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ABSTRACT

The interdecadal Pacific oscillation (hereafter termed IPV, using ‘‘variability” in lieu of “oscillation’’) and
the Atlantic multidecadal oscillation (hereafter AMV, similar to IPV) are regulators of global mean tem-
perature, large-scale atmospheric circulation, regional temperature and precipitation, and related extreme
events. Despite a growing recognition of their importance, the combined influence of these modes of low-
frequency sea surface temperature (SST) variability remains elusive given the short instrumental record and
the difficulty of coupled climate models to simulate them satisfactorily. In this study, idealized simulations
with two atmospheric global climate models (AGCMs) are used to show a partial cancellation of the North
Pacific atmospheric response to positive IPV (i.e., deeper Aleutian low) by the concurrent positive phase of
the AMV. This effect arises from a modulation of the interbasin Walker circulation that weakens deep
convection in the western Pacific and the associated Rossby wave train into the northern extratropics. The
weaker Aleutian low response is associated with less upward wave activity flux in the North Pacific; however,
the associated stratospheric jet weakening is similar to when the +IPV alone forces the vortex, as additional
upward wave activity flux over Siberia makes up the difference. While comparable warming of the polar
stratosphere is found when the positive AMV is included with the positive IPV, the downward propagation of
the stratospheric response is significantly reduced, which has implications for the associated surface tem-
perature extremes. The robust anticorrelation between the positive IPV and positive AMYV signals over the
North Pacific and their lack of additivity highlight the need to consider the IPV-AMYV interplay for antici-
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pating decadal changes in mean climate and extreme events in the Northern Hemisphere.

1. Introduction and motivation

Decadal to multidecadal internal fluctuations of sea
surface temperature (SST) in the Pacific and North
Atlantic drive substantial variations in Earth’s climate
and are potential sources of predictability for regional
temperature and/or precipitation at these time scales
(Kerr 2000; England et al. 2014; Dong and Dai 2015;
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Cassou et al. 2017). Traditionally the leading mode of
interannual to multidecadal SST variability in the Pacific
is termed the Pacific decadal oscillation (PDO), the first
empirical orthogonal function (EOF) of monthly SST
anomalies in the Pacific poleward of 20°N (Mantua et al.
1997). However, we focus on the interdecadal Pacific
oscillation (hereafter termed IPV, using ‘‘variability”” in
lieu of “oscillation”), the basinwide manifestation of the
PDO, extending from 60°N to 45°S in a tripole pattern of
SST anomalies and alternating between warm and cool
conditions with a periodicity of 20-30 years (Henley
et al. 2015). The IPV is known to be a regulator of global
mean surface air temperature and precipitation with far-
reaching teleconnections, affecting climate variability in
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North America, southern Africa, Australia, and India
(Dong and Dai 2015; Joshi and Rai 2015). The extensive
network of IPV teleconnections is largely consistent
with those forced by El Nifio-Southern Oscillation
(ENSO), as the IPV is a multidecadal representation of
the state of the Pacific SST (Horel and Wallace 1981;
Ham et al. 2017; Garcia-Serrano et al. 2017). It also may
drive decadal fluctuations in the global temperature that
accelerate or decelerate the global warming trend, such
as the recent hiatus in atmospheric warming (Meehl
et al. 2013; Kosaka and Xie 2013).

In the Atlantic basin, SST alternates between warm
and cool conditions with a periodicity of 60-80 years,
although paleoclimatic records show that individual
phases have ensued for longer (Kerr 2000; Gray et al.
2004; Trenberth and Shea 2006; Knudsen et al. 2011).
This mode of variability, referred to as the Atlantic
multidecadal oscillation (hereafter AMV, similar to IPV
above) is thought to be mainly driven by internal fluc-
tuations of the ocean—atmosphere system, although it is
also influenced by natural and anthropogenic external
forcings (greenhouse gases, aerosols, volcanoes, solar
radiation) (Knight et al. 2005; Ting et al. 2009; Ottera
et al. 2010; Booth et al. 2012; Terray 2012; Knudsen et al.
2014; Tandon and Kushner 2015). The mechanism for
AMYV, and in particular the role of ocean dynamics, is
still controversial (Clement et al. 2015; O’Reilly et al.
2016; Cane et al. 2017). However, numerous modeling
studies suggest a role for ocean dynamics, and especially
for the Atlantic meridional overturning circulation
(AMOC), that is associated with meridional oceanic
heat transport and AMV-like SST anomalies in the
North Atlantic (e.g., Delworth et al. 1993; Knight et al.
2005; Zhang and Wang 2013; Danabasoglu et al. 2016;
Delworth et al. 2017; Kim et al. 2018). The phase shifts in
AMYV are an important source of decadal predictability
of climate. For example, they have been linked with
multidecadal fluctuations in tropical cyclone activity (e.g.,
Vimont and Kossin 2007), Sahel monsoon rainfall (Wang
et al. 2012) and temperature/precipitation over North
America and Europe (Enfield et al. 2001; Sutton and
Hodson 2005). The AMV has also been shown to be
associated with long-term trends in the North Atlantic
Oscillation (NAO; Hurrell and van Loon 1997), and the
AMYV has been suggested as a driver of multidecadal var-
iability in North Atlantic weather regimes and associated
extreme weather over Europe (Peings and Magnusdottir
2014; Omrani et al. 2014; Peings and Magnusdottir 2016).

Individually, both the AMV and IPV yield some
predictive skill for climate on decadal time scales. Yet,
their interplay and combined influence on the large-
scale atmospheric circulation have not received much
attention until recently. Constructive and destructive
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interference of the AMV and IPV modes during the
twentieth century has been investigated, for instance in
connection with the multidecadal variability of summer
monsoon rainfall over the Indian subcontinent (Joshi
and Rai 2015). When combined, the IPV and AMV
explain more multidecadal variance in precipitation and
temperature variability over the United States than
when taken individually (Jiang et al. 2013; Steinman
et al. 2015). Furthermore, during the early twentieth
century, changes in atmospheric circulation associated
with the concurrent phase shift of the IPV and AMV
from negative to positive coincided with rapid warming
of the Arctic (Tokinaga et al. 2017).

