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Abstract
The Northern Annular Mode (NAM) dominates variability of the Northern Hemisphere (NH) wintertime extratropical circulation in both the troposphere and stratosphere. Changes in the tropospheric NAM (i.e., changes in the position and strength of
the polar jet stream) directly alter NH mid-latitude temperature and precipitation patterns, making forecasting these changes
a significant priority for subseasonal-to-seasonal (S2S) forecasts during boreal winter. This study examines fundamental
characteristics of the wintertime tropospheric circulation pattern in the hindcast simulations of the North American MultiModel Ensemble (NMME) Phase-2 model suite through examining how the models capture sudden stratospheric warming
(SSW) events, known to precede large changes in the tropospheric NAM by 2–6 weeks. Findings indicate that the NMME
Phase-2 models have an overall mixed performance in capturing the characteristics of the NAM and its teleconnections.
Biases are apparent in the dominant nodes of the tropospheric NAM pattern, storm tracks and associated wave fluxes in the
Atlantic, and a systematic underestimation of intraseasonal variability of the NH stratospheric polar vortex in the models
(i.e., the stratospheric NAM). We then investigate the ability of the models to simulate the life cycle of model-identified SSW
events, including pre- and post-SSW circulation patterns and sensible weather conditions. Specific model biases include
inconsistent geopotential height precursor fields, weaker-than-observed vertical wave propagation prior to SSW events, and
incorrect surface temperature regimes following the events. Together, the results suggest potential pathways forward for
improving subseasonal winter weather forecasts associated with the NAM using the NMME Phase-2 models.
Keywords Stratosphere–troposphere coupling · Polar vortex variability · Subseasonal-to-seasonal forecasting · Northern
annular mode · Winter weather regimes

1 Introduction
The Northern Hemisphere (NH) polar jet stream represents
the boundary between colder polar air and warmer lowerlatitude air as well as the primary storm track for extratropical cyclones. As such, any vacillations in the jet stream alter
weather regimes regionally and hemispherically. Hence,
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forecasting the position and strength of the jet stream is an
important factor for accurate temperature and precipitation
forecasts across the middle latitudes. These forecasts are
especially useful on subseasonal-to-seasonal (S2S) timescales (i.e., 2 weeks–2 months), as these are the timescales
of most importance for decision-making in several sectors
including energy, agriculture, and city-planning (e.g., White
et al. 2017).
One major mode that describes the movements of the
NH polar jet stream is the tropospheric component of the
Northern Annular Mode (NAM; e.g., Thompson and Wallace 1998, 2000). The positive phase of the tropospheric
NAM represents a mean poleward displacement of the
polar jet stream relative to climatology, while the negative
phase represents an anomalous equatorward displacement.
Since the polar jet stream serves as the primary storm track
in the extratropical atmosphere, the phase and strength of
the tropospheric NAM also describe the dominant wave
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pattern across the NH. Synoptic and S2S forecasters alike
seek methods and mechanisms to improve skillful long-lead
forecasts of this internal mode of variability in order to predict changes in precipitation and temperature regimes. These
regime changes may be short-lived, featuring high-impact
extreme weather events (e.g., cold air outbreaks, snowstorms) or several week-long anomalies that affect socioeconomic conditions for the season and beyond (e.g., a reduction in seasonal snowfall can negatively impact water supply
for the Western US the following spring and summer). Yet,
skillful S2S forecasts of the tropospheric NAM remain elusive in both statistical and dynamical models (e.g., Müller
et al. 2005; Orsolini et al. 2011; Riddle et al. 2013; Stockdale
et al. 2015; Cohen et al. 2019). Improvements rely on largescale interactions between the jet stream and other modes
of variability/forcings. Some modes of climate variability
which inform long-lead forecasts of the tropospheric NAM
include the Madden–Julian Oscillation (e.g., L’Heureux and
Higgins 2008; Garfinkel et al. 2014; Jiang et al. 2017), the
El Niño-Southern Oscillation (ENSO; e.g., Jia et al. 2009;
Li et al. 2014), autumnal Arctic sea ice and Eurasian snow
cover variability (e.g., Cohen and Entekhabi 1999; Cohen
et al. 2007; Honda et al. 2009; Allen and Zender 2011;
Garciá-Serrano et al. 2015; Furtado et al. 2016; Henderson
et al. 2018), and extratropical NH stratospheric variability
(e.g., Baldwin and Dunkerton 2001; Garfinkel et al. 2013;
Stockdale et al. 2015; Scaife et al. 2016; Butler et al. 2019).
The last forcing is the primary focus of this study.
Turning to the extratropical stratosphere, the stratospheric
NAM represents the strengthening and weakening of the
stratospheric polar vortex (Thompson and Wallace 2000).
Aside from internal variability, forced changes of the NH
polar stratospheric circulation arise from wave breaking of
upwelling planetary-scale Rossby waves from the troposphere into the stratosphere (e.g., Charney and Drazin 1961;
Matsuno 1970). These breaking waves deposit heat and
momentum into the polar stratosphere that work in concert to
disrupt the vortex. Rapid warming events accompanied with
weakened westerlies in the stratosphere are called sudden
stratospheric warming (SSW) episodes, with events resulting in easterly winds in the polar stratosphere termed major
SSW events. Following SSW episodes, anomalous (or absolute) easterlies propagate downward through the stratosphere
and eventually may enter the troposphere (e.g., Haynes et al.
1991; Baldwin and Dunkerton 2001; Kidston et al. 2015),
weakening the zonal component of the tropospheric polar
jet stream. These jet stream changes subsequently alter the
generation and propagation of baroclinic eddies, feeding
back onto the induced tropospheric circulation anomalies
(e.g. Kushner and Polvani 2004; Kidston et al. 2015). For
example, in the case of a weak vortex/SSW event, the result
is a mean shift of the polar jet stream equatorward (i.e., a
negative tropospheric NAM) which can persist for 30–60+
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days following the initial stratospheric anomaly (Baldwin
and Dunkerton 2001).
Despite evidence from targeted modeling experiments
and observations, operational forecasting and climate
models have mixed success with replicating the connections between the tropospheric NAM and NH extratropical
stratosphere–troposphere coupling. Maycock et al. (2011)
examined several dynamical seasonal forecasting models
from the ENSEMBLES project and discovered that the
models poorly reproduce the frequency and magnitude of
weakenings of the NH stratospheric polar vortex. Riddle
et al. (2013) documented the lack of significant connections
between stratospheric variability and tropospheric circulation in the National Oceanic and Atmospheric Administration (NOAA) Coupled Forecast System version 2, indicating
missing stratosphere–troposphere dynamics in the model.
For climate models, Charlton-Perez et al. (2013) evaluated
the statistics of stratospheric variability in numerous models with varying model lids (so-called “low top” and “high
top” models, discriminated by the location of the model lid).
The study found that “low top” models have more infrequent SSWs and less persistence of negative tropospheric
NAM conditions following a SSW than both observations
and the “high-top” models. Similarly, Furtado et al. (2015)
concluded that the climate models in the Coupled Model
Intercomparison Project, Phase 5 (CMIP5) model archive
reproduce fairly well the tropospheric precursor patterns
to anomalous wave-driving into the polar stratosphere but
cannot accurately capture post-SSW tropospheric NAM
conditions.
This study documents how the North American MultiModel Ensemble (NMME) Phase-2 models (Kirtman et al.
2014) simulate key stratosphere–troposphere coupling metrics, particularly as they relate to the SSW-tropospheric
NAM relationship. Past studies have examined the previous generation NMME models (i.e., Phase 1) to evaluate
other important seasonal forecasting metrics such as ENSO
predictability (Barnston et al. 2019), the variability of and
teleconnection patterns associated with the Indian monsoon
(Singh et al. 2019), and relationships between ENSO and
the tropospheric NAM (L’Heureux et al. 2017). The NMME
Phase-2 model suite provides model output at (sub-)daily
resolution, allowing us to examine S2S phenomena now such
as stratosphere–troposphere coupling dynamics. Moreover,
the NMME Phase-2 models are actively used by NOAA for
S2S forecasting. Hence, assessing stratosphere–troposphere
dynamical coupling and its relationship to tropospheric circulation/the tropospheric NAM will be highly beneficial for
subseasonal wintertime forecasts made by the agency and
other users.
Overall, the goals of this work are twofold: (1) quantify
key extratropical tropospheric and stratospheric circulation features, including the NAM, in the models; and (2)
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illustrate how the models handle stratosphere–troposphere
coupling through examining simulated SSWs along with
their precursor signals and post-event atmospheric patterns.
These model results will be compared and contrasted with
identical metrics from reanalysis in order for us to assess
confidence in subseasonal NH mid-latitude winter weather
regimes forecast by the models. Based on previous works,
we hypothesize that the NMME Phase-2 models will simulate some features of the troposphere-to-stratosphere coupling (e.g., vertical wave propagation) decently well but
will not feature the same troposphere weather regimes after
major SSW events as observed, limiting their use for wintertime S2S forecasts during vortex disruptions.
The manuscript is organized as follows. Section 2
describes the reanalysis data and NMME Phase-2 models
analyzed along with the statistical methods employed in our
study. Then, in Sect. 3, we evaluate fundamental characteristics of the tropospheric and stratospheric NAM in the
models along with some climatological features of the boreal
winter circulation. Assessment of stratosphere–troposphere
dynamical coupling and the links between major SSWs and
the evolution of the extratropical atmospheric circulation
are then assessed in Sect. 4. A summary of our findings and
general conclusions follow.

