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Abstract

Previous studies indicated that the wintertime North Pacific Oscillation (NPO) could exert marked impacts on the following
winter El Nifio-Southern Oscillation (ENSO) via the seasonal footprinting mechanism (SFM). Here, we examine this winter
NPO-ENSO relationship in a 50-member ensemble of historical simulations conducted with the Canadian Centre for Climate
Modeling and Analysis second generation Canadian Earth System Model (CanESM2) over the period of 1950-2005. The
observed NPO pattern, featured by a meridional dipole atmospheric anomaly over the North Pacific, can be well reproduced
by all of the 50 ensemble members. The multi-member ensemble (MME) mean can well simulate the observed NPO-ENSO
relationship, as well as the SFM process. However, there exists a large spread of the results among the 50 members due to
internal climate variability. Internal climate variability influences the winter NPO-ENSO relationship through modulating
the subtropical center of the NPO. Specifically, the ensemble members with high NPO-ENSO correlations tend to have
strong atmospheric anomalies over the subtropical North Pacific in winter. The atmospheric circulation anomaly brings
strong sea surface temperature and precipitation anomalies in the tropical central Pacific and westerly wind anomalies over
the tropical western Pacific in the following spring. These anomalies sustain in the following seasons and eventually lead to
ENSO events in the following winter.
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1 Introduction

The El Nifio-Southern Oscillation (ENSO) is the leading
air-sea coupled mode over the tropical Pacific on the inter-
annual timescale (Bjerknes 1969; Philander 1990; Neelin
et al. 1998; Wang et al. 2000; Alexander et al. 2002). ENSO
events have substantial influences on ecosystems, marine,
crop growth, extreme weather and climate events over many
regions surrounding the Pacific and remote areas through
oceanic and atmospheric teleconnections (Luo et al. 2011;
Chiang and Sobel 2002; Huang et al. 2004; McPhaden,
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2002; Wu et al. 2003; Song et al. 2017; Zhang et al. 2017,
2019a; Chen et al. 2018a, b, ¢, d; Jin et al. 2018; Chen and
Song 2019; Wang et al. 2019; Chen et al. 2019; and refer-
ences therein). For example, ENSO can significantly affect
East Asian climate via altering the atmospheric circula-
tion anomalies over the subtropical western North Pacific
(Wang et al. 2000; Xie et al. 2009; Zhang et al. 2019b). In
an El Nifio winter, a significant anticyclonic anomaly can
be induced over the subtropical western North Pacific. The
associated southerly wind anomalies along the east coast of
East Asia would reduce intensity of the East Asian winter
monsoon, leading to above normal surface temperatures over
many parts of East Asia (e.g. Wang et al. 2000; Zhang et al.
2019b). Meanwhile, the winter El Nifio-generated anoma-
lous anticyclone over the subtropical western North Pacific
could maintain into the following summer via the local posi-
tive air-sea feedback process (Wang et al. 2000), as well
as modulating the sea surface temperature (SST) anomalies
in the Indian Ocean (Xie et al. 2009) and North Atlantic
Ocean (Rong et al. 2010; Chen et al. 2018a, b, c, d; Zhao

@ Springer


http://orcid.org/0000-0003-4347-8592
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-020-05396-y&domain=pdf

2524

S.Chen,B.Yu

et al. 2019), which further exert impacts on the following
East Asian summer climate. In addition, ENSO influences
the North American climate via inducing a Pacific-North
American atmospheric teleconnection pattern (Wallace
and Gutzler 1981; Yu and Zwiers 2007), the south Pacific
and south American climate via triggering a Pacific-south
American atmospheric teleconnection (Mo 2000), and the
Eurasian climate via the stratospheric process (Graf and
Zanchettin 2012). Furthermore, tropical cyclone activities
over Atlantic, Pacific and Indian Oceans are also signifi-
cantly modulated by ENSO events (Gray 1984; Chan 2005).
Given these marked ENSO impacts on weather and climate
systems over the globe, it is of great importance to investi-
gate the ENSO variability and its associated formation and
maintenance mechanisms.

It is well recognized that the air-sea interaction and oce-
anic dynamic processes are dominant factors for the ENSO
variability (Bjerknes 1969; Jin 1997; Schopf and Suarez
1988). In particular, initial SST perturbations can develop
into an ENSO event via the Bjerknes positive air-sea feed-
back process (Bjerknes 1969). The tropical Pacific oceanic
waves (including westward propagating Rossby waves and
the equatorial eastward propagating Kelvin wave) play a cru-
cial role in the transition of ENSO cycle phases (Schopf and
Suarez 1988; Jin 1997). In addition, more and more stud-
ies showed that the extratropical atmosphere—ocean forcing
also plays important roles in modulating the occurrence and
amplitude of ENSO events (e.g. Vimont et al. 2001, 2003a;
Nakamura et al. 2006; Alexander et al. 2010; Chen et al.
2014, 2017, 2018a; Zhang et al. 2018; Luo et al. 2018).