With the recent transition of the IPV into its positive
phase (Meehl et al. 2016), both the IPV and AMV cur-
rently exhibit positive polarity, the AMV having been in
its positive phase since the mid-1990s (Trenberth et al.
2017). A decadal prediction initialized in 2013 revealed an
IPV transition from negative to positive in 2015 following
what is thought to have been sufficient build-up of off-
equatorial ocean heat content in the tropical western
Pacific (Meehl et al. 2016; Henley et al. 2017). Although
there is not a single conclusive mechanism for IPV phase
shifts (Newman et al. 2016), several studies suggest a role
for AMYV in altering I[PV phase. When the North Atlantic
is warmer than average, consistent with positive AMV, an
interbasin teleconnection arises via the Walker circula-
tion bridging the Atlantic and the Pacific, leading to a
strengthening of the trade winds and cooling via Ekman
drift (Kang et al. 2014; England et al. 2014, McGregor
et al. 2014; Chafik et al. 2016). Despite the proposed link
between + AMV and the IPV phase shift to negative
(~1999), it has yet to be determined if the positive AMV
has always been a forcer of IPV phase shifts (McGregor
et al. 2014). This study, however, will focus on the con-
current atmospheric response to these modes and not
how one mode may affect the other’s phase.

Given the current positive polarity of both SST
modes, it is imperative to dissect the atmospheric re-
sponse they elicit. Additionally, with an AMV phase
shift predicted to be looming (Frajka-Williams et al.
2017), the atmospheric response to a positive IPV forc-
ing alone must be investigated further. Exploring the
combined influence of AMV and IPV is particularly
useful to anticipate decadal shifts in jet/storm track
variability and associated extreme weather events in the
Northern Hemisphere (Peings and Magnusdottir 2016).

The combined influence of IPV and AMV on the
polar stratosphere is largely unknown. Both AMV and
IPV have been shown to force a stratospheric response
in AGCMs that resolve the stratosphere (Omrani et al.
2014; Peings and Magnusdottir 2014; Kren et al. 2016).
Notably, perturbations of the Aleutian low influence the
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vertical and meridional propagation of Rossby waves
toward the polar stratosphere during boreal winter
(Kren et al. 2016; Kang and Tziperman 2017; Yang et al.
2017; Hu et al. 2017). These planetary waves ascend
from the domain of the Aleutian low (Woo et al. 2015),
particularly when it is deepened, increasing in amplitude
with height (Plumb 2004). The amplification eventually
results in wave breaking in the stratosphere when
westward momentum is deposited in the area of break-
ing and the westerly zonal-mean zonal winds are
weakened (Baldwin and Dunkerton 1999; Kren et al.
2016). This deceleration disrupts the stratospheric jet
and warms the polar atmosphere (Polvani et al. 2017).
Poleward and vertical wave activity flux from the mid-
latitudes, notably the Aleutian low, is key in un-
derstanding disruptions to the polar stratospheric jet.
Numerous modeling and observational studies have
explored the link between ENSO or IPV-like SST
forcings and perturbations to the Arctic stratosphere
during boreal winter (e.g., Garcia-Herrera et al. 2006;
Cagnazzo and Manzini 2009; Kren et al. 2016; Hu et al.
2017; Kang and Tziperman 2017; Yang et al. 2017;
Polvani et al. 2017). The teleconnections highlighted in
the aforementioned studies are consistent: tropical Pa-
cific SST anomalies initiate an atmospheric Rossby wave
train, which strengthens (El Nifio) or weakens (La Nifia)
the deepening of the Aleutian low, affecting planetary
wave propagation into the Arctic stratosphere. Yet, a
more thorough investigation of the stratospheric re-
sponse to both IPV and AMV SST variability is critical
to increasing our understanding of the large-scale tro-
pospheric response in the boreal winter extratropics.

In this paper, we explore the respective influence of
AMYV and IPV SST anomalies on the wintertime at-
mospheric circulation, using a set of idealized sensitivity
experiments with two AGCMs. Section 2 describes the
models and the experimental protocol. Section 3 pres-
ents the main results, with a discussion of the large-scale
atmospheric response over the Pacific, the interactions
between the IPV and AMYV forcings, the response in-
duced in the stratosphere, and the associated changes in
temperature extremes over the continents. Finally, sec-
tion 4 discusses our key results in the context of the
observational record by using reanalysis datasets and
provides a synopsis of these key findings.

2. Methods

Two independent AGCMs are used in this study.
The Whole Atmosphere Community Climate Model
(WACCM) is a high-top chemistry—climate model that
extends to 5.1 X 10 °hPa, to roughly 145km (Marsh
et al. 2013), with 66 vertical levels. We use its version 4,
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which has a horizontal resolution of 1.9° latitude X 2.5°
longitude. We use the Specified Chemistry version (SC-
WACCM; Smith et al. 2014) and prescribe the observed
28-month quasi-biennial oscillation (QBO). The second
model, ARPEGE-Climat, is also a high-top climate
model, which has been prepared for CNRM-CM6.1
(Voldoire et al. 2019) to be used in CMIP6 and which
has been derived from the atmospheric component of
CNRM-CMS (Voldoire et al. 2013). We use its version 6,
with an equivalent 1.4° latitude X 1.4° longitude hori-
zontal resolution and with 91 vertical levels from the
surface to 0.01 hPa, approximately 80 km. This model
includes a parameterization of nonorographic gravity
waves based on the stochastic parameterization de-
scribed in Lott et al. (2012), which allows the simulation
of a spontaneous QBO.

A total of nine simulations have been carried out with
each model, which include every combination of IPV
and AMYV polarity. Given that each mode can exist in a
negative, neutral, or positive state, there are nine com-
binations of SST variability. However, we focus our
analysis on four of these experiments: 1) neutral IPV
and neutral AMV (control), 2) +IPV and neutral AMV
(referred to as +1PV), 3) neutral IPV and + AMV (re-
ferred to as +AMYV), and 4) +IPV and +AMYV (re-
ferred to as + AIV). By focusing on this combination of
experiments, we will investigate the relative influence
of +IPV and +AMYV forcing in the midlatitudes, in
particular the North Pacific, and how they combine
when both forcings are present.

The neutral IPV, neutral AMV experiment is the
control. For each model, it consists of a 200-yr simulation
(after a 1-yr spinup) forced with climatological monthly
mean SST/sea ice concentration [1979-2008 average
annual cycle from the Hadley Centre Sea Ice and Sea
Surface Temperature dataset (HadISST); Rayner et al.
2003]. The external radiative forcings (greenhouse gases,
aerosols, solar radiation) are kept constant to present-day
values. Each perturbed experiment is run with its corre-
sponding SST anomaly superimposed onto the climato-
logical SST field, with a buffer zone at the edge to avoid
steps in the SST spatial distribution.

