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Abstract Sudden stratospheric warmings (SSWs) are key to understanding and predicting
subseasonal Northern Hemisphere winter climate variability. Here we study the uncertainty in the
surface response to SSWs in reanalysis data by constructing synthetic composites based on bootstrapping
the 39 events observed during the 1958-2019 period. We find that the well-known responses in the
North Atlantic and European regions following SSWs are consistently present, but their magnitude and
spatial pattern vary considerably across the synthetic composites. We further find that this uncertainty

is unrelated to stratospheric polar vortex strength and is instead the result of independent tropospheric
variability. Our findings provide a basis for evaluating the fidelity of the surface response to SSWs in
models.

Plain Language Summary In winter, the average winds about 30 km above the Arctic are
usually west-to-east. When they are disrupted and reverse directions in an event known as a sudden
stratospheric warming, particular surface climate patterns tend to develop over the following 60 days,
especially in the North Atlantic and European regions. However, there is a great deal of variation or
uncertainty in this response, and that variation can be difficult to measure. We study this uncertainty

by building composites or averages of different combinations of observed events, assuming they are
interchangeable. Using these synthetic composites, we find that the responses in the North Atlantic and
European regions are always present, but they vary in magnitude, location, and shape. We further find
that this variation is not a result of how strong or weak the 30 km winds are in each synthetic composite;
rather, it results from unrelated noise in the atmospheric system. Our results can be used to inform
weather and climate forecasts of the surface impacts associated with these high-altitude disruptions of the
atmospheric circulation.

1. Introduction

The state of the stratospheric polar vortex is an important driver of wintertime climate variability in the
Northern Hemisphere troposphere. In particular, the extreme weak state of the vortex seen during sud-
den stratospheric warmings (SSWs) has been connected to negative phases of the Northern Annular Mode
(NAM) and North Atlantic Oscillation (NAO) with effects at the surface for two months after the SSW (Bald-
win & Dunkerton, 2001). Effects on temperature include below-normal values in Northern Europe and the
Eastern United States and above-normal values in North Africa, Central Asia, and Eastern Canada in the
aftermath of SSWs (e.g., Butler et al., 2017; Domeisen & Butler, 2020; King et al., 2019; Kolstad et al., 2010;
Scaife et al., 2008; D. W. J. Thompson & Wallace, 2001). Common precipitation anomalies following SSWs
include dry spells in northern Europe and increased precipitation in southern Europe (e.g., Ayarzagiiena
et al., 2018; Butler et al., 2017; Domeisen & Butler, 2020; King et al., 2019).

However, there is a great deal of uncertainty in this response, and in observational studies, we do not have
the luxury of a large ensemble to isolate the forced response from unrelated noise. The record of SSW
observations is under 70 years long (Baldwin et al., 2021), and the typical surface response is not found
in all events. This raises the question of whether the set of SSWs we have observed is representative and
why a surface signal is seen following some events and not others. Studies of this uncertainty have focused
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on variability across individual SSW events or types of events. Only two-thirds of SSWs propagate down-
ward to the surface and are followed by a negative NAO (Afargan-Gerstman & Domeisen, 2020; Butler
et al., 2020; Domeisen, 2019; Karpechko et al., 2017). Suggested stratospheric causes for the spread in sur-
face response include lower stratospheric anomalies and magnitude of wave activity following the central
date (Karpechko et al., 2017), persistence of these anomalies (Runde et al., 2016), and differences in type of
SSW event (i.e., split/displacement, absorbing/reflecting) (Kodera et al., 2016; Mitchell et al., 2013; Seviour
et al., 2016). However, these may not determine the following surface responses (Karpechko et al., 2017;
Maycock & Hitchcock, 2015; White et al., 2019). Suggested tropospheric causes for the uncertainty in the
surface response following SSWs include the state of the jet or North Atlantic prior to the event (Chan &
Plumb, 2009; Charlton-Perez et al., 2018; Domeisen et al., 2020; Garfinkel et al., 2013) or other phenomena
affecting the troposphere, such as ENSO and the MJO (Baldwin et al., 2021, and references therein).