Regarding the extratropical atmospheric forcing on
ENSO, studies indicated that the North Pacific Oscillation
(NPO) during the boreal winter could exert a significant
impact on the following winter ENSO outbreak via the sea-
sonal footprinting mechanism (SFM; Vimont et al. 2001,
2003a). The NPO is usually defined as the second empirical
orthogonal function (EOF) mode of atmospheric circulation
variability over the extratropical North Pacific (e.g. Yu and
Kim 2011; Park et al. 2013; Chen and Wu 2018), which is
characterized by a meridional dipole circulation anomaly
pattern over the North Pacific (Fig. 1) (Wallace and Gutzler
1981; Linkin and Nigam 2008; Park et al. 2013; Song et al.
2017; Chen and Wu 2018). Vimont et al. (2003b) further
examined the winter NPO-ENSO relationship in a coupled
generation circulation model from the Commonwealth
Scientific and Industrial Research Organization (CSIRO).
They found that the CSIRO model could reasonably well
capture the SFM process related to the NPO. The winter
NPO accounts for approximately 20-40% of the interannual
ENSO variability. Broadly similar results have also been
reported from other coupled air-sea generation circulation
models (Alexander et al. 2010; Pegion and Alexander 2013).
A recent study reported that only a few CMIP5 models can
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Fig. 1 Regression of ND(—1)JFM(0) SLP (a, unit: hPa) and 850-hPa
wind (b, unit: m s™) anomalies onto the normalized ND(—1)JFM(0)
NPO index during 1951-2004 based on the observational data. Stip-
pling region in a indicates SLP anomalies significant at the 5% level.
Shading region in b indicates either direction of the wind anomalies
significant at the 5% level. Wind anomalies at both directions less
than 0.2 m s~! are omitted

capture the winter NPO-following winter ENSO relation and
the associated SFM (Wang et al. 2019).

Recently, large ensemble simulations from coupled cli-
mate models have been used to explore climate variability
and detect future climate change projections (Deser et al.
2012a, b, 2014; Sigmond and Fyfe 2016; Kirchmeier-Young
et al. 2017; Dai and Bloecker 2019; Chen et al. 2019). The
role of internal climate variability on current climate anoma-
lies and projected climate changes has been highlighted. It
is unclear whether the observed impact of the winter NPO
on the following winter ENSO via the SFM process can
be reproduced in these large ensemble simulations and
whether internal variability plays a role on this NPO-ENSO
relationship. In the present study, we will examine the sea-
sonal footprinting mechanism related to the winter NPO in
a 50-member ensemble of historical simulations conducted
with the Canadian Centre for Climate Modeling and Analy-
sis (CCCma) second-generation Canadian Earth System
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Model (CanESM2; Kirchmeier-Young et al. 2017; Sigmond
and Fyfe 2016). Each of the CanESM?2 ensemble members is
forced by a same external forcing but with slight differences
in the initial condition, as detailed below in the next section.
Hence, the spread in the NPO-ENSO connection among
these 50 ensemble members is solely due to the internal
climate variability (e.g. Deser et al. 2012a, b). Understand-
ing the influence of internal climate variability on the winter
NPO-ENSO relationship and associated physical processes
has important implications for the climate model validation
and improvement, and for future projected changes of the
ENSO variability.

The structure of this manuscript is as follows. Section 2
describes the data and method employed in this analysis.
Section 3 examines the winter NPO-ENSO relation in the
observation and in the CanESM2 large ensemble simula-
tions. Section 4 investigates the spread of NPO-ENSO con-
nections among the 50 ensemble members and discusses
the role of internal climate variability. Section 5 provides a
summary and discussion.

2 Data and methods

The present study uses the monthly mean sea level pressure
(SLP), horizontal winds, surface heat fluxes (including sur-
face latent and sensible heat fluxes, and surface shortwave
and longwave radiations) and precipitation from the National
Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis (Kal-
nay et al. 1996; ftp://ftp.cdc.noaa.gov/Datasets/ncep.reana
lysis.derived/). The NCEP-NCAR reanalysis data is avail-
able since January 1948. SLP and horizontal winds from
the NCEP-NCAR reanalysis have a horizontal resolution of
2.5°x2.5°, while precipitation is on T62 Gaussian grids.
Values of the surface heat fluxes are taken to be positive
(negative) when their directions are downward (upward),
which contribute to surface warming (cooling). The monthly
mean SST data is obtained from the National Oceanic and
Atmospheric Administration (NOAA) Extended Recon-
structed SST version 3b (ERSSTv3b) dataset (Smith et al.
2008) for the period of 1854 to 2019 (https://www.esrl.noaa.
gov/psd/data/gridded). This SST dataset is on a 2.0° x2.0°
longitude-latitude grid. For convenience, the NCEP-NCAR
reanalysis data and ERSSTv3b SST are considered as
“observational” data in the following analysis.

This study also employs the large ensemble climate
simulations of 50 members (Sigmond and Fyfe 2016;
Kirchmeier-Young et al. 2017) from the CanESM2, which
is a fully coupled ocean—atmosphere-land-sea ice gen-
eral circulation model (Christian et al. 2010; Arora et al.
2011). Specifically, five simulations are firstly performed

for the period of 1850-1950 to produce five different oce-
anic states in 1950. Ten experiments are then run from
each of the above five historical simulations with slightly
different initial conditions in 1950, generating 150-year
simulations for the period of 1950-2100 and resulting in
a total of 50 ensemble members. Each of the simulations
is forced with historical greenhouse gas concentration,
sulfate aerosols, and other radiative forcings from 1950
to 2005. From 2006 to 2100, the simulations are forced
by the representative concentration pathway 8.5 (RCP8.5,
Vuuren et al. 2011). Due to chaotic natures of the climate
system, the slightly different initial condition in 1950 can
quickly lead to different atmospheric states a few days later
(Deser et al. 2012a; Wallace et al. 2014; Kay et al. 2015).
The CanESM2 simulations have a horizontal resolution of
about 2.8° % 2.8° in longitude-latitude grids.

