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Abstract: The impact of El Nifio-Southern Oscillation (ENSO) on the North Atlantic Oscillation
(NAO) has been controversially discussed for several decades, which exhibits prominent seasonality
and nonstationarity. During early winter, there appears a positive ENSO-NAO relationship, while this
relationship reverses its sign in late winter. Here, we show that this subseasonal variation in the ENSO-
NAO relationship could be attributed to the different mechanisms involved in early and late winters.
In early winter, the positive linkage between the ENSO and NAO could be simply understood as
resulting from the changes in tropical Walker circulation and the associated atmospheric meridional
circulation over the North Atlantic. In the following late winter, an opposite NAO-like response
appears as the large-scale Pacific-North Atlantic teleconnection pattern fully establishes and evident
sea surface temperature anomalies occur over the North Tropical Atlantic (NTA). We further show
that the phase shift in NAO during ENSO late winter is largely contributed by the establishment of
the ENSO-associated NTA SST anomaly via its excited convection in the subtropical Atlantic. The
competing roles of mechanisms explain the subseasonal variation in the ENSO-NAO relationship
from early to late winter, providing useful information for seasonal prediction over the North
Atlantic-European region.
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1. Introduction

The North Atlantic Oscillation (NAO), a prominent atmospheric circulation pattern,
characterizes a large-scale seesaw of atmosphere mass between the Azores High and
the Icelandic Low, which exerts significant climate impacts over the North Atlantic and
European sectors [1-4]. Due to large internal mid-latitude atmospheric variability, the
skillful prediction of the NAO on seasonal to interannual timescales has been a challenging
issue for the climate community [5-8]. As the primary predictability source of the global
climate system, the El Nifio-Southern Oscillation (ENSO) is suggested to have the capacity
in providing the potential seasonal predictability of NAO and, therefore, the associated
climate variability in North America and Europe [6,7]. The co-variability of the tropical
Pacific signals and the climate anomalies in the extratropical North Atlantic region was
first noticed by Sir Gilbert Walker in the 1920s and 1930s [9-11]. The Southern Oscillation
in boreal winter is found to be accompanied by the meridional alteration in atmospheric
mass over the North Atlantic.

Around half a century later, systematic research started on the relationship between
ENSO and NAO and the possible mechanisms involved [12-14]. While the ENSO im-
pacts on the climate variabilities over the North Pacific-American sector are well estab-
lished [15-18], its influence over the North Atlantic and European sector is still under
debate [19-23]. During boreal winter, the ENSO signal can be clearly detected over the
North Pacific and North American region via the stationary atmospheric Rossby waves,
which is referred to as Pacific-North America (PNA) teleconnection [15,24]. The PNA
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teleconnection extends downstream and reaches the North Atlantic and leads to changes in
the local quasi-stationary wave pattern, which could project on the NAO pattern [13,25,26].
Nevertheless, the atmospheric anomalies associated with the ENSO-induced PNA tele-
connection over the North Atlantic are usually shifted eastward in comparison with the
classical NAO pattern [21]. Additionally, one recent study argued that no dynamical linkage
can be found between the NAO and ENSO-related atmospheric anomalies over the North
Atlantic [27]. An alternative mechanism that could account for the ENSO-NAO relationship
is that ENSO-related SST anomalies in the Northern Tropical Atlantic (NTA) alter the North
Atlantic atmospheric circulation and act as a mediator to connect the ENSO and NAO
during winter [28-34]. Prominent SST warming (cooling) is usually observed to lag the
Pacific warming (cooling) by a few months [18,35-38], which is conducive to a negative
(positive) NAO-like pattern locally [28,29,32-34]. Moreover, stratospheric processes, such
as sudden stratospheric warming, have also been proposed to play a part in linking climate
variabilities in the tropical Pacific and North Atlantic basins [39-43].

