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Abstract

The Atlantic Hurricane season and the European Windstorm season are found to be co-related in a seasonal forecast model. The

probability of extremes occurring in both seasons is compared to the probability of extremes in each season being independent

of one another. An above average Atlantic hurricane season is followed by an above average European windstorm season less

often than if they were independent, consistent across three intensity measures. The El NiÃ±o Southern Oscillation is found

to be in the positive (negative) phase when Hurricane activity is suppressed (enhanced) and European windstorm activity

is enhanced (suppressed). A clear extra-tropical response in the seasonal forecast model to El NiÃ±o/La NiÃ±a provides a

probable pathway for the observed co-relation between the extreme event seasons. This result has important predictability

implications for both the actuarial and seasonal forecasting communities.
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Key Points:5

• Above average Atlantic hurricane seasons are followed by above average European6

windstorm seasons less often than if they were independent.7

• The El Niño Southern Oscillation is a consistent factor for both seasons, several8

months ahead of the European windstorm season.9

• This has important predictability implications for both the actuarial and seasonal10

forecasting communities.11
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Abstract12

The Atlantic Hurricane season and the European Windstorm season are found to be co-13

related in a seasonal forecast model. The probability of extremes occurring in both sea-14

sons is compared to the probability of extremes in each season being independent of one15

another. An above average Atlantic hurricane season is followed by an above average Eu-16

ropean windstorm season less often than if they were independent, consistent across three17

intensity measures. The El Niño Southern Oscillation is found to be in the positive (neg-18

ative) phase when Hurricane activity is suppressed (enhanced) and European windstorm19

activity is enhanced (suppressed). A clear extra-tropical response in the seasonal fore-20

cast model to El Niño/La Niña provides a probable pathway for the observed co-relation21

between the extreme event seasons. This result has important predictability implications22

for both the actuarial and seasonal forecasting communities.23

Plain Language Summary24

On both sides of the Atlantic Ocean storms with extremely high wind speeds are25

a natural hazard, resulting in billions of dollars in damages and loss of life. During the26

late Summer and Autumn, Hurricanes which form in the Tropical Ocean impact the Caribbean27

and United States East Coast. In the Winter, Windstorms form in the mid-latitude re-28

gions primarily impacting Europe. These two seasons are traditionally considered to be29

independent of one another. Here we present evidence that the two are linked through30

the climate system, specifically the El Niño Southern Oscillation. Future efforts to pre-31

dict how damaging the upcoming European Windstorm season may be should take this32

into account, and the insurance industry should be aware that these two risks are not33

independent.34

1 Introduction35

Following an extreme weather season, focus naturally turns to the climate condi-36

tions which preceded it; especially if such conditions may be predicted. Taking for ex-37

ample the 2017 Hurricane season, multiple explanatory climate factors were observed prior38

to the historically high hurricane count, including high ocean heat content in both the39

tropical Atlantic (Lim et al., 2018; Hallam et al., 2019) and Gulf of Mexico (Trenberth40

et al., 2018), as well as low wind shear in the western Atlantic due to a developing La41

Niña event (Camp et al., 2018). While essential to understanding climate dynamics, in-42

formation may be missed through this cause and effect approach by not considering the43

non-linear nature of the climate system. Alternatively, the interannual variability of ex-44

treme seasons may be considered as part of a network driven by interannual climate modes45

(Gill & Malamud, 2014, 2017; Steptoe et al., 2018). This has the advantage of provid-46

ing stakeholders and policy makers with information for decision making across multi-47

ple hazards, as opposed to assessing each risk individually.48

In the same 2017 season, the combined insured loss from Atlantic hurricanes and49

European windstorms was estimated at $100 billion, primarily due to the extremely ac-50

tive hurricane season (Halverson, 2018; Klotzbach et al., 2018; SwissRe, 2018). These51

two hazards accounted for around 70% of the total global insured losses for the year, and52

were the primary cause of insured loss in North America and Europe respectively (SwissRe,53

2018). Clarifying the relationship between these two leading natural hazard seasons is54

therefore crucial for estimates of potential yearly loss.55

While it may seem counter-intuitive to investigate teleconnections between tropically-56

forming predominantly late summer hurricanes and extratropical winter European wind-57

storms, there is good reason to believe they may be linked. Despite the geographical and58

temporal distance between the seasons, the El Niño Southern Oscillation (ENSO) has59

previously been associated with both. ENSO modulates the favourability of Atlantic hur-60