In this study, the CanESM2 historical simulations over
1950-2005 are analyzed and compared against the obser-
vational data. All the variables from the CanESM2 simula-
tions and from observations are interpolated to a common
horizontal resolution of 2.5° % 2.5° to facilitate compari-
sons and calculate spatial correlations. The multi-member
ensemble (MME) mean is defined as the equally weighted
average of involved members. In addition, as this study
concentrates on the interannual relationship between the
winter NPO and following winter ENSO, all variables ana-
lyzed are subjected to a 2-9-year Lanczos bandpass filter
to extract their interannual variations (Duchon 1979). Sig-
nificance levels of correlation coefficients and anomalies
obtained from regression analyses in the observation and
each of the 50 members are estimated according to a two-
tailed Student’s ¢ test. Following previous studies (Deser
et al. 2012b; Kucharski and Joshi 2017; Zheng et al.
2018; Joshi and Ha 2019), MME anomalies obtained from
regression analyses are statistically significant at the 95%
confidence level when it satisfies the following criterion:

std_var X A
VN

where |MME_var|represents the absolute value of the MME
anomalies; std_var denotes the standard deviation of the
anomalies among the members; N is the number of mem-
bers employed to calculate the MME; and 4 is equal to 1.96.

Following previous studies (Battisti 1988; Vimont et al.
2003a; Chen et al. 2014), the present analysis employs the
equatorial oceanic Kelvin wave forcing function (KWF)
to describe the dynamic response of tropical ocean to the
perturbation in surface wind stress anomalies. The equato-
rial oceanic KWF is expressed as follows (Vimont et al.
2003a; Chen et al. 2014):

|MME _var| >
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where x (y) represents longitude (latitude). 7,(x, y, 1) denotes
surface zonal wind stress anomalies at a specific time A.
v, (y) is the meridional structure of the equatorial Kelvin
wave. Meridional structure of the equatorial Kelvin wave
can be derived through solving the dynamic equation of
ocean in the upper-layer under the equatorial § plane (Gill
1980; Vimont et al. 2003a). Amplitudes of the equatorial
Kelvin waves weaken exponentially away from the equator.
Positive values of KWF indicate that surface wind stress
anomalies induce eastward propagating and upwelling Kel-
vin waves that lead to SST warming (Battisti 1988; Vimont
et al. 2003a; Chen et al. 2014).

3 NPO-ENSO relationship in observation
and CanESM2

We first examine the connection of the winter (Novem-
ber-December—January—February—March-average, ND(—1)
JFEM(0) for short) NPO with ENSO in the subsequent win-
ter (December—January—February-average, D(0)JF(+1) for
short) based on the observational data. Here “—17, “0” and
“+1” represent the preceding, simultaneous and following
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years, respectively. Figure 2 displays the seasonal evolu-
tion of SST anomalies from spring to the following winter
regressed upon the preceding winter NPO index. Figure 3
shows the corresponding anomalies of 850-hPa winds and
precipitation. Here, the NPO index is defined as the principal
component (PC) time series corresponding to the second
EOF mode of SLP anomalies over the extratropical North
Pacific (20°-60°N, 120°E—~120°W) in the observation and
CanESM2 simulations. Results obtained in this study are not
sensitive to reasonable changes of the domain employed in
the EOF analysis. The positive NPO phase corresponds to
an anomalous cyclone and negative SLP anomalies over the
subtropics and an anomalous anticyclone and positive SLP
anomalies over the northern portion of the North Pacific
(Fig. 1).

Evolutions of the winter NPO associated SST, 850-hPa
wind, and precipitation anomalies presented in Figs. 2 and 3
are well consistent with previous studies (Vimont et al. 2001,
2003a; Alexander et al. 2010; Park et al. 2013). During a
positive phase of the winter NPO, a pronounced tripole SST
anomaly pattern is seen in the North Pacific in following
spring, with significant negative SST anomalies in the sub-
tropical western-central North Pacific along 20°-40°N and
marked positive SST anomalies in the mid-latitudes along
40°-50°N and tropical central Pacific with a northeastward
extension to the subtropical northeastern Pacific (Fig. 2a).
This winter NPO-related tripole SST anomaly pattern bears
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Fig.2 Anomalies of SST (unit: °C) at a MAM(0), b JJA(0), ¢ SON(0) and d D(0)JF(+1) regressed upon the normalized ND(—1)JFM(0) NPO
index during 1951-2014 based on the observational data. Stippling regions in a—d indicate SST anomalies significant at the 5% level
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Fig.3 As in Fig. 2, but for precipitation (shading, unit: mm day~') and 850-hPa wind (vectors, unit: m s~!) anomalies. Stippling regions indicate

precipitation anomalies significant at the 5% level. Wind anomalies in both directions less than 0.2 m s

