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Abstract While a connection between the El Niño–Southern Oscillation (ENSO) and the Northern
Hemisphere wintertime stratospheric polar vortex appears robust in observational studies focusing on the
period before 1979 and in many modeling studies, this connection is not evident over the past few decades.
In this study, the factors that have led to the disappearance of the ENSO-vortex relationship are assessed by
comparing this relationship in observational data and in operational subseasonal forecasting models over
the past few decades. For reforecasts initialized in December, the models simulate a significantly weaker
vortex during El Niño than La Niña (LN) as occurred before 1979, but no such effect was observed to have
occurred. The apparent cause of this is the eastern European and western Siberian height anomalies
present during ENSO. The observed LN events were associated with persistent ridging over eastern Europe
as compared to El Niño. Although the Subseasonal-to-Seasonal models are initialized with this ridge,
the ridge quickly dissipates. As ridging over this region enhances wave flux entering the stratosphere,
the net effect is no robust stratospheric response to ENSO in the observations despite a North Pacific
teleconnection that would, in isolation, lead to less wave flux for LN. The anomalies in the eastern
European sector in response to ENSO likely reflect unforced internal atmospheric variability.

1. Introduction
Interannual variability in the tropics is dominated by the El Niño–Southern Oscillation (ENSO), which
manifests as anomalous sea surface temperatures in the Pacific Ocean and accompanying changes in precipi-
tation. It has long been known that ENSO impacts the global atmospheric circulation in both the troposphere
(Horel & Wallace, 1981; Halpert & Ropelewski, 1992; Ropelewski & Halpert, 1987; Trenberth et al., 1998)
and stratosphere (Domeisen et al., 2019). Specifically, the warm (El Niño hereafter EN) phase of ENSO has
been associated with an accelerated Brewer-Dobson circulation and a warmer Arctic stratosphere by sev-
eral kelvin on average (Camp & Tung, 2007; Free & Seidel, 2009; Garfinkel & Hartmann, 2007). In contrast,
the cold phase of ENSO (La Niña hereafter LN) is on average associated with a colder Arctic stratosphere
(Garfinkel & Hartmann, 2007; Iza et al., 2016) though this cooling is somewhat less robust (Manzini et al.,
2006).

The stratospheric response to EN events is driven by a deepened Aleutian low (e.g., Barnston & Livezey,
1987), which constructively interferes with the climatological stationary planetary wave pattern and leads
to strengthened wave flux into the stratosphere (i.e., linear interference; Garfinkel & Hartmann, 2008;
Garfinkel et al., 2010; Smith et al., 2010; Smith & Kushner, 2012), as recently reviewed by Domeisen et al.
(2019). Other modes of tropospheric variability (e.g., October Eurasian snow) can affect the vortex through a
similar pathway but via variability over western Siberia/eastern Europe, where a ridge constructively inter-
feres with the climatological stationary planetary wave pattern and leads to strengthened wave flux into the
stratosphere (Bao et al., 2017; Cohen & Jones, 2011; Garfinkel et al., 2010; Kretschmer et al., 2017). Episodes
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of prolonged upward wave flux can lead to sudden stratospheric warming (SSW) events (Polvani & Waugh,
2004; Sjoberg & Birner, 2012), induce a tendency toward a negative phase of the North Atlantic Oscillation
(Bell et al., 2009; Ineson & Scaife, 2009), and increase weather predictability (Sigmond et al., 2013) in the
Euro-Atlantic region for more than a month.

Over the past few decades the connection between ENSO and the Arctic stratospheric vortex has weakened,
and if one examines only the period since 1979 it is not statistically significant in the lower stratosphere
(Domeisen et al., 2019; Hu et al., 2017; Yang et al., 2017). Consistent with this, decadal variability is also
present in the Atlantic sector response to ENSO, with a negative correlation between ENSO and the North
Atlantic Oscillation from 1958 to 1978 and a weak response afterward (Domeisen et al., 2019; Greatbatch
et al., 2004). This leads to differences in the precipitation response over Europe to ENSO (Ayarzagüena
et al., 2018). The frequency of extreme transient wave activity flux events from the North Pacific to the North
Atlantic also changed after 1978 (Jiménez-Esteve & Domeisen, 2018).

Several possible explanations for this decadal variability may exist:

1. Decadal variability in the Pacific or Atlantic Ocean (Gershunov & Barnett, 1998; Hurwitz et al., 2012; Hu
& Guan, 2018; Kren et al., 2016; Omrani et al., 2014; Woo et al., 2015).

