hPa (Fig. 10b). The northeast one is very
weak and could not reach the Atlantic region, corresponding
to the weak geopotential height anomalies in North Atlantic
(Fig. 11b, shadings).

Based on the above analysis we can conclude that, in
P1 the CP El Nifio can enhance the STJ through the diver-
gence of the meridional component of the Rossby wave flux,
and the enhanced STJ could behave as a zonal waveguide
in which the northward Rossby wave is trapped and finally
propagate to the Atlantic area. However in P2, the STJ is
slightly enhanced and confined to the North Pacific, thus
the Rossby wave activity flux could not reach the Atlantic
region.

Therefore, there are two possible pathways that the
ND(— 1)J EMI SST can induce a NAO anomaly pattern in
boreal winter over North Atlantic and finally cause SST
anomalies in the north tropical Atlantic in MAM during
P1. One is a stratospheric teleconnection, the weaker polar
vortex during a CP El Nifio event is favorable for a nega-
tive NAO to develop. Another is a tropospheric way, the
enhanced subtropical jet spreading from the Pacific Ocean to
the Atlantic Ocean could provide a zonal waveguide so the
Rossby wave flux originated from the Pacific could propa-
gate eastward to the North Atlantic and cause anomalous
height anomalies there. The NAO anomaly circulation will
then affect NTA SST in the following spring by affecting
the strength of the trade winds. However, the CP ENSO/
NAO teleconnection is interrupted in P2, and there is no SST
anomalies appear in spring in north tropical Atlantic. In the
following section we will give a discussion on the possible
factors that may impact the interdecadal change in the EMI-
NTA SST relationship.

5.3 The possible factors that influence
the propagation of the El Nifo signal

Jimenez-Esteve and Domeisen (2018) suggested that the
El Nifio/NAO connection is modulated by the strength of
the polar vortex by a composite analysis. They investigated
the polar vortex impacts by dividing the El Nifio events
into strong, weak and neutral polar vortex winters. And
they found that when the polar vortex is weak, the negative
NAO is clear and significant in El Nifio winters. This is
because the weak polar vortex conditions favor the upward
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propagation of the Rossby wave train into the stratosphere
(Charney and Drazin 1961; Garcia-Herrera et al. 2006) and
the convergence of the wave activity flux further weakens
the polar vortex by reducing the polar jet, resulting in a good
connection between the El Nifio and the stratosphere. How-
ever, when the polar vortex is strong, the El Nifio-related
Rossby wave can hardly propagate to the stratosphere and
polar vortex remains strong.

Here we investigate the change of the stratosphere state
by using a polar vortex index. The JFM polar vortex has
increased after the middle 1980s (Fig. 12), consistent with
previous studies (Wei et al. 2015). Therefore, according to
Jimenez-Esteve and Domeisen’s results, the strong polar
vortex in P2 can prevent the El Nifio-related Rossby wave
from propagating to the stratosphere (as shown in Fig. 9b).
The polar vortex index is defined by the zonal-mean wind at
60°N at 30 hPa (Wei et al. 2015).

6 Summary and discussion

In this study, we have investigated the interdecadal change
of the relationship between the winter equatorial central
Pacific SST and the following NTA spring SST. The results
show that the NTA spring SST has a close connection with
the preceding equatorial central Pacific SST before the mid-
1980s. However, the connection between the CP SST and
NTA SST is weak after the mid-1980s.

Consistent changes are disclosed in the winter-to-spring
circulation anomaly over North Atlantic in the decaying
phase of CP El Nifio. In 1963-1983, there is a pronounced
negative NAO pattern developed from the preceding winter
and continued to the following early spring over the North
Atlantic. This EMI-related circulation anomaly weakens
the climatic northeast trades wind in the subtropical North
Atlantic and cause anomalous southwest winds which in turn
reduce the ocean evaporation and decrease the latent heat
loss. As a result, positive NTA SST anomalies take place
and peak in spring. In 1984-2004, there is negative anoma-
lies over high latitudes of North Atlantic and no notable

3.0
2.0
1.0
0.0
-1.0
-2.0
B0 T T
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Fig. 12 The time series of the polar vortex index (red line) and EMI
index (green line) for 1959-2016. The blue dashed line indicates the
11-year running average of polar vortex index
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anomalies over middle latitudes. The wind and the latent
heat flux anomalies are rather weak in north tropical Atlan-
tic. This indicates a weak connection between CP El Nifio
and the NAO pattern.