some resemblances to those associated with the Pacific
Meridional mode (Chiang and Vimont 2004) and the spring
Arctic Oscillation (Nakamura et al. 2006, 2007; Chen et al.
2014, 2018a). Significant negative SST anomalies can also
be seen in the tropical southern Pacific around 5°-20°S and
120°-170°W. As demonstrated in Vimont (2001, 2003a), the
formation of the spring SST anomalies in the North Pacific
is attributed to the surface heat flux changes induced by
the atmospheric circulation anomalies related to the winter
NPO. The significant spring SST warming in the tropical
North Pacific (Fig. 2a) is accompanied by pronounced posi-
tive precipitation, indicating enhanced atmospheric heat-
ing (e.g. Yu and Zwiers 2007; Chen et al. 2014), which can
induce and maintain the westerly wind anomalies over the
tropical western Pacific (Fig. 3a) via a Gill-type atmospheric
response (Gill, 1980). As demonstrated in previous studies,
westerly wind anomalies over the tropical western Pacific
are a crucial trigger for the outbreak of an El Nifio event
(Huang et al. 2001; Vimont et al. 2001, 2003a; Lengaigne
et al. 2004; Nakamura et al. 2006; Chen et al. 2014). As
such, positive SST anomalies are formed in the equatorial
central-eastern Pacific in the following summer (Fig. 3b).
Subsequently, through the Bjerknes positive air-sea feed-
back mechanism, the SST warming, positive precipita-
tion, and westerly wind anomalies over the tropical Pacific
maintain and develop into the following winter (Figs. 2b—d,
3b-d). An El Nifo-like SST pattern is eventually induced

~!are omitted

in the following winter (Fig. 2d). The above process briefly
describes the so-called seasonal footprinting mechanism
(Vimont et al. 2001, 2003a; Alexander et al. 2010) for the
NPO-ENSO connection.

For CanESM2 simulations, we first examine their ability
in simulating the spatial structure of the winter NPO. Fig-
ure 4 shows regression maps of the winter SLP anomalies
onto the normalized simultaneous winter NPO index for the
50 CanESM2 ensemble members. The meridional dipole
pattern of SLP anomalies over the North Pacific can be well
reproduced by all of the simulations, with pronounced nega-
tive anomalies over the subtropics and positive anomalies
over mid-latitudes of the North Pacific. The MME result
(Fig. 4, lower right) is in good agreement with that in the
observation (Fig. 1b), although the center of negative SLP
anomalies shifts slightly southward. Nevertheless, there
exists spreads in the spatial distribution and amplitude of
SLP anomalies among the 50 members. For example, mem-
bers 6, 21, 40, 47 and 49 show significant negative SLP
anomalies over the Russian Far East and East Asia, which
are different from those in the other members. Amplitudes
of negative SLP anomalies over the subtropics are also rela-
tively weaker in members 1, 13, 31, 38, and 49 compared
to the others.

To quantitatively assess the performance of the winter
NPO pattern over the North Pacific simulated by the 50
members, the spatial standard deviations and correlation
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Fig.4 ND(—1)JFM(0) SLP anomalies (unit: hPa) regressed upon the
normalized ND(—1)JFEM(0) NPO index for each of the CanESM2 50
members. MME indicates the average over the 50 members. Stip-

coefficients of winter SLP anomalies over the North Pacific
(20°-60°N, 120°E-120°W) are presented in a Taylor dia-
gram in Fig. 5. Here, the ratio of spatial standard deviations
for the 50 members against the observed one is calculated
and presented. It is shown that the pattern correlation coef-
ficients are larger than 0.65, confirming that the CanESM2
simulations can well reproduce the observed winter NPO
pattern. However, most of the simulations overestimate the
spatial standard deviation of SLP anomalies over the North
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pling regions indicate anomalies significant at the 5% level. Value in
the parenthesis in bottom-left indicates the explained variance of the
NPO mode for each of the 50 members

Pacific. The MME mean has a better performance than most
members in simulating both the spatial standard deviation
(the standard deviation for MME is about 1.1) and spatial
pattern correlation (the pattern correlation for MME is about
0.93) of the winter NPO.

We then evaluate the connection of the winter NPO with
its subsequent winter ENSO in the 50-member simulations.
Figure 6 shows regression maps of winter (D(0)JF(+1)) SST
anomalies onto the normalized preceding winter (ND(—1)
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Fig.5 Taylor diagram of ND(—1)JFM(0) SLP anomalies over the
extratropical North Pacific (20°-60°N, 120°E-120°W) presented in
Fig. 4, with respect to the observation. The blue dot represents the
MME result

JFM(0)) NPO index over the period of 1951-2004 for each
of the 50 members and their MME mean. Figure 7 gives
correlation coefficients between the ND(—1)JFM(0) NPO
index and D(0)JF(+1) Nifio-3.4 index for individual mem-
bers and the MME. The Nifo-3.4 index is usually employed
to represent ENSO variability in previous studies, which
is defined as the regional mean SST anomalies over the
region (5°S-5°N, 120°-170°W). Most members, as well as
the MME, can produce an El Nifio-like SST pattern in the
tropical Pacific in winter when the preceding winter NPO is
in its positive phase (Fig. 6). Figure 7 further indicates that
30 members can produce the observed significant correlation
of the winter NPO with the following winter ENSO, whereas
the winter NPO-ENSO relations are not statistically signifi-
cant in other 20 members. The correlation coefficients for
MME is about 0.34, significant at the 5% level, comparable
to the observed value 0.36 over the same period (Fig. 7). The
observed correlation between the two indices is also within
the simulated error bar as shown in Fig. 7. Hence, most of
the 50 simulations and their ensemble mean can reasonably
well simulate the winter NPO-ENSO linkage. In addition,
it is noted that centers of the SST anomalies for the MME
and most simulations are in the central Pacific. This is also
consistent with previous findings (Yu and Kim 2011; Yu
et al. 2012) that the winter NPO is an important extratropical
forcing on the Central Pacific (CP)-type ENSO (also called
ENSO Modoki, Ashok et al. 2007).