The prescribed IPV and AMV SST patterns are those
designed for the Decadal Climate Prediction Project
(DCPP; Boer et al. 2016). To calculate the anomalies
associated with each mode, the influence of external
drivers of decadal climate variability has been removed
from the observed SSTs. This external component in-
cludes natural (solar and volcanic) and anthropogeni-
cally (greenhouse gases and aerosols) forced SST
variations (Boer et al. 2016). To calculate this external
component, signal-to-noise maximizing EOF analysis
has been applied to the global mean SST derived from a
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Forcing Fields - Sea Surface Temperature (°C)

CLIMATOLOGY
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FI1G. 1. (a) The climatological SST pattern, neutral IPV, and neutral AMV (control). IPV and AMV SST forcing
fields are shown, which range between =1 standard deviation over 1900-2013. (b) +IPV and neutral AMV (+IPV);
(c) neutral IPV and +AMV (+ AMV); (d) +IPV and +AMV (+AIV). SSTs range between —0.6° and 0.6°C.

CMIP5 multimodel ensemble run utilizing the repre-
sentative concentration pathway 8.5 (RCP8.5) scenario
extending from 1870 to 2013 (Ting et al. 2009; Boer et al.
2016). The IPV and AMYV indices are the filtered, lati-
tude weighted differences between the annual mean raw
observed SST from the Extended Reconstructed Sea
Surface Temperature version 4 (ERSST.v4) dataset and
the external component described above in the Pacific
(60°N-40°S) and Atlantic (60°N-0°S) (Ting et al. 2009;
Huang et al. 2015; Boer et al. 2016). ERSST.v4 global
SSTs from 1900 to 2013 are regressed onto the IPV and
AMV temporal indices to create the spatial patterns
associated with each mode. The anomalies that we im-
pose in our experiments correspond to +1 and —1
standard deviation of the AMV and IPV indices (Fig. 1).
The response to IPV and AMV SST anomalies is de-
rived by subtracting the 200-yr mean of the control run
from the 200-yr mean of each perturbation run. A two-
sided Student’s ¢ test is used to assess the statistical sig-
nificance of each response.

3. Results

The focus is first on the large-scale boreal winter atmo-
spheric response simulated by WACCM. The tropospheric

and stratospheric pathways of this response will be ana-
lyzed thoroughly. A brief comparison with the results of the
ARPEGE-Climat AGCM will follow in order to highlight
the robustness of the atmospheric response over the North
Pacific, but also the model-dependent mechanisms behind
this common response.

a. The large-scale midtropospheric response

Extended boreal winter [December-March (DJFM)]
500-hPa streamfunction anomalies simulated by WACCM
are shown in Fig. 2. Positive IPV (+IPV) forcing results
in a positive Pacific-North American (PNA) pattern
(Fig. 2a). Conversely, negative IPV forcing results in a
negative PNA pattern (not shown). That is, via a Rossby
wave train propagating out of the subtropical Pacific, there
are alternating positive (anticyclonic) and negative (cy-
clonic) nodes of streamfunction anomalies spaced about
6000 km apart that are directed poleward before curving
eastward across North America, and finally equatorward
over the tropical Atlantic (Horel and Wallace 1981). Con-
sistent with this response is a deepening of the Aleutian
low, which has implications for the surrounding land-
masses; specifically, warmer temperatures over Alaska,
northwestern Canada, and the northwestern part of the
United States (Wallace and Gutzler 1981; Kren et al. 2016).
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WACCM DJFM 500 hPa Streamfunction Anomalies (10°m?2s1)

h ——
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WACCM DJFM Sea Level Pressure Anomalies (hPa)
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FI1G. 2. Extended winter 500-hPa streamfunction anomalies for the (a) +IPV, (b) + AMV, and (c) +AIV perturbations. Focusing on the
Northern Hemisphere, positive (anticyclonic) anomalies are shown in red and negative (cyclonic) anomalies are shown in blue. (d)—(f) Sea
level pressure anomalies for the three perturbation experiments. Hatching indicates statistical significance at or above 95%.

Deepening of the Aleutian low is also observed at sea level,
which is expected as the extratropical Rossby wave nodes
are equivalent barotropic (Fig. 2d).

The response of 500-hPa streamfunction and sea level
pressure to positive AMV (+AMYV) is shown in Figs. 2b
and 2e. In the North Atlantic, the signal resembles the
negative NAO [consistent with WACCM experiments
from Peings and Magnusdottir (2016)]. In the North
Pacific, the response opposes the effect of +IPV.
The + AMYV drives the formation of a cyclonic anomaly
in the tropical-subtropical Pacific (Fig. 2b, centered
near 170°E) and an anticyclonic anomaly in the extra-
tropical Pacific (Fig. 2b, centered near 170°E). These
two anomalies are opposite in sign to the anomalies in-
duced by the +IPV forcing (Fig. 2a). When both are
combined (+AIV; Fig. 2c¢), the signal is broadly similar
to +IPV (Fig. 2a), but with weaker anomalies over the
North Pacific due to the cancellation effect of + AMV.
This is quantified in Fig. 3, which shows the spatial
correlation of the +IPV (blue) and the + AMV 500-hPa
streamfunction responses (red) with the +AIV 500-hPa
streamfunction response over the North Atlantic, the
North Pacific, and the Northern Hemisphere (NH),
from the equator to 65°N. Also shown is the root-mean-
square error (RMSE) between the individual forcing
experiments and the + AIV. The NH response is domi-
nated by +IPV, as shown by the strong correlation and
low RMSE between +IPV and +AIV (Fig. 3c). Over

the North Atlantic, both the +IPV and +AMYV are
highly correlated with +AIV, suggesting mutual influ-
ence in the response (Fig. 3a). However, the + AMV
and +IPV responses are anticorrelated in the North
Pacific (Fig. 3b), since the + AMV dampens the first two
nodes of the PNA Rossby wave train (Fig. 2b). Notably,
the + AMV weakens the deepening of the Aleutian low.
This is a central point to this paper. To investigate the
relationship between the + AMV forcing and the re-
sponse it elicits in the North Pacific, we shift our focus to
the upper troposphere.

b. Atmospheric response to +AMV forcing

The WACCM 200-hPa velocity potential and diver-
gent wind anomalies associated with each perturbation
experiment are shown in Figs. 4b—d. The +IPV broadly
induces a response that resembles that to El Niilo,
with decreased (increased) large-scale divergence in the
tropical western (eastern) Pacific (Fig. 4b). However,
the pattern of the anomalies is less organized than a
typical El Nifo signal (Garcia-Serrano et al. 2017), with
alternation of increased divergence and convergence
north of the equator.