2 Data and methods
Atmospheric verification is taken from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis Interim dataset (ERA-Interim; Dee et al. 2011). The
data reside on a 1.5◦ × 1.5◦ longitude/latitude grid with 23
vertical pressure levels ranging non-uniformly from 1000
to 1 hPa. Relevant fields examined for this study include
sea level pressure (SLP), geopotential height (GPH),
zonal and meridional winds, and temperature. As stratosphere–troposphere dynamical coupling involves wavemean flow interactions, we also examine meridional eddy
heat and momentum fluxes to investigate how the models
handle wave propagation, including the quasi-geostrophic
version of the Eliassen–Palm (EP) flux (Edmon et al. 1980).
Data are analyzed during the extended cold season November to March (NDJFM), which is the active season for NH

stratosphere–troposphere dynamical coupling, from 1982 to
2013 (coinciding with available model output; see below).
We examine variables during April when considering conditions following those major SSW events that occur during March and for the climatology of the stratospheric polar
vortex (Sect. 3.2).
Model output originates from the hindcasts of three (3)
of eight models from the NMME Phase-2 project (Kirtman
et al. 2014). Each hindcast is initialized at the start of the
month and run out for one year. The three models chosen
for our study are the Community Climate System Model
Version 4 (i.e., CCSM4; Gent et al. 2011), the Canadian
Centre for Climate Modeling and Analysis Coupled Climate Model (CanCM) version 3 (CanCM3; Merryfield et al.
2013), and CanCM4 (Merryfield et al. 2013). Table 1 details
some basics about these three models. These models are
selected because they are the only models to provide dailymean output of all variables needed at both tropospheric
and stratospheric levels. Model output is available only at
six pressure levels (850, 500, 200, 100, 50, and 10 hPa)
and interpolated onto a common 1◦ by 1◦ horizontal grid for
distribution. We evaluate model performance for hindcasts
initialized on November 1 for the years 1982–2011 (2012
for CCSM4 to include more samples—see below). Ten (10)
ensemble members for the CanCM3 and CanCM4 and nine
(9) ensemble members for CCSM4 (all output for one of the
ensemble members from CCSM4 was unavailable and thus
discarded from our analysis) are examined, with ensemblemean diagnostics shown. Since this study aims to characterize model representation of NAM and SSW dynamics and
not verification of observed events, the exact choice of the
start month for analysis is not important. That said, analyses
performed in the manuscript were replicated for other initializations between October and January and yield similar
results and conclusions.
Anomalies of the various fields are computed in slightly
different ways for reanalysis and model output. For reanalysis, we subtract the long-term (1981–2010) daily-mean value
of the field from each value. For model output, we remove
the long-term (1982–2010) daily-mean computed as a function of lead time from the November hindcast files. Using
this method allows us to remove potential model biases or
model drift as the hindcast is run.