–2–



manuscript submitted to Geophysical Research Letters

ricane development conditions through suppressed (La Niña) or enhanced (El Niño) wind61

shear (Gray, 1984; Goldenberg & Shapiro, 1996; Bove et al., 1998; Vitart & Anderson,62

2001; Latif et al., 2007; Villarini et al., 2012). For European windstorms, the North At-63

lantic Oscillation (NAO) is well established as an important factor for development (Hurrell,64

1995; Pinto et al., 2009), with more cyclones impacting Europe during the positive phase65

(Donat et al., 2010). The NAO is not the only influence on European windstorm vari-66

ability however, with a multitude of large-scale climate drivers thought to play a role (Mailier67

et al., 2006; Hunter et al., 2016; Walz et al., 2018). Several authors have explored how68

ENSO impacts both European weather and the North Atlantic storm track.69

ENSO produces an extratropical response through Rossby wave propagation (Held70

et al., 1989; Branstator, 2014; Stan et al., 2017). Dong et al. (2000) examined the im-71

pact of the 1997/98 El Niño and 1998/99 La Niña on Europe through this mechanism,72

showing a local asymmetrical circulation response to the phases of ENSO in an Atmo-73

spheric Global Circulation Model (AGCM). European temperature and precipitation anoma-74

lies associated with ENSO are spatially similar to those associated with the NAO (Pozo-75

Vázquez et al., 2001; Pozo-Vázquez et al., 2005), attributed to a predominantly positive76

phase relationship between the two indices during November to December and a neg-77

ative phase relationship during January to March (Huang et al., 1998; Moron & Gouirand,78

2003). Focusing on this late winter signal, (Brönnimann et al., 2007) found a consistent79

response to ENSO over Europe in a 500 year reconstruction, modulated by the North80

Pacific climate. Similarly, Li and Lau (2012a), Li and Lau (2012b) and Drouard et al.81

(2015) found that Sea Surface Temperature (SST) changes in the North Pacific associ-82

ated with El Niño events force a stationary Rossby wave train inducing negative NAO83

events. Due to the establishment of ENSO events months in advance of boreal winter,84

this tropical to extra-tropical connection has shown predictive skill in seasonal forecasts85

(Toniazzo & Scaife, 2006; Scaife et al., 2014; Dunstone et al., 2016; Scaife et al., 2017),86

however this is complicated by the non-stationary nature of the ENSO-North Atlantic87

signal (Knippertz et al., 2003; López-parages et al., 2015; Rodŕıguez-fonseca et al., 2016).88

In addition to the Rossby wave train mechanism, the stratosphere has also been show89

to play an active role in the European response to ENSO (Ineson & Scaife, 2008; Bell90

et al., 2009).91

Given the importance of the NAO in modulating the location of the North Atlantic92

storm track (Pinto et al., 2009; Donat et al., 2010), the ENSO-NAO relationship has clear93

implications for interannual variation in European windstorm climatology. Fraedrich and94

Müller (1992) found that during El Niño events, cyclones occurred further south, lead-95

ing to a precipitation increase over western and south-western Europe. Merkel and Latif96

(2002) successfully simulated this result using an AGCM, but stress that the opposite97

conditions during a La Niña could not be recreated. Schemm et al. (2018) examined the98

impact of ENSO phase on cyclogenesis in the North Atlantic and continental United States.99

Over Europe, they found competing effects with gulf stream cyclogenesis enhanced (sup-100

pressed) during El Niño (La Niña) events, and Greenland cyclogenesis suppressed (en-101

hanced). This is in good agreement with the results of Fraedrich and Müller (1992) and102

Merkel and Latif (2002), with an increase of cyclones in southern Europe during El Niño.103

A fundamental requirement for assessing the relationship between two extreme sea-104

sons is a high temporal resolution. A 1 in 10 North Atlantic hurricane season occurring105

during the same year as a 1 in 10 European windstorm season would be a 1 in 100 year106

event, assuming independence. Reliable measures of seasonal activity such as best track107

data only cover a short period of time (approximately 1980-present). Detecting a sig-108

nal between the two seasons is therefore non-trivial. To address this issue, we use an En-109

semble Prediction System (EPS), to increase the number of “observations” by includ-110

ing storms which were forecast by a multimember ensemble. Assuming the model is a111

reasonable representation of the climate system, this allows for a wide range of theoret-112
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ically possibly storm events and a much larger sample size. An overview of this method-113

ological approach is provided by Osinski et al. (2015).114

We take this approach to establish whether co-variability exists between the North115