2. Modulation of the ENSO teleconnection by the quasi-biennial oscillation (QBO): When westerly QBO
occurs during EN, both the tropospheric and stratospheric teleconnections are stronger (Calvo et al.,
2009; Garfinkel & Hartmann, 2010), and this alignment occurred preferentially before 1979 (Domeisen
et al., 2019; Garfinkel & Hartmann, 2007; Hu et al., 2012).

3. Changes in the North Pacific tropospheric anomalies during ENSO: The North Pacific low extended
into northeast Asia during the period before 1979 but was confined to the northeast Pacific since 1979
(Domeisen et al., 2019; Hu et al., 2017). A low confined to the northeast Pacific is less efficient in weaken-
ing the vortex than a low that extends further west (Garfinkel et al., 2010). In addition, the North Pacific
ridge associated with LN has shifted closer to North America since 1979 (Kumar et al., 2010; Yang et al.,
2017) where it leads to an enhanced wave-2 signal (Yang et al., 2017).

4. This apparent decadal variability is unforced and rather occurred by chance. Model simulations run over
a limited period can also simulate a relative weakening of the ENSO- vortex effect that is reminiscent of
that observed, despite showing a robust connection over a longer period (Weinberger et al., 2019)

5. The tendency of EN to be associated with more SSW and LN with fewer SSW events in the first half of
this period only but not the second (Butler & Polvani, 2011; Domeisen et al., 2019). Over the entire period
there is little difference in the frequency of SSW events between LN and EN winters (Butler & Polvani,
2011; Garfinkel et al., 2012a), though there is sensitivity to how LN events and SSW events are classified
(Polvani et al., 2017; Song & Son, 2018).

6. It is possible that there may never have been a strong connection in the first place and the satellite net-
work since 1979 better constrains reanalysis products. Note, however, that many modeling studies using
a wide range of models have concluded EN leads to a weaker vortex as compared to LN (Bell et al., 2009;
Domeisen et al., 2015; Garfinkel et al., 2012a; Li & Lau, 2013; Manzini et al., 2006; Polvani et al., 2017;
Song & Son, 2018; Taguchi & Hartmann, 2006), and therefore, the modeling evidence for such a connec-
tion is strong. Also, a mechanistically similar stratospheric response has been found following anomalous
convection on intraseasonal time scales (Garfinkel et al., 2012b, 2014; Kang & Tziperman, 2017; Liu et al.,
2014; Schwartz & Garfinkel, 2017).

The Subseasonal-to-Seasonal (S2S) Prediction project (Vitart et al., 2017) has recently made available a large
number of hindcasts covering the period over which the ENSO-vortex connection is weak. These simulations
are all initialized with the observed atmospheric state (including the QBO, Garfinkel et al., 2018) and sea
surface temperatures (including any decadal oceanic variability), and as they are intended to be useful for
forecasting operationally, they can be compared directly to observed variability during the duration of their
forecast.

This study uses the S2S simulations to assess the factors that led to a weak ENSO-vortex connection over
the past few decades. After introducing the data and methods in section 2, we establish in section 3 that
the ENSO-vortex relationship has weakened recently. We then show in section 4 that the S2S models fail to
capture the observed weak ENSO-vortex connection for reforecasts initialized in December despite being
initialized with observed oceanic and atmospheric conditions and identify the apparent proximate cause for
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Table 1
S2S Model Experiments Chosen

Model (ensemble members) Years Reforecasts analyzed Vertical levels Model top
CMA (4) 1999–2014 Six per month 40 0.5 hPa
NCEP (4) 1999–2010 Nine per month 64 0.02 hPa
ECMWF (11) 1996–2013 Four per month 91 0.01 hPa
UKMO (3) 1998–2009 Four per month 85 85 km

this failure. We then discuss the implications for the observed weak ENSO-vortex relationship over the past
few decades in section 5.

2. Data and Methods
The association between ENSO and polar stratospheric variability is examined in models that have con-
tributed to the S2S Prediction project (Vitart et al., 2017). As the results of this study are based in large
part on analyzing the lagged response well beyond a month, we examine models that archive data beyond
44 days. Five modeling centers provided data that met this criterion at the time we started downloading
data—the Australian Bureau of Meteorology (BoM), the European Centre for Medium-Range Weather Fore-
casts (ECMWF), the China Meteorological Administration (CMA), the U.K. Met Office (UKMO), and the
National Center for Environmental Prediction (NCEP). As shown in Garfinkel et al. (2018) the BoM model
struggles to represent the QBO even in the first week due to its coarse vertical resolution (only 17 levels in
the vertical), and as shown by Garfinkel and Schwartz (2017) the BoM model struggles to simulate SSWs
as well. Hence, in this paper we do not show results from the BoM model. Table 1 summarizes the refore-
casts analyzed in this study. Note that when we downloaded UKMO data, there were only three ensemble
members available and fewer calendar years than are currently available. For the ECMWF model we down-
loaded only one reforecast each week, and for the NCEP model we only downloaded nine reforecasts each
month, for consistency with the data availability for the other models. These various forecast systems differ
in the quality of their representation of the stratosphere: The stratosphere is less well resolved in CMA as
compared to the other three forecast systems (Table 1).