Following anomalous 200-hPa divergence in the trop-
ical Atlantic (Fig. 4c), interbasin communication occurs
via the upper branch of the Walker circulation, termi-
nating in convergence at 200hPa over the Maritime
Continent with subsidence below (Fig. Slc in the online
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WACCM Spatial Correlation and RMSE of +AMV/+IPV with +AIV
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FIG. 3. Spatial correlations of the +IPV (blue) and the + AMV (red) 500-hPa streamfunction
anomalies with the +AIV 500-hPa streamfunction anomalies. Correlations are calculated in
the (a) North Atlantic (0°-65°N, 70°~10°W) and (b) North Pacific (0°-65°N, 140°E~120°W), and
(c) across the Northern Hemisphere (0°-65°N, 180°~180°). Root-mean-square errors (hatched
bars) are calculated using the same methodology.

supplemental material; wind vectors not shown). This
effect is conserved during the +AIV forcing experiment
(Fig. 4d), when the +AMYV appears to reinforce the
convergence over the Maritime Continent seen for +IPV
(Fig. 4b). However, this anomalous convergence is not
confined to the deep tropics in this region. It is observed

at 200 hPa over the Philippine Sea, the South China Sea,
and the East China Sea (Fig. 4d), Rossby wave source
regions that respond to the locally intense horizontal
vorticity gradient associated with the edge of the jet
stream (Sardeshmukh and Hoskins 1988; Watson et al.
2016; Scaife et al. 2017). We assert that + AMV forces

WACCM DJFM 200 hPa Velocity Potential Anomalies (10°m?2s~1)

b +IPV 1

-125.0 -62.5 O

62.5 125.0

(<] +AMV

-5.0 -2.5 0 25 5.0
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20°S

(a] +AMV/+IPV
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FIG. 4. Extended winter 200-hPa velocity potential anomalies for the (b) +IPV, (c) +AMYV, and (d) +AIV
perturbations; the (a) climatological pattern is shown with a different color scale. Positive (red) anomalies are areas
of convergence and negative (blue) anomalies are areas of divergence. Divergent wind vectors are shown in gray.
Hatching with black dots indicates statistical significance at or above 95%.
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WACCM DJFM Z200x Anomalies (m)

CLIMATOLOGY
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FIG. 5. Extended winter 200-hPa Z200x anomalies (the “x”’ denotes the removal of the zonal mean from
the geopotential field) for the (b) +IPV, (c) +AMV, and (d) +AIV perturbations; the (a) climatological
component is shown using a different color scale. Hatching with black dots indicates statistical significance at or

above 95%.

upper-level convergence in the tropical western Pacific,
reducing the Rossby wave generation that deepens the
Aleutian low.

The 200-hPa stationary waves over the Pacific support
this assertion. Figure 5a shows the climatological field of
200-hPa geopotential with the zonal mean removed.
The +AMYV forcing generates a wave train (Fig. 5¢) that
propagates out of the tropical west Pacific into the North
Pacific where it increases the local height field and par-
tially cancels out the upper-level trough driven by +I1PV
(Fig. 5b). This effect is apparent in the +AIV case
(Fig. 5d) as the Aleutian low is smaller in extent com-
pared to the +IPV case (Fig. 5b).

Previous studies have shown this modulation of the
North Pacific atmosphere by the +AMV. Sun et al.
(2017) argue that the connection between the + AMV
and the North Pacific is twofold: 1) upper tropospheric
divergence over the North Atlantic is compensated for
by upper tropospheric convergence in the North Pacific,
subsequent subsidence, and formation of high pres-
sure and 2) upper-tropospheric convergence in the
tropical central-eastern Pacific induced by the +AMV
can initiate a Rossby wave train propagating into the
extratropics, thereby enhancing the first effect. Simi-
larly, Davini et al. (2015) argue that anomalies associ-
ated with + AMYV (specifically in the tropical Atlantic)
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excite a Rossby wave train over the Pacific that weakens
the Aleutian low in response to a poleward displacement
of the intertropical convergence zone (ITCZ). This de-
cadal teleconnection bridging the tropical atmospheres
of each basin also operates at the interannual time scale.
Perturbations to the Walker circulation induced by
positive tropical Atlantic SST anomalies induce upper
tropospheric convergence and surface wind changes
over the Pacific within one season of the initial forcing
(Simpkins et al. 2016). Similarly, perturbations to the
Walker circulation induced by ENSO SST lead to
warming of tropical North Atlantic SST with just a one
season lag (Giannini et al. 2001; Wang 2004; Garcia-
Serrano et al. 2017).

c. Link between the midlatitudes and Arctic
atmosphere

To quantify the change in meridional and vertical
wave propagation out of the midlatitudes, we calculate
daily December-January (DJ) and February-March
(FM) Eliassen—Palm (EP) flux anomalies. Pressure co-
ordinates are scaled according to the methodology
outlined in Edmon et al. (1980). The EP flux is then
divided by the square root of 1000 divided by pressure
(Taguchi and Hartmann 2006). Figure 6 includes EP
flux (gray arrows with statistically significant arrows
in black), divergence of the EP flux (shaded), and
zonal wind anomalies (contoured in black) for the three
perturbation experiments and for a fourth case where
+IPV anomalies are subtracted from +AIV anomalies
to highlight how the +AMV modulates the +IPV
response.

