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Abstract

A robust impact of El Niño on the Northern Hemisphere (NH) polar stratosphere has been
demonstrated by previous studies, although whether this applies to extreme El Niño is uncertain. The time
evolution of the response of the NH stratospheric vortex to extreme El Niño, compared with that to moderate
eastern Paciﬁc El Niño, is addressed by means of composite analysis using the National Centers for
Environmental Prediction/Department of Energy reanalysis data set from 1980 to 2016. Lead-lag analysis
indicates that the El Niño signal actually leads the stratospheric response by ~2 months. Considering the time
lag, the signal of December-January-February El Niño in the NH stratospheric vortex should mature in the
February-March-April season (late winter/early spring). The patterns of circulation and temperature for late
winter/early spring during extreme and moderate El Niño events are signiﬁcant, exhibiting similar structure.
The results are conﬁrmed with the Whole Atmosphere Community Climate Model version 4 model, which is
forced with observed SSTs of extreme and moderate El Niño in winter (December-January-February) to
analyze the day-to-day propagation of their signals. Note that the magnitudes of the stratospheric responses
are much larger in the case of extreme El Niño, as stronger upward propagation of planetary waves leads to a
weaker northern polar vortex than during moderate El Niño events.

1. Introduction
The El Niño–Southern Oscillation (ENSO), an ocean-atmosphere coupled phenomenon in the tropical Paciﬁc
Ocean, is the largest source of tropospheric interannual variability (Bjerknes, 1969; Horel & Wallace, 1981;
Trenberth et al., 1998). ENSO has also been found to inﬂuence both the tropical and extratropical
stratospheric circulation. During the warm ENSO phase (El Niño), enhanced tropical upwelling leads to an
upper tropospheric warming and lower stratospheric cooling (Calvo et al., 2004, 2010; Free & Seidel, 2009;
Garcia-Herrera et al., 2006; Randel et al., 2009), along with coherent tropical ozone and water vapor variability
(Fueglistaler & Haynes, 2005; Geller et al., 2002; Gettelman et al., 2001; Hatsushika & Yamazaki, 2003; Scaife
et al., 2003; Xie et al., 2011). Through the deepening of the Aleutian Low in the Paciﬁc North American pattern,
El Niño intensiﬁes the vertical propagation of ultralong Rossby waves in the Northern Hemisphere (NH)
during winter (e.g., Garcia-Herrera et al., 2006). As waves dissipate at middle-to-high latitudes in the
stratosphere, the Brewer-Dobson circulation (Brewer, 1949; Dobson, 1956; Dobson et al., 1929) strengthens,
leading to an anomalous warming in the Arctic stratosphere, which has been seen in observational records
(Camp & Tung, 2007; Free & Seidel, 2009; Garﬁnkel & Hartmann, 2007; Labitzke & Loon, 1989; Lan et al.,
2012; Ren et al., 2012; Van Loon & Labitzke, 1987; Wei et al., 2007) and reproduced in modeling studies
(Garcia-Herrera et al., 2006; Garﬁnkel, Hurwitz, Oman, & Waugh, 2013; Garﬁnkel, Hurwitz, Waugh, & Butler,
2013; Hamilton, 1995; Manzini et al., 2006; Rao & Ren, 2015; Sassi et al., 2004; Taguchi & Hartmann, 2006;
Xie et al., 2012). The cold ENSO phase (La Niña) has been reported to have a cooling effect on the polar stratosphere (Free & Seidel, 2009; Iza et al., 2016; Mitchell et al., 2011).
©2018. American Geophysical Union.
All Rights Reserved.
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In recent decades, ENSO anomaly patterns have changed from their well-known historical forms, motivating
a reexamination of the evolution of ENSO events in the tropical Paciﬁc. A new ﬂavor of ENSO, referred to as
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the central Paciﬁc (CP) type, has been found to occur with increasing frequency in the tropical Paciﬁc
(Ashok et al., 2007; Cai & Cowan, 2009; Kao & Yu, 2009; Kug et al., 2009; Shinoda et al., 2011; Yeh
et al., 2009; Zhang et al., 2015); the reasons for this are debated (Ashok et al., 2007; Hu et al., 2016;
Kug et al., 2010; Li et al., 2015, 2017; Yeh et al., 2009, 2011). The different spatial patterns of tropical
sea surface temperature (SST) anomalies indicate that the climatic impacts of CP El Niño are distinct from
those of the traditional, or eastern Paciﬁc (EP), type, both in the troposphere (e.g., Feng & Li, 2011; Weng
et al., 2007; Zhang et al., 2011; Zhang et al., 2013, 2014, 2015) and in the stratosphere (Garﬁnkel, Hurwitz,
Oman, & Waugh, 2013; Garﬁnkel, Hurwitz, Waugh, & Butler, 2013; Hurwitz, Newman, et al., 2011, Hurwitz,
Song, et al., 2011; Xie, Li, Tian, Zhang, & Shu, 2014; Xie, Li, Tian, Zhang, & Sun, 2014; Xie et al., 2012). The
CP El Niño has been reported to induce a stronger response in the tropical stratosphere than the EP type
(Xie, Li, Tian, Zhang, & Sun, 2014), and the two produce opposite effects in the northern polar vortex
(Hegyi & Deng, 2011; Iza & Calvo, 2015; Sung et al., 2014; Xie et al., 2012; Zubiaurre & Calvo, 2012).