We consider forecasts initialized in November through February and assess the stratospheric response to
ENSO up to 2 months later, though the main focus is on reforecasts initialized in December in order to
focus on the period when the zonal wind at 10 hPa and 60◦N response to EN is strongest (Figures 6 and 7 of
Calvo et al., 2017). Figures for other months are shown in the supporting information. Taking the ECMWF
reforecasts in December, for example, we first determine if the first date of each reforecast in December over
the period of data availability is during an EN winter or a LN winter. Reforecasts are characterized as EN or
LN if the value of the observed Niño3.4 index in monthly mean ERSSTv5 data (Huang et al., 2017) for the
calendar month which contains the day of initialization is warmer than 0.5 K (for EN) or colder than −0.5 K
(for LN). We only select initializations in which the zonal mean zonal wind at 60◦N, 10 hPa (U10) is above 10
m/s in order to avoid selecting vortex states that are already highly disturbed where nonlinear wave effects
are most pronounced, and results are similar if we use, for example, 5 or 12 m/s. We then form composites
of all reforecasts initialized during EN conditions and during LN conditions and examine the extratropical
response for the duration of the reforecast. We then form corresponding EN and LN composites based on
these same dates but using atmospheric data from the MERRA (Modern-Era Retrospective Analysis for
Research and Applications; Rienecker et al., 2011) reanalysis and compare the extratropical response in the
reforecasts to the observed extratropical response in order to assess the fidelity of ENSO teleconnections in
the ECMWF forecast system. We thereby subsample MERRA data to match the ECMWF forecast system.

A similar procedure is followed for the other forecast systems. Note that each modeling center has made
available reforecasts from different years and the restart dates differ among the modeling centers even for a
given year. It is therefore necessary to separately composite the observations according to the actual initial-
izations used for each model in order to more meaningfully compare the modeled and observed stratospheric
response to ENSO.

We examine the following metrics of the extratropical circulation in order to assess the strength of the
ENSO-vortex connection: zonal wind at 10 hPa and 60◦N (U10); 70◦N and poleward area-weighted aver-
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aged temperature at 50 hPa (T50); 70◦N and poleward area-weighted averaged geopotential height at 100
hPa (Z100); heat flux (v′T′) at 500a and 100 hPa area-weighted from 40◦N to 80◦N for zonal wavenumbers 1
and 2. U10 is conventionally used to define SSW events (Butler & Gerber, 2018; Charlton & Polvani, 2007),
and together with polar cap geopotential height is tightly coupled to the Northern Annular Mode (Baldwin
& Thompson, 2009). The heat flux is proportional to the vertical component of the Eliassen-Palm flux, and
hence, heat flux at 100 hPa is a proxy for wave activity in the lower stratosphere and subsequent stratospheric
variability (e.g., Newman et al., 2001). Anomalous heat flux at 100 hPa can alternately reflect altered condi-
tions for wave propagation within the stratosphere or altered wave generation in the troposphere (Cámara
et al., 2017; White et al., 2019), and hence, we also examine 500-hPa heat flux to better connect ENSO to its
stratospheric response. The 100-hPa heat flux peaks between 40◦N and 80◦N, and hence, we focus on this
latitude band (Garfinkel et al., 2012a). Note that the S2S database only contains data at three stratospheric
levels (10, 50, and 100 hPa), which necessarily limits our ability to diagnose the mechanism behind the con-
nection of ENSO with the vortex. We show the weekly average for each of the aforementioned indices in our
figures.

Statistical significance of the difference between EN and LN is determined using a two-tailed difference of
means Student's t test, and the null hypothesis throughout is that there is no difference between EN and
LN. For the S2S models each reforecast ensemble member is treated as a separate degree of freedom as
we are interested in the extratropical response after the first week when internal variability already leads
to differences among the ensemble members. For MERRA, each winter is treated as a separate degree of
freedom to avoid double-counting the same observed data for different initialization dates.

