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Abstract

The predictability of stratospheric sudden warming (SSW) events are considered in 10 subseasonal to seasonal (S2S) forecast

models for 10 SSWs over the period 1999-2009. The 10 SSWs are divided into those with above-average predictability (in

one case exceeding 20 days), below-average predictability, and average predictability. The four factors that most succinctly

distinguish the composite with above average predictability are an active Madden-Julian Oscillation with enhanced convection

in the West Pacific, the Quasi-Biennial Oscillation phase with easterlies in the lower stratosphere, a strong SSW, and a strong

pulse of wave activity in the week before the event. Other factors, such as El Nino, stratospheric preconditioning, and the

morphology (split vs. displacement) are comparatively less important.
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Key Points:11

• Predictability of 10 SSWs is compared among 10 S2S models.12

• Four factors distinguish SSWs with above average predictability: (1) enhanced con-13

vection in the West Pacific associated with the Madden-Julian Oscillation;14

• (2) the Quasi-Biennial Oscillation phase with easterlies near 50hPa; (3) a strong15

SSW; and (4) a strong pulse of wave activity in the week before the event.16
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Abstract17

The predictability of stratospheric sudden warming (SSW) events are considered18

in 10 subseasonal to seasonal (S2S) forecast models for 10 SSWs over the period 1999-19

2009. The 10 SSWs are divided into those with above-average predictability (in one case20

exceeding 20 days), below-average predictability, and average predictability. The four21

factors that most succinctly distinguish the composite with above average predictabil-22

ity are an active Madden-Julian Oscillation with enhanced convection in the West Pa-23

cific, the Quasi-Biennial Oscillation phase with easterlies in the lower stratosphere, a strong24

SSW, and a strong pulse of wave activity in the week before the event. Other factors,25

such as El Nino, stratospheric preconditioning, and the morphology (split vs. displace-26

ment) are comparatively less important.27

Plain Language Summary28

The wintertime stratosphere typically features circumpolar strong westerly winds,29

but on occasion these strong winds can reverse and temperatures over the pole can rise30

by tens of degrees. Such an abrupt warming phenomenon, occurred 10 times over the31

period covered by all models that have contributed re-forecasts to the subseasonal to sea-32

sonal (S2S) model archive, and this study considers the factors that distinguish which33

of these SSWs was most predictable. The most important precursor in the troposphere34

is the Madden-Julian Oscillation, and it is also shown that the strongest SSWs tend to35

be more predictable.36
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1 Introduction37

During a major stratospheric sudden warming (SSW), stratospheric westerly winds38

in the circumpolar region reverse to easterly winds and temperatures rise over the pole39

by tens of degrees (Schoeberl, 1978; Charlton & Polvani, 2007; Butler et al., 2015; Bald-40

win et al., 2021). SSWs are typically followed by anomalous cold air outbreaks and pre-41

cipitation over the midlatitude Northern Hemisphere continents (Thompson et al., 2002;42

Kolstad et al., 2010; Sigmond et al., 2013; Lehtonen & Karpechko, 2016; C. I. Garfinkel43

et al., 2017; Kretschmer et al., 2018; Karpechko et al., 2018). As the characteristic time44

scale of a major stratospheric sudden warming and its surface impact extends for sev-45

eral months, accurately predicting SSWs would open a window of opportunity for more46

reliable probabilistic predictability of surface weather anomalies on subseasonal time scales47

(Baldwin et al., 2003; Sigmond et al., 2013; Tripathi et al., 2015).48

The factors governing the predictability of SSW events are only partially known.49

Previous work has found that predictability can range from several days to near a month50

depending on the model used and the specific SSW focused on (Tripathi et al., 2016; Taguchi,51

2014; Noguchi et al., 2016; Karpechko, 2018; Rao, Garfinkel, et al., 2019; Rao et al., 2020).52