Table 1  Information on the three NMME Phase-2 models investigated in this study

Atmospheric model
Horizontal resolution (native)
Vertical levels

CanCM3

CanCM4

CCSM4

CanAM3 (aka AGCM3)
T63
31 hybrid (sigma-pressure) levels
(surface to 1 hPa)

CanAM4
T63
35 hybrid (sigma-pressure) levels
(surface to 1 hPa)

CAM4
0.9◦ × 1.25◦
26 hybrid (sigma-pressure) levels (surface to
3 hPa)
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Several modes of variability are investigated within this
study. First, the NAM is defined as the leading empirical
orthogonal function of monthly-mean GPH anomalies
(GPHa) during NDJFM poleward of 20◦ N as a function
of pressure level (e.g. Thompson and Wallace 2000). Subsequently, the NAM index for a particular pressure level is
defined as the leading expansion coefficient time series of
GPHa at that pressure level, found through the projection of
daily GPHa spatial maps onto the characteristic NAM pattern for that level. Because the model output does not have
GPHa at 1000 hPa, the near-surface NAM index is instead
computed in reanalysis and the models using SLP anomalies (SLPa). Next, this study only considers the evolution
of and weather impacts associated with major SSW events.
Per Charlton and Polvani (2007), we define the start date of
a major SSW as the date when the zonal-mean
( zonal wind)
◦
at 60 N, 10 hPa (U1060N ) becomes easterly U1060N < 0
during NDJFM. The definition also excludes final warmings (i.e., the seasonal breakdown of the NH stratospheric
polar vortex), thus focusing on mid-winter warmings. This
methodology recovers 20 events for reanalysis. We employ
the same methodology for simulated major SSW detection
in each ensemble member of the models. Thus, we generate many more simulated major SSWs than observed (i.e.,
CanCM3: 195, CanCM4: 202; CCSM4: 41). The factor
of almost five less major SSWs in the CCSM4 ensemble
will be discussed later. Nevertheless, to keep with a similar sample size to reanalysis, all statistics related to major
SSW events are conducted by randomly selecting 40 (i.e.,
double the sample size from reanalysis) major SSW events
from CanCM3 and CanCM4; for CCSM4, we use all 41
major SSWs. This methodology introduces the possibility of
sampling biases in our study. To address this, analyses were
repeated with varied sample sizes of major SSW events from
the models. Moreover, we performed permutation testing on
all lag composite analyses for the CanCM3 and CanCM4,
each time using a different selection of 40 major SSWs. In
both of these additional testing measures, while particulars
in the composite patterns and amplitudes may vary, our overall findings and general conclusions remain robust.
Lag regression, lag correlation, and lag composite analyses are the primary statistical methods used in this work. For
statistical significance testing of the lag composites, we use
a 10,000-iteration bootstrapping method (with replacement).
In this method, we randomly sample N dates (where N represents, for example, the number of major SSW events) from
all available NDJFM dates and conduct the same composite
analysis for the given variable. Two-sided p values are then
determined by comparing the reanalysis-derived/ensemblemean composite value to the 10,000 possible values from
the bootstrapping routine. For significance testing of pattern
correlations of regression maps (i.e., characteristic patterns
of the NAM), we use a Monte-Carlo style test. To do this
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testing, we generate 10,000 random time series representing
the index of interest. Each synthetic time series is formed
by using an autoregressive order-1 model, using the actual
lag-1 correlation value of the given index. We then calculate
a distribution of 10,000 pattern correlation values between
the regression maps produced from the synthetic time series
and the original map of interest. This distribution is used to
determine the appropriate level of significance.

3 Representation of the NAM and other
circulation features in the NMME phase‑2
models
3.1 Troposphere
We begin our study by examining how the models reproduce select features of the NH climatological boreal wintertime tropospheric circulation. To start, Fig. 1 displays
the regression of SLPa onto the near-surface NAM index
for reanalysis and models. The pattern from reanalysis
(Fig. 1a), which explains approximately 21.5% of the total
variance in NDJFM monthly-mean SLPa, resembles the
classic tropospheric NAM structure from Thompson and
Wallace (2000), including the more pronounced meridional dipole over the Atlantic sector [representative of the
North Atlantic Oscillation (NAO)] versus the Pacific loading
center. Hemispherically, the near-surface NAM pattern in
the three models matches well with reanalysis (the pattern
correlation between reanalysis and each model is r ≈ 0.9;
p < 0.01). The percent variance of NDJFM SLPa explained
by the near-surface NAM pattern in the models is slightly
higher than in reanalysis, ranging from 25.5% (CCSM4) to
27.6% (CanCM4). Moreover, there are important regional
differences in the spatial structures. Both the CanCM4
(Fig. 1c) and the CCSM4 (Fig. 1d) show a northward and
eastward-displaced NAO signal, with the northern (negative)
node over northern Russia instead of Scandinavia/the North
Atlantic (Fig. 1a). These two models also feature a much
stronger Pacific node for the near-surface NAM than that in
reanalysis. The CanCM3 also features a prominent positive
Pacific SLPa node which is of about the same magnitude
as its positive node over Europe (Fig. 1b). Similar biases
in nodal centers for the near-surface NAM exist in other
climate models (e.g., Furtado et al. 2015). The differences
in the NAO sector in particular could impact how the nearsurface NAM teleconnections impact European weather
regimes in those models versus reanalysis.
Continuing up the troposphere, Fig. 2 presents the characteristic signature of the NAM at 500 hPa. In reanalysis,
the percent variance of NDJFM 500 hPa GPHa explained
by the leading mode (i.e., NAM) is ∼ 18% (Fig. 1a). The
spatial structure of the 500 hPa NAM in reanalysis has
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Fig. 1  a Regression of November–March (NDJFM) SLP
anomalies (SLPa; hPa) onto
the standardized near-surface
NAM index in ERA-Interim.
b–d Same as a but for the
ensemble-mean regressions for
b CanCM3, c CanCM4, and d
CCSM4. Regression coefficients
presented to reflect the positive
phase of the near-surface NAM.
Percent variance explained by
the mode is included in each
panel

Fig. 2  As in Fig. 1 except for
regression of 500 hPa geopotential height (GPH) anomalies
(GPHa) onto the standardized
500 hPa NAM index. Regression coefficients presented to
reflect the positive phase of the
500 hPa NAM

similar features to its near-surface counterpart, particularly
the prominent loading centers in the North Atlantic and
North Pacific. When examining the models, the CanCM3