Despite the fact that several mechanisms have been proposed, little consensus has
yet been reached on whether a robust ENSO signal can be detected in the North Atlantic—
European climate and which physical process is essential for the observed ENSO-NAO
linkage. Some studies show that no prominent ENSO signals could be detected over the
North Atlantic and adjacent continental European regions [44,45]; however, some other
studies suggest that clear climate response to ENSO could be identified in the temperature
and precipitation fields [21,40,46,47]. The following studies show that these seemingly
contradictory conclusions result from the fact that the ENSO impacts over the North Atlantic
regions are associated with highly nonlinear dynamics, which lead to the large uncertainty
in the observed relationship between ENSO and NAO [20,21,48]. The ambiguity has also
been suggested to be associated with the strong seasonal dependence of the ENSO-NAO
relationship [21,43,49]. During early winter, the El Nifio events are usually accompanied by
a positive NAO response, and La Nifia events are usually accompanied by a negative NAO
response. In contrast, approximately opposite atmospheric responses could be detected
over the North Atlantic sector in the following late winter. The negative relationship
between the ENSO and NAO in late winter has been more extensively studied in previous
studies, which has been suggested to be related to the delayed stratospheric response to
ENSO [40,41,43]. Other studies emphasized the role of the North Atlantic SST variability in
the negative ENSO-NAO relationship during late winter [32,34]. So far, the mechanisms
underlying the subseasonal variation in the NAO response to ENSO are not clear, which
brings considerable difficulties to the seasonal prediction of the NAO and associated
climate impacts.

In this study, we demonstrate that the subseasonal variation in the relationship be-
tween the ENSO and NAO is closely linked with the constructive or destructive roles of
different mechanisms and emphasize the physical process that is dominated in early and
late winters, respectively. During El Nifio in early winter, the positive NAO response could
be understood as the result of changes in the tropical general circulations. In the following
late winter, the appearance of warm NTA SST anomalies and the full establishment of PNA
teleconnection are both in favor of a negative NAO pattern. Additionally, the anomalous
NTA SST is the key factor in the subseasonal phase shift in NAO response to ENSO. Similar
mechanisms are also at work during La Nifia. The rest of the paper is organized as follows:
In Section 2, we show the datasets and methods used in this research. Section 3 presents the
observed subseasonal variation in the ENSO-NAO relationship and addresses the possible
mechanisms responsible for different NAO responses in early and late winters. Discussions
are presented in Section 4, and the conclusion is given in Section 5.

2. Materials and Methods

The monthly SST dataset used in this study is the global sea ice and SST analysis
from the Met Office Hadley Centre (HadISST) [50]. The atmospheric circulation, including
sea level pressure (SLP) and geopotential height at 500 hPa, were examined based on the
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National Center for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) reanalysis-1 data [51]. The ENSO-related precipitation was investigated
using the National Oceanic and Atmospheric Administration’s monthly precipitation
reconstruction data [52]. The NAO index is based on the normalized SLP of Iceland
and Portugal [53]. The PNA index was taken from the Climate Prediction Center (CPC)
website. Anomalies for all the variables were measured as the deviation from the monthly
climatology in the study period (1960-2020), and all these fields were linearly detrended
to exclude potential impacts from global warming. All statistical significance tests were
performed using the two-tailed Student’s f-test. The bootstrap resampling method was
used for statistical inference by randomly selecting data with replacements 1000 times from
the original data and calculating the average at each time [54]. The statistical significance
for the bootstrap ensemble mean of the average in each realization was inferred from the
bootstrap probability [55]. For example, the bootstrap ensemble mean is significant at the
95% confidence level when 95% of the bootstrap samples are larger/smaller than zero.

According to the definition of the CPC (see https://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONIL_v5.php, accessed on 8 January 2023), ENSO events are
defined based on a threshold of +0.5 °C of the 3-month running mean Nifi03.4 index (SST
anomaly averaged in the region of 5° 5-5° N, 120°-170° W) for 5 consecutive months. A
total of 21 El Nifio events (1963, 1965, 1968, 1969, 1972, 1976, 1977, 1979, 1982, 1986, 1987,
1991, 1994, 1997, 2002, 2004, 2006, 2009, 2014, 2015, and 2018) and 21 La Nifa events (1964,
1970, 1971, 1973, 1974, 1975, 1983, 1984, 1985, 1988, 1995, 1998, 1999, 2000, 2005, 2007, 2008,
2010, 2011, 2016, and 2017) were identified. The NTA SST index was defined as the SST
anomaly averaged in the region of 0°-20° N, 0°-75° W. We defined the standardized SLP
difference between the regions of the equatorial eastern Pacific (5° 5-5° N, 80° W-180°)
and the equatorial Atlantic (5° S-5° N, 80° W-20° E) as the Walker index in this study
to focus on the overturning circulation over the Pacific and Atlantic region. The winter
was separated into early (November-December) and late (January-February) periods to
investigate the subseasonal variation in the ENSO-NAO relationship.