One possible approach to studying SSWs with relatively few observed events is to use large-ensemble mod-
els, as is done in Wang et al. (2020) for Southern Hemisphere SSWs. Here, we instead use the observed set of
SSWs that we have and follow Deser et al. (2017, 2018), which addressed similar challenges in understand-
ing the extratropical circulation response to the El Nifio-Southern Oscillation (ENSO). Using a bootstrap re-
sampling method, they constructed synthetic, observationally based El Nifio and La Nifia composites com-
parable to the observed composite. Because these synthetic composites were built of resampled observed
events, it is plausible that they could have occurred given different atmospheric variability unrelated to
ENSO. This approach captures the uncertainty in both spatial pattern and magnitude of impacts of ENSO.
They found that sea level pressure (SLP), temperature, and precipitation anomalies in some regions were
robust across the synthetic composites but nevertheless varied in magnitude by up to a factor of 2; other
regions showed less robust responses across the composites. The spread in the circulation responses in all
regions was found to be largely unrelated to ENSO diversity, and instead to be due to internal atmospheric
noise.

The goal of this study, using the method of Deser et al. (2017), is to answer two questions related to un-
certainty in the tropospheric response to SSWs. First, how robust to sampling variability are the observed
composite surface responses to SSWs? Second, is the spread that we see in the composite surface response a
result of differences in the SSWs that make up each synthetic composite, or is it due to unrelated tropospher-
ic variability? Our analysis proceeds as follows. After describing our methods (Section 2), we examine a
subset of the observationally based synthetic composites, as well as the observed composite, to qualitatively
illustrate the spread in both pattern and amplitude in the mean surface response following SSWs (Section
3a). Then, focusing on particular regions identified from those composites, we confirm that the well-known
observed responses are robust and distinct from what is seen in a climatological winter composite (Section
3b). Finally, we attempt to relate the spread in surface anomalies to the spread in stratospheric anomalies
across the 2,000 synthetic composites (Section 3c). We find that there is little relationship between the
composite stratospheric anomalies and the magnitude of anomalies at the surface, and we deduce that the
uncertainty in the surface response is largely due to unrelated internal tropospheric variability. We conclude
with a brief discussion of the use of these results for model evaluation (Section 4).

2. Data and Methods

To study the anomalies following sudden stratosphere warmings, we use data from the Japanese 55-Year
Reanalysis (JRA-55) (Japan Meteorological Agency, Japan, 2013; Kobayashi et al., 2015), chosen for a top
above the stratopause (0.1 hPa), fine vertical resolution (60 levels) (Fujiwara et al., 2017), and suitability
for use in studying SSWs (Gerber et al., 2021). We analyze winds, SLPs, temperatures, precipitation, and
geopotential heights from this data set over the 1958-2019 period, calculating daily anomalies by removing
from daily mean fields a climatology calculated as the mean value of each calendar day over the full period.

We detect SSWs using the definition of Charlton and Polvani (2007) (see the corrigendum Charlton-Perez
& Polvani, 2011). An event is considered an SSW if the zonal mean zonal winds at 10 hPa and 60°N reverse
from westerly to easterly during extended boreal winter (NDJFM). The first date when the daily zonal mean
zonal winds are easterly is defined as the “central date,” and no day within 20 days following the central date
is considered a separate SSW. If the daily zonal mean zonal winds do not return to westerly for at least 10
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consecutive days before April 30th, the event is classified as a final stratospheric warming and is excluded.
This definition is among those described in Butler and Gerber (2018) as optimal for identifying SSWs. This
procedure identifies 39 SSWs, listed in the leftmost column of Table S1 in Supporting Information S1, in
JRA-55 over the 1958-2019 period.

Following Deser et al. (2017), we form synthetic SSW composites by randomly sampling with replacement
(bootstrapping) from the 39 SSW events to form new sets of 39 events. With this procedure, we generate
2,000 synthetic composites. This bootstrap distribution allows us to study variability across SSW composites
as opposed to event-to-event SSW variability. To confirm that the results of this process are in agreement
with probabilistic predictions, we examine two characteristics: the distribution of the number of unique
SSW events across the 2,000 synthetic composites, and the distribution of the maximum number of times
a single event is repeated in a composite. These are shown in Figure S1 in Supporting Information S1 and
indeed correspond to what is expected of a multinomial process.

We compare the distributions of composite responses to SSWs to distributions of these fields over com-
parable climatologies. We construct these 2,000 climatology composites by randomly choosing 39 60-day
periods of the year, each of which corresponds to 60-day periods of an SSW in the reanalysis, and separately,
randomly choosing a year from the 1958-2019 period for each of these periods. This preserves seasonality
effects by sampling from winter periods according to the seasonal distribution of SSWs but forms a clima-
tology by choosing from all years without regard for vortex state.