This wide spread may reflect differences in the predictability of different events, in the53

skill of different forecast systems, and on the method used to quantify successful predic-54

tion. For example, raising the model-lid has been shown to lead to an improved predictabil-55

ity of SSW (Marshall & Scaife, 2010), and the high-top S2S models examined by Rao,56

Garfinkel, et al. (2019), D. I. V. Domeisen et al. (2020), and Rao et al. (2020) typically57

performed better at capturing SSWs. Some studies have suggested that split SSWs are58

more difficult to forecast than displacement SSWs (Taguchi, 2016a, 2018; D. I. V. Domeisen59

et al., 2020; Taguchi, 2020), though because of the limited sample size the statistical sig-60

nificance of this effect is relatively weak. Accurately capturing the anomalous wave flux61

in both the troposphere and lower stratosphere that usually precedes SSWs has also been62

pinpointed as important for SSW predictability (Mukougawa et al., 2005; Taguchi, 2016b;63

Tripathi et al., 2016; Taguchi, 2018; Karpechko et al., 2018). Relatedly, SSWs that were64

preceded by the phase of the Madden Julian Oscillation with enhanced convection in the65

west Pacific were more predictable in the two models considered by C. Garfinkel and Schwartz66

(2017).67

The Subseasonal-to-Seasonal (S2S) Prediction project (Vitart et al., 2017) has re-68

cently made available a large number of hindcasts covering the past several decades. These69

simulations are all initialized with observed sea surface temperatures and the atmospheric70

state, and as they are used operationally, they can be compared directly to observed vari-71

ability during the duration of their forecast. There are two previous studies which con-72

trasted multi-model predictability of different specific SSWs in the S2S database. Taguchi73

(2018) considered 4 NH SSWs in the hindcasts of 9 models, while Taguchi (2020) con-74

sidered 10-11 NH SSWs in the hindcasts of 4 models, and noticed that the predictabil-75

ity of the SSW varies with event types (vortex split or displacement), the model consid-76

ered, and the ability to represent the anomalous heat flux. Here we revisit the S2S database77

and considering ten models and ten different SSWs, we attempt to answer the follow-78

ing question: what distinguishes SSWs that were well-forecasted from those that were79

poorly forecasted?80

We demonstrate that the deterministic predictability for SSWs varies from less than81

ten days to almost twenty days, depending on the SSW in question. This spread in pre-82

dictability is associated with a range of factors, including two which appear to have been83

seldom demonstrated before: the strength of the SSW being considered (Rao, Ren, et84

al., 2019, the lone exception), and the proximity of the anomalous heat flux pulse to the85

event.86
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Table 1: S2S Model experiments chosen
model (ensemble members) years vertical levels model top
CMA: BCC-CPS-S2Sv1 (4) 1999-2003 40 0.5hPa
CMA: BCC-CPS-S2Sv2 (4) 2004-2009 56 0.1hPa
NCEP (4) 1999-2009 64 0.02hPa
ECMWF2016 (11) 1999-2009 91 0.01hPa
ECMWF2019 (11) 1999-2009 91 0.01hPa
BoM (33) 1999-2009 17 10hPa
UKMO2015 (3) 1999-2009 85 85km
UKMO2019 (7) 1999-2009 85 85km
KMA (3) 1999-2009 85 85km
Météo France: CNRM-CM 6.1 (10) 1999-2009 91 0.01hPa
CNR-ISAC (5) 1999-2009 54 6.8 hPa
ECCC: GEPS6 (4) 1999-2009 45 0.1 hPa
JMA: GEPS1701 (5) 1999-2009 128 0.01 hPa

Table 1. For the UKMO, we downloaded hindcasts for the operational model in use during

2015 and the winter of 2019/2020, and for the ECMWF, we downloaded data for the model

version in use during 2016 and the winter of 2019/2020 (CY41R1/CY41R2 and CY46R1).