In response to +IPV forcing, positive EP flux anom-
alies (driven mainly by the eddy heat flux), consistent
with increased planetary wave activity, originate from
the troposphere at 45°N, approximately the location of
the Aleutian low. These eddies then propagate to-
ward the Arctic stratosphere (Figs. 6a,b). The negative
EP flux divergence between 100 and 10hPa, which re-
sults from some combination of effects from wave
breaking and diabatic heating, is indicative of wave
dissipation and a deceleration of the zonal-mean zonal
winds, resulting in a weaker stratospheric jet (Andrews
et al. 1987; Kren et al. 2016; Hu et al. 2017; Polvani et al.
2017). Note that the EP flux convergence shifts down-
ward in the stratosphere between early and late winter
(cf. Figs. 6a,b). This is concomitant with the extension
of easterly zonal wind anomalies into the upper tropo-
sphere during late winter, whereas during early win-
ter these anomalies are confined to the stratosphere.
These downward propagating zonal wind anomalies
are consistent with a negative northern annular mode
(NAM).
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The + AMYV does not perturb the stratospheric winds
during early winter (Fig. 6¢). However, during late
winter, + AMV forcing induces a weak attenuation of
the stratospheric jet (Fig. 6d), in line with previous
studies (Omrani et al. 2014; Peings and Magnusdottir
2016). The response to the combination of +AMV
and +IPV is not additive, either in early (Fig. 6e) or in
late winter (Fig. 6f). The +AIV EP flux (and its di-
vergence) emanating predominantly from 45°N is
weaker in magnitude than the corresponding field for
the +IPV case (Figs. 6a,b). The bottom two panels
(Figs. 6g,h) illustrate this point by showing the dif-
ference in response between the +AIV case and
the +IPV case. For the most part, including the + AMV
(Figs. 6c¢,d) forcing weakens both the tropospheric and
stratospheric EP flux anomalies of +IPV (Figs. 6a,b).
This is a key point, but it is worth noting that the at-
tenuation of the stratospheric jet is largely consistent
between the +IPV case and the +AIV case, with the
slight exception that the +IPV zonal wind anomalies
extend farther into the troposphere.

To better identify source regions of wave activity, we
calculate the 150-hPa vertical wave activity flux (WAFz),
also called the Plumb flux (Plumb 1985), for the entire
Northern Hemisphere. The Plumb flux is a generaliza-
tion of the EP flux, a three-dimensional flux in a conser-
vation relation that, if zonally averaged, reduces to the
EP flux (Plumb 1985). Consistent with Plumb (1985),
WACCM exhibits maximum vertical wave propagation
in the North Pacific/eastern Asia and the North Atlantic/
western Europe regions (Fig. 7a). With +IPV forcing the
upward wave activity flux intensifies over the eastern
North Pacific and modestly over the North Atlantic
and northern Eurasia (Fig. 7b). Conversely, with + AMV
forcing there is reduced upward propagation across the
entire North Pacific; however, there is an increase over
northern Eurasia with a subsidiary increase over the
North Atlantic (Fig. 7c). Given the concurrent positive
forcing, the + AIV (Fig. 7d) results in increased upward
wave propagation across Eurasia and over the eastern
North Pacific, although the latter is reduced compared to
the +IPV case. Thus, we observe that the +AMYV de-
structively interferes with upward wave propagation in
the North Pacific while amplifying upward wave propa-
gation over Eurasia.

The locations in which we observe enhanced upward
wave activity flux (Fig. 7d) coincide well with regions
of blocking in the upper troposphere. Blocking has
garnered attention because it is associated with vari-
ability in stratospheric circulations, namely the occur-
rence of sudden stratospheric warming (SSW) events
(Mclntyre 1982; Martius et al. 2009; Nishii et al. 2010;
Woo et al. 2015; Kren et al. 2016). In the North Pacific,
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F1G. 7. Extended winter 150-hPa vertical Plumb flux anomalies for (a) the control as well as the (b) +IPV,
(c) +AMV, and (d) +AIV perturbations. Positive anomalies are shown in red and negative anomalies in blue.
Hatching with black dots indicates statistical significance at or above 95%.

superposition of a trough (ridge) on the climatological
mean trough in the region increases (decreases) upward
propagation of planetary waves, leading to a warming
(cooling) of the polar stratosphere (Nishii et al. 2010;
Woo et al. 2015). Phase coherence between the topo-
graphically forced climatological stationary wave and a
forced mode is a prerequisite condition for tropospheric
planetary waves to force stratospheric circulation
changes (Fletcher and Kushner 2011). This coherence
occurs when the phase speed of the response wave and
the climatological stationary wave are similar enough
for the waves to nearly be in resonance (Andrews et al.
1987). Increases in the amplitude of the climatological

+IPV

- —
-0.25 -0.125 0 0.125 0.25

+AMV/+IPV

- —
-0.25 -0.125 0 0.125 0.25

stationary wave reduce the phase speed of the response
wave, moving both waves closer toward resonance with
each other, leading to further amplification of the sta-
tionary wave, a positive feedback (Plumb 1981; McIntyre
1982; Andrews et al. 1987). This wave amplification al-
lows the stationary wave to force mean flow changes in
the stratosphere. The deepening of the Aleutian low in
our +IPV and +AIV (Figs. 2a,c) provide the phase co-
herence necessary to jumpstart this phenomenon. To
quantify this coherence, we create longitude—pressure
cross sections of DJFM wave 1 and wave 2 at 60°N (not
shown) and calculate pressure-weighted pattern correla-
tions between the climatological wave and the response
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TABLE 1. Pressure weighted pattern correlations between the
climatological wave pattern at 60°N and the response wave forced
by the experiments over the North Pacific domain (90°E-90°W).

Forcing field Wave 1 Wave 2
+IPV 0.69 0.69
+AMV -0.07 0.39
+AIV 0.55 0.33

wave in the North Pacific, which are presented in Table 1.
When compared to the +IPV correlations, + AIV forcing
leads to reduced phase coherence of wave 1 and wave 2
with the climatological wave pattern in the North Pacific.
This is attributed to the destructive interference of the
+AMYV, which results in less stratosphere—troposphere
coupling over this basin.

As an additional metric of upward planetary wave
propagation, the number of SSWs for each experiment is
calculated. We use the algorithm of Charlton and Polvani
(2007) to identify SSWs: for days between 1 November
and 31 March, the central date of a warming is the first
day in which the zonal-mean zonal winds at 60°N and
10hPa become easterly. Following identification of the
central date, 20 consecutive days of westerly winds must
exist before the next central date can be defined (Charlton-
Perez and Polvani 2011). The control simulation yields 134
SSWs in 200 years, or 0.67 events per extended winter
season. This frequency is consistent with previous studies:
0.67 events per season (Charlton and Polvani 2007), 0.63
events per season (Butler et al. 2017), 0.59 events per
season (Polvani et al. 2017), and 0.60 events per season
(White et al. 2018). The number of SSWs for each of the
perturbation experiments is listed in Table 2.