(Fig. 2b) and CanCM4 (Fig. 2c) resemble the 500 hPa NAM
structure in reanalysis but with two main differences: (a)
more prominent troughing across north central Asia; and
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(b) slightly more amplified negative GPHa in northwest
North America, particularly in the CanCM4. Pattern correlations of the 500 hPa NAM between these two models and
ERA-Interim are still high (r = 0.7; p < 0.01), though these
correlation values are smaller than the pattern correlations
for the near-surface NAM. The CCSM4, however, features
the most different 500 hPa NAM structure from reanalysis
(Fig. 2d). The largest difference is in the North Atlantic,
where there is no prominent loading center corresponding to
the NAO and thus no prominent meridional height gradient
off of North America into central Europe. There is also no
positive loading center off of the Aleutian Islands; instead,
the 500 hPa NAM structure in the CCSM4 features a large
negative loading center across the Northeast Pacific and
into Alaska/northwest Canada with a positive center closer
to the Kamchatka Peninsula (Fig. 2d). Unsurprisingly, the
pattern correlation between Fig. 2a (reanalysis) and Fig. 2d
(CCSM4) is fairly low (r = 0.42).
Taking a closer look at the mid-tropospheric circulation
field, Fig. 3 presents the NDJFM climatological 500 hPa
eddy GPH field (i.e., zonal mean removed) for reanalysis
and the three NMME models. As vertical Rossby wave
propagation of primarily planetary-scale waves contributes to stratospheric circulation variability, and the largescale wave pattern is tied to the polar jet stream and hence
the NAM, characterizing this field will describe another
important element of stratosphere–troposphere dynamical
Fig. 3  NDJFM climatological 500 hPa eddy GPH (i.e.,
zonal mean removed; m) for
a ERA-Interim, b CanCM3, c
CanCM4, and d CCSM4. Plots
for models represent ensemblemean climatological values.
Contour interval every 20 m
for shaded and line contours.
Dashed line contours for negative values, and positive line
contours for positive values.
Zero contour omitted
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coupling in the models. In reanalysis (Fig. 3a), a wave-2-like
structure appears, with strongly negative eddy heights across
east Asia and into the North Pacific and weaker negative
eddy heights across far northeast North America and the
North Atlantic. A Western United States ridge and a broad
area of positive eddy GPH from the southeastern United
States extending to northern and central Asia juxtapose these
trough features, with maximum positive anomalies across
northern Europe. The models in general capture the same
structure of the hemispheric wave pattern as reanalysis in the
Pacific, especially the positioning of the deep trough over
and off of East Asia (Fig. 3b–d). Important differences exist
elsewhere, however. For example, the CanCM3 has a significantly weaker representation of the trough/ridge pattern
across North America (Fig. 3b) than seen in reanalysis or
the other two models. Moreover, the CCSM4 (Fig. 3d) does
not feature the local maximum in eddy GPH over Europe
as seen in the other models but instead a weaker maximum
in the central Atlantic. This missing feature is likely tied to
the poor 500 hPa NAM pattern (Fig. 2) and reflects poor
storm track/jet stream representation across the Atlantic into
Europe, which will affect wave fluxes in the region. The
CanCM4 features the closest match to the observed boreal
winter mid-tropospheric wave pattern (Fig. 3c).
To examine further how models perform with storm
tracks and the polar jet stream, we next characterize the variability of the Atlantic component of the polar jet stream. The
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Atlantic sector is specifically chosen because it is where the
stronger of the two main nodes of the tropospheric NAM in
reanalysis exists. As such, variations in the NAM induced
from major SSW events are most likely to impact this sector. Figure 4 presents the histogram of the latitude of the
maximum daily-mean zonal-mean zonal wind in the middle troposphere across the Central and North Atlantic sector (30◦–75◦ N, 70◦ W–0◦), a proxy for the polar jet stream.
In reanalysis (Fig. 4a), the distribution of the jet max is
rather broad over the mid-latitudes, with a mean jet position of 48.7◦ N and a standard deviation of about 9.4◦ in
latitude. The broadness of the histogram indicates a fairly
variable (north-south direction) storm track and associated
eddy momentum and heat fluxes. All three NMME Phase-2
models feature a much narrower distribution of their North
Atlantic polar jet structure (Fig. 4b–d), though their mean
positions are close to that in reanalysis (between 45◦ and 49◦
N). The marked narrowness of the distribution and the very

Fig. 4  NDJFM daily histogram of the latitude of maximum jet speed
in the North Atlantic jet (defined as the maximum value of the 850–
500 hPa layer-averaged zonal-mean zonal winds over the domain

rare excursions of the Atlantic jet equatorward of 40◦ N or
poleward of ∼ 54◦ N suggest that the models simulate a fairly
steady (position-wise) polar jet across this sector, unlike
what is observed. Generally, these models feature some of
the same biases in Atlantic jet structure and variability as
featured in other climate models such as those in the CMIP5
archive (e.g., Iqbal et al. 2018; Kwon et al. 2018). As the
tropospheric NAM (and thus the polar jet position) has a
significant component forced by stratospheric circulation
changes, this finding further hints that the models may have
biases in their stratosphere–troposphere coupling metrics.

3.2 Stratosphere
We next turn to quantifying characteristic patterns and variability of the stratospheric circulation. Figure 5 shows the
regression of 50 hPa GPHa onto the 50 hPa NAM index
from reanalysis and the models. The observed regression

30–75◦ N, 70◦ W–0◦) for a ERA-Interim. b CanCM3 ensemble-mean,
c CanCM4 ensemble-mean, and d CCSM4 ensemble-mean. Mean
and standard deviation of each distribution also given in each plot
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Fig. 5  As in Fig. 1 except for
regression of 50 hPa GPHa onto
the standardized 50 hPa NAM
index. Regression coefficients
presented to reflect the positive
phase of the stratospheric NAM