Atlantic hurricane season and the European windstorm season. We aim to answer the116

following questions: does an active Atlantic tropical cyclone (TC) season increase the117

probability of an active extratropical cyclone season over Western Europe, or vice versa?118

If so, how are these two seasons related dynamically?119

2 Data and Methods120

For both European Windstorms and TCs, events are classified by identifying and121

tracking clusters of wind speed exceeding a local threshold. Classification is performed122

using the algorithm WiTRACK (Introduced by Leckebusch et al. (2008) applied in Renggli123

et al. (2011); Kruschke (2015); Befort et al. (2020)). For the local threshold, the 98th124

percentile is chosen because of its association with extratropical cyclone related dam-125

age over Europe (Klawa & Ulbrich, 2003). Befort et al. (2020) also show the majority126

of high impact TCs can be captured by this method. TCs are excluded beneath an area127

of 15,000km2, while European Windstorms are excluded beneath an area of 130,000km2.128

WiTRACK is otherwise applied to each season using the setup defined in Kruschke (2015).129

Tracking is performed on merged 10m wind speed of both the European Centre for130

Medium-Range Weather Forecasts (ECMWF) reanalysis ERA-interim (Dee et al., 2011)131

and the latest ECMWF seasonal forecast, SEAS5 (Johnson et al., 2019). For both data132

sets, analysis covers the period 1981-2016, with all 51 ensemble members of SEAS5 tracked.133

SEAS5 is initalised from ERA-interim atmospheric conditions and state-of-the-art Land134

and Ocean models, (Johnson et al., 2019)) on the first of every month. For this analy-135

sis, our most important consideration was maintaining a consistent model climate be-136

tween the two seasons. We therefore chose each model year initalised on the first of Au-137

gust, covering the peak seasons for both Atlantic hurricanes (Blake et al., 2007), August-138

October (ASO) and for European Windstorms (Roberts et al., 2014), December to Febru-139

ary (DJF). In total, 1836 (51x36) model years from SEAS5 were tracked. SEAS5 has a140

spectral horizontal resolution of T319, approximately 36km. The spectral resolution of141

ERA-interim is T255, approximately 79km. Additionally to the tracked 10m u and v winds,142

SST and 700mb Geopotential Height (GHT) from the same SEAS5 initialisation are used143

for further analysis.144

To constrain the tracks to only TCs, a number of geographical filters were applied145

over the August to October period. This step was necessary to remove spurious Extra-146

Tropical cyclones. A similar geographical filter approach was applied successfully by Befort147

et al. (2020) to identify high impact Pacific Cyclones. The filters were selected to remove148

tracks which did not meet the observed track climatology from The International Best149

Track Archive for Climate Stewardship (IBTrACS) v03r10 (Knapp et al., 2010). Tracks150

were removed where: the origin of the track occurred in the Pacific rather than the At-151

lantic, the track’s central location remained either south of 10◦N, north of 40◦N, or east152

of 40◦W, and where the track’s central location was at any time both north of 35◦N and153

west of 85◦W. Constraints were also placed on European Windstorm tracks. In this case,154

the filters were designed to remove those storms which did not impact Europe. All tracks155

were removed where the central location remained west of 30◦W, and/or where the storm156

remained north of 70◦N.157

Tracks identified by WiTRACK in ERA-interim were matched to IBTrACS. Fol-158

lowing Befort et al. (2020) tracks are considered matched where the following criteria159

are fulfilled: a temporal overlap of at least 4 time steps, with a distance between track160

centres below 400km, and a mean distance of less than 1000km over the entire track. To161
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compare track density between IBTrACS, ERA-Interim and SEAS5, the number of storms162

per grid cell over a 0.75x0.75 degree grid was calculated.163

We calculate three separate measures of intensity for each season. The first is sim-164

ply the number of tracks or events, referred to subsequently as nStorms. The second is165

a Seasonal Storm Severity Index (SSSI), a measure of the total “storminess” through-166

out a given ASO or DJF period. Storm Severity Index is calculated as a normalized value167

of the 98th percentile exceedance in the wind field, following Leckebusch et al. (2007).168

SSSI is the summation of the individual SSI value for each track over a complete ASO169

or DJF season. The third intensity measure is Land impacting Seasonal Storm Sever-170

ity Index (LiSSSI). LiSSSI is determined by calculating the SSSI of the WiTRACK clus-171

ter points which occur over land.172

To classify the relationship between the two extreme seasons, we adopt a proba-173

bility of independence approach. For a given threshold, the independent probability that174

the seasonal intensity of both the Atlantic Hurricane and European Windstorm season175

exceed that threshold is calculated, determining an expected number of model initial-176

isation years. We test the hypothesis that the two seasons are independent by compar-177

ing the true number of model years which meet a given threshold to this predicted in-178

dependent value. To assess significance, bootstrapping (Hall & Horowitz, 1996; Horowitz,179