Despite destructive interference with the Aleutian low,
+AMYV forcing increases the frequency of SSWs
by ~14%. This is likely due to enhanced vertical wave
activity flux over Eurasia (Fig. 7c). SSW frequency in-
creases ~31% due to +IPV forcing. The stratospheric
response to the +IPV and +AMV is not additive as
the + ATV forcing results in a very modest increase in SSWs
relative to +IPV. Therefore, although the + AMV dampens
the response to the +IPV in the troposphere by weaken-
ing the Aleutian low, the + AMV does not dramatically
perturb the response to +IPV in the stratosphere. Further-
more, recall that the attenuation of the stratospheric jet is
similar in magnitude (slightly different in vertical extent)
between the +IPV and +AIV (cf. Figs. 6a,b and Figs. 6e.f).

d. Polar atmospheric response to planetary wave
forcing and associated surface extreme temperatures

To characterize the response of the polar atmosphere
to the forcings, we calculate daily geopotential height
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TABLE 2. Number and frequency of stratospheric sudden
warmings in events per extended winter season. Both number of
events and frequency are calculated using daily data (November—
March) over the entire 200-yr period.

Forcing field No. of SSWs Events per season
Control 134 0.67
+IPV 176 0.88
+AMV 153 0.77
+AIV 179 0.90

anomalies averaged over the polar cap (north of 65°N),
from 1000 to 10 hPa (Fig. 8). Positive height anomalies
manifest throughout the extended winter season due to
the +IPV (Fig. 8a). This is expected as the aforemen-
tioned upward propagating planetary waves decelerate
the stratospheric jet (Figs. 6a,b), inducing a residual
circulation (poleward and sinking motion), that is ac-
companied by adiabatic temperature increase below
the forcing region (Dunkerton et al. 1981; Limpasuvan
et al. 2004). The warming associated with these strato-
spheric perturbations consistently propagates downward
(~400 hPa) throughout the extended winter season. How-
ever, particularly in late winter (February and March),
the stratospheric anomalies propagate downward into the
troposphere and project onto the negative phase of the
NAM (see the Z500 response in Fig. S2b).

Compared to the +IPV case, the Arctic atmospheric
response to +AMYV forcing (Fig. 8b) is modest with
comparatively weak positive anomalies observed in mid-
December and March. The early winter warming that be-
gins ~8 December, seen at 10hPa, propagates downward
into the troposphere terminating late in December. This
result is consistent with Christiansen (2001), who finds that a
minimum time scale for downward propagation of the zonal-
mean zonal winds associated with the NAM is ~15 days and
that mean temperature anomalies descend slightly slower.
During late winter, the height anomalies are slightly stronger
in the stratosphere, and propagate farther into the tropo-
sphere (as was the case with the +IPV as well).

The +AIV geopotential height anomalies (Fig. 8c)
resemble the +IPV-induced signal (in line with the re-
sponse in SSWs frequency; Table 2), with slightly re-
inforced anomalies in the stratosphere in late winter,
however with more (less) downward propagation in
early (late) winter. As illustrated in Fig. 8d (sum of
Figs. 8a and 8b) and Fig. 8e (difference between Figs. 8c
and 8d), the response to +AMV and +IPV by them-
selves are not additive, since most of the response in
the +AIV simulation is less than the sum of the re-
sponses to each of +AMYV and +IPV. In particular, a
noteworthy difference is the smaller propagation of the
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FI1G. 8. Extended winter daily geopotential height anomalies averaged over the polar cap north of 65°N. These cross sections exhibit time
(days) on the x axis and pressure levels on the y axis. Shown are the anomalies for the (a) +IPV, (b) + AMV, and (c) + AIV perturbations.
Hatching denotes anomalies statistically significant at or above 95%. Two additional composites are calculated: (d) the sum of +IPV and
+AMYV and (e) the difference between the +AIV anomalies and the aforementioned linear sum in (d).

signal into the troposphere in late winter (Fig. 8¢), which
is consistent with smaller negative NAM anomalies at
500hPa in the +AIV simulation compared to +IPV
(Fig. S2). Recall that the downward propagation of the
easterly zonal wind anomalies during FM terminates at
the base of the stratosphere for + AIV (Fig. 6f). We find
that this downward propagation of zonal-mean zonal
wind anomalies for +AIV is inhibited in the Pacific
basin at 300 hPa and in the Atlantic basin at 300 hPa (not
shown). This leads us to hypothesize that some combi-
nation of baroclinic and quasi-stationary eddies interact
with the mean flow in the midlatitude jet to oppose the
continued propagation of the easterly zonal-mean zonal
wind anomalies downward (Chen and Robinson 1992;
Lorenz and Hartmann 2003; Lubis et al. 2016). The exact
dynamical explanation likely requires targeted study
and is beyond the scope of this paper. Note that with
+IPV, the zonal-mean zonal wind anomalies (—1 ms ')
propagate downward to 500hPa (not shown). Thus,
when the + AMYV is combined with the +IPV, the down-
ward propagation of the NAM is inhibited in the Pacific.
This prevents reinforcement of the trough in the North
Pacific, potentially a second mechanism by which the
+AMYV attenuates the Aleutian low.

Given the impacts of SSWs and subsequent downward
propagation of NAM anomalies at the surface (Baldwin
and Dunkerton 2001), these results have implications for
the frequency of extreme weather events at the surface.
Figure 9 shows the changes in the frequency of DJ and
FM cold extremes with +IPV and +AIV forcing. The
Expert Team on Climate Change Detection Indices
(ETCCDI) defines cold extremes as the percentage of
days below the 10th percentile temperature for a specific
location (Karl et al. 1999). The +IPV forcing decreases
the frequency of cold extremes over the North American
west coast, northern Africa, and Asia, while cold ex-
treme frequency increases over Scandinavia and Siberia
(Figs. 9a,b). The anomalies are more pronounced in late
winter (Fig. 9b), consistent with late winter stratosphere—
troposphere coupling induced by +IPV forcing (Fig. 8a).
Including the warm Atlantic SST anomalies in the + AIV
case leads to a striking difference in the response of cold
extremes over Eurasia and North America (Figs. 9c,d).
The increase in cold extremes over Scandinavia/Siberia
is almost entirely canceled out, and the decrease in cold
extremes over western North America is also reduced,
especially in late winter. This is a consequence of re-
duced stratosphere-troposphere coupling with + AMV
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FIG. 9. The change in frequency of cold extremes for +IPV in (a) early and (b) late winter. (c),(d) Asin (a) and
(b), but for +AIV. Increases in frequency are shaded in blue and decreases in red. Cold extremes are days during
which the daily temperature falls below the 10th percentile temperature value for that specific day and location.