3. Results
3.1. Subseasonal Variation in the ENSO-NAO Relationship

During the positive phase of NAO, the meridional gradient of atmospheric pressure is
strengthened due to the enhanced Icelandic Low and Azores High between the polar and
subtropical North Atlantic regions (Figure 1a—d). Most previous studies about the ENSO-
NAOQ relationship focused on the boreal winter season when the ENSO reaches the mature
phase and the local air-sea interaction over the North Atlantic is mostly active. However,
ENSO impacts on the NAO exhibit a distinctive difference in early and late winters with a
prominent subseasonal phase shift in NAO (Figure 1e-h). During November—December
of El Nifo years, there appear positive SLP anomalies over the subtropical Atlantic and
negative SLP anomalies near Iceland, resembling a positive NAO-related atmospheric
pattern (Figure le,f). In the following January to February, the anomalous atmospheric
pattern exhibits a contrasting feature over the North Atlantic when the ENSO-related
Aleutian Low is enhanced (Figure 1g,h). An NAO-like atmospheric pattern of the opposite
polarity emerges with the spatial correlation between ENSO-related atmospheric pattern
and the classical NAO pattern being —0.86 and —0.85 in January and February, respectively.
Besides more similarity between the ENSO-related pattern and the classical NAO pattern
compared to the early winter, it has also been noted that the active center of the ENSO-
related atmospheric response over the North Atlantic in late winter shows an obvious
displacement from the east to the west.

To qualitatively measure the subseasonal shift in the ENSO-NAO relationship, we
used the commonly adopted NAO index to examine the monthly evolution based on
the difference between composite El Nifio and La Nifia during winter (Figure 2). In El
Nifio during early winter, the NAO is usually in its positive phase with the strengthened
meridional gradient of atmospheric pressure over the North Atlantic. Additionally, in
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(a) NAO (Nov)
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La Nifia during early winter, there usually appears a negative NAO-like pattern with a
weakened meridional pressure gradient over the North Atlantic. The NAO of the opposite
sign could be observed in later winter. The differences between the NAO index of El Nifio
and La Nifa are significant at the 95% significance level in November and January, while
large uncertainty exists for other months.

(b) NAO (Dec) (c) NAO (Jan) (d) NAO (Feb)
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120W |-

(9) ENSO (Jan) (R=-0.86) (h) ENSO (Feb) (R=-0.85)
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Figure 1. SLP anomalies (hPa) in (a) November, (b) December, (c) January, and (d) February regressed
upon the simultaneous standardized NAO index. (e-h) Similar to (a—d) but for SLP anomalies
regressed on the Nifio3.4 index. Large (small) dots indicate regression coefficients that are statistically
significant at the 95% (90%) confidence level. The green box indicates the North Atlantic region
(20°-90° N, 0°-80° W). The pattern correlation is displayed in (e-h), which is calculated based on the
NAO-related SLP anomalies and ENSO-related anomalies over the North Atlantic region for each
month, respectively.

NAQ index (EI Nino minus La Nina)

Early winter : . Late winter
15 : r - T
Oct(0) Nov(0) Dec(0) Jan(1) Feb(1) Mar(1)