However, apparently contradictory results have also been found, including a weakened northern stratospheric vortex associated with the CP El Niño (Garﬁnkel, Hurwitz, Oman, & Waugh, 2013; Graf &
Zanchettin, 2012; Hurwitz et al., 2014). Garﬁnkel, Hurwitz, Oman, and Waugh (2013) found that the results
are sensitive to the size of the composite and the index used. Iza and Calvo (2015) further clariﬁed that a
robust signal of CP El Niño, which is distinguishable from that of EP type, is found when only winters
without sudden stratospheric warming are considered.
Recently, extreme El Niño has been projected to occur with higher frequency in the future due to global
warming (Cai et al., 2014; Wang et al., 2017). Three unusually strong extreme El Niño events in the satellite
era, the 1982/1983 extreme El Niño (Philander, 1983), the 1997/1998 El Niño (often referred to as “the climate event of the twentieth century”) (Changnon, 2000; McPhaden, 1999), and the strongest El Niño in
history, which developed in the eastern Paciﬁc during the winter of 2015/2016 (Levine & McPhaden,
2016), were each characterized by an exceptional warming, with the area in which SSTs exceeded 28°C
extending into the eastern equatorial Paciﬁc. These extreme El Niño events have already severely affected
global weather patterns, resulting in major natural disasters and subsequent socioeconomic stress (e.g.,
Cai et al., 2014; Geng et al., 2017; McPhaden et al., 2006). Extreme El Niño events involve not simply a
strengthening of moderate El Niño patterns but also a considerable eastward shift of the tropical convection (Rao & Ren, 2016a, 2016b; Xu et al., 2016), leading to a nonlinear and asymmetric Paciﬁc North
American wave train pattern in the extratropics (Rao & Ren, 2016a, 2016b). However, whether extreme
El Niño has distinct effects on the stratosphere is still highly uncertain and is the subject of much
research. Some recent studies have focused on the stratospheric impacts of extreme El Niño. Rao and
Ren (2016a, 2016b) noted the nonlinearity of the impact on the northern winter stratosphere of ENSO
events of different intensity, and Rao and Ren (2017) reported that the three extreme El Niño events
had a major impact on stratospheric circulation based on observations. Richter et al. (2015) found a more
linear stratospheric response to El Niño in simulations, with strong amplitude in the case of extreme El
Niño (the 1982/1983 and 1997/1998 events in their study). Unprecedented variations in the stratosphere
caused by extreme El Niño events, such as in the quasi-biennial oscillation (QBO) and water vapor, have
been observed (Avery et al., 2017; Christiansen et al., 2016; Dunkerton, 2016; Garﬁnkel et al., 2017;
Varotsos et al., 2017).
Palmeiro et al. (2017) found that the 2015/2016 El Niño led to a stronger northern polar vortex in winter,
which is not consistent with the well-known result that El Niño events can warm and weaken the northern
polar vortex. However, whether extreme El Niño events have opposite high-latitude stratospheric impacts
to those of moderate El Niño events still deserves further investigation. It is well known that vortex variability
occurs even without any changes in tropospheric state. That means part of variations of the stratospheric
polar vortex is possibly unforced and has nothing to do with El Niño, which happens to be occurring simultaneously. Idealized models of vortex variability in some cases exhibit bifurcations in their behavior that are
extremely sensitive to initial conditions and external parameters (Matthewman & Esler, 2011; Yoden, 1987).
This would imply that vortex variability on monthly and seasonal time scales is extremely difﬁcult to predict,
at least in a deterministic sense. Evidence for such bifurcations in forecast models has been found (Noguchi
et al., 2016). Although El Niño can help enhance stratospheric predictability in a statistical sense (Domeisen
et al., 2015; Sigmond et al., 2013), anomalies of stratospheric vortex cannot be assumed to be forced by that
winter El Niño (Garﬁnkel, Hurwitz, Oman, & Waugh, 2013).
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Table 1
Extreme and Moderate Events in Observations Studied Separately and
as Composites
Composite
Extreme El Niño
Moderate El Niño

Motivated by this, our study aims to understand the stratospheric
response to extreme El Niño events not only by means of observation analysis but also using time-slice experiments with Whole Atmosphere
Years
Community Climate Model version 4 (WACCM4), compared with that of
moderate El Niño events. The remainder of this paper is organized as
1982/1983, 1997/1998, 2015/2016
1986/1987, 1987/1988, 2006/2007
follows. Section 2 presents the data, model, and analysis methods used. In
section 3, we document the observational signal of extreme El Niño events
in stratospheric temperature and circulation in boreal winter (DecemberJanuary-February; DJF) and also in late winter/early spring (February-March-April; FMA), and then discuss
the physical connections. Model simulations to conﬁrm these results are shown in section 4. Finally, we
summarize the main ﬁndings in section 5.