We calculate the NAM, following Oehrlein et al. (2020), at each pressure level as a deseasonalized and
detrended daily mean of geopotential height, which is then averaged over 65°-90°N. This quantity is nor-
malized to have unit variance with a sign convention such that a negative stratospheric NAM indicates a
weak polar vortex.

Throughout the paper, we focus on six regional surface responses. Region boundaries for these quantities
were chosen to capture variability across composites. The results are robust to changes in the exact bound-
aries of the region. These climate indices are computed as below:

1. NAO: The difference between normalized, area-weighted averages of SLP anomalies over 62.5°-90°N,
45°W-10°E and 35°-50°N, 45°W-10°E.

2. North Atlantic Precipitation: The area-weighted average over 30°-50°N, 40°W-10°E.

North Pacific SLP: The area-weighted average over 30°-60°N, 175°E-135°W.

. Northern Eurasian Surface Temperature (T,): The area-weighted average over 60°~75°N, 30°~120°E (Pol-
vani et al., 2017).

5. Eastern Canadian T: The area-weighted average over 45°~70°N, 45°-90°W.

6. Eastern United States T : The area-weighted average over 25°-42.5°N, 65°-90°W.

oW

3. Results

Figure 1 shows SLP, T,, and precipitation anomalies for the 60 days following SSW central dates both for
the observed composite (a—c) and for six of the 2,000 synthetic composites (al-a6, b1-b6, c1-c6); the same
synthetic composites are shown for all fields. These composites were selected as a qualitative illustration of
the spread in anomaly patterns and magnitudes across the entire bootstrapped sample. A systematic quan-
tification of the spread across the entire bootstrapped sample will also be given.

Let us first consider the SLP anomalies (Figures la and al-a6). While a negative NAO is present in all
of these composites, it varies from strong (a2) to much weaker (al) by a factor of two in both centers of
action. The spatial pattern also varies significantly, with the southern lobe sometimes centered over the
North Atlantic (a4) and sometimes shifted toward western Europe (a5). The other region of interest in these
composites is the North Pacific. The observed composite and many of the synthetic composites show a
high-pressure anomaly in this region, but it is often not statistically significant at the 95% level and is much
weaker than the NAO-related anomalies.

Turning to the corresponding T, anomalies (Figures 1b and b1-b6), we again see features common across
all seven composites: northern Eurasian cooling, Central Asian and Middle Eastern warming, and East
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Figure 1. The observed composite and six synthetic composites for sea level pressure (SLP) (a, al-a6), T, (b, b1-b6), and precipitation (c, c1-c6) in the 60 days
following the sudden stratospheric warming central date, with stippling for significance at the 95% level based on a two-tailed Student's ¢-test. Black boxes on
the observed composites show regions used to define the climate indices.

Canadian warming. However, as with SLP, there is large spread in magnitude and pattern of these anom-
alies. For example, the northern Eurasian cooling varies greatly in strength (b3 vs. b4) and extent (b1 vs.
b5). We also note that the observed composite and five synthetic composites show statistically significant
cooling in the Eastern United States, sometimes confined to the coast (b5) and sometimes stretching to the
US Midwest (b6).

Finally, let us examine the associated precipitation anomalies (Figures 1c and c1-c6). Following SSWs, we
consistently see increased precipitation over the North Atlantic and western and southern Europe, with
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Figure 2. The observed composite and six synthetic composites of the Northern Annular Mode, from 30 days before to 60 days after the sudden stratospheric
warming central date.

spread in magnitude and pattern generally following those of the associated negative SLP anomaly. This is
often accompanied by a dry anomaly in northern Europe and eastern North America.

Together with the surface patterns following SSWs, we now consider the corresponding composite strato-
spheric conditions. The descent of anomalies from the upper stratosphere to the troposphere is commonly
examined using “dripping paint” plots of the NAM, following Baldwin and Dunkerton (2001). We note a
wide range of NAM indices in the stratosphere and troposphere in the 30 days preceding and 60 days fol-
lowing the central date. This is illustrated in Figure 2, showing the same synthetic composites as in Figure 1.
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Some composites have a more negative NAM at 10 hPa (b4 and b6) or over a longer period of time and
greater range of levels (b3). These differences amplify as the anomalies descend. For example, the duration
of a strong negative NAM at 100 hPa varies substantially (b1 vs. b3), and while all composites show some
descent of the negative NAM to the surface, this also varies in strength (b1 vs. b2) and longevity (b5 vs. b2).