pattern (Fig. 5a) shows negative height anomalies located
over the pole (i.e., the stratospheric polar vortex) encircled
by anomalously positive heights in the middle latitudes.
The three models generally capture this annular structure,
though the structure in the CCSM4 resembles more of a
monopole structure (i.e., “non-annular”). Moreover, the
CanCM3 vortex structure is slightly less elliptical in shape
than that of reanalysis and the other models, but this is a
minor point. Indeed, spatial correlations between model and
reanalysis fields in Fig. 5 are high and statistically significant
(r ≈ 0.95; p < 0.01).
Bigger differences between reanalysis and models emerge
when examining the climatological strength and variability
of the NH stratospheric polar vortex, here represented by
U1060N (Fig. 6). For this analysis, we extend the plots to
include April in order to see the climatological final warming date (i.e., when U1060N falls below 0 m/s and does not
become westerly again until autumn). The climatology of
the observed stratospheric polar vortex (Fig. 6a) shows a
strengthening vortex from November into mid-January
(peak strength near 40 m/s), then weakening steadily in the
mean until the final warming in mid-April. Variability in
the observed stratospheric polar vortex increases during
mid-winter, representing the frequency of SSWs (minor and
major) that occur in the NH during that time. Both Canadian
models, however, show a different seasonality (Fig. 6b, c),
as their stratospheric polar vortices reach their climatological peak magnitude during mid-November (∼ 35 m/s), after
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which the vortex weakens or remains constant in strength
until early March, followed by rapid deceleration. In the
CCSM4 (Fig. 6d), the NH stratospheric polar vortex is
the strongest out of the models and reanalysis with a peak
strength of 50 m/s on average in late January, weakening
thereafter. The NH stratospheric polar vortex in the CCSM4
is also less variable than the other two models (Fig. 6d, shading) with a mean December–February daily standard deviation of 10.4 m/s, compared to 13.5 m/s in the CanCM3 and
CanCM4. Altogether, the three models simulate NH boreal
winter stratospheric circulations that are about 20–35% less
variable than reanalysis for the same time period (16.7 m/s).
This reduced variability in vortex strength in the models
physically represents less-frequent disruptions of the polar
vortex in the NMME Phase-2 models—i.e., fewer SSW
events. Lower polar vortex variability in the models is a
common feature in other coupled climate models too (e.g.,
Maycock et al. 2011; Charlton-Perez et al. 2013; Furtado
et al. 2015).
One reason (among others) for the less variable simulated polar vortexes in the NMME Phase-2 models may
be related to vertical wave propagation from the troposphere into the stratosphere. To illustrate this, Fig. 7
shows the NDJFM climatological meridional eddy heat
flux (v∗ T ∗ ) at 100 hPa, a proxy for vertically propagating
Rossby waves (e.g., Andrews et al. 1987), for reanalysis
and the three models. In reanalysis, the northwest Pacific
basin/northeast Siberia and northern Europe are the two
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Fig. 6  a (Solid line) Climatological daily-mean zonal-mean zonal
wind (m/s) at 10 hPa, 60◦ N (U1060N ) from 1 November to 30 April
from ERA-Interim. (Shading) The daily-mean standard deviation

of U1060N over the same time period. b As in a but for CanCM3
ensemble-mean. c As in b but for the CanCM4. d As in b but for the
CCSM4

main source regions for poleward (positive) heat flux (i.e.,
upward propagating Rossby waves), corresponding to the
major trough and ridge axes of the standing waves in the
troposphere (Fig. 3a). The three models also capture the
northeast Siberian source region of upward propagating
waves, though only the CanCM4 recovers that source with
similar magnitude to reanalysis (Fig. 7c); the other two
models are nearly 40–50% weaker in magnitude there.
Bigger differences emerge across northern Europe, however. All models show a secondary maximum in poleward
heat flux over northern Asia instead of northern Europe.
This misplacement of the vertically-propagating Rossby
wave source region is likely tied to the east-based NAO/
tropospheric NAM signatures in the models (Figs. 1b–d,
2b–d). Furthermore, the northern Eurasian local maximum
in the CCSM4 is very weak relative to the other models
and reanalysis, reminiscent of the model’s biases in its
500 hPa NAM pattern and planetary wave structure there
(Figs. 2d, 3d). The lack of this second important source
region for waves in the CCSM4 likely contributes to its
very strong and relatively stable stratospheric polar vortex

(Fig. 6d), as the model is missing one important source of
vertically propagating waves that can disturb the stratospheric polar vortex.
Variability in the 100 hPa heat flux is also biased in
the models. Considering the NDJFM area-averaged ( 40◦
–80◦ N) 100 hPa heat fluxes, ERA-Interim features the
highest standard deviation ( ∼ 53.0 K m s−1 ), which fits
with the relatively high variability in the polar vortex
strength in ERA-Interim (Fig. 6a). The CanCM4 matches
the closest with the observed variability in 100 hPa heat
flux (∼ 48.6 K m s−1), which agrees with other metrics from
this model including its climatological mid-tropospheric
planetary wave structure (Fig. 3c) and 100 hPa heat fluxes
(Fig. 7c). Both the CanCM3 and CCSM4 have much lower
standard deviations in their lower stratospheric heat fluxes
( 40.6 K m s−1 and 43.2 K m s−1, respectively). Hence, along
with biases in the magnitude and spatial distribution of
the climatological NDJFM 100 hPa heat fluxes, this lower
variability in heat fluxes may also explain the biases in the
stratospheric polar vortex variability in the models.
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Fig. 7  As in Fig. 3 but for 100
hPa meridional eddy heat flux
(v∗ T ∗; K m s−1)

4 Evaluating precursors to and tropospheric
weather impacts following major SSW
events
Having characterized how the models simulate the fundamental statistics of the tropospheric and stratospheric circulation patterns, including the NAM, our focus shifts to
quantifying and evaluating the antecedent and subsequent
atmospheric circulation patterns associated with major SSW
events. This element of the work is particularly important
for S2S forecasting. As such, whether the models are able to
replicate key features of the reanalysis-derived fields before
and after a major SSW event may offer clues to general
model performance for which forecasters can account when
making S2S NH winter forecasts.

4.1 Precursors
Starting with precursors to major SSW events, Fig. 8 presents the composite of 500 hPa GPHa averaged 20 days to
1 day before a major SSW event in ERA-Interim (Fig. 8a)
and the three NMME Phase-2 models (Fig. 8b–d). As such,
this composite represents the favorable mid-tropospheric
pattern which excites vertically propagating Rossby waves
that eventually may disrupt the polar vortex. The observed
precursor pattern (Fig. 8a) shows multiple statistically
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significant ( p < 0.1) regions, two of which constructively
interfere with the NH climatological standing wave pattern
(Fig. 3a): (1) anomalous ridging across the Barents-Kara
Seas region and the far North Atlantic; and (2) an amplified
North Pacific trough/subtropical North Pacific ridge pattern (i.e., the North Pacific/West Pacific Oscillation; Rogers 1981; Linkin and Nigam 2008). These features match
well with the precursor patterns to major SSW events shown
in, e.g., Kolstad and Charlton-Perez (2011) and Cohen and
Jones (2012). Anomalous ridging also exists across Hudson Bay, which may be linked to the general ridging pattern
seen over much of the Arctic. When examining the models,
only the CanCM4 captures the two salient features found in
reanalysis, though the North Pacific trough extends further
eastward (Fig. 8c). The CanCM3 precursor pattern shifts the
Pacific troughing toward Alaska but more importantly has
no statistically significant positive anomalies across northern Eurasia (Fig. 8b). The CCSM4 is the most different of
the three models, as it presents a 500 hPa GPHa precursor
pattern almost opposite of that in reanalysis in the North
Pacific (anomalous ridging instead of troughing) and weak,
non-significant positive GPHa across the Barents-Kara Seas
region (Fig. 8d). This lack of the favorable precursor across
the Pacific and Europe does not facilitate the amplification
of planetary waves and therefore reduces the chances for
enhanced heat fluxes into the lower stratosphere. This may