identified in Fig. 8, and a clear illustration of how in-
terbasin connections have to be considered when trying to
predict decadal variability in extreme temperatures.

e. Results from similar simulations with
ARPEGE-Climat

To continue exploring the link between the + AMV
and the weakened Aleutian low, we analyze the
ARPEGE-Climat atmospheric responses to the same
perturbation experiments. The extended winter 500-hPa
streamfunction anomalies produced by ARPEGE-Climat
(Fig. 10) compare well with same anomalies in WACCM
(Fig. 2) over the Pacific. A strong +PNA pattern and
deepening of the Aleutian low manifest in response
to +IPV forcing (Fig. 10a). Anticyclonic anomalies span
the entire North Pacific when forced by the + AMV
(Fig. 10b). The deepening of the Aleutian low is reduced
in the +AIV case compared to the +IPV alone (Fig. 10c).
These observations of the streamfunction anomalies in
the Pacific are consistent at the surface and at 200hPa
(not shown). Note that the attenuation of the Aleutian low

is more conspicuous in late winter (Fig. S2) and also that
the atmospheric responses in ARPEGE-Climat are gen-
erally slightly weaker than in WACCM.

Figure 11 shows the correlations and RMSEs calcu-
lated between the +IPV and + AMV ARPEGE-Climat
500-hPa streamfunction responses and the same field
for +AIV. They are very similar to those generated
while using WACCM (Fig. 3), with the +AMV re-
sponse being anticorrelated with the spatial pattern of
anomalies in the North Pacific (Fig. 11b). ARPEGE-
Climat also exhibits an increase in upward wave activity
in the North Pacific under +IPV (Fig. S3b), which is re-
duced by + AMV (Figs. S3c,d). Therefore, the ARPEGE-
Climat results are consistent with the WACCM results
over the Pacific basin and support our claim that the at-
mospheric response to + AMV forcing destructively in-
terferes with the deepening of the Aleutian low during
boreal winter.

However, the ARPEGE-Climat experiments also
exhibit striking differences. First, no significant strato-
spheric jet response is found in any of the simulations,
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FI1G. 10. As in Fig. 2, but for ARPEGE-Climat rather than WACCM.

despite increased upward wave activity flux in the North
Pacific and convergence of the EP flux in the strato-
sphere (Figs. 12a,b,e.f). This intermodel contrast may be
linked to the ability of the wave-1 planetary wave to
propagate vertically into the high-latitude strato-
sphere. At 100hPa, WACMM’s +IPV wave-1 response
(Fig. S4a) is roughly double the magnitude of the wave-1
response simulated by ARPEGE-Climat (Fig. S4b)
over the polar cap. With reduced upward propagation
of wave 1 past 100hPa and subsequently less wave
breaking, there is reduced forcing on the stratospheric
westerlies in ARPEGE-Climat. This difference in the
representation of wave 1 is also found when comparing
the two AGCM climatologies. Figure S5 shows the

climatological 100-hPa wave-1 planetary waves simu-
lated by WACCM and ARPEGE-Climat and observed
in monthly data from the National Centers for Envi-
ronmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis (Kalnay
etal. 1996). WACCM’s wave-1 heights (Fig. S5b) exceed
those observed in NCEP (Fig. S5a) while ARPEGE-
Climat’s wave-1 heights are closer to observations but
underestimated (Fig. S5c). The tropospheric response
to +IPV also differs in ARPEGE-Climat, as it resem-
bles the positive phase of the NAO (Fig. 10a), versus a
negative NAO in WACCM (Fig. 2a). This is consistent
with the muted stratospheric response to planetary wave
driving in ARPEGE-Climat (Figs. 12a,b), which results
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FIG. 13. As in Fig. 5, but for ARPEGE-Climat rather than WACCM.

in a stronger stratospheric jet that promotes positive
NAM/NAO anomalies in the troposphere.

Second, under +AMYV, ARPEGE-Climat does not
feature the 200-hPa wave train propagating from the
tropical western Pacific into the North Pacific, that we
identify as a cause for weaker Aleutian low response
in +AIV (Fig. 13c). Furthermore, the reduced down-
ward propagation of the NAM in late winter is apparent
in WACCM, but not in ARPEGE-Climat (Figs. S2e.f).
This means that the modulation of the North Pacific
+IPV response by + AMV originates from a different
mechanism than the two we have identified in WACCM:
1) suppressed upper tropospheric divergence in the trop-
ical western Pacific and the associated 200-hPa Rossby
wave train and 2) reduced downward propagation of the

stratospheric response. An alternative mechanism, con-
sistent with Sun et al. (2017), is that + AMV forces upper
tropospheric divergence in the Atlantic, which is directly
compensated for by upper tropospheric convergence in
the North Pacific, subsidence, and an attenuated Aleutian
low, without involving a significant perturbation of the
Walker circulation. Such a mechanism will have to be
investigated in future work.

4. Discussion and conclusions

In this study, we use idealized global atmospheric
simulations with WACCM and ARPEGE-Climat to
investigate the boreal winter atmospheric response
to +IPV, +AMV, and +AIV SST forcings. A robust
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feature of the atmospheric response to +IPV and + AIV
forcing is the positive PNA wave train leading to a
deepening of the Aleutian low, consistent with previous
studies (Garcia-Herrera et al. 2006; Cagnazzo and
Manzini 2009; Kren et al. 2016; Hu et al. 2017; Kang and
Tziperman 2017; Yang et al. 2017; Polvani et al. 2017).
The + AMV opposes the North Pacific atmospheric re-
sponse to +IPV forcing and leads to a weaker response
of the Aleutian low in +AIV. In WACCM, we have
identified two different mechanisms to explain this
cancellation effect: 1) a modulation of the Walker cir-
culation that induces upper tropospheric convergence
in the western Pacific, reducing upper-level divergence
and the associated tropics—extratropics Rossby wave
train that normally deepens the Aleutian low, and 2)
reduced downward propagation of stratospheric anom-
alies into the troposphere, preventing reinforcement of
the deepened Aleutian low. In ARPEGE-Climat, the
cancellation effect of the + AMV is present, although
these two mechanisms are absent. This suggests that an
additional mechanism exists, which may be a simple
compensation of upper-level divergence in the North
Atlantic by upper-level convergence in the North Pacific
and subsidence through the Aleutian low.