Figure 2. Monthly evolution of the difference of NAO index between composite El Nifio and La
Nifia from October (0) to March (1). Numerals “0” and “1” denote the years in which ENSO events
develop and decay, respectively. Solid circles indicate the composite values that are significant at the
95% confidence level. The orange and blue shadings indicate the early and late winter, respectively.
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We further used the bootstrap sampling with replacements to generate 1000 realiza-
tions of the observed NAO responses during the early and late winters of El Nifio and La
Nifia events, respectively, and show the histograms of the bootstrap samples (Figure 3).
The difference in the bootstrapping NAO index in ENSO early and late winter is consistent
with the subseasonal phase shift in NAO responses to ENSO, as depicted in Figures 1 and 2.
During the El Nifio early winter, the bootstrap ensemble mean NAO index is 0.42 (statisti-
cally significant at the 95% confidence level), while the ensemble mean NAO index is —0.25
(non-statistically significant at the 95% confidence level) during the following later winter.
For La Nifa events, the ensemble mean NAO index is —0.29 (non-statistically significant
at the 95% confidence level) in early winter and 0.64 (statistically significant at the 95%
confidence level) in the late winter. The insignificant values in El Nifio late winter and La
Nifia early winter hint at some asymmetry in the impacts of ENSO on the NAO during
both early and late winter.

(a) El Nino early winter (b) La Nina early winter

L] L]
Mean= 0.42 " e Mean=-0.25
250 — 200 — —
200 — 160 — Bl
150 — M 120 —
100 — 80 —
50 — 40 —
D’/ B |—||_| |_||—|
0 T T 1 1 T T 0 1 1 1 T T
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NAO index NAO index
(c) El Nino late winter (d) La Nina late winter
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Figure 3. Histograms of the averaged NAO index after 1000 bootstrap resampling during (a) El
Nifio early winter, (b) La Nifa early winter, (c) El Nifio late winter, and (d) La Nifia late winter.
The bootstrap ensemble mean is displayed for each case with the asterisk denoting the value that is
statistically significant at the 95% confidence level (also indicated by the dotted red line).



Climate 2023, 11, 47 60f 14

3.2. Possible Mechanisms Responsible for Different NAO Responses in Early and Late Winters

We next investigate the possible physical mechanisms responsible for the NAO phase
shift during early and late winters of ENSO years. Figure 4 shows anomalous SST, precipita-
tion, SLP, and geopotential height at 500 hPa regressed on the simultaneous Nifio3.4 index
in early and late winters. During El Nifio in early winter, the tropical Pacific SST anomalies
feature a horse-shoe pattern with warm SST anomalies in the central to eastern equatorial
Pacific and cold SST anomalies in the western Pacific (Figure 4a). Correspondingly, the
precipitation anomalies exhibit a dipolar structure, featuring a positive lobe in the central
equatorial Pacific and a negative lobe in the western North Pacific (Figure 4c). While the
SST anomaly pattern during late winter is quite similar to that during early winter in the
tropical Pacific, the precipitation anomalies are obviously enhanced in the central Pacific
(Figure 4b,d), which could result from the nonlinear interaction between the ENSO and
warm pool SST annual cycle [56-59].

(a) Early wmter SST and SLP (b) Late winter SST and SLP

90N

60N o ____.

308

120E 150E 180 150W 120W L 60W 30w 0 120E 150E 180 150W 120W 90w 60W 30w 0
-2.1 -1.5 -0.9 -0.3 0.3 0.9 1.5 2.1 -2.1 -1.5 -0.9 -0.3 0.3 0.9 1.5 21

90N

(c) Early winter Precip and Hgt500 (d) Late winter Precip and Hgt500

§ .
60N = 60N =

30N =

308

120E 120E 150E 180 150W 120W 90W 60W 30W
-0.3 0.3 0.9 15 2.1 -24 -1.5 -0.9 -0.3 0.3 0.9 15 21

Figure 4. Anomalous SST (shading: °C) and SLP (contour: hPa) anomalies in (a) early winter
and (b) late winter regressed upon the standardized simultaneous Nifio3.4 index. Anomalous
precipitation (Precip for short; shading, mm/day) and geopotential height at 500 hPa (Hgt500 for
short; contour, m) in (c) early winter and (d) late winter regressed upon the standardized simultaneous
Nifio3.4 index. Solid lines indicate the positive values and dashed lines indicate the negative values
of SLP in (a,b) and Hgt500 in (c,d). The contour interval is 0.3 hPa in (a,b) and 0.3 m in (c,d).