The statistical significance of running correlations between ENSO and variables of interest (e.g., U10) is
computed via a Monte Carlo technique. We first use Burg's method to fit an AR-2 process to the Nino3.4
index from 1958 to 2017; we use Burg's method following De Hoon et al. (1996), and the relevance of an AR-2
process for ENSO has been demonstrated by Vimont et al. (2002). We then generate 3,000 realizations of an
AR2 process with the same statistical properties as ENSO and compute the running correlation of each of
these random processes with U10 for all possible 25-year periods between 1958 and 2017. We evaluate the
difference in the correlation (𝛥 correlation) between each 25-year period and the most recent 25 years for
each realization. We then compute the top and bottom 2.5% quantiles of the maximum and minimum 𝛥 cor-
relation without making any assumption on the nature of the distribution and hence form 95% confidence
intervals of the 𝛥 correlation of ENSO with subpolar stratospheric winds.

Rank histograms (Hamill, 2001) are used to compare the ECMWF response to the observed response of
U10. For every initialization in the reforecast period, we sort the ensemble members by their response in the
sixth week and evaluate where MERRA would rank if we treat it as an “extra” ensemble member. If it falls
between, for example, ensemble members 4 and 5, then we increment the bar that falls between 4 and 5 by 1.
We compute the rank histogram for initializations during EN and LN separately. We assess the likelihood of
a rank histogram occurring by chance with the following Monte Carlo test. Suppose, for example, there are
66 initializations of a given ENSO phase. We then select 66 random numbers evenly distributed between 1
and 12, form a histogram of the response, and then compute the difference in population of the two leftmost
and two rightmost bins. Results are identical if we select the three or four leftmost and rightmost bins. This
procedure is repeated 3,000 times, and by computing the top and bottom 2.5% quantiles of the maximum and
minimum difference, we form 95% confidence intervals of the deviation of the population of the leftmost
bins from the rightmost bins in a rank histogram.

The statistical significance of differences in variables of interest (e.g., U10) to EN versus LN in the S2S fore-
cast systems as compared to MERRA is also computed via a Monte Carlo resampling technique. For each
S2S forecast systems,

1. Step 1: We randomly select initializations from the full hindcast ensemble to match the number of actual
EN and LN initializations, without allowing the same initialization to be placed in both the EN and LN
fictitious samples.

2. Step 2: We then compute the difference in U10 for these fictitious EN and LN samples both for the model
and for MERRA reanalysis.

3. Step 3: We then compute the difference in U10 between the model and MERRA responses for these
fictitious composites.
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Figure 1. Running correlations over 25-year windows between Niño3.4 in DJF and extratropical variability sourced
from the JRA-55 reanalysis in (a) zonally averaged zonal wind at 60◦N in DJF at 10 hPa from the JRA-55 reanalysis; (b)
Z500 in the eastern European region defined here as 35–45◦E,55–65◦N, following Garfinkel et al. (2010). Thick (thin)
lines indicate statistical significance at the 95% (90% level) for a 25-year correlation as given by the Monte Carlo test
described in section 2. Significance is shown only for periods in which no more than half of the samples being
compared overlap. Panel (a) is after Figure 13c in Domeisen et al. (2019). DJF = December–February.

4. Step 4: Steps 1 through 3 are repeated 3,000 times, with different initializations randomly included in the
fictitious EN and LN composites. We then compute the top and bottom 2.5% quantiles of the maximum
and minimum difference between the S2S forecast systems and MERRA without making any assumption
on the nature of the distribution, to which we compare the actual difference between the S2S forecast
systems and observations.

3. Recent Weakening of the Observed Connection Between ENSO and the
Arctic Stratosphere
We begin by revisiting the key result of Hu et al. (2017) and Yang et al. (2017): Over the past few decades,
the relationship between ENSO and the Arctic stratospheric vortex has weakened. Figure 1a shows running
correlations over 25-year windows between Niño3.4 in December–February and U10, and Figure 1a indi-
cates that while EN was associated with weaker subpolar stratospheric westerly winds as compared to LN
before 1990, this effect has since weakened and has even reversed over the most recent 25 years. The cor-
relation is essentially zero if we focus on the period 1999 to 2009, the period common to the S2S models
(r = 0.03 for U10), when several SSW events occurred during LN. The statistical significance of this weaken-
ing is assessed with the Monte Carlo test described in section 2. In Figure 1a, solid lines are used for 10% and
thick lines are used for 5% significance. The correlation between ENSO and the Arctic stratospheric vortex
was significantly different at the 5% significance level for 25-year periods centered in the 1980s as compared
to the most recent period. Similar nonstationarity is evident with slight changes in the variables compared
(see Figure 13c in Domeisen et al., 2019) or the length of the averaging window.