2. Data and Methodology
2.1. Extreme and Moderate El Niño
El Niño events are identiﬁed when SST anomalies in the Niño3.4 region exceed 0.5°C (Trenberth & Stepaniak,
2001), based on the DJF seasonal mean SST anomalies in the Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST) data set (Rayner et al., 2003) relative to a 1981–2010 base period. To avoid possible
confusion with CP El Niño events, we did not include CP events in our study. Here we used the Cold
Tongue and Warm Pool indices (Ren & Jin, 2011) to identify EP and CP events, respectively, and CP El Niño
events are excluded in our study. The 1982/1983, 1997/1998, and 2015/2016 events were exceptionally
strong, measured either by the zonal contrast in SST anomalies (Giese & Ray, 2011; Kao & Yu, 2009; Kug
et al., 2009; Larkin & Harrison, 2005a, 2005b) or using variables other than SST (Chiodi & Harrison, 2010;
Singh et al., 2011). These three events, by the Niño3.4 measure here (L’Heureux et al., 2017), fall into the
“extreme” category in our study, while other EP events are identiﬁed as “moderate” El Niño events. The years
included in each composite are listed in Table 1. Composite winter SST anomaly patterns for extreme and
moderate El Niño are shown in Figures 1a and 1b, respectively. Although they exhibit similar EP patterns, it
is apparent that extreme El Niño is much stronger than moderate El Niño and features larger SST anomalies.
The SST anomalies for the three extreme El Niño events are shown separately in Figures 1c–1e. In winter, all
these events had developed to their mature stage. Most of the events peaked in late fall or early winter and
decayed by the following spring. Therefore, for brevity and to maximize the signal, in the following analysis
we consider boreal winter (DJF) as the reference period for El Niño events.

Figure 1. Composite winter (December-January-February) sea surface temperature (SST) anomalies (°C) for (a) extreme El Niño events and (b) moderate El Niño
events, from Hadley Centre Sea Ice and Sea Surface Temperature. Also shown are winter SST anomalies (°C) for three extreme El Niño events: (c) 1982/1983,
(d) 1997/1998, and (e) 2015/2016. Contours are drawn at ±0.5°C. Anomalies that are signiﬁcant at the 90% conﬁdence level (Student’s t test) are stippled.
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Table 2
Description of the WACCM4 Experiments
Experiment
R1
R2
R3

Details
R1: control run using CESM case F_2000_WACCM_SC. Prescribed SST forcing of the monthly mean climatology from 1980 to 2015.
R2: as for R1, but with extreme El Niño SST forcing prescribed in the tropical Paciﬁc (30°S–30°N, 120–280°E). The forcing is limited to December–
February and is set to 0 for the rest of the year.
R3: as for R1, but with moderate El Niño SST anomalies added in the tropical Paciﬁc (30°S–30°N, 120–280°E). The forcing is limited to December–
February and is set to 0 for the rest of the year.

Note. WACCM4 = Whole Atmosphere Community Climate Model version 4; CESM = Community Earth System Model; SST = sea surface temperature.