Accompanied by the enhancement in the tropical Pacific precipitation anomalies,
the atmospheric anomalies of the Aleutian Low are evidently enhanced in late winter
(Figure 4b,d). Correspondingly, the two downstream centers of the PNA teleconnection
pattern are clearly established over North America. These two downstream centers extend
from North America to the central North Atlantic ocean with a southwest-to-northeast tilt,
resembling the negative NAO pattern. In contrast, the atmospheric response in the Aleutian
Low is weak, and the PNA teleconnection pattern is not fully established in the early winter
of ENSO years (Figure 4a,c). In early winter, a prominent atmospheric response can be
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observed over the North Atlantic with a negative center near 50° N and a positive center
near 30° N, zonally elongating from the central North Atlantic Ocean to Western Europe.
Compared with early winter, the action center of ENSO-related atmospheric response over
the North Atlantic is displaced northwestward in late winter.

One open question to be answered is which mechanism drives the positive ENSO-
NAO relationship in early winter. As suggested by a previous study [60], the tropical Walker
circulation and the North Atlantic meridional circulation can act as a mediator to link the
ENSO and climate variability over the North Atlantic region. Figure 5 shows changes in
the tropical Walker circulation and North Atlantic meridional circulation associated with
ENSO in early and late winters, respectively. During El Nifio early winter, the tropical
Walker circulation is weakened with an anomalous ascending branch over the central
and eastern Pacific and an anomalous descending branch over the Atlantic (Figure 5a).
Concomitantly, the meridional circulation over the North Atlantic can be observed to be
significantly altered, showing anomalous air subsidence over the tropical Atlantic and
anomalous air ascending at 40°-70° N of the North Atlantic (Figure 5c). As a result, the
positive NAO pattern emerges along with the enhancement in both the Azores High and
Icelandic Low.

(a) Early winter Walker circulation (b) Late winter Walker circulation
NN — e e —> o
4 5
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(c) Early winter meridional circulation (d) Late winter meridional circulation
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Figure 5. Zonal wind and vertical velocity (omega) anomalies (vector; m/s for zonal wind and Pa/s
for omega) averaged meridionally over 5° S-5° N in (a) early and (b) late winter regressed upon
the simultaneous Nifio3.4 index. Meridional wind and vertical velocity anomalies (vector; m/s for
meridional wind and Pa/s for omega) averaged zonally over 0°-50° W in (c) early and (d) late winter
regressed upon the simultaneous Nifi03.4 index. Omega anomalies are multiplied by a factor of —400
in (a,b) and —800 in (c,d) for display and are also shown in shading.

During the following late winter, the anomalous tropical Walker circulation exhibits a
similar pattern as that of early winter with an increase in amplitude, in particular over the
tropical Atlantic (Figure 5b). However, there appears a very different structure of anoma-
lous meridional circulation over the North Atlantic (Figure 5d). A prominent ascending
during late winter can be observed near the region of 20°-40° N, which is of the opposite
sign with respect to that during early winter. Accordingly, most regions of the subpolar
North Atlantic experience the anomalous subsidence. The atmospheric response over the
North Atlantic resembles the negative NAO-like pattern during El Nifio in late winter. The
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distinctive meridional circulation anomalies in late winter could be related to the enhanced
precipitation near 30° N in the North Atlantic. These precipitation anomalies seem to
be excited by the NTA SST warming (Figure 4b). The important role of the NTA SST in
impacting the atmospheric circulation over the North Atlantic has been shown in previous
studies, as shown in the introduction. The warm NTA SST anomalies could generate nega-
tive NAO-like anomalies based on observational analyses and also numerical modeling
experiments. El Nifio events are usually accompanied by significant SST warming over the
NTA via the tropical and extratropical pathways [61]. The NTA SST response is found to
lag the ENSO mature phase by about a few months, possibly due to the local adjustment
timescale [18,62]. As shown in Figure 4a,b, the warm NTA SST anomalies during El Nifio
events are evidently strengthened in late winter compared to early winter, which leads
to enhanced precipitation over the subtropical Atlantic and acts to explain the distinct
meridional circulation structure in late winter. A similar mechanism operates during La
Nifia late winter.