2 Data and Methods87

We focus on the ten modeling centers that have contributed to the S2S Prediction88

project (Vitart et al., 2017) with output at 10hPa - the Australian Bureau of Meteorol-89

ogy (BoM), the European Centre for Medium-Range Weather Forecasts (ECMWF), the90

China Meteorological Administration (CMA), the United Kingdom Met. Office (UKMO),91

the National Center for Environmental Prediction (NCEP), the Korean Meteorological92

Agency (KMA), the Japan Meteorological Agency (JMA), the Institute of Atmospheric93

Sciences and Climate of the National Research Council of Italy (ISAC-CNR), Environ-94

ment and Climate Change Canada (ECCC) and Meteo France (CNRM). Table 1 sum-95

marizes the reforecasts analyzed in this study. We use the high-top version of CMA start-96

ing in 2004 when its hindcasts are first available, and the low-top version earlier when97

the high-top version is unavailable. These various models differ in the quality of their98

representation of the stratosphere: the stratosphere is less well resolved in BoM and ISAC-99

CNR as compared to the other models (Table 1). Note that we use the hi-top version100

of ECCC, and download hindcasts issued both in 2020 and in 2021 to increase tempo-101

ral resolution. For the UKMO, we downloaded hindcasts for the operational model in102

use during 2015 and the winter of 2019/2020, and for the ECMWF, we downloaded data103

for the model version in use during 2016 and the winter of 2019/2020 (CY41R1/CY41R2104

and CY46R1).105
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Table 2: SSWs in common period
date typical prediction skill

1 02-26-1999 well
2 03-20-2000 poor
3 02-11-2001
4 12-30-2001 poor
5 01-18-2003 poor
6 01-05-2004 well
7 01-21-2006
8 02-24-2007 well
9 02-22-2008 well

10 January 24, 2009
Table 2. SSWs considered in this paper

We focus on SSWs that occurred in the period common to all models (1999-2009).106

Ten SSWs occurred in this period, and they are listed in Table 2. For each event, we also107

consider the ENSO, MJO, and QBO phase immediately before the event. The ENSO108

state is characterized using the observed Niño3.4 index extracted from monthly mean109

ERSSTv5 data (Huang et al., 2017) for the calendar month which contains the day of110

the SSW. The MJO state is defined following Wheeler and Hendon (2004), and specif-111

ically we compute the average amplitude and phase of the RMMs from 5 to 15 days be-112

fore the SSW in order to characterize the MJO state preceding a SSW. If the amplitude113

is below 1.0, then the MJO is considered to be inactive. The QBO state is characterized114

using the observed zonal mean zonal wind at 50hPa in monthly mean NCEP CDAS re-115

analysis data for the calendar month which contains the day of the SSW. The charac-116

terization of a SSW as either split or displacement, and also the day of the event, fol-117

lows Table 1 of Cohen and Jones (2011). Note that the first day of easterly winds can118

differ among reanalysis products, however for these events all of the modern reanalyses119

considered by Butler et al. (2017) agree to within one day of each other. An ensemble120

member is deemed “successful” if it simulates a SSW within ±3 days of its actual date.121

This definition of a “success” follows Taguchi (2016a), Taguchi (2020), D. I. V. Domeisen122

et al. (2020), Rao, Garfinkel, et al. (2019), and Rao et al. (2020).123

3 Results124

We begin with a hit map for the SSW that occurred on February 22, 2008 in Fig-125

ure 1, as this SSW turned out to be the most predictable one of the SSWs considered126

in this study, and the only SSW with predictability comparable to that of the well-predicted127

January 2, 2019 event (Rao, Garfinkel, et al., 2019). Nearly all models successfully sim-128

ulated this SSW for initializations up to ten days before the SSW. For several models129

hit rates exceeding 50% are present fifteen days before the SSW. Half of the CNRM hind-130

casts initialized 22 days before the SSW still successfully simulate it. The net effect is131

that the predictability of this event (as for the January 2, 2019 event) for some model-132

ing systems substantially exceeds the predictability limit of around 15 days for SSWs133

commonly-cited in previous work. In contrast, other SSWs, e.g. the January 18, 2003134

event, are poorly predicted (supplementary Figure 1).135

Similar hit maps have been created for all 10 SSWs, and Figure 2 summarizes the136

predictability of each SSW for each forecast system. Specifically, we list the earliest fore-137

cast lead in which at least 50% of the ensemble members successfully simulate the SSW.138