The field significance of the running correlation can be assessed by first converting the correlation for each
central date into a Z score using a Fisher-z transformation, computing the difference of the Z score between
each central date and the most recent 25 years to compute a 𝛥Z, summing the 𝛥Z scores across all central
dates to form a cumulative 𝛥Z score, and then comparing the cumulative 𝛥Z score for each of the 3,000
Monte Carlo realizations to the observed cumulative 𝛥Z score. The observed cumulative 𝛥Z score is more
extreme than in all but 4.3% of the 3,000 Monte Carlo realizations.

This paper tries to answer the question of why the ENSO-vortex relationship has weakened over this period
(and is essentially nonexistent over 1999 to 2009) by considering models that are initialized during ENSO
conditions with the observed atmospheric state.

4. Can the S2S Models Capture the Observed Weakening of the ENSO-Vortex
Relationship?
We assess whether the ECMWF model, the model with the most ensemble members, simulates a response to
ENSO that is consistent with the observed response to ENSO with a rank histogram in Figure 2a for EN and
Figure 2b for LN (see section 2). If the bars are concentrated on the right side of a panel, then the observed
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Figure 2. Rank histogram of ECMWF reforecasts as compared to MERRA reanalysis for start dates in (a, b) NDJF and
(c, d) December for zonal mean zonal wind at 60◦N, 10 hPa in the sixth week after initialization. The left column is for
reforecasts initialized during El Niño, and the right column is for reforecasts initialized during La Niña. NDJF =
November through February; ECMWF = European Centre for Medium-Range Weather Forecasts; MERRA =
Modern-Era Retrospective Analysis for Research and Applications.

U10 for that particular ENSO phase is systematically more westerly than that simulated by the model, and
vice versa if the bars are concentrated on the left side of a panel. There is a tendency for MERRA to have
faster U10 than most ensemble members for EN, reflected by the fact that most of the bars are to the right of
the panel in Figure 2a. In contrast, for LN, MERRA tends to have weaker U10 than most ensemble members,
reflected by the fact that most of the bars are to the left of the panel in Figure 2b. These systematic tendencies
for overly weak U10 during EN and overly strong U10 during LN in ECMWF are evident when considering
all initializations from November to February but are strongest in December (compare the top and bottom
rows). For both Figures 2b and 2c we can negate a null hypothesis that the rank histogram is flat at p < 0.05
using the Monte Carlo test for rank histograms described in section 2.

Figure 3 generalizes the results of Figure 2 for a range of forecast leads and for multiple variables of interest
for the ECMWF model, the model with the most ensemble members. We first compute the mean U10 in
the ECMWF model (black) for all EN reforecasts initialized in December for each ensemble member (e.g.,
average of member 1, average of member 2) and thereby average over interannual variability. We then sort
the mean response to EN for each of the 11 ensemble members and indicate in Figure 3a the response in the
ensemble members with the maximum and minimum response with black dots, and the range encompassed
by the seven ensemble members with the response closest to the ensemble mean is indicated with a vertical
black line. The observed response for the specific dates included in the model composite is indicated in
orange. For U10, the envelope of the model response does not encompass the observed response for EN by
the second week after initialization. For Z100 (Figures 3c, and 3d), the envelope of the model response does
not encompass the observed response for LN by the second week after initialization. Therefore, in December,
the ECMWF model fails to capture the observed response to ENSO. In the rest of this paper we explore why
the model shows an overly strong vortex in LN as compared to EN, and we then consider whether this can
illuminate the causes of the observed weak ENSO-vortex relationship over this period. As the specific ENSO
phase most responsible for this failure is sensitive to the stratospheric metric examined, we hereafter focus
on the difference between EN and LN.

Figure 4 summarizes the relationship between ENSO and the vortex for the ensemble mean of all models
for December initialization dates. The left column of Figure 4 shows the LN-EN difference for each model
as a function of forecast week, and dots indicate that the modeled responses to EN and LN are signifi-
cantly different. The right column of Figure 4 shows the difference in MERRA subsampled to match the
specific dates included in each composite for each model, and dots indicate that there is a significant differ-
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Figure 3. Fidelity of the response to El Niño–Southern Oscillation in the ECMWF reforecasts as compared to MERRA
reanalysis for start dates in December for (a, b) zonal mean zonal wind at 60◦N, 10 hPa; (c, d) area-weighted average of
geopotential height at 100 hPa from 70◦N to the pole; (e, f) 500-hPa geopotential height over eastern Europe, defined
here as 35–45◦E,55–65◦N, following Garfinkel et al. (2010). The left column is for El Niño, and the right column for La
Niña. The response in the ensemble members with the maximum and minimum response is indicated with black dots,
and the range encompassed by the seven ensemble members with the response closest to the ensemble mean is
indicated with a vertical black line.

ence between the modeled and observed response to ENSO as given by the Monte Carlo test described in
section 2.