Evaluating the relationship between sudden stratospheric warmings and tropospheric weather…
Fig. 8  a Lag composite of 500
hPa GPHa (m) from ERAInterim averaged between 1 and
20 days before the start of a
major SSW (see text for definition of major SSW). b As in a
but for the ensemble-mean composite from CanCM3 for simulated major SSW dates. c As in
b but for CanCM4. d As in b
but for CCSM4. Black contour
denotes where composite GPHa
are statistically significant at the
p < 0.1 level assessed through a
10,000-iteration bootstrapping
method (with replacement)

Fig. 9  Lag composite of area-averaged (40◦–80◦ N) vertical component of the EP flux (EPz; 104 J m−2; proportional to eddy meridional heat flux) at 100 hPa up to 20 days before the central date of
the major SSW (i.e., Day 0). Results shown for ERA-Interim (black),
CanCM3 ensemble-mean (green), CanCM4 ensemble-mean (red),
and CCSM4 ensemble-mean (blue). Negative lags indicate days
before a major SSW. Asterisks indicate where the composite-mean
value is significant at the p < 0.1 level assessed through a 10,000-iteration bootstrapping method (with replacement)

be another reason why the CCSM4 produces far fewer major
SSWs than the other two models (Sect. 2), in addition to the
evidence discussed in Sect. 3.
Figure 9 presents the lag composite of the vertical component of the EP flux (EPz; proportional to meridional heat
flux; Edmon et al. 1980) at 100 hPa and area-averaged from

40–80◦ N up to 20 days before major SSW events. In reanalysis, the largest “pulse”/highest poleward heat flux occurs
about 3 days preceding a major SSW event (Fig. 9, black
line). However, vertical wave propagation is enhanced significantly up to 15–20 days before a major SSW event in
reanalysis, potentially offering a source of predictability for
major SSW events on subseasonal timescales. The CanCM4
and CCSM4 replicate well the significant vertical wave pulse
days before a major SSW event (Fig. 9, red and blue lines,
respectively). Interestingly, the CanCM3 ensemble-mean
composite shows muted vertical wave propagation for all
lags (Fig. 9, green line). This muted vertical wave propagation agrees with the model’s lack of a precursor signal in
mid-tropospheric GPHa across northern Eurasia and less
constructive interference with the planetary standing waves
(Fig. 8b). Hence, the CanCM3 seemingly mishandles wave
dynamics and stratosphere–troposphere dynamical coupling
leading up to major SSW events.

4.2 Post‑SSW impacts
Significant biases also exist with post-SSW impacts simulated by the NMME Phase-2 models. Figures 10 and 11
show the composite 500 hPa GPHa (Fig. 10) and surface/
near-surface temperature (Ts) anomalies (Fig. 11) averaged
15–45 days after a major SSW event. This time lag is chosen
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Fig. 10  As in Fig. 8 but averaged for 15–45 days after a
major SSW

Fig. 11  As in Fig. 10 but for
near-surface air temperature
(Ts) anomalies (K). Only values
over land are plotted
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as past studies indicate that it usually takes approximately
1–2 weeks before surface impacts from a major SSW manifest themselves in the tropospheric circulation (e.g., Baldwin
and Dunkerton 2001; Thompson and Wallace 2001; Cohen
et al. 2007, and others). Moreover, because a focus of this
work and the NMME Phase-2 models is for S2S forecasting, this time window serves as a good period of review.
In reanalysis, a negative tropospheric NAM/NAO signature emerges in the 500 hPa GPHa field with high height
anomalies across the Arctic and low height anomalies from
northeast North America across the Atlantic to Europe and
northern Asia. The North Pacific features anomalously high
heights, representing a weakening of the climatological
Aleutian Low after major SSW events. The corresponding
Ts anomaly composites from reanalysis feature significant
cold anomalies across northern Eurasia and warm anomalies across the Mediterranean and central Asia (Fig. 11a).
The CanCM4 recovers the negative NAO signal, though the
nodal centers are shifted further east compared to reanalysis
(Fig. 10c). There are hints of a negative NAO in the CanCM3
ensemble-mean composite (Fig. 10b), but the anomalies are
statistically significant over Europe (again, further eastward
than reanalysis). The observed more east-based negative
NAO signature in the CanCM4 influences the corresponding Ts anomalies, with more widespread cold anomalies
across Europe and northern Asia in that model than what
ERA-Interim suggests (Fig. 11c). The CCSM4 (Fig. 10d)
does not feature a negative NAO signature (significant negative anomalies are found in far eastern Europe) and instead
simulates neutral GPHa on average across the Arctic rather
than positive GPHa as seen in reanalysis (Fig. 10a). In the
Pacific sector, only the CCSM4 recovers the positive GPHa
signature from reanalysis, though not statistically significant (Fig. 10a, d). The two Canadian models feature negative GPHa in the North Pacific but different patterns across
North America. While the CanCM4 has weak anomalies on
the continent (Fig. 10c), the CanCM3 ensemble-mean composite (Fig. 10b) features strong ridging across the interior
Western US into northern Canada. In fact, the pattern across
North America in the CanCM3 resembles closely the positive phase of the Pacific North American pattern. As such,
corresponding Ts anomaly composite maps show significant
positive Ts anomalies across northern North America for the
CanCM3 (Fig. 11b) but negative anomalies in the CanCM4
(Fig. 11c). Surprisingly, relative to its poor precursor and
post-SSW GPHa patterns, the CCSM4 ensemble-mean Ts
anomaly composite matches fairly well with reanalysis in
northern North America and Asia, though the model is too
warm across the South Central and Southeastern United
States and not as warm in central Asia (Fig. 11d).
Next, we assess the connections between the post-SSW
tropospheric weather regimes and the stratosphere by computing the lagged composites of the NAM index with respect