In WACCM, +IPV and +AIV both induce a warmer
polar stratosphere, despite reduced upward wave ac-
tivity flux in the North Pacific with the inclusion
of + AMV. Indeed, additional upward wave activity flux
over Siberia under +AIV compensates for the reduced
upward wave activity flux in the North Pacific. Consis-
tent with this result, the numbers of SSWs under + AIV
(179) and +IPV (176) are nearly the same. Despite
the + AMV not dramatically changing the stratospheric
response to +IPV, it appears to exert a significant in-
fluence on the degree of strotosphere—troposphere
coupling. Cold extreme temperatures become more
frequent over Eurasia in response to the +IPV during
late winter, consistent with increased stratospheric—
tropospheric coupling and the negative NAM response.
Including the + AMYV reduces this coupling and the in-
crease in cold extremes vanishes, which substantiates
the importance of considering interbasin connections
and their influence on stratosphere—troposphere cou-
pling when investigating changes in mean climate and
extreme events.

Observations are too short to investigate the role of
multidecadal modes of variability on the climate with
great confidence. This is especially true in the strato-
sphere where radiosonde measurements only began in
the 1950s. However, in the troposphere, the recent
availability of twentieth-century reanalyses allows us to
discuss our modeling results and put them in perspective
with the real world. Composites of extended winter
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TABLE 3. The +IPV, +AMYV, and +AlV years from the IPV
indices of Henley et al. (2015) and the AMYV indices of Trenberth
and Shea (2006) and Trenberth et al. (2017).

Forcing field Years
+IPV 1926-33,1938-45,1977-99, 2015-17 (42 total years)
+AMV 1924-64, 1998-2017 (41 total years)
+AIV 1926-33,1938-45,1998-99, 2015-17 (21 total years)

Northern Hemisphere sea level pressure (SLP) anom-
alies and 200-hPa stationary wave anomalies are made
using ERA-20C reanalysis data (Poli et al. 2016) pro-
vided by the European Centre for Medium-Range
Weather Forecasts (Fig. S6). Positive IPV and AMV
years (Table 3) consistent with Henley et al. (2015) and
Trenberth and Shea (2006) are selected to create com-
posites based on the 1926-2010 climatology (we discard
earlier data due to sparsity of observations at this time).

The corresponding SST anomalies (from HadISST;
Rayner et al. 2003) are also shown. Note that each
dataset is detrended to remove the global warming
trend. As expected, the Aleutian low deepens with
+IPV, a response consistent at the surface (Fig. S6f) and
at 200hPa (Fig. S6e). However, + AMV opposes the
response to +IPV in the North Pacific at the surface
(Fig. S6i) and at 200hPa (Fig. S6h). Furthermore, at
200 hPa, a stationary wave propagates out of the central
Pacific into the North Pacific where it increases the local
height field (Fig. S6h). These SLP and stationary wave
results are also consistent with NCEP reanalysis data
(not shown).

Of course, these reanalysis findings are limited by a
short observational record of +IPV (42 years), + AMV
(41 years), and +AIV (21 years; not shown). However,
these results corroborate our key finding that the
+AMV is coupled to the North Pacific via the Walker
circulation and the associated tropics—extratropics Rossby
wave train (cf. Fig. S6h and Fig. 5c¢). Unlike ERA-20C
and NCEP (not shown), WACCM features the 200-hPa
stationary wave propagating out of the tropical western
Pacific, not the central Pacific. This discord may be at-
tributable to the lack of ocean—atmosphere coupling in
our AGCM simulations. Previous literature suggests
that a surface low pressure manifests in the tropical
western Pacific when the tropical Atlantic is warmer than
average (McGregor et al. 2014; Chikamoto et al. 2016),
the southern branch of which would oppose the clima-
tological flow of the easterly trade winds. This may in-
crease surface ocean stratification and SST anomalies
north of the equator, and via the wind—-evaporation-SST
feedback, lead to a reorganization of the SST field and the
associated upper tropospheric geopotential field, chang-
ing the origin of the wave train.
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This study is an attempt to evaluate the atmospheric
response to +AMV and +IPV in a simplified AGCM
framework, with constant SST forcing, and it will be in-
teresting to compare our results with coupled ocean—
atmosphere simulations. Within the DCPP of CMIP6
(Boer et al. 2016), fully coupled ocean—atmosphere ex-
periments that impose the observed + AMV and +IPV
cycles will be carried out. We will then be able to verify
whether the mechanisms identified in this study are re-
trieved in coupled ocean—atmosphere simulations. Further
analyses should also document the response in terms of the
North Atlantic and North Pacific storm tracks and eddy—
mean flow interactions, a question we do not investigate
in the present study. Moreover, the negative IPV and/or
AMYV experiments could also be explored to better assess
the apparent nonlinearity of the atmospheric response.
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CORRIGENDUM

CORRIGENDUM

DILLON ELSBURY,* YANNICK PEINGS,* DAVID SAINT-MARTIN,® HERVE DOUVILLE,? AND
GUDRUN MAGNUSDOTTIR?

# Department of Earth System Science, University of California, Irvine, Irvine, California
Y CNRM-GMGEC, Météo-France, Toulouse, France

(Manuscript received 17 May 2021, in final form 13 July 2021)

In Table 2 of Elsbury et al. (2019), titled ‘“The atmospheric response to positive IPV, positive AMV,
and their combination in boreal winter,”” the number and frequency of sudden stratospheric warmings
(SSWs) for various background interdecadal Pacific variability (IPV) and Atlantic multidecadal var-
iability (AMV) states are incorrect. The reproduction of the Charlton and Polvani (2007, 2011) SSW
algorithm used includes final warmings, which increases the SSW occurrences. Following correction,
the number of SSWs decreases across all simulations. These results are printed in Table 2 below. The
climatological frequency is 0.52 events per season in our control, lower than the frequency detected in
reanalysis, but consistent with the frequency retrieved by Marsh et al. (2013), who also use WACCM4.
With the correction, the percent increase in SSWs relative to control remains very similar, equaling
15% for +AMV, 26% for +IPV, and 33% for +AIV (+AMYV and +IPV together). These figures
appear correctly in the table. In general, these errors do not change any of the major findings of the
manuscript. We apologize for the confusion the suspiciously high SSW results may have caused.

frequency are calculated using daily data (November—March) over the entire 200-yr period.

8087

TABLE 2. Number and frequency of stratospheric sudden warmings in events per extended winter season. Both number of events and

Forcing field Number of SSWs Events per season
Control 103 0.52
+IPV 130 0.65
+AMV 118 0.59
+AIV 137 0.69
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