The frequency with which hindcasts are produced and the specific hindcast dates dif-139

fer among the models, and hence it can be challenging to directly compare forecast skill140

between models with, say, daily hindcasts to models with hindcasts every 10 days. Nev-141

–5–



manuscript submitted to Geophysical Research Letters

SSW - 22/2/2008

4

4

4

11

10

4

11

3

4

3

7

33

4

5

4

4

11

4

4

4

4

4

4

11

10

4

5

5

33

11

3

4

3

7

4

4

4

11

4

4

4

5

33

4

4

4

11

10

4

11

4

3

4

3

7

4

4

5

5

33

11

4

4

4

4

4

4

11

10

4

11

4

5

33

4

4

3

4

3

7

11

4

4

4

4

4

4

5

5

33

11

10

4

11

4

27-Jan-2008 01-Feb-2008 06-Feb-2008 11-Feb-2008 16-Feb-2008 21-Feb-2008

Initial Date

BoM

CMA2020

ECMWF2016

ECMW2019

KMA

MeteoFrance

NCEP

UKMO2015

UKMO2019

ECCC

ISAC

JMA

S
2S

 M
o

d
el

s

  0

 10

 20

 30

 40

 50

 60

 70

 80

 90

100

Figure 1. Initialization dates and ensemble sizes of the hindcasts available from each S2S

model from 22 January to 22 February 2008. The ensemble size is indicated by the number in

each grid cell. The color shading in each grid cell denotes the SSW hit ratio (units: %) of the

ensemble members that forecast a reversal of the zonal mean zonal wind at 60N and 10 hPa from

19 February 2008 to 25 February 2008 (i.e., a maximum error of ±3 days is allowed). A blank

grid denotes that no real-time predictions were initialized on the specific day for the correspond-

ing model.
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Last forecast before the SSW with more than 50% of ensemble members successful
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Figure 2. Summary of predictability for all 10 SSWs and 10 models considered in this work.

The number of days before the SSW in which at least half of the hindcast ensemble members

still simulate a SSW (working backwards from the actual SSW date) is indicated. Also indicated

are the ENSO, QBO, and MJO conditions preceding the SSW, as well as the SSW morphology.

Note that the low-top version of CMA is used for SSWs in 2003 or earlier, as the hindcasts for

the hi-top CMA begin only in 2004.

ertheless, there is a general indication that the low-top BoM and ISAC-CNR struggle142

as compared to the high-top models, in agreement with previous work. Relatedly, the143

CMA modeling system is more successful at simulating SSWs starting in 2004 than for144

earlier SSWs when only the low-top version of CMA is available. The eight high-top mod-145

els differ in their skill for different events, and given the lack of consistent initialization146

dates, we refrain from grading them. Rather, our goal going forward is to distinguish be-147

tween SSWs that are relatively more predictable versus relatively less predictable. Specif-148

ically there are four SSWs that were predicted at relatively earlier lead times, and three149

that were not predicted until much closer to the actual event, as listed in Table 2. Re-150

sults are similar if instead of using the criterion that 50% of the ensemble members suc-151

cessfully simulate the SSW, we focus on whether the “success” rate is greater than the152

“false alarm rate”, defined as the number of members that predict an event to occur within153

vs. outside of ±3 days surrounding the actual event (Supplemental Figure 2).154

We begin with the four relatively predictable SSWs. The most predictable SSW155

was the February 22, 2008 event, which occurred during La Nina, MJO phase 7, and EQBO156

conditions. Other than La Nina, these are all favorable conditions for enhanced wave driv-157

ing of the vortex. The next most predictable was the February 26, 1999 event, which oc-158

curred during La Nina, MJO phase 7, and neutral QBO. The MJO was the only favor-159

able condition for SSW occurrence. The next most predictable was the January 5, 2004160

event, which occurred during neutral ENSO, MJO phase 6, and EQBO. Other than the161