We begin by assessing whether the models show an effect of ENSO on U10. For the three models with decent
stratospheric resolution (UKMO in red, ECMWF in black, and NCEP in green), there is a wide divergence
between the model and reanalysis in the U10 response to ENSO around a month after December initial-
izations, with the models indicating a significantly stronger vortex in LN as compared to EN, though no
such effect was observed. This difference between the models and observations is statistically significant as
given by the Monte Carlo test described in section 2. The CMA model (cyan) fails to show any stratospheric
response to EN as compared to LN, but CMA also fails to capture the observed response for CMA initializa-
tion dates (cf. cyan curve in left and right columns). Results are similar for T50 and Z100 (Figures 4c–4f):
The UKMO, ECMWF, and NCEP models indicate that LN leads to lower heights and colder temperatures
over the pole than EN around a month after December initializations, but no such effect was observed.

In contrast, in November, the S2S models more closely simulate the observed response (Figure S1 in the
supporting information), though there are discrepancies in January and February (Figures S2 and S3). For
example, the U10 response in January is small in S2S models but quite negative in MERRA for most models,
and for the Z100 response in February, the S2S models have the wrong sign after week 2. However, the
discrepancies between the models and observations are most pronounced in December, and we focus on
December for the rest of this study.

This discrepancy between models and observations is also evident in the frequency of easterlies at 10 hPa,
60◦N. Figure 5 shows the fraction of reforecasts which simulate easterly U10 at least 1 day out of the forecast
week for reforecasts initialized in December. The left column is for the S2S models, and the right column
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Figure 4. Difference between La Niña and El Niño (La Niña-El Niño) for four different S2S models as a function of
forecast week for reforecasts initialized in December. Difference of means between La Niña and El Niño that are
statistically significant at the 95% confidence level as given by a Student's t test are denoted with dots on the left
column; for the right column dots indicate that there is a significant difference between the modeled and observed
response to ENSO as given by the Monte Carlo test described in section 2. (a, b) Zonal mean zonal wind at 60◦N, 10
hPa; (c, d) area-weighted average of temperature at 50 hPa; (e, f) area-weighted average of geopotential height at 100
hPa from 70◦N to the pole; and (g, h) 500-hPa geopotential height over eastern Europe, defined here as 35–45◦E,
55–65◦N, following Garfinkel et al. (2010). The left column is for the S2S models, and the right column is for MERRA
subsampled to match the specific dates included in each composite for each model. The number of reforecast ensemble
members for each model and ENSO phase is indicated on the figure legend. MERRA = Modern-Era Retrospective
Analysis for Research and Applications; ECMWF = European Centre for Medium-Range Weather Forecasts;
NCEP = National Center for Environmental Prediction; CMA = China Meteorological Administration; ENSO = El
Niño–Southern Oscillation; S2S = Subseasonal-to-Seasonal.

is for the corresponding days in the MERRA reanalysis. The UKMO, ECMWF, and NCEP models simulate
more frequent subpolar easterlies during EN (top row) than during LN (bottom row), while in reanalysis data
easterlies were more frequent during LN. This effect is somewhat weaker if one focuses on the frequency
of easterlies at 10 hPa, 65◦N (Figure S4; consistent with Song & Son, 2018) and is also weaker in other
wintertime calendar months (not shown).

The model-observations mismatch in December can be traced back to the heat flux response to ENSO at
500 and 100 hPa (Figure 6), a proxy for upward propagating wave flux. In the three models with decent
resolution (UKMO, ECMWF, and NCEP), EN leads to more wavenumber 1 and 2 heat flux than LN at both
500 and 100 hPa. However, in reanalysis data LN (if anything) is associated with more planetary wave flux at
500 hPa. At 100 hPa, higher heat flux was present in observations during LN for later lags, while the models
simulate the opposite.