The respective role of the above-mentioned processes in contributing to the ENSO-
NAO linkage is further shown in Figure 6, in which the monthly SLP anomalies are
regressed upon the simultaneous Walker index, PNA index, and NTA index. As shown
in Figure 6a, the Walker circulation change in the tropics is linked to the alteration in
local meridional circulation over the North Atlantic. Accompanied by the strengthening
(weakening) of the tropical Walker circulation, there appears a weakened (strengthened)
meridional gradient of atmospheric pressure over the North Atlantic, resembling the
negative (positive) NAO pattern. During El Nifio years, the Walker circulation is weakened
throughout the winter season (Figure 7), which tends to favor a positive NAO-like pattern
of atmospheric pressure over the North Atlantic. Due to the role of the Walker circulation
change, a positive ENSO-NAO relationship can be observed in early winter. However, the
opposite relationship between ENSO and NAO emerges in the following late winter, as the
PNA fully establishes, and the NTA SST warms up. It seems that the Walker circulation
anomalies play a minor role in modulating the atmospheric circulation over the North
Atlantic during the late winter of ENSO years. As shown in Figure 6b, the PNA-related
atmospheric pattern displays positive anomalies near Greenland and negative anomalies
along the eastern coast of North America. The enhancement in PNA during late winter
could contribute to the westward displacement of the NAO-related action center. This
existence of the linkage between the PNA and NAO has been discussed in many studies;
however, the local manifestation of PNA teleconnection can only explain the western
edge of the NAO, which might suggest an absence of dynamical linkage between these
two phenomena [27].

(a) Walker index (R=-0.31) (b) PNA index (R=-0.66) (c) NTA index (R=-0.95)
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Figure 6. Monthly SLP anomalies (hPa) regressed upon the simultaneous (a) Walker index, (b) PNA
index, and (c) NTA index. Dots indicate regression coefficients that are statistically significant at the
95% confidence level. The green box indicates the North Atlantic region (20°-90° N, 0°-80° W).
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Figure 7. Monthly evolution of difference of the standardized Walker index (green line), PNA index
(orange line), and NTA index (red line) between composite El Nifio and La Nifa.

Figure 6¢ shows the SLP anomalies regressed on the NTA SST index. The warm NTA
SST anomalies tend to be accompanied by weakened Azores High and Icelandic Low,
which closely resemble the classical NAO pattern (their spatial correlation being —0.96).
During El Nifio in late winter, the NTA SST significantly warms (Figure 7) and alters the
local atmospheric pattern, which leads to the prominent negative ENSO-NAO relationship.
We further examined the role of NTA SST on the NAO phase during ENSO late winter by
categorizing the ENSO events into four groups based on late winter NTA SST conditions
that are El Nifio with a positive NTA index, El Nifio with a negative NTA index, La Nifia
with a positive NTA index, and La Nifia with a negative NTA index (Table 1). The El
Nifio events with warm NTA SST anomalies show a significant negative NAO pattern
(Figure 8a), while the El Nifio events with cold NTA SST anomalies exhibit no significant
NAO-related atmospheric anomaly pattern (Figure 8b). Similarly, the La Nifia events with
opposite-signed NTA SST anomalies are characterized by a distinct atmospheric response
over the North Atlantic. The La Nifia events with negative NTA SST anomalies correspond
to a positive NAO pattern. However, the La Nifia events with warm NTA SST anomalies
are accompanied by a weakened meridional gradient of atmospheric pressure, with the
centers being shifted eastward relative to the conventional NAO pattern. Therefore, the
negative ENSO-NAO relationship can be detected considering that most ENSO years are
concurrent with the same-signed NTA SST anomalies. The above results again support that
the winter NTA SST variability during ENSO years plays an important role in leading to
a remarkable shift in the North Atlantic atmospheric pattern towards an opposite NAO
response in late winter compared to that in early winter.

Table 1. El Nifio and La Nina years are classified according to late winter NTA SST anomalies.