ENSO phase, these are all favorable conditions for enhanced predictability. The last event162

with some predictability was the February 24, 2007 event, which occurred during neu-163

tral ENSO, inactive MJO, and WQBO. None of these conditions were favorable for SSW164

predictability, but this event was noticeably more difficult to predict than the previous165

three.166

There were three events with limited or nearly no predictability. The first occurred167

on March 20, 2000. This event occurred during La Nina, inactive MJO, and WQBO. The168

lack of a MJO and WQBO led to weak external forcings for a SSW, and hence the mod-169
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Figure 3. Comparison of well-predicted and poorly-predicted SSWs using ERA-I reanalysis

data (Dee et al., 2011). (a) zonal mean zonal wind at 10hPa, 60N; (b) wave-1+wave-2 heat flux

anomalies at 100hPa from 40N to 80N; (b) wave-1+wave-2 heat flux anomalies at 500hPa from

40N to 80N. The heat flux anomalies in (b) and (c) are computed relative to a daily climatology.

els struggled. Next, December 30, 2001 was also poorly predicted, and occurred during170

neutral ENSO, MJO phase 7, and EQBO. Considering that the MJO and ENSO states171

would seemingly lead to a well-predicted SSW, it is surprising that the models were so172

unsuccessful, and indeed C. Garfinkel and Schwartz (2017) argued that the MJO helped173

models predict this event. We will consider this event in more detail later. Finally, the174

SSW on January 18, 2003 was poorly predicted, and occurred during El Nino, inactive175

MJO, and WQBO. The lack of MJO and WQBO led to difficulty in simulating this SSW.176

These results show that MJO phase 6/7 and to a lesser degree EQBO are more fa-177

vorable for an improved predictive time among these 10 SSW events, however even the178

MJO is no guarantee of a successful forecast (Schwartz & Garfinkel, 2017, 2020). In con-179

trast, ENSO seems to be of secondary importance for extended predictability of SSWs.180

Note that S2S models tend to simulate a stronger seasonal mean vortex for La Nina and181

a weaker seasonal mean vortex for El Nino, and also a greater probability of easterly winds182

during El Nino winters, in the full hindcast ensemble(C. I. Garfinkel et al., 2019). How-183

ever, over the period considered in this study the observed relationship between ENSO184

and SSW was opposite, with more SSWs during La Nina (D. I. Domeisen et al., 2019),185

and ENSO also may modulate the impact of the MJO on SSWs (Ma et al., 2020).186

Thus far we have demonstrated that long-duration external forcings can contribute187

to SSW predictability, and now we switch our focus to whether the evolution of the SSW188

itself helps distinguish well-predicted SSWs from poorly predicted SSWs. Specifically,189

some SSWs are splits while others are displacement, some are weak with a short period190

of easterlies or with weak easterlies only, and some events have their peak in wave driv-191

ing weeks before the central date while others have the peak wave driving immediately192

before. Is one class of events harder to predict?193

We begin by considering vortex morphology. 3 of the 4 well-predicted SSWs were194

displacements, but so were 2 of the 3 poorly predicted SSWs. (All three SSWs with mod-195

erate predictability were splits.) Hence there is little evidence from this analysis for the196

importance of SSW morphology for predictability, though we acknowledge the caveat that197

the sample sizes are small.198

–8–
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Next, we consider the importance of the strength of the SSW event. Figure 3a shows199

the zonal wind evolution for the well-forecasted and poorly forecasted SSWs. The four200

well-predicted SSWs all featured easterly anomalies of at least -7.4m/s, and most exceeded201