to major SSW events as a function of pressure—i.e., similar to the “dripping paint” plots in Baldwin and Dunkerton
(2001) (Fig. 12). These plots offer a nice visual of the downward propagation of stratospheric anomalies into the troposphere, which typically occurs following major SSW events.
Our assessment of the diagnostic focuses on this downward
propagation nature of the NAM anomalies and not necessarily the exact timing of individual “drips,” which vary themselves in the reanalysis record. In ERA-Interim (Fig. 12a),
significant negative NAM values at Day 0 at 10 hPa (representing the weakened stratospheric polar vortex) propagate
downward through the stratosphere during positive lags and
eventually cross into the troposphere, with periodic “drips”
of negative tropospheric NAM values at positive lags. These
negative tropospheric NAM values indicate a weakening
and equatorward shift of the tropospheric polar jet stream
for weeks following the major SSW event (Figs. 10a, 11a).
When examining this same diagnostic in the models, the
CanCM4 and the CCSM4 feature downward propagation of
the NAM into the troposphere following major SSWs. However, recall that the CCSM4 incorrectly captures the midtropospheric NAM pattern, specifically with errors in the
Atlantic storm track and polar jet stream. Interestingly, the
CanCM3 (Fig. 12b) shows little to no downward propagation signal associated with major SSWs, with negative NAM
anomalies confined primarily above 50 hPa. This finding is
consistent with the model’s poor performance with other
post-SSW weather regimes (Figs. 10b, 11b).
Finally, to relate the previous findings more closely to
wave dynamics, we investigate the ability of the models to
simulate correctly the rearrangement or change in horizontal
propagation of baroclinic eddies in the troposphere which
occurs following SSW events (e.g., Kushner and Polvani
2004; Song and Robinson 2004; Thompson et al. 2006). That
is, as the vertical shear across the tropopause changes with
the descent of anomalous easterlies, tropospheric baroclinic
eddies change their propagation orientation, which results in
pumping westerly momentum equatorward and thus shifting
the mean polar jet stream in the same direction (i.e., negative
NAM conditions; Thompson et al. 2006). Figure 13 depicts
these changes in baroclinic wave propagation with anomalous zonal-mean eddy momentum flux ([u∗ v∗ ]) for eddies
with wavenumbers of 4 and higher. In ERA-Interim, there
are anomalous negative momentum fluxes (i.e., equatorward
flux of westerly momentum) in the mid-latitude troposphere
and extending into the stratosphere (Fig. 13a). There is also
anomalous poleward flux of westerly momentum in the subtropical latitudes, leading to momentum flux convergence
near 40◦ N. Together, these anomalous momentum fluxes
indicate an equatorward shift of the eddy-driven jet stream.
The CanCM4 (Fig. 13c) and CCSM4 (Fig. 13d) also simulate anomalously negative momentum flux in the middle
latitudes, though without the convergence feature seen in
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Fig. 12  a Lag composite of the standardized NAM index as a function of pressure level for major SSW events in ERA-Interim. b As in
a but the ensemble-mean composite for simulated major SSW events
in CanCM3. c As in b but for CanCM4. d As in b but for CCSM4.
Negative (positive) lags indicate days before (after) a major SSW.

Day 0 (i.e., the central date for the major SSW event) indicated with
vertical dashed gray line. Thick black line indicates where compositemean values are significant at the p < 0.01 level assessed through a
10,000-iteration bootstrapping method (with replacement)

reanalysis. Neither pattern in those two models is statistically significant, indicating high variability in the models’
eddy momentum flux changes. Nevertheless, these two
models were the same ones that captured well the downward propagation of stratospheric anomalies into the troposphere (Fig. 12c, d), supporting the hypothesis on the role
of changing baroclinic eddy propagation on the downward
propagation of stratospheric anomalies into the troposphere.
Finally, the CanCM3 shows the wrong sign of momentum
flux anomalies, with weakly positive anomalies seen in the
mid-latitude troposphere, suggesting a poleward displacement of the polar jet stream (though again, not statistically
significant; Fig. 13b).

the NMME Phase-2 models analyzed in this study reproduce several observed characteristics of the near-surface
and stratospheric NAM. Yet, the models over-emphasize
the Pacific loading center of the tropospheric NAM and do
not recover the prominence of the North Atlantic loading
center (Fig. 1). The models represent the mid-tropospheric
planetary wave pattern fairly well over the Pacific but have
notable differences with reanalysis over North America
and the Atlantic (Fig. 3). These findings agree with previous studies on climatological tropospheric height patterns
in other operational forecasting and climate models (e.g.,
Scaife et al. 2010; Hazeleger et al. 2012; Ao et al. 2015).
The poorest performing model is the CCSM4, which has
significant biases in its 500 hPa NAM structure (Fig. 2d) and
mid-tropospheric planetary wave structure (Fig. 3d). Moreover, the reduced meridional excursions of the Atlantic jet in
the models (Fig. 4) may not only be related to the planetary
wave structure but also the extratropical stratospheric variability, as the strength and position of the stratospheric polar
vortex also influences the Atlantic jet (e.g., Fig. 10; Baldwin
and Dunkerton 2001; Butler et al. 2019; Green and Furtado
2019). To further support this idea, we also noted that the
operational S2S models simulate a NH stratospheric polar

5 Discussion and conclusions
This study examined how a selection of the operational
subseasonal-to-seasonal (S2S) North American Multimodel
Ensemble (NMME) Phase-2 models simulate Northern
Hemisphere (NH) boreal winter climate variability, represented by the Northern Annular Mode (NAM). Our overall
findings point to successful replications of observed behavior and dynamical biases that need to be addressed. First,
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Composite
of zonal-mean eddy momentum flux
(Fig.∗ 13  a
)
[u v∗ ];m2 s−2 anomalies for waves 4+ from reanalysis as a function
of pressure and latitude for 15–45 days after a major SSW event. b
As in a but for the CanCM3 ensemble-mean. c As in b but for the