Categories Year

1963, 1965, 1968, 1969, 1977, 1979, 1987, 1997,
2002, 2004, 2006, 2009, 2015

El Nifio with positive NTA anomalies

El Nifio with negative NTA anomalies

1972,1976, 1982, 1986, 1991, 1994, 2014, 2018

La Nifia with positive NTA anomalies

1970, 1995, 2005, 2010, 2016

La Nifia with negative NTA anomalies

1964, 1971, 1973, 1974, 1975, 1983, 1984, 1985,
1988, 1998, 1999, 2000, 2007, 2008, 2011, 2017
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Figure 8. Composite SLP anomalies (hPa) for (a) El Nifio events concurrent with positive NTA SST
anomalies; (b) El Nifio events concurrent with negative NTA SST anomalies; (c) La Nifa events
concurrent with negative NTA SST anomalies; and (d) La Nifia events concurrent with positive NTA
SST anomalies. Large (small) dots indicate regression coefficients that are statistically significant
at the 95% (90%) confidence level. The green box indicates the North Atlantic region (20°-90° N,
0°-80° W).

4. Discussion

Despite the fact that a feasible explanation for the subseasonal variation in the rela-
tionship between the ENSO and NAO during winter is provided here, we are still left with
considerable levels of uncertainty regarding the impacts of ENSO on NAO in addition to
the fact that there is large atmospheric internal variability in the mid-high latitudes [63].
On the one hand, this uncertainty is granted considering that ENSO itself is highly compli-
cated with large inter-event variability in the zonal location and intensity of its associated
tropical convection [22,64,65]. On the other hand, the constructive/destructive interference
of competing mechanisms operating during different stages of ENSO events could also
contribute to the large uncertainty.

At this stage, we cannot determine whether the observed NAO responses to ENSO are
simply the superposition of atmospheric patterns associated with different mechanisms or
nonlinear interactions between different physical processes are at play. However, even from
a linear perspective, the uncertainty of the ENSO-NAO relationship could be partly ex-
plained by the time-evolving characteristics of the processes involved. For example, while
no significant NTA SST response to ENSO can be detected in early winter, significant posi-
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tive SST responses appear over the NTA in late winter but with relatively large inter-event
variability. We demonstrate that the inter-event difference in NTA SST anomalies during
different ENSO events could account for, at least, part of the uncertainty of the ENSO-NAO
relationship. Additionally, as noted in a recent study, the ENSO-related precipitation in the
Indian Ocean could contribute to the inter-event difference in NAO response during ENSO
early winter [66]. Moreover, several studies have argued that stratospheric processes could
connect the climate variability between the Pacific and Atlantic basins [43,67]. While the
active role of the stratospheric pathway is also emphasized in the ENSO-NAOQ relationship
in late winter, the nonlinearity in the stratospheric response to ENSO largely limits the
predictability of the related processes [23,43]. The potential effect of stratospheric processes
on the subseasonal variation in the ENSO-NAO relationship is not addressed in this study,
which deserves further attention.

5. Conclusions

The present work investigated the different ENSO impacts on the NAO during early
and late winter and the possible roles of various mechanisms. Our observational analyses
support the finding of the subseasonal variation in the ENSO-NAO linkage and identify
the crucial physical processes responsible for the phase shift in NAO during ENSO early
and late winters. During El Nifio early winter, the North Atlantic experiences a positive
NAO-like pattern of atmospheric pressure due to the weakening of the tropical Walker
circulation and the associated alteration in the meridional circulation over the North
Atlantic. However, the North Atlantic is dominated by a negative NAO-like atmospheric
response over the North Atlantic during El Nifio late winter. The phase shift in the NAO
response to ENSO is closely related to the ENSO-induced NTA SST anomalies in late winter.
During El Nifio late winter, there appears obvious SST warming over the NTA, which
can excite the local convection and thus, generate a negative NAO response. Moreover,
the full establishment of the PNA teleconnection in late winter could also make some
contribution to the simultaneous negative ENSO-NAO relationship. The strongly enhanced
positive PNA teleconnection could partially account for the negative NAO response during
El Nifio late winter, but its effect is confined to the western edge of the NAO. Similar
mechanisms work during La Nifia. The understanding of different mechanisms for the
subseasonal variation in the ENSO-NAO relationship from early to late winter provides
useful information for seasonal prediction over the North Atlantic-European region.
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