2.2. Observational Data
The selected El Niño events are studied via composite analysis and case studies in boreal winter using two
data sets. SST data were taken from the HadISST data set (Rayner et al., 2003), with a horizontal resolution
of 1° × 1°, while monthly mean wind, temperature, and geopotential height data for the period 1980–2016
were taken from the National Centers for Environmental Prediction/Department of Energy (NCEPDOE)
reanalysis, on 17 pressure levels from 1,000 to 10 hPa, on a 2.5° × 2.5° horizontal grid. To verify the
NCEPDOE results, data from the European Centre for Medium Range Weather Forecasts reanalysis, ERAInterim, were also used (Simmons, Uppala, & Dee, 2007, Simmons, Uppala, Dee, & Kobayashi, 2007;
Uppala et al., 2008). The main results from these two reanalysis data sets are in close agreement, and
so only the results from NCEPDOE reanalysis are presented here. The Niño3.4 index and Niño3 index used
in this study are available at the Climate Prediction Center (http://www.cpc.noaa.gov/data/indices/). The
10.7 cm solar radio ﬂux, or F10.7, is used as the index of solar activity (ftp://ftp.ngdc.noaa.gov/STP/spaceweather/solar-data/solar-features/).
2.3. Model
The WACCM is a state-of-the-art chemistry climate model developed at the National Center for Atmospheric
Research and can be used as the atmospheric component of the Community Earth System Model (Hurrell
et al., 2013). The version used in our experiments, WACCM4, has a horizontal resolution of 1.9° × 2.5° and does
not include interactive chemistry (Garcia et al., 2007). The vertical resolution is 1.1–1.4 km in the tropical tropopause layer and the lower stratosphere (height below 30 km), with 66 vertical levels extending from the
ground to 4.5 × 106 hPa (~145 km geometric altitude). Garcia et al. (2007) and Marsh et al. (2013) provide
a complete description of the model, and the latest modiﬁcations to the chemistry module and to the orogravity wave drag scheme can be found in Solomon et al. (2015). Fixed greenhouse gas values, averages over
the period 1980–2015 from emissions scenario A2 of the Intergovernmental Panel on Climate Change (WMO,
2003), were used in the model’s radiation scheme. The prescribed ozone forcing used in our experiments is a
12 month seasonal cycle taken from Coupled Model Intercomparison Project Phase 5 ensemble mean ozone
output averaged over the period 1980–2015. QBO phase signals with a 28 month ﬁxed cycle (nudged QBO)
were included in WACCM4 as an external forcing for zonal wind.
Three experiments with daily outputs, designed to analyze day-to-day propagation of the El Niño signal, are
described in this paper. All experiments were conducted using the same prescribed greenhouse gas but with
different SST forcings. The control run, R1, used a monthly mean SST climatology from the period 1980–2015;
experiment R2 used the same SST as the control run but with extreme El Niño SST forcing prescribed in the
tropical Paciﬁc (30°S–30°N, 120–280°E) over a limited period; and R3 used the same SST as the control run but
with moderate El Niño SST forcing prescribed in the tropical Paciﬁc (30°S–30°N, 120–280°E). The forcing is
limited to December to February and is set to 0 over the rest of the year. Prescribed SSTs are obtained from
composite anomalies from extreme El Niño and moderate El Niño events (Table 1) from December to
February. A summary of all the experiments is given in Table 2. The experiments were each run for 33 years,
with the ﬁrst 3 years excluded as spin-up. The remaining 30 years were used for the analysis, and model
climatologies were obtained from this period.
The key point of the experiments is to isolate the signal of extreme and moderate El Niño in winter, so that the
stratospheric responses in winter and late winter/early spring are attributed to the winter El Niño forcing.
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2.4. Analysis Methods
Monthly anomalies are calculated by subtracting the long-term mean of each calendar month from each individual month. The linear trends have been removed using regression analysis from the temperature and
zonal wind data before analysis. To avoid possible interference from the QBO, we ﬁltered out the biennial circulation anomalies (24–32 months) from temperature and circulation ﬁelds between 100 and 10 hPa.
Matthes et al. (2004), Labitzke, Kunzel, and Bronnimann (2006), Camp and Tung (2007), and others have
found a signiﬁcant impact of the solar cycle on the polar vortex, so the solar cycle signal is also removed
based on linear regression using the F10.7 index. Composite analysis and lead-lag correlation methods are
applied to the stratospheric response during El Niño events. Because of the limited number of events
involved in our composite analysis, the signiﬁcance of composite results is determined by establishing
whether the variations of each event are in the same phase (e.g., Schar et al., 2016). That is, if the anomalies
of all the events agree on the sign of change, then it is signiﬁcant. The statistical signiﬁcance of the correlation
between two autocorrelated time series is determined from a two-tailed Student’s t test using the effective
number of degrees of freedom (Li et al., 2013; Pyper & Peterman, 1998; Xie, Li, Tian, Zhang, & Shu, 2014),
as given by the following approximation:
N
1 1 2X
Nj
ρ ðjÞρYY ðjÞ:
≈ þ
eff N
N j¼1 N XX
N

where N is the sample size and ρXX(j) and ρYY(j) are the autocorrelations of two sampled time series X and Y at
time lag j, respectively.
Two indices are used as representative measures of the strength of the stratospheric temperature and circulation response:
1. Stratospheric polar cap temperature (SPT). SPTs are temperature anomalies averaged over the polar cap
north of 60°N, between 100 and 10 hPa. This is used as a measure of stratospheric warming.
2. Geopotential height index (GHI). GHI is the difference between geopotential height anomalies averaged
over the zonal belts 30°–50°N and 70°–90°N, between 100 and 10 hPa. GHI measures the strength of
the meridional gradient of geopotential height and is an indication of changes in zonal wind around 60°N.
Wave activity analysis was used to investigate stationary Rossby wave energy propagation (Edmon et al.,
1980; Hu & Tung, 2002; Mukougawa & Hirooka, 2004; Randel, 1987). The wave activity ﬂux is directed parallel
to the group velocity of stationary Rossby waves, making it a useful indicator of the propagation direction
and source of stationary atmospheric Rossby waves. Following Chen et al. (2003) and Rao and Ren (2015),
daily data are used to calculate the Eliassen-Palm (E-P) ﬂux. The formulae to calculate the quasi-geostrophic
2-D E-P ﬂux were given by Andrews et al. (1987). The meridional (Fy) and vertical (Fz) components of the E-P
ﬂux and the E-P ﬂux divergence DF are calculated as follows:
F y ¼ ρ0 a cosφu0 v 0 ;
Rf 0 0
F z ¼ ρ0 a cosφ 2 v Τ
HN


∂ F y cosφ =ða cosφÞ∂φ þ ∂F z =∂z
∇F
DF ¼¼
¼
;
ρ0 a cosφ
ρ0 a cosφ
where ρ0 is air density, a is the radius of the Earth, R is the gas constant, f is the Coriolis parameter, H is the
atmospheric scale height (7 km), u and v are the zonal and meridional wind components, respectively, z
and φ are the height and latitude, respectively, and T is the temperature; overbars denote zonal means,
and prime symbols denote departures from the zonal mean.