One factor contributed to the contrasting connection
between the CP ENSO and NAO circulation before and
after mid-1980s is the change in the relation between the CP
ENSO and the anomalous polar vortex. In 1963—-1983, the
CP El Nifio-related polar vortex is weakened in the late win-
ter. This is favorable for the development of a negative NAO
anomaly. In 1984-2004, the CP El Nifio-related polar vor-
tex is enhanced. The change of the connection between the
CP ENSO and the polar vortex may relate to the enhanced
polar vortex after the mid-1980s. The enhanced polar vortex
prevents the wave flux from propagating to the stratospheric
levels.

Another cause for the change of the relationship between
the CP ENSO and NAO circulation is the anomalous STJ.
Before mid-1980s, the CP El Nifio-related STJ reinforced
and lengthened. It provides a zonal waveguide for the tran-
sient wave to spread to the downstream. This will finally
give rise to the formation of a NAO anomaly. However in
1984-2004, the STJ is confined to the North Pacific and the
wave train could not reach the North Atlantic area. Besides,
previous studies (Butler et al. 2014; Jimenez-Esteve and
Domeisen 2018) suggested that the strength of polar vortex
play a key role in the propagation of the El Nifio signs. They
argued that the eastward propagation will decrease when the
polar vortex is strong. As we mentioned above, the polar
vortex is weak before mid-1980s and enhanced afterward.
Thus the strengthening of the polar vortex strength after
the mid-1980s may disrupt the propagation of the El Nifio-
related wave trains through the tropospheric pathway.

In the current study, we discovered that the CP ENSO
can influence the NTA spring SST anomalies through induc-
ing a NAO anomaly, indicating a potential predictability of
spring NTA by tropical central Pacific SST. However, this
connection may vary with time periods according to the state
of the polar vortex. Therefore, the phase of the polar vortex
should be taken into account in the ENSO based prediction
of NTA spring SST. And as the ENSO-NTA SST connection
changes, the NTA SST-related climate anomalies over sur-
rounding areas may vary among different periods.

As mentioned in the Sect. 1, some studies argued that the
NTA warming caused by El Nifio events can be partially
explained via the tropical-wide TT mechanism (e.g., Chi-
ang and Sobel 2002) and the Walker circulation (e.g., Wang
2005). We inspect these two mechanisms by conducting
regression analyses of some variables (e.g., TT, total cloud
cover and vertical circulation) with respect to the EMI index
(not shown). The results show that though the tropospheric
warming can transport to the downstream to the Atlantic area
in period one (while in the second period the tropospheric

warming is confined to the tropical Pacific), it could not be
the main factor for the SST warming in NTA due to the small
radiative forcing compared to the latent heat flux anomalies
caused by surface wind anomalies. The vertical circulation
anomalies demonstrate that the descending motions in the
tropical Atlantic have almost the same strength in the two
echoes. Therefore it suggests that these factors may not be
the main reasons for the interdecadal change between NTA
SST and EMI SST.

In fact, the SST variability in the NTA region is quite
complicated. Previous studies have addressed that the
NTA SST variability is related to ENSO and extratropical
atmospheric disturbance, such as the NAO (e.g., Huang
and Shukla 2005; Marshall et al. 2001). And the NTA SST
variability can interact with the NAO which also has inter-
decadal changes (Chen et al. 2015). More work is needed
to understand the separate roles of ENSO and atmospheric
perturbation in the development of the NTA SST anomalies.
Another issue to be addressed for future study is the rela-
tive contribution of the two pathways through which the CP
ENSO could cause a NAO anomaly. Furthermore, it would
also be interesting to analyze either the CMIPS simula-
tions or sensitivity experiments to verify the conclusions
presented here. We’ve done some simple analysis on the
CMIPS simulations and the results show that a few models
could simulate the influence of CP ENSO on the NTA SST.
But the CMIPS5 simulations show weak skill in simulating
the interdecadal change between the two series. The possi-
ble mechanism for the different simulation abilities among
models and the weak skill in simulating the interdecadal
shift will be investigated in the future.
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