What explains the divergence in response in tropospheric planetary wave driving between the models and
observations evident in Figure 6? We answer this by focusing on the tropospheric teleconnections of ENSO
in Figure 7. The left column shows the 500-hPa height anomalies associated with ENSO in the NCEP refore-
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Figure 5. Fraction of reforecasts that contain at least one day per week in which the zonal wind at 10 hPa, 60◦N is
easterly for four different S2S models for reforecasts initialized in December. The left column is for the S2S models, and
the right column is for MERRA subsampled to match the specific dates included in each composite for each model.
The number of reforecast ensemble members for each model and El Niño–Southern Oscillation phase is indicated on
the figure legend. S2S = Subseasonal-to-Seasonal; MERRA = Modern-Era Retrospective Analysis for Research and
Applications; ECMWF = European Centre for Medium-Range Weather Forecasts; NCEP = National Center for
Environmental Prediction; CMA = China Meteorological Administration; UKMO = U.K. Met Office.

casts, and the right column shows the corresponding observed response. We focus here on NCEP reforecasts
as the ensemble mean of the NCEP reforecasts appears to capture the North Pacific response to ENSO better
than the ensemble mean of the ECMWF reforecasts (shown in Figure S5). In the North Pacific the NCEP
model simulates a quantitatively similar response to that observed, and hence, the model-observations dis-
crepancy in heat flux is apparently not due to differences in the North Pacific teleconnections of ENSO. In
contrast, there are large differences in the European sector response in December, with ridging evident in
reanalysis data over eastern Europe in the LN-EN difference for nearly a month; while this feature appears
in week 1 in the models, it quickly decays. Similar results are evident for the UKMO and ECMWF mod-
els (Figures S5 and S6). Figures 4g and 4h summarize the response over eastern Europe (defined here as
35–45◦E, 55–65◦N, following Garfinkel et al., 2010) in the S2S models and in reanalysis data, the region

Figure 6. Area-weighted average of wavenumber 1 and 2 heat flux (v′T′) at 500 and 100 hPa from 40◦N to 80◦N for
initialization dates in December for the S2S models and MERRA.Statistical significance is indicated as in Figure 4.
S2S = Subseasonal-to-Seasonal; MERRA = Modern-Era Retrospective Analysis for Research and Applications;
ECMWF = European Centre for Medium-Range Weather Forecasts; NCEP = National Center for Environmental
Prediction; CMA = China Meteorological Administration; UKMO = U.K. Met Office.
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Figure 7. Anomalies (La Niña-El Niño) in Z500 for initializations in December in the NCEP model in the (a, b) first
week, (c, d) second week, (e, f) third week, and (g, h) fourth week after initialization. The right is for MERRA
subsampled to match the dates chosen for NCEP. Difference of means between La Niña and El Niño that are
statistically significant at the 95% confidence level as given by a Student's t test are denoted with dots. The zero line is
indicated in black. The 70-m contour of the climatological eddy height field is indicated in green. The region
35–45◦E,55–65◦N is indicated with a red box. S2S = Subseasonal-to-Seasonal; MERRA = Modern-Era Retrospective
Analysis for Research and Applications; ECMWF = European Centre for Medium-Range Weather Forecasts;
NCEP = National Center for Environmental Prediction; CMA = China Meteorological Administration; UKMO = U.K.
Met Office.
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shown with a red box in Figure 7; while in the first week a ridge is present due to the initialization of these
models, the ridge quickly dissipates in all S2S models, and the difference between the models and observa-
tions is statistically significance in week 3. The climatological stationary planetary waves are shown in green
in Figure 7 and include a strong ridge over western Siberia and eastern Europe. An anomalously strong
eastern European ridge constructively interferes with the climatological planetary waves and contributes to
enhanced wave driving of the vortex, and hence, in the reanalysis data LN leads to just as much (if not more)
heat flux as EN despite the North Pacific ridge over the past few decades.

Note that this difference in the strength of the ridge between EN and LN is due to model failure in both EN
and LN (Figures 3e and 3f), as in both phases the model response differs from that observed. While ENSO
and the variability over eastern Europe are negatively correlated over the most recent several decades, in the
1960s and 1970s the correlation was positive (i.e., a ridge preferentially during EN; Figure 1b), and hence,
this change in the eastern European sector response to ENSO is consistent with an observed weakening of
the ENSO teleconnection to the Arctic stratosphere. As the S2S models fail to simulate this eastern European
sector response to ENSO, they also fail to simulate a weakening of the ENSO teleconnection to the Arctic
stratosphere.

5. Discussion and Summary
Polar stratospheric variability has important implications for surface climate (Baldwin & Dunkerton, 1999;
Limpasuvan et al., 2004; Polvani & Kushner, 2002), and hence, it is crucial to understand the time scale
over which polar stratospheric variability can be predicted. ENSO specifically modulates surface climate in
parts of the extratropics via its polar stratospheric teleconnection (Butler et al., 2014; Polvani et al., 2017),
and therefore, the ENSO-vortex connection can provide skill for seasonal forecasting (Butler et al., 2016;
Domeisen et al., 2015).