3. Impact of Extreme El Niño on the Winter Stratosphere
Many studies have focused on the winter mean response of NH stratospheric polar vortex to El Niño.
However, the importance of studying the time evolution of the El Niño response from early to late
winter/early spring has already been emphasized and is essential for depicting the coupling between the
stratosphere and troposphere (e.g., Calvo et al., 2017; Fletcher & Kushner, 2011; Ineson & Scaife, 2009;
Manzini et al., 2006; Sung et al., 2014). Particularly, Manzini et al. (2006) reported a polar warming
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Figure 2. Lead-lag correlation between the 3 month averaged stratospheric
polar cap temperature (60°N–90°N) anomalies and the winter (DecemberJanuary-February averaged) Niño3.4 index for the period 1980–2016, from
the National Centers for Environmental Prediction/Department of Energy
(NCEPDOE) reanalysis data set. Negative (positive) lags indicate that El Niño–
Southern Oscillation (ENSO) is leading (lagging), and thicker lines indicate
statistical signiﬁcance at the 95% conﬁdence level.

10.1002/2017JD028064

occurring in late winter/early spring due to El Niño. Previous studies have
also found that it takes a few months for the stratosphere to establish a
stable pattern of response to tropical SST anomalies (Calvo et al., 2004,
2010; Garcia-Herrera et al., 2006; Jin & Hoskins, 1995; Newman et al.,
2001; Yulaeva & Wallace, 1994). We investigate the lead-lag correlation
between the monthly NH SPT (a measure of stratospheric warming; see
section 2.4) and the winter (DJF averaged) Niño3.4 index (Figure 2). The
maximum correlation coefﬁcients (signiﬁcant at the 95% conﬁdence level)
occur at a lag of 2 months (ENSO leading SPT); the simultaneous correlation coefﬁcient is smaller. This suggests that the response of NH highlatitude stratospheric temperature to El Niño lags behind the El Niño
events. Note also that the maximum correlation coefﬁcient in Figure 2 is
~0.4, which indicates that most of the vortex variability in DJF is not
explained by ENSO, supporting the view developed by Garﬁnkel,
Hurwitz, Oman, and Waugh (2013). Therefore, the following sections
present the composite NH stratospheric circulation and temperature
anomalies during winter (DJF) and late winter/early spring (FMA).
3.1. Winter (DJF) Seasonal Mean

Composite analysis is performed to investigate the impact of extreme El
Niño events on the stratosphere in boreal winter (DJF), compared with that of moderate EP El Niño events
(Figure 3; see section 2 for identiﬁcation methods). In the tropical stratosphere, out-of-phase temperature
variations (cooling) in the middle stratosphere and in-phase variations (warming) in the tropical lower stratosphere are found during extreme El Niño events, with larger amplitudes than those during moderate events.
The intense tropical variations during extreme El Niño are consistent with previous studies (Rao & Ren, 2016a,
2016b; Xu et al., 2016) and can be accounted for by the traditional paradigm (Calvo et al., 2010; Free & Seidel,
2009; Hardiman et al., 2007; Randel, 1987). Interestingly, the composite pattern of the stratospheric polar vortex in the NH high latitudes is cooled and strengthened. It seems to be opposite to the traditional pattern, but
it should be noted that the pattern is not signiﬁcant. Caution must be applied when the events involved in
composite analysis are limited (Garﬁnkel, Hurwitz, Oman, & Waugh, 2013). In Figure 4, we present the

1

Figure 3. Composite zonal wind (a, c; units: m s ) and temperature (b, d; units: K) anomalies for (a, b) extreme El Niño and (c, d) moderate El Niño in winter
(December-January-February), from the National Centers for Environmental Prediction/Department of Energy (NCEPDOE) reanalysis. The annual cycle, linear
trend, and quasi-biennial oscillation signals have been removed from the temperature and zonal wind data. Stippling denotes that anomalies are signiﬁcant; that is,
the sign of the change is the same for all events.
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1

Figure 4. Zonal wind (contours; units: m s ) and temperature (shading; units: K) anomalies in winter (December-January-February) from the National Centers for
Environmental Prediction/Department of Energy (NCEPDOE) reanalysis for each of the (a–c) three extreme El Niño (EN) events and (d–f) three moderate El Niño
events.