An immediate question following the NPO-ENSO con-
nection is whether the observed SFM process can also be

simulated by this climate model? To address this, we exam-
ine seasonal evolutions of the SST, 850-hPa wind, precipi-
tation, and surface heat flux anomalies regressed upon the
normalized winter NPO index. Figures 8, 9, and 10 present
the MME results. Since the winter surface sensible heat flux,
shortwave and longwave radiation anomalies in association
with the winter NPO are much weaker than the winter NPO
associated surface latent heat flux anomalies, we only pre-
sent the surface net heat flux and latent heat flux anomalies
in Fig. 10. The surface net heat flux is the sum of short-
wave and longwave radiations and latent and sensible heat
fluxes at the surface. In general, MME can reasonably well
reproduce the seasonal footprinting mechanism related to the
winter NPO (Figs. 8, 9 and 10; Vimont et al. 2003a). Spe-
cifically, a dipole atmospheric circulation anomaly pattern
appears in the North Pacific in winter during a positive NPO
phase, with an anomalous anticyclone over mid-latitudes
and an anomalous cyclone over the subtropics (Fig. 9a).
Accordingly, significant positive precipitation anomalies
are seen around 130°-170°W and 20°—40°N, and negative
precipitation anomalies are found around the Aleutian region
(Fig. 9a, color shading). The centers of positive and nega-
tive precipitation anomalies over the North Pacific collocate
with the centers of the anomalous cyclone and anticyclone,
respectively. The winter SST anomalies are featured by a
tripole pattern, with significant positive anomalies in the
mid-latitude North Pacific around 40°-50°N and in the sub-
tropical North Pacific with much weaker amplitude, accom-
panied by negative anomalies over the western North Pacific
around 30°N (Fig. 8a). The tripole SST anomalies largely
enhance in the following spring (Fig. 8b). The winter net
surface heat flux anomalies, which are dominated by sur-
face latent heat flux anomalies, are also featured by a tripole
anomaly pattern over the North Pacific (Fig. 10a, f). This
suggests that the formation of the tripole SST anomaly pat-
tern in North Pacific is mainly attributed to the surface heat
flux changes induced by the atmospheric circulation anoma-
lies in association with the winter NPO, consistent with the
observed results (Vimont et al. 2001, 2003a). In particular,
the strong southwesterly wind anomalies over the subtropi-
cal North Pacific reduce the northeasterly winds and con-
tribute to SST warming there (Fig. 8a) via reducing surface
wind speed (not shown) and a reduction of upward latent
heat flux (Fig. 10b) (Vimont et al. 2001, 2003a). Easterly
wind anomalies over the mid-latitude North Pacific around
40°-60°N are opposite to the climatological westerly winds,
resulting in SST warming there via decrease in the upward
latent heat flux (Fig. 10b). In addition, the anomalous east-
erly winds could lead to a northward movement of warmer
water from lower latitudes via Ekman transportation (Wu
and Kinter 2010), which also contribute partly to SST
warming in mid-latitudes. The significant northerly wind
anomalies over the western Pacific carry colder air from
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Fig.6 D(0)JF(+1) SST (unit: °C) anomalies regressed upon the normalized ND(—1)JFM(0) NPO index during 1951-2004 for each of the
CanESM2 50 members and their MME. Stippling regions indicate SST anomalies significant at the 5% level

higher latitudes, increase the sea-air humidity difference and
lead to increase in upward latent heat flux and SST cooling
(Fig. 10a, f). The surface heat flux anomalies become weak
over the extratropical North Pacific after spring (Fig. 10b-
e, g—j). Meanwhile, the tropical central-eastern Pacific is
dominated by negative net heat flux anomalies from spring
to following winter (Fig. 10b—e, g—j). This suggests that the
oceanic dynamic plays an important role in the development
and maintenance of the positive SST anomalies in the tropi-
cal central-eastern Pacific.

It should be mentioned here that positive SST anoma-
lies can also be seen in the equatorial central Pacific during

@ Springer

spring in the MME (Fig. 8b), which is different from the
observation (Fig. 2a). This is likely because the cyclonic
anomaly and negative SLP anomalies over the subtropical
North Pacific and the related westerly wind anomalies to
their south flank are located more southward in the MME
compared to the observed as described above (Figs. 1b, 9a).
The winter westerly wind anomalies in the tropical western
Pacific in the MME (Fig. 9a) can directly contribute to SST
warming in the equatorial central Pacific in the following
spring (Fig. 8b) via triggering an eastward propagating warm
Kelvin wave (Jin 1997; Huang et al. 2001; Nakamura et al.
2006; Chen et al. 2014). In addition, pronounced positive
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Fig. 8 Ensemble means of the SST (unit: °C) anomalies at a ND(—1)JFEM(0), b MAM(0), ¢ JJA(0), d SON(0), and e D(0)JF(+1) regressed upon
the preceding ND(—1)JFM(0) NPO index for the CanESM2 50 members. Stippling regions indicate SST anomalies significant at the 5% level

precipitation anomalies are seen in spring over the tropical
central Pacific in association with significant SST warming
there (Figs. 8b, 9b). These positive precipitation anoma-
lies (indicating increase in atmospheric heating) play an
important role in generating and maintaining westerly wind
anomalies over the tropical western Pacific as indicated by
Vimont et al. (2003a) (Fig. 9b). The tropical western Pacific
westerly wind anomalies would, in turn, further contribute

to SST warming and positive precipitation anomalies in the
tropical central-eastern Pacific (Figs. 8b—e, 9b—e). Through
the Bjerknes positive air-sea feedback mechanism, an El
Nifio-like event would eventually be generated in the fol-
lowing winter (Fig. 8e). Overall, the seasonal footprinting
mechanism connecting the winter NPO with its following
winter ENSO can be reasonably well captured in the MME
of the 50 CanESM?2 members.
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Fig.9 Ensemble means of the precipitation (shading; unit: mm
day‘l) and 850-hPa wind (vectors; unit: m s~') anomalies at a
ND(-1)JEM(0), b MAM(0), ¢ JJA(0), d SON(0), and e D(0)JF(+1)