CanCM4. d As in b but for the CCSM4. Thick black line denotes
composite values that are significant at the p < 0.1 level assessed
through a 10,000-iteration bootstrapping method (with replacement)

vortex that has weaker variability and a different seasonality
than observed (Fig. 6).
The biases in stratospheric variability in these three
NMME Phase-2 models likely arise from several sources.
Our analysis hints at problems with vertically propagating
wave properties in the models (both magnitude and spatial
distribution; Fig. 7) and wave-mean flow interactions. For
example, if the magnitude of vertically propagating Rossby
waves impacting the vortex is less than observed, the NH
stratospheric polar vortex remains relatively strong. Subsequently, the stronger circumpolar westerly winds in the
NH extratropical stratosphere “shield” the stratospheric
polar vortex from future upwelling Rossby waves (Andrews
et al. 1987), making vortex breakdowns even less frequent.
Indeed, among the three models analyzed, the CCSM4 is
the one with the strongest climatological stratospheric polar
vortex and the smallest vortex variability (Fig. 6d), is missing a key source of vertically propagating waves over Europe
(Fig. 7d), and features far fewer major SSW events than
the other two models. There are likely also links between
the absence of tropospheric wave amplification prior to a
major SSW in the CCSM4 (Fig. 8d) and its stratospheric

vortex variability. These associations reinforce the argument that biases in the tropospheric base state of a model
could be an important benchmark for understanding why
a coupled climate model may not capture the correct NH
stratosphere–troposphere dynamics. Indeed, composites
of precursor conditions to major SSWs in reanalysis show
an amplified wave-1/wave-2 structure in the middle troposphere across Eurasia and the Pacific-North America sector (Fig. 8a), which only the CanCM4 somewhat recovers
(Fig. 8c). When examining the vertical wave propagation
in the models versus reanalysis, the CanCM4 and CCSM4
recover the major vertical wave pulse just days before a
major SSW (Fig. 9, red and blue lines). However, the models simulate weaker magnitudes of EPz relative to reanalysis about one to two weeks before a major SSW, especially
notable for the CanCM3 even right before the major SSW
(Fig. 9, green curve). Biases in the northern European vertical wave source region are likely at play here (Fig. 7), as
this important center of activity is weaker than in reanalysis.
Therefore, bias-corrections to the model’s flux fields would
be warranted before applying a threshold for major SSW
forecasts in the models. Additionally, the lack in Atlantic jet
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variability in the NMME Phase-2 models is likely a contributing factor to the reduced heat flux values—i.e., less northsouth excursions of the jet may mean less-frequent development of high-amplitude wave patterns needed for large
poleward heat fluxes downstream across Europe (Fig. 4).
This reason may be especially true for the CanCM3, which
features the most equatorward Atlantic polar jet in the mean
and few excursions poleward of 50◦-55◦N (Fig. 4b).
We also find systematic biases in how the models handle post-SSW impacts on the NH tropospheric circulation.
While we expect a negative tropospheric NAM regime following major SSWs (Fig. 10a), the models are less clear on
that aspect (Figs. 10b–d, 11b–d). Moreover, there are different sensible weather impacts between the models and reanalysis, especially for North America (Fig. 11). The lagged
NAM composite plots indicate that the CanCM3 features
almost no communication between the troposphere and the
stratosphere following major SSW events (Fig. 12b). The
other two models (CanCM4 and CCSM4) have downward
propagation signatures (Fig. 12c, d). This finding makes
sense for the CanCM4, which is the best performing model
for stratosphere–troposphere coupling based on our metrics.
However, the findings for the CCSM4 are particularly interesting. Recall that the NAM signature in the CCSM4 is not
the same as the NAM signature in reanalysis, particularly in
the Atlantic sector (Figs. 1a, d, 2a, d). The negative NAM
anomalies that develop in the simulated troposphere after
a major SSW event represent a different tropospheric state
than that of observations (Fig. 10d). Likewise, the CanCM4
also features negative NAM anomalies in the troposphere
following major SSW events (Fig. 12c). But because of
a better representation of the NAO node in that model
(Fig. 1c), its post-SSW composites match better with reanalysis across Eurasia (i.e., Figs. 10c, 11c). Therefore, as the
downward influence of the NH extratropical stratosphere on
the troposphere depends on the background state of the troposphere, incorrect simulation of storm tracks/jet variability
also present in the models could play a role in how models handle changes in the tropospheric NAM (e.g., Smith
et al. 2011; Lee and Black 2013, and Fig. 4). Altogether, we
conclude that these three operational S2S dynamical models have mixed skill in forecasting the expected long-range
impacts following major SSWs, particularly for the United
States and Canada.
We conclude by noting caveats of this study and avenues
for future work. First, as reanalysis is but one realization,
the results we obtain from it could indeed be because of
the time period chosen or that there are not enough events
to capture the full spectrum of major SSW impacts on the
NH tropospheric circulation. In fact, not all SSW events are
downward propagating and thus will not impact the tropospheric NAM in the same way (Karpechko et al. 2017). As
such, expecting the models to conform to one paradigm
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(i.e., a negative tropospheric NAM regime following major
SSWs) may not be the best metric. In addition to the statistical analyses performed in this study, we also acknowledge
that we have examined the impacts of major SSW events
using the traditional definition (i.e., U1060N < 0 ). Other
studies such as Kim et al. (2017) suggest that choosing a
tendency or deceleration metric for identifying (not necessarily major) SSW events in models may be a better idea,
as this metric takes into account model biases in the NH
stratospheric circulation. Indeed, even so-called minor SSW
events may have impacts on NH mid-latitude winter weather
on S2S timescales (e.g., Kodera et al. 2016; Kretschmer
et al. 2018; Domeisen et al. 2020). Future studies should
consider assessing the impact of other weak vortex episodes
along with strong vortex episodes, which also produce coupling with the surface and changes in tropospheric weather
regimes (e.g., Tripathi et al. 2015; Charlton-Perez et al.
2018). Lastly, work on extratropical wave dynamics, such
as transient eddy feedbacks (e.g., Song and Robinson 2004)
and eddy-zonal flow feedbacks (e.g., Lorenz and Hartmann
2003) in the troposphere, simulated by the models and their
representative statistics and characteristics would help the
community understand why some climate models cannot
recover the downward propagation of stratospheric anomalies (e.g., Furtado et al. 2015). Addressing these biases may
help make models more skillful for subseasonal NAM predictions and also increase their reliability for future climate
change projections of cold season weather regimes across
the NH middle and high latitudes.
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