zonal-mean zonal wind and temperature anomalies in winter (DJF) for all selected extreme and moderate
events, from the NCEPDOE reanalysis. Features apparently at odds with the averaged anomaly patterns
obtained in the composite analysis are seen in individual cases within the moderate group, including the
1997/1998 and 2006/2007 El Niño events. They lead to the insigniﬁcant composite anomalies in Figure 3.
El Niño perturbs the polar stratospheric circulation by altering the propagation and dissipation of ultralongwavelength Rossby waves in middle latitudes (Cagnazzo et al., 2009; Free & Seidel, 2009; Garcia et al., 2007;
Garcia-Herrera et al., 2006; Garﬁnkel & Hartmann, 2008; Hamilton, 1993; Manzini et al., 2006; Sassi et al., 2004;
Taguchi & Hartmann, 2006; Van Loon et al., 1982). Therefore, we investigate the winter planetary wave activity during each El Niño event. Given the lagged response of polar stratospheric anomalies to upward wave
activity (Newman et al., 2001), we focus on the November-December mean planetary wave activity.
Figure 5 shows the latitude-height structure of the E-P ﬂux anomalies in the six El Niño events. Reduced
upward wave activity during early winter of 1982/1983 and 2015/2016 (Figures 5a and 5c) corresponds to

7

3 2

Figure 5. November to December Eliassen-Palm (E-P) ﬂux response (vectors, normalized by air density; units: 10 m s ) and E-P ﬂux divergence (color shading,
1
1
units: m s day ) from the National Centers for Environmental Prediction/Department of Energy (NCEPDOE) reanalysis for each of the (a–c) three extreme El
Niño events and (d–f) three moderate El Niño events.
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Figure 6. Late winter/early spring (February-March-April) composite zonal wind (a, c; units: m s ) and temperature (b, d; units: °C) anomalies from the National
Centers for Environmental Prediction/Department of Energy (NCEPDOE) reanalysis for (a, b) extreme El Niño and (c, d) moderate El Niño. Stippling denotes
anomalies where all events have the same sign.

the observed colder and stronger polar vortex (Figures 4a and 4c). Palmeiro et al. (2017) found that anomalous Rossby waves interfered destructively with the climatological stationary wave in November and
December 2015 (their Figure 3). This result is consistent with the wave activity diagnosed here during the
early winter of 2015/2016. Although the 1982/1983 extreme El Niño exhibits similarly weakened upward
wave activity, increased upward wave activity is found in early winter in 1997/1998 (Figure 5b), leading to
the weakened polar vortex (Figure 4). Rao and Ren (2017) provided insight into possible causes leading to
different NH stratospheric variations in winter during these three extreme El Niño events. In addition,
during the 2006/2007 moderate El Niño in early winter, upward wave activity at high latitudes is reduced,
unlike that in other moderate El Niño events. This accounts for the cooled polar vortex during winter
2006/2007 (Figure 4f).
3.2. Late Winter/Early Spring (FMA) Seasonal Mean
Although the composite polar vortex anomalies during extreme and moderate El Niño events seem to be
antisymmetric, more careful analysis of individual El Niño events casts doubt on this result. It is difﬁcult to
obtain a robust averaged pattern in boreal winter for either extreme or moderate El Niño due to the
confounding effects of internal unforced variability. The lead-lag response analysis suggests that the most
pronounced response of NH high-latitude stratospheric temperature to El Niño should occur in late
winter/early spring.
Figure 6 shows the late winter/early spring (FMA averaged) composite anomalies of zonal-mean zonal wind
and temperature for extreme and moderate El Niño events from the NCEPDOE reanalysis. Contrary to the
composite results in Figure 3, the northern polar vortex variations in late winter/early spring during extreme
El Niño and moderate El Niño are similar, exhibiting a weakened and warm northern polar vortex. The circulation and temperature anomalies in late winter/early spring are in good agreement with previously established El Niño signatures (Cagnazzo et al., 2009; Free & Seidel, 2009; Garcia-Herrera et al., 2006; Xie et al.,
2012). Moreover, the circumpolar zonal wind and temperature anomalies during extreme El Niño events
are stronger and extend farther into the midlatitudes than those during moderate El Niño events.
To further conﬁrm the similarity between the extreme and moderate El Niño patterns in late winter/early
spring, the circulation and temperature anomalies in late winter/early spring (FMA) for the six El Niño events
are shown separately in Figure 7. Easterly anomalies and anomalous warming are clearly seen in the northern
polar region during all extreme and moderate El Niño events. In addition, with larger zonal wind and
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Figure 7. As for Figure 4, but in late winter/early spring (February-March-April).