Previous studies have demonstrated that spring (Febru-
ary—March—April-average, FMA) SST anomalies in the
northern tropical Atlantic (NTA) have a significant impact
on the following winter ENSO events (Ham et al. 2013;
Ham and Kug 2015). A relevant question is: whether the
winter NPO-ENSO relation simulated by the CanESM2 is
influenced by the spring NTA SST? Figure 8 indicates that
the MME SST anomalies associated with the winter NPO
are weak and statistically insignificant in the NTA region.
This suggests that the winter NPO has a weak relation with
the spring SST anomalies in the NTA for the MME of the
50 members. Furthermore, a spring NTA SST index is
defined as the area-averaged SST anomalies over the region
of 0°-15°N and 90°W-20°E following Ham et al. (2013).
Correlation coefficients between the winter NPO index and
its following spring NTA SST index during 1951-2004
for the 50 members are weak and statistically insignificant
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regressed upon the preceding ND(—1)JFM(0) NPO index for the
CanESM2 50 members. Stippling regions indicate precipitation
anomalies significant at the 5% level

(not shown). These evidences suggest that the winter NPO-
ENSO relation is not likely influenced by the spring NTA
SST anomalies. The winter NPO and spring NTA SST tend
to be two independent factors for the following winter ENSO
occurrence. Nevertheless, the combined impact of the winter
NPO and spring NTA SST on the following winter ENSO is
worthy of further investigation.

4 Diversity of the winter NPO-ENSO
relations among ensemble members

The above analysis indicates that there is a large spread of
the winter NPO-ENSO relationship among the 50 ensem-
ble members (Fig. 7). In particular, member 19 even pro-
duces a slightly negative correlation coefficient between
the winter NPO index and subsequent winter Nifio3.4
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Fig. 10 Ensemble means of the

NHF

ND(-1)JFM(0)

net surface heat flux (unit: W

m™~2) anomalies at a ND(—1)
JEM(0), b MAM(0), ¢ JJA(0),
d SON(0), and e D(O)JF(+1)
regressed upon the preceding
ND(-1)JFM(0) NPO index
for the 50 members. f—j As in
a—e, but for the surface latent

l“‘\“)

heat flux anomalies. Stippling
regions indicate anomalies
significant at the 5% level

index. Additionally, the correlation coefficients in 20 out
of the 50 members cannot pass the 95% confidence level.
As these simulations are forced by the same external forc-
ing, the spread in the NPO-ENSO relation among different
ensemble members is due solely to the internal climate
variability. In the following, we further explore the diver-
sity of simulated NPO-ENSO relations by comparing ten

60W 120E

4 1

ensemble members with highest NPO-ENSO correlations
(denoted as HC members) and ten ensemble members with
lowest NPO-ENSO correlations (denoted as LC members)
selected based on Fig. 7. Results reported here are not sen-
sitive to slight changes of the selected members employed
in the HC and LC composites.
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Figure 11 shows the ensemble means of D(0)JF(+1)
SST, 850-hPa wind, and precipitation anomalies regressed
upon the preceding winter NPO index for the HC and LC
members, as well as their differences. Ensemble means of
the SST, precipitation and 850-hPa wind anomalies for
the HC members display a significant El Nifio-like pattern
(Fig. 11a, d). Pronounced SST warming is seen in the tropi-
cal central-eastern Pacific and off the west coast of Canada,
accompanied by SST cooling in the subtropical-midlatitude

North Pacific (Fig. 11a). Correspondingly, significant posi-
tive precipitation and westerly wind anomalies occur in the
tropical Pacific (Fig. 11d). In addition, a strong cyclonic
anomaly is seen over the mid-latitude North Pacific, indi-
cating an enhanced Aleutian Low in winter (Fig. 11d). By
contrast, for the ensemble mean of the LC members, SST
warming is also seen in the tropical Pacific (Fig. 11b), while
its amplitude is much weaker and significantly different from
the HC counterpart (Fig. 11c). Similarly, precipitation and
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Fig. 11 Ensemble means of D(0)JF(+1) a, b SST (unit: °C), d, e pre-
cipitation (shading; unit: mm day~") and 850-hPa wind (vectors; unit:
m s~') anomalies regressed upon the ND(—1)JFM(0) NPO index for
the HC and LC members. Definitions of the HC and LC members are
described in the text. Stippling regions in a, b and d, e indicate SST
and precipitation anomalies significant at the 5% level, respectively.
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Wind anomalies in both directions less than 0.2 m s~! are omitted in

d, e. ¢ The differences between a and b. f The differences between d
and e. Stippling regions in ¢ and f indicate the differences in SST and
precipitation that are significantly different from zero at the 5% level,
respectively
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wind anomalies over the tropical Pacific for the LC mem-
bers are also much weaker than those for the HC members
(Fig. 11d-f).