We now address the key question of this study: is the spread in surface response across the synthetic com-
posites explained by the spread in the stratospheric conditions? To answer this, we make use of the entire set
of 2,000 synthetic composites. For each of the regional indices listed in Section 2, we identify the composites
that correspond to the 10th percentile and the 90th percentile values of the index. In this way, we can quan-
tify the 10th-to-90th percentile range of patterns and amplitudes in the synthetic composites that occurs as
a result of internal variability and (potentially) differences in the stratospheric conditions sampled. Figure 3
shows the SLP and NAM anomaly fields for the synthetic composites corresponding to the 10th and 90th
percentile values of the NAO (Figures 3a-3d) and East Canadian T, (Figures 3e-3h) indices. The SSW events
included in each composite here are listed in Table S1 in Supporting Information S1, and results from other
regional indices are shown in Figures S2 and S3 in Supporting Information S1. For the regions here, we see
two opposite relationships between the negative NAM index in the stratosphere and the anomaly at the
surface. The stronger NAO at the surface in Figure 3a is associated with a stronger negative NAM in the
upper stratosphere (Figure 3b), compared to the weaker NAO associated with the weaker NAM (Figures 3c
and 3d). However, the opposite relationship holds for East Canadian T, (Figures 3e-3h). This suggests that
the spread in the composite stratospheric NAM due to the different constituent SSW events does not explain
the spread of the composite surface anomalies.

We now consider the full distributions of 2,000 bootstrapped composites. We begin by showing the uncer-
tainty in the composites for our surface climate indices, comparing the bootstrapped composites to a base-
line of 2,000 climatological composites (Figure 4). In all cases except that of North Pacific SLP (Figure 4c),
there are large shifts in anomalies in these regions following composite SSWs, with little overlap with the
baseline distributions. Further, for all composite SSW distributions except the North Pacific SLP and the
Eastern US T, (Figures 4c and 4f), the anomalies across all composites are of the same sign. The Eastern US
T, anomaly is positive in only 10 SSW composites out of 2,000. The North Pacific anomaly shows both less
separation from the baseline and a less consistent sign across the composites, with 20% showing negative
values.

To investigate the North Pacific region further, we separate the observed events by ENSO phase (NOAA
(National Oceanic and Atmospheric Administration), n.d.) due to the influence of ENSO in the region and
known interactions between ENSO and the stratospheric polar vortex (e.g., Butler & Polvani, 2011; Domeis-
en et al., 2019; Polvani et al., 2017). We use a similar bootstrapping process as above, forming composites of
10 SSW events for each ENSO phase (El Nifio, La Nifia, and neutral); the number of SSW events is reduced
due to the sampling available for each ENSO phase. In El Nifio and La Nifa, North Pacific SLP anomalies
(Figure S4 in Supporting Information S1) are shifted positively following SSW composites compared to
the baseline composites (+1.3 hPa and +0.59 hPa respectively), but we see the opposite in neutral-ENSO
(—0.71 hPa). These results do not suggest a clear influence of SSWs modulated by ENSO in the North Pacific.

Unlike the clear shifts in the mean, there is little difference in the width and shape of the distributions
between the climatological and SSW composites. This implies that most of the spread is not a result of dif-
ferences in composite SSW strength. To demonstrate this, we directly consider the relationship between the
surface climate indices and vortex strength as measured by the 10 hPa polar cap (65°-90°N) geopotential
height anomaly in the first 5 days after the SSW central date, denoted z10-5 day (Figure 5). This period is
chosen to capture the strongest anomaly at 10 hPa. We highlight in blue and red respectively the 10th and
90th percentile composites (spatial patterns shown in Figures 3, S2 and S3 in Supporting Information S1). In
all cases, there is no sizable correlation between the surface anomaly and z10-5 day (correlation coefficients
ranging from 0.0 to 0.26 in absolute value). Thus, the spread in the composite surface responses is not the
result of spread in the composite strength of SSWs as measured by z10-5 day. There is a stronger relation-
ship (correlation coefficients ranging from 0.25 to 0.49 in absolute value) between the surface anomalies
and the stratospheric anomalies at 100 hPa in the 5 days following the central date (Figure S5 in Supporting
Information S1), suggesting that strong and rapid descent of the NAM signal to the lower troposphere is
associated with larger anomalies at the surface. However, 100 hPa is too low to measure the strength of the
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Figure 3. Surface anomaly and Northern Annular Mode (NAM) fields for days 0-60 following the sudden stratospheric warming (SSW) central date for the
synthetic SSW composites corresponding to the 10th and 90th percentile values of the North Atlantic Oscillation (NAO) (a-d) and East Canadian T, (e-h)
indices. SLP, sea level pressure.
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Figure 4. Unfilled: histograms of the composite surface responses in the 60 days following the sudden stratospheric warming central date for (a) North
Atlantic Oscillation (NAO), (b) North Atlantic precipitation (mm/day), (c) North Pacific sea level pressure (SLP) (hPa), (d) Eurasian T, (K), (e) Eastern
Canadian T, (K), and (f) Eastern United States T, (K), from the 2,000 synthetic composites. Hatched: histograms from the corresponding 2,000 climatological
synthetic composites.