Over the past few decades, there is little observed difference in vortex strength between EN and LN. Consis-
tent with this, planetary wavenumber heat flux in both the troposphere and stratosphere is similar for EN
and LN in observations over this time period (Figure 6). Here we argue that this similarity in vortex wave
driving is due to the tropospheric anomalies present in the European sector in December that mitigated the
well-known influence of ENSO on the polar stratosphere via the North Pacific (e.g., Garfinkel & Hartmann,
2008; Ineson & Scaife, 2009), such that the vortex wave driving was little different between EN and LN. In
contrast, the S2S models show enhanced heat flux in both the troposphere and stratosphere for EN as com-
pared to LN. This model-observations discrepancy in heat flux does not appear to be due to the North Pacific
teleconnection of ENSO but is rather consistent with differences in the eastern European sector (Figure 7).

Is the apparent response to ENSO in the European sector unforced or forced by ENSO? We have examined
wave activity fluxes following Takaya and Nakamura (2001) for EN and LN in both reanalysis data and S2S
models, and there does not appear to be any wave train that originates in the tropical Pacific and ends in the
eastern European sector (cf. Jiménez-Esteve & Domeisen, 2018). Consistent with this, the general circula-
tion model simulations of Shaman and Tziperman (2016) with an idealized ENSO forcing find little evidence
of a wave train into this region. Furthermore, this ridge does not appear in composites of the observational
response to ENSO in longer data sets that include the period before the S2S database begins (Shaman, 2014);
the correlation between ENSO and Z500 over eastern Europe is essentially zero if the full JRA-55 reanaly-
sis record is examined (Figure 1b) and is not statistically significant over the most recent several decades.
This ridge also does not appear in other wintertime calendar months in the S2S period (not shown), and the
lack of this feature in other months is consistent with the stronger correspondence between the modeled
response to ENSO and the observed response to ENSO in these other months. That being said, the S2S mod-
els are initialized with ridging over eastern Europe in the composited difference LN-EN but fail to maintain
it as in observations. We cannot rule out the possibility that model deficiencies in, for example, the represen-
tation of blocking in this region (biases are present in CMIP5 models and persist even at high resolutions;
Dunn-Sigouin & Son, 2013; Masato et al., 2013; Schiemann et al., 2017) may have led to the modeled rapid
decay in height anomalies in this region; this possibility deserves future research, though a thorough inves-
tigation of blocking frequency and duration in S2S models, or of the effect of climate change on blocking in
this region, is beyond the scope of this work. However, connections between ENSO and blocking in western
Eurasia are weak (Cheung et al., 2012; Gollan & Greatbatch, 2017), and hence, even the ridging over western
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Siberia/eastern Europe apparent in the composited difference LN-EN appears to reflect internal midlatitude
atmospheric variability and not a forced response to ENSO.

The S2S models capture a strong ENSO-vortex connection despite being initialized with observed SSTs and
the observed QBO and despite simulating a realistic response to ENSO in the North Pacific sector. Hence,
while it is possible that the weakening of the ENSO-vortex connection over the past few decades in months
other than December is due to changes in characteristics of ENSO events, oceanic decadal variability, alias-
ing with the QBO, or an eastward shift in the North Pacific response to ENSO, these four possibilities are
certainly not sufficient to explain the recent weak relationship at least in December. Rather, variability in
the European sector appears to be a key ingredient.

The weakening of the ENSO-vortex connection over the past few decades is also reflected in SSW frequency
during each ENSO phase, with SSW preferentially occurring during LN recently (Butler & Polvani, 2011;
Domeisen et al., 2019). In contrast, the S2S models simulated more frequent polar stratospheric easterlies
during EN over this period (Figure 5). This discrepancy between the models and observations as to which
ENSO phase preferentially leads to more SSW is consistent with the discrepancy in the ridging over eastern
Europe (Bao et al., 2017; Cohen & Jones, 2011; Garfinkel et al., 2010; Kretschmer et al., 2017).

Overall, these results highlight that careful attention must be paid to the years included in an observational
composite, as studies focusing on different periods could reach opposing conclusions. The observed weak-
ness of the ENSO-vortex connection in the period of 1996 through 2013 is, at least in part, associated with
the tropospheric anomalies present during ENSO in the European sector. As these tropospheric anomalies
are well removed from the main ENSO teleconnections and are not forced directly by ENSO, it is reason-
able to suppose that the weakening of the ENSO-vortex teleconnection over the past few decades (at least in
early winter) reflects sampling variability.
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