To further compare the physical processes related to
the NPO-ENSO relation in the HC and LC composites,
we calculate ensemble means of the ND(—1)JFM(0) SLP,
SST and 850-hPa wind anomalies regressed upon the win-
ter NPO index for the HC and LC members (Fig. 12) and
the ensemble means of these anomalies in the following
spring (Fig. 13). The spatial distributions of the ND(—1)

high

JFM(0) SLP, 850-hPa wind and SST anomalies over the
North Pacific are broadly similar between the HC and LC
members. In particular, SLP and 850-hPa wind anomalies
both show a meridional dipole pattern (Fig. 12a, b, d, e),
and the SST anomalies feature a meridional tripole pattern
(Fig. 13a, b, d, e). However, different maps of the winter
SLP, 850-hPa wind and SST anomalies between the HC and
LC members (Figs. 12c, f, 13c, f) indicate that there exist
large differences in the winter SLP anomalies over the sub-
tropical North Pacific (blue box regions in Fig. 12a—c). In
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Fig. 12 Ensemble means of ND(—1)JFEM(0) (a, b) SLP (unit: hPa),
(d, e) SST (shading; unit: °C) and 850-hPa wind (vectors; unit: m
s~!) anomalies regressed upon the ND(—1)JFM(0) NPO index for the
HC and LC members. Stippling regions in a, b and d, e indicate SLP
and precipitation anomalies significant at the 5% level, respectively.

Wind anomalies in both directions less than 0.2 m s~! are omitted in

d, e. ¢ The differences between a and b. f The differences between d
and e. Stippling regions in ¢ and f indicate the differences in SLP and
precipitation that are significantly different from zero at the 5% level,
respectively
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Fig. 13 Ensemble means of MAM(0) (a, b) SST (unit: °C), d, e pre-
cipitation (shading; unit: mm day_l) and 850-hPa wind (vectors; unit:
m s~!) anomalies regressed upon the ND(—1)JFM(0) NPO index for
the HC and LC members. Stippling regions in a, b and d, e indicate
SST and precipitation anomalies significant at the 5% level, respec-

particular, amplitudes of the negative SLP anomalies over
the subtropical North Pacific are much larger in the HC than
LC members (Fig. 12¢). The positive SLP anomalies are also
stronger over the mid-latitude North Pacific, where NPO’s
northern center locates, in the HC than LC members. This
suggests that the members with a closer winter NPO-ENSO
relation tend to have a stronger amplitude of NPO (Fig. 12c).
In addition, it can be seen from Fig. 13 that the positive SST
and precipitation anomalies in the tropical central Pacific,
as well as the anomalous westerly winds over the tropical
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in SST and precipitation that are significantly different from zero at
the 5% level, respectively

western Pacific are also much stronger for the HC than LC
members in spring (Fig. 13c, f). In general, the intensity dif-
ferences in the winter SLP anomalies over the subtropical
North Pacific between the two composites are similar to the
differences in the winter SST anomalies in the subtropical
North Pacific, and to the differences of the SST, precipitation
and westerly wind anomalies over the tropical Pacific in the
following spring.

The above results suggest that the spread of the winter
NPO-ENSO relations among the ensemble members is due
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essentially to the diversity of the intensity of the winter
NPO. Specifically, strong negative SLP and cyclonic anom-
alies in ND(—1)JFM(0) over the subtropical North Pacific
would lead to strong SST warming there in the simultaneous
winter, as well as stronger SST warming and positive precip-
itation anomalies in the tropical central Pacific, accompanied
by strong westerly wind anomalies over the tropical western
Pacific in the following spring. These anomalies sustain in
the following seasons (not shown), leading to strong El Nifio
events in the following winter.

To further confirm the above relationships, we present
scatter plots of the correlation coefficient between the
ND(—=1)JFM(0) NPO and D(0)JF(+1) Nifio3.4 indices
(Fig. 7) versus the ND(—1)JFM(0) regional mean SLP
anomalies over the subtropical North Pacific (blue box in
Fig. 12a—c) among the 50 members in Fig. 14a. It is clear
from Fig. 14a that the ensemble members with strong
ND(—1)JFM(0) SLP anomalies over the subtropical North
Pacific tend to have large positive correlations between the
ND(—1)JFM(0) NPO and D(0)JF(+1) Nifio3.4 indices. The
two quantities presented in Fig. 14a have a mean correlation

Fig. 14 Scatter plots of the cor-
relation coefficients between the

(@)

of — 0.63 among the 50 ensemble members, significant at
the 99% confidence level.

Figure 14a—c shows scatter plots of the correlation coef-
ficient between the ND(—1)JFM(0) NPO and D(0)JF(+1)
Nifio3.4 indices versus the regional mean MAM(0) SST and
precipitation anomalies in the tropical central Pacific (blue
box in Fig. 13a—c) and the regional mean MAM(0) 850-
hPa zonal wind anomalies over the tropical western-central
Pacific (blue box in Fig. 13d—f) among the 50 members,
respectively. The correlation coefficients between the two
quantities considered in Fig. 14b—d are also statistically
significant at the 99% confidence level. Overall, the above
analysis suggests that internal climate variability would
influence the SFM process related to the winter NPO-ENSO
relationship through modulating the subtropical center of the
wintertime NPO.