temperature anomalies, extreme El Niño seems to have a stronger effect on the polar vortex than moderate El
Niño, which is consistent with the late-winter composite analysis (Figure 6).
The late winter/early spring planetary wave activity during each El Niño event is also diagnosed. Figure 8
shows the latitude-height structure of the E-P ﬂux anomalies in the six El Niño events during January and
February. Note that the January-February mean of planetary wave activity is investigated because of the
lagged response of polar stratospheric anomalies to upward wave activity. Anomalous wave ﬂux enters
the stratosphere at ~60° latitude in the NH in late winter/early spring; this effect can be observed during
all events. As a result, the northern polar vortex becomes warmer and weaker in late winter/early spring
during both extreme and moderate El Niño (Figures 6 and 7).
Finally, the temporal evolution of the polar temperature and midlatitude jet response from winter to the
following spring is presented in Figure 9. Here we use vertical time sections of indices, SPT and GHI, which
are described in section 2. In both the extreme and moderate El Niño case, a warming of the polar atmosphere, indicated by the negative anomalies of SPT, is in agreement with the signal in zonal mean temperature (Figures 3 and 6); so is a deceleration of the midlatitude jet revealed by the negative anomalies of GHI. It
is clearly shown that a maximum response is established during February to March for both extreme and
moderate El Niño, supporting the lagged response obtained using the lead-lag analysis. In addition, the

Figure 8. As for Figure 5, but from January to February.
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Figure 9. Pressure-time cross sections of geopotential height index (GHI; contours; interval: 50 m) and stratospheric polar cap temperature (SPT; shading; units: K) for
(a) extreme El Niño composites and (b) moderate El Niño composites.

variations in the NH polar vortex have much larger amplitude in the case of extreme El Niño than that of
moderate El Niño. This feature is also coherent with the seasonal mean results above.

4. Model Simulations With WACCM4
Due to the limited number of EP El Niño events that have occurred in recent decades and the large internal
climate variability, it is necessary to supplement the signature of extreme El Niño events obtained from
reanalyses. We used WACCM4 to perform a series of idealized numerical experiments to conﬁrm our results
(section 2.3). Figure 10 shows vertical cross sections of SPT and GHI for extreme and moderate El Niño events,
based on WACCM4 simulations forced by SST anomalies of extreme and moderate El Niño limited to winter
(DJF). The polar cap temperature response during extreme El Niño is of greater amplitude than that during
moderate El Niño (Figure 10). Consistently, there is a stronger (more than twice as strong) signiﬁcant negative
GHI response, indicating a weakening stratospheric jet, in extreme El Niño than in moderate El Niño. The common feature of both extreme and moderate El Niños, however, is the lagged response starting from February
and lasting until April. This feature is more clearly shown in the case of moderate El Niño, when the warmed
polar vortex and weakened stratospheric jet appear from 1 February. Although in extreme El Niños a

Figure 10. Height-time cross sections of geopotential index (GHI: a, c; units: m) and stratospheric polar cap temperature (SPT: b, d; units: K) for (a, b) extreme El Niño
and (c, d) moderate El Niño, based on Whole Atmosphere Community Climate Model version 4 (WACCM4) simulations. Anomalies that are signiﬁcant at the 90%
conﬁdence level (Student’s t test) are stippled.
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Figure 11. Zonal-mean zonal wind (a, c, e; units: m s ) and temperature (b, d, f; units: K) anomalies for (a, b) extreme El Niño (EN) and (c, d) moderate El Niño in late
winter/early spring (February-March-April) from Whole Atmosphere Community Climate Model version 4 (WACCM4) simulations. (e, f) Differences between extreme
and moderate El Niño for zonal wind and temperature, respectively. Anomalies that are signiﬁcant at the 90% conﬁdence level (Student’s t test) are stippled.

substantial warming of the polar stratosphere starts 2 weeks after the forcing begins (December), it gradually
increases and signiﬁcant anomalies are established after 1 February. Therefore, apart from a stronger stratospheric response to extreme El Niño than to moderate El Niño, a time lag of about 2 months is revealed by the
simulations. This supports the lead-lag analysis using observations, as presented in section 3 (Figure 2). The
lagged response indicates that the late winter/early spring variations in the NH stratosphere during El Niño
events may better represent the impact of El Niño at high latitudes.
The zonal mean temperature and zonal wind anomalies during late winter/early spring (FMA) are presented
in Figure 11. A signiﬁcantly warmed polar vortex and weakened circumpolar jet are found in both extreme
and moderate El Niño cases. The signatures of extreme and moderate El Niño have a similar pattern, but
extreme El Niño has signiﬁcantly larger amplitudes. The nonlinearity of the impact on the northern winter
stratosphere of ENSO events of different intensity has been discussed in previous studies (Rao & Ren,
2016a, 2016b), but in our experiments the amplitude of the NH stratospheric response to extreme El Niño
is 4 times larger than that to moderate El Niño. This discrepancy presumably arises from different aspects
focused on in the two studies. More discussion is presented in section 5. Note also that the model results
do not agree with observations for early winter. In reality, the most vortex variability is not explained by
ENSO. This view has been developed by Garﬁnkel, Hurwitz, Oman, and Waugh (2013) and is also supported
by our lead-lag analysis (Figure 2). However, the sensitive runs in WACCM4 isolate the ENSO signal. Therefore,
it is not particularly surprising that differences exist between observations and simulations. On the other
hand, previous studies and the lead-lag analysis as well as model simulations in our study have shown that
the response of the stratospheric polar vortex to El Niño matures in late winter/early spring. Therefore, significant signals of El Niño are found in late winter/early spring, which are coherent with model simulations.
The physical connection between El Niño and the stratosphere is further conﬁrmed here from model
simulations. Figure 12 shows the monthly evolution of planetary wave activity in the NH from December
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Figure 12. Response of the Eliassen-Palm (E-P) ﬂux (vectors, normalized by air density; units: 10 m s ) and the E-P ﬂux divergence (color shading, units:
1
1
m s day ) from December to March, for (a–d) extreme El Niño (EN), (e–h) moderate El Niño, and (i–l) differences between them. The E-P ﬂux is multiplied by
the square root of 1,000/pressure (hPa) to better demonstrate the waves in the stratosphere.