main stratospheric vortex; further, the composite NAM anomaly at 100 hPa explains less than 25% of the
variance in the composite surface climate indices. Correlations between the 60-day surface anomalies and
sliding windows of z-5 day across pressure levels and lag (Figure S6 in Supporting Information S1) show
that persistence of lower stratospheric anomalies to days 40-50 may be related to the strength of surface
anomalies. However, there are no instances in which the stratospheric spread explains more than 25% of
the surface variability. Therefore, we conclude that the vast majority of the spread in the surface composite
responses is a result of tropospheric internal variability, independent of the stratosphere.

4. Conclusions

Using over 60 years of data comprising 39 SSW events and applying a bootstrapping procedure to con-
struct 2,000 synthetic SSW composites, we find that the Northern Hemisphere composite surface climate
anomalies following a composite SSW exhibit considerable uncertainty in both pattern and magnitude.
Well-known SSW responses such as a negative NAO and cooling across Northern Eurasia are robust, as are
temperature anomalies in Eastern Canada and the Eastern United States. However, these responses vary by
a factor of 3 in magnitude, and the spatial extent of the anomalies also varies widely.

The key finding of this study is that, though the sign of the response is robust, the uncertainty in surface
response to SSWs is largely unrelated to polar vortex conditions; that is, a more disrupted polar vortex in a
given composite of SSW events does not correspond to stronger-magnitude surface anomalies in general.
This suggests that the range of patterns and amplitudes seen at the surface across the bootstrapped SSW
composites is the result of unrelated tropospheric variability. There is some relationship between descent
and persistence of geopotential height anomalies to the lower stratosphere and the strength of anomalies
at the surface, in agreement with previous studies on variability across SSW events (Baldwin et al., 2003;
Christiansen, 2005; Gerber et al., 2009; Karpechko et al., 2017; Rao et al., 2020; Runde et al., 2016;
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Figure 5. Scatterplots of the composite anomalies of (a) North Atlantic Oscillation (NAO), (b) North Atlantic precipitation, (c) North Pacific sea level
pressure (SLP), (d) Eurasian T,, (¢) Eastern Canadian T, and (f) Eastern United States T, in the 0-60 days following sudden stratospheric warmings versus the
strength of the composite stratospherlc polar vortex in days 0-5 (z10-5 day), for each of the 2,000 synthetic composites. Blue and red dots denote the 10th and
90th percentile composites respectively, for each surface climate index. The value r shown in each panel is the linear correlation coefficient between the two

quantities.

Siegmund, 2005). However, we find that this descent to the lower stratosphere makes only a minor contribu-
tion to the variability at the surface, leaving 75% or more of the spread across the synthetic SSW composites
to independent tropospheric sources. This is also in agreement with previous work (Baldwin et al., 2021;
Chan & Plumb, 2009; Charlton-Perez et al., 2018; Domeisen et al., 2020; Garfinkel et al., 2013).

Large ensembles of model simulations are often used to study phenomena with few observed events (i.e.,
V. Thompson et al., 2017; Wang et al., 2020). The observational results shown in this study can be used
to benchmark such climate model simulations of SSW responses. In models for which a large number of
simulations under the same radiative forcing scenario are available (“initial-condition Large Ensembles”
Deser et al., 2020), the bootstrapping procedure can be bypassed and the SSW composites can be derived
directly for each ensemble member. Such an analysis will be helpful for distinguishing between true mod-
el biases and apparent biases due to sampling different tropospheric variability unrelated to SSWs. This
approach was applied to the evaluation of ENSO composite responses simulated by three climate model
Large Ensembles by Deser et al. (2017, 2018). Some models overpredict the strength or persistence of the
negative NAO response after SSWs (Kolstad et al., 2020), hampering their effective usage in NAO prediction
for government, industry, and health applications in Europe (Charlton-Perez et al., 2021; Domeisen & But-
ler, 2020). Thus, a careful evaluation of model response to SSWs that accounts for sampling fluctuations due
to independent tropospheric variability would be of societal benefit.
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