As indicated by Vimont et al. (2003a), surface westerly
wind anomalies over the tropical western-central Pacific
play an important role in the formation and maintenance of
the positive SST anomalies in the tropical central-eastern
Pacific via triggering eastward propagating and downwelling
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warm Kelvin waves. Figure 15a, b display the ensemble
means of the evolutions of equatorial Kelvin wave forcing
anomalies regressed upon the winter NPO index for the HC
and LC members, respectively. As demonstrated in previ-
ous studies (Battisti 1988; Vimont et al. 2003a), positive
(negative) values of KWF indicate that surface zonal wind
stress anomalies induce eastward propagating and down-
welling (upwelling) equatorial Kelvin waves that lead to
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Fig. 15 Ensemble means of the evolution of equatorial Kelvin wave
forcing anomalies (unit: 10°xN m™) regressed upon the ND(—1)
JFM(0) NPO index for the a HC and b LC members. Stippling
regions indicate anomalies significant at the 5% level, respectively
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SST warming (cooling). For the HC members, significant
and positive KWF anomalies are seen over the tropical
western-central Pacific in early spring (Fig. 15a). These
positive KWF anomalies maintain and develop in the fol-
lowing autumn—winter (Fig. 15a), which contribute to an
El Nifio-like SST warming in the tropical central-eastern
Pacific (Fig. 11a). Hence, low-level westerly wind anomalies
over the tropical western-central Pacific contribute to SST
warming in the tropical central-eastern Pacific via triggering
eastward propagating warm Kelvin waves for the HC mem-
bers. By contrast, for the LC members, the KWF anomalies
are much weaker and less significant (Fig. 15b). Therefore,
the winter NPO cannot lead to an EI Nifio-like SST warming
in the tropical central-eastern Pacific (Fig. 11b).

In addition, low-level westerly wind anomalies over the
tropical western Pacific can also lead to SST warming in
the tropical central-eastern Pacific via the zonal advection
effect (e.g., An and Jin 2001). In particular, low-level west-
erly wind anomalies bring warmer water eastward from the
western Pacific warm pool, and contribute to SST warming
in the tropical central-eastern Pacific. Thus, the stronger
spring low-level westerly wind anomalies over the tropical
western Pacific (Fig. 13d, e) in association with the preced-
ing winter NPO for the HC members also contribute to sub-
sequent larger SST warming in the tropical central-eastern
Pacific (Fig. 11a, b) via the zonal advection effect compared
to that for the LC members.

It should be mentioned that we have also examined the
difference of the climatological mean SST between the HC
and LC members. Differences in the mean SST between the
HC and LC members are weak from ND(—1)JFM(0) to D(0)
JF(+1) over most parts of the Pacific Ocean (not shown).
This suggests that the divergence of the winter NPO-ENSO
relation across the 50 members is not likely due to the spread
of the climatological mean SST.

5 Summary and discussions

The NPO is an important pattern of atmospheric interan-
nual variability over the extratropical North Pacific. Previous
studies indicated that the boreal winter NPO has a nota-
ble impact on the following winter ENSO occurrence via
the so-called seasonal footprinting mechanism. This study
examines this NPO-ENSO connection in a 50-member large
ensemble simulations conducted with the CanESM2 for
the historical period of 1950-2005. We first examine the
model’s performance in simulating the spatial pattern of the
winter NPO. The observed meridional dipole structure of
atmospheric anomaly can be well reproduced by all of the
50 ensemble members. During a positive phase of the NPO,
an anomalous anticyclone and positive SLP anomalies can
be seen over the mid-latitude North Pacific, accompanied by
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an anomalous cyclone and negative SLP anomalies over the
subtropics of North Pacific. The pattern correlations of the
SLP anomalies over the North Pacific between the observed
and 50 simulations are larger than 0.65. Nevertheless, most
of the ensemble members tend to overestimate the spatial
standard deviation of the winter SLP anomalies over the
North Pacific. In addition, the ensemble mean of the south-
ern center of the winter NPO is located more equatorward
than the observed result.

We then examine the winter NPO-ENSO relationship in
the 50 ensemble members. Results show that MME of the 50
members can well reproduce the NPO-ENSO relationship as
well as the associated SFM process. However, there exists a
large spread of the winter NPO-ENSO relation among the 50
members due to internal climate variability. The correlation
coefficients between the winter NPO index and its follow-
ing winter Nifio3.4 index are statistically significant at the
5% level for 30 members and insignificant for the other 20
members. The diversity of the winter NPO-ENSO connec-
tion among the 50 members is found to be due to the spread
in the winter SLP and associated atmospheric circulation
anomalies over the subtropical North Pacific. In particular,
the simulations with strong (weak) winter SLP anomalies
over the North Pacific tend to produce strong (weak) SST
and precipitation anomalies in the tropical central Pacific
and strong (weak) westerly wind anomalies over the tropical
western Pacific during the following spring. These anoma-
lies sustain in the following seasons and eventually lead to
significant (insignificant) ENSO events in the following win-
ter. Hence, internal climate variability should be considered
in linking the winter NPO to its following winter ENSO.

The present study is based on the large ensemble simu-
lations from the CanESM2 model. One may ask whether
the feature that strong NPO-ENSO correlations tend to have
strong winter subtropical North Pacific atmospheric anoma-
lies can be found in the observation. To address this ques-
tion, we have examined moving correlation of the winter
NPO index with the following winter Nifio-3.4 index in the
observation (not shown). It is found that the winter NPO-
ENSO correlation is weak after the late-1960s, but has a
slight recover since the mid-1980s. Then, we further select
two periods with high and low correlations, respectively,
based on the observed moving correlation. Results indicate
that winter NPO-related simultaneous winter SLP anomalies
over North Pacific both display a meridional pole over high
and low correlation periods. In comparison, amplitude of the
negative SLP anomalies in association with the winter NPO
index is stronger over the subtropical North Pacific during
high correlation period compared to low correlation period
(not shown). Hence, in the observation, atmospheric anoma-
lies over the subtropical North Pacific in winter related to
the winter the NPO are stronger during high than low cor-
relation periods.
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