-14m/s. In contrast the poorly forecasted SSW were all marginal events, which peak east-202

erlies not exceeding -3.2m/s. Hence stronger events were more predictable, though note203

that the most extreme SSW of the ten we consider, the SSW from January 24, 2009, had204

near-average predictability.205

The evolution of heat flux anomalies before the SSWs also differed between the well-206

predicted vs. the poorly predicted SSWs (Figure 3b). Specifically, the well-predicted events207

tended to have anomalously strong heat flux in the week preceding the SSW, while the208

poorly-predicted SSWs tended to have their anomalously strong heat flux more than 10209

days before the SSW, though heat flux anomalies in all cases were positive in the days210

before the SSW. It is also noteworthy that the well-predicted SSWs all were preceded211

by robust tropospheric heat flux as well (Figure 3c), though the timing of the heat flux212

pulse varied among the four events.213

Stratospheric preconditioning does not appear to distinguish well-predicted from214

poorly-predicted events: the 01-05-2004 event was preceded by a weakened vortex for215

more than 20 days before the event, while the 02-26-1999 was anomalously strong, but216

both were well-predicted. The stratospheric preconditioning for the poorly predicted SSWs217

falls within the envelope of these two well-predicted events. Similar results are found if218

the latitude-height cross section of zonal wind before each of the SSWs is considered (Sup-219

plemental Figures 3 and 4). In addition, the rate of deceleration immediately before the220

SSW also does not seem to be important, as the two events with the most rapid decrease,221

01-18-2003 and 02-24-2007, fall in opposite composites. Rather, the only robust distin-222

guishing factor appears to be the minimum wind or the timing of the heat flux pulse.223

Finally, we return to the December 30, 2001 event, as this event was poorly-predicted224

despite favorable tropospheric precursors. Specifically, this event was preceded by a strong225

MJO phase 6/7 event, and indeed was used by C. Garfinkel and Schwartz (2017) as a226

case-study of how ensemble members which successfully simulate MJO-related convec-227

tion tend to better predict the ensuing SSW. We focus on ECMWF hindcasts of this event228

in Figure 4, with relatively successful ensemble members in blue and other ensemble mem-229

bers in red. On December 26, 2001, zonal winds at 10hPa, 60N in ERA-I weakened to230

2.2m/s, though only four days later did they actually reverse. Three of the eleven ECMWF231

initializations from December 19, 2001 simulated a SSW on December 26, 2001 (indi-232

cated in blue), and the ensemble mean vortex strength was weaker than observed (Fig-233

ure 4a). If we focus on the December 12, 2001 initialization, five of the eleven ensem-234

ble members simulated a SSW within three days of December 26, 2001 (indicated in blue),235

and again the ensemble mean vortex strength was more easterly than observed (Figure236

4c). Only the December 5, 2001 initialization can be considered an unambiguous fore-237

cast bust: most ensemble members struggle to simulate a weakening of the vortex, and238

only one member simulates a SSW (Figure 4e). While the December 19, 2001 and De-239

cember 12, 2001 initializations capture the extremely strong pulse of heat flux in the first240

week (and over-estimate it for the successful ensemble members initialized on Decem-241

ber 12, 2001), the pulse immediately before the SSW is not well represented even in the242

relatively successful ensemble members, and this late developing pulse appears to have243

been important for the winds reversing on December 30, 2001. The mid-December pulse244

of heat flux is under-estimated by the December 5, 2001 initialization, though the three245

ensemble members that more realistically simulate a weakening of the vortex also do a246

better job at capturing this wave flux event. The net effect is that the December 30, 2001247

SSW was preceded by a strong and long-lasting wave pulse which is generally well rep-248

resented even in initializations 18 days before the event, however the eventual SSW was249

comparatively weak and the models struggled to capture its timing due to their failure250

to capture the late December secondary heat flux pulse. This struggle to capture its tim-251
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Figure 4. Evolution of the 12-30-2001 SSW in the ECMWF forecast system. ERA-I reanaly-

sis data is shown in thick black, relatively successful ensemble members in blue, poorer ensemble

members in red, and the daily climatology in reanalysis in green. (left) zonal mean zonal wind at