to March, for extreme El Niño, moderate El Niño, and their differences. The anomalous upward propagation of
planetary waves is well reproduced in both extreme and moderate El Niño cases. The anomalous upward
component of the E-P ﬂux, which is proportional to the meridional eddy heat ﬂux, is dominant in the
stratosphere between 40° and 60°N, leading to weakening of the northern polar vortex (Figures 10
and 11). Another common feature is that the wave activity develops from December when the SST
forcing begins, peaks in February, and decays from March when the SST forcing is turned off. The
evolution of wave activity is then responsible for the lagged response of the Arctic polar vortex
(Figure 10). In addition, stronger upward wave activity is more excited by extreme El Niño than by
moderate El Niño (Figures 12i–12l), accounting for a warmer stratosphere in the extreme El Niño case.
Thus, the anomalous wave activity and subsequent stratospheric response associated with moderate and
extreme El Niño show similar patterns but different amplitudes.

5. Summary and Discussion
The seasonal evolution of the response of the NH stratospheric vortex to extreme El Niño, compared with that
to moderate El Niño, has been explored in observations derived from reanalysis data sets and simulations
from WACCM4. Previous studies have found that it takes a few months for the stratosphere to establish a
stable pattern of response to tropical SST anomalies (Calvo et al., 2004, 2010; Garcia-Herrera et al., 2006; Jin
& Hoskins, 1995; Newman et al., 2001; Yulaeva & Wallace, 1994), and the lead-lag correlation analysis and
simulations in our study further indicate that El Niño leads the stratospheric response by about 2 months.
Although the composite polar vortex responses to extreme El Niño and moderate El Niño seem to be of
opposite sign in winter (DJF), more careful analysis of individual El Niño events casts doubt on this result.
Some events are not coherent with the composite results. We found little evidence for the opposite patterns
of extreme and moderate El Niño. Also, it is not particularly surprising that the difference in response
between extreme and moderate El Niño events is not statistically signiﬁcant, due to the confounding effects
of internal unforced variability. However, it was found that the patterns of circulation and temperature in late
winter/early spring associated with extreme and moderate El Niño are similar, although the responses of
extreme El Niño have larger amplitude than those of moderate El Niño.
Since the observational record is relatively short and internal climate variability can be large, the signatures of
winter extreme and moderate El Niño were further conﬁrmed by WACCM4 simulations. Simulations with SST
forcing limited to winter (DJF) support the lagged response of the high-latitude stratosphere to El Niño.
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Extreme El Niño has a clear impact on the NH polar stratospheric region in the form of an anomalous signiﬁcant warming, similar to but with larger amplitude than that of moderate El Niño. Stronger upward propagation of planetary waves during extreme El Niño leads to a weaker Arctic polar vortex.
Recently, Rao and Ren (2016a, 2016b) have also analyzed the nonlinearity of the impacts of strong and moderate ENSO events on the NH stratosphere, reporting that the moderate El Niño is more efﬁcient than the
strong El Niño in modulating the extratropical circulation in winter. However, our study revealed a much
stronger response of the NH stratospheric vortex (more than 4 times larger) to extreme El Niño than to
moderate El Niño. The discrepancy may arise from the different methodologies we use, as we consider the
lagged response of the stratosphere to winter El Niño; for example, we investigate the FMA-mean stratospheric circulation anomalies caused by DJF-mean El Niño events, while Rao and Ren (2016a, 2016b) analyzed
the DJF-mean stratospheric circulation anomalies caused by DJF-mean El Niño events. The reason for considering the lagged response has already been illustrated in sections 3 and 4. Because the lagged response is
considered here, the conclusions of the two studies are completely different. Moreover, this paper excludes
CP El Niño events from the composites and only consider EP events, while Rao and Ren (2016a, 2016b) did
not discriminate between the two types. The “strong” El Niño in their research is weaker than the extreme
El Niño here. Speciﬁcally, the composite Niño3 peak of their strong events is 2.05 (Table 1 in Rao & Ren,
2016a), while ours is much larger at 2.99. To sum up, the contrasting conclusion, the consideration of the
lagged response, and the different types of El Niño make our study different from Rao and Ren (2016a,
2016b, 2017).
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