10hPa, 60N; (right) wave-1 heat flux at 100hPa from 40N to 80N. We show the wave-1 heat flux

only as this was a displacement event.
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ing led to a forecast bust if we adopt the ±3 day criteria used by previous work (Taguchi,252

2016a, 2020; D. I. V. Domeisen et al., 2020), however alternate definitions may lead to253

a different conclusion as to the ability of models to forecast this event.254

4 Discussion255

Stratospheric sudden warmings (SSWs) are associated with a range of surface im-256

pacts, and to the extent that SSWs can be predicted on subseasonal timescales, there257

is hope that the subsequent surface impacts could be predicted at earlier leads. Here we258

showed that there is wide diversity in the predictability of different SSW events. Some259

are predictable twenty or more days in advance, while others can only be predicted a week260

in advance even in the best performing models. Previous work using fewer models and261

fewer cases has focused on the vortex morphology or the existence of tropospheric pre-262

cursors as important for SSW predictability, with displacement events and events pre-263

ceded by the MJO phase 6/7 and by EQBO more predictable. Our results with a rel-264

atively larger number of models and SSWs (10 models and 10 SSWs) partially support265

this previous work: SSWs preceded by MJO phase 6/7 and by EQBO are indeed more266

predictable (C. Garfinkel & Schwartz, 2017; Rao, Garfinkel, et al., 2019). In addition to267

these factors, our results also provide evidence for two factors that do not seem to have268

been noted before. Specifically, stronger SSWs are more predictable, and also SSWs with269

a peak heat flux immediately before the SSW are also more predictable. (These two fac-270

tors may be linked, as a late-developing pulse of wave flux can lead to a further rapid271

deceleration of an already weakening vortex.) Given that stronger SSWs may be expected272

to have stronger downward impacts (White et al., 2020, 2022), this enhanced predictabil-273

ity for strong events is especially helpful for surface forecasting.274

These results stand in contrast to Rao, Ren, et al. (2019) who found that in a sin-275

gle low-top prediction system (40 hybrid sigma/pressure vertical levels, with a lid at 0.5276

hPa), more extreme SSWs were harder to predict than more moderate events. It is con-277

ceivable that a low-top system will struggle to simulate the dynamics leading up to SSWs,278

and hence may be less reliable at discerning which SSWs are most predictable. In con-279

trast, the multi-model perspective adopted here indicates that stronger SSWs are more280

predictable.281

A commonly used criteria (and the criteria used in this work) for a successful fore-282

cast is that the central date of the simulated SSW falls within ±3 days of the actual event.283

While this criteria is simple to apply and logical for strong SSWs, it may lead to an un-284

derestimate of skill for more marginal events. For example, ECMWF initializations 18285

days before the December 30, 2001 event performed remarkably well for the first two weeks286

of the forecast (Figure 4), yet the ±3 days criteria judges this forecast to be a failure.287

Future work should consider other possible criterion with which to judge SSW predictabil-288

ity.289
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The original S2S database is hosted at ECMWF as an extension of the TIGGE database,291

and can be downloaded from the ECMWF server http://apps.ecmwf.int/datasets/292

data/s2s/levtype=sfc/type=cf/. The QBO data was downloaded from the NCEP web-293

site https://www.cpc.ncep.noaa.gov/data/indices/qbo.u50.index. The real time294

multivariate index of Wheeler and Hendon (2004) was downloaded from the BoM web-295

site (http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt).296
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Figure S1. As in Figure 1 of main text but for the January 18, 2003 event.
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Figure S2. As in Figure 2 of main text but for more successes than forecast busts,

where a success is defined as simulating the SSW within ±3 days of its actual date and a
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Figure S3. Anomalous zonal wind 10 days before each of the (top) well predicted and

(bottom) poorly predicted SSWs. An x is placed at 60N, 10hPa.
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Figure S4. Anomalous zonal wind 15 days before each of the (top) well predicted and

(bottom) poorly predicted SSWs. An x is placed at 60N, 10hPa.
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