2001; Marchand et al., 2006; Feng et al., 2011) is applied to generate 1000 random sam-180

ples from the seasonal intensities within the full model ensemble of August initalisations.181

A 95% confidence value is drawn from the bootstrapped random sample distribution, and182

relationships are considered significant where this value is exceeded.183

3 Results184

3.1 Evaluation of WiTRACK Performance in SEAS5185

WiTRACK was primarily developed for assessing damage potential of European186

Windstorms (Leckebusch et al., 2008), and has been validated extensively for this ap-187

plication (Donat et al., 2010; Renggli et al., 2011; Kruschke, 2015; Osinski et al., 2015;188

Walz et al., 2018). Befort et al. (2020) has recently demonstrated the skill of WiTRACK189

in tracking TCs in the West Pacific and we apply it here for the first time to Atlantic190

Hurricanes so that the damage potential from both seasons can be compared directly.191

The climatology of hurricanes in IBTrACS (Figure 1a), WiTRACK ERA-Interim192

(Figure 1b) and WiTRACK SEAS5 (Figure 1c) broadly share the same features, with193

a clear maxima at 20◦N-40◦N, 90◦W-30◦W. There are clear track density differences in194

the main development region (MDR, 10◦N-20◦N, 80◦W-20◦W) and north of 40◦N in the195

cyclolosis region (Figure 1e). This is an expected result of comparing a central pressure196

based tracking scheme (IBTrACS) to the wind speed clustering methodology (WiTRACK).197

As the TC becomes more organized, consistent regions exceeding the minimum cluster198

size with >98th percentile wind speed are more likely. This is a recognized advantage199

of the application of WiTRACK rather than a minimum pressure or vorticity tracking200

scheme; however, the well matched track density pattern over the Caribbean and US East201

Coast (difference of approximately 1 cyclone per year) gives us confidence that the cli-202

matology of mature cyclones is well represented. Track Density is averaged over all en-203

semble members for SEAS5 (Figure 1c), resulting in the smoother spatial pattern. In204

the peak maxima region, there are 0.5-2 more storms per year in ERA-interim than in205

the SEAS5 ensemble (Figure 1f). The spatial pattern is otherwise qualitatively similar.206

Increasing skill in the tracking of higher category storms is also observed by match-207

ing IBTrACS events to the ERA-interim WiTRACK events (Figure 1d). Dividing by TC208

strength, 85% of hurricanes which reached category 3 on the Saffir-Simpson Scale and209

61% of hurricanes which reached category 2 were matched successfully. Lower intensity210

TCs are matched 33% of the time, while only 6 of 58 tropical depressions (6%) were matched.211
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Figure 1. Track Density per year of TC events in a) IBTrACS, b) WiTRACK ERA-interim

c) WiTRACK SEAS5. d) Matched events between IBTrACS and WiTRACK ERA-interim for

Tropical Depressions (TS), Tropical Cyclones (TC), Category 1-2 Hurricanes (Hurricane) and

Category 3-5 Hurricanes (Cat3). All categorizations from IBTrACS. e) difference between b) and

a), with pink indicating greater IBTrACS track density. f) difference between b) and c), with

green indicating greater ERA-interim track density.

No category 5 event was unmatched. Again, this is an expected result of the WiTRACK212

approach where fewer overall tracks of shorter duration and higher average damage po-213

tential are found in the surface wind field. Our results are in excellent agreement with214

those of Befort et al. (2020), who found an overall hitrate of 62% and an intense storms215

hitrate of 85%. The performance of WiTRACK for Atlantic TCs is therefore very sim-216

ilar to the performance in tracking Pacific TCs, with clear skill representing higher cat-217

egory storms.218

3.2 Atlantic Hurricane and European Windstorm co-relation219

3.2.1 Assessment of Independence220

For all three intensity measures (nStorms, SSSI, LiSSSI), we find statistically sig-221

nificant differences from independent probability. Intensity distributions are first calcu-222

lated for each hazard season independently. For a wide range of seasonal intensity thresh-223

olds, the independent probability that the number of Hurricane seasons and the num-224

ber of European Windstorm seasons will fulfil that threshold is then compared to the225

observed number of SEAS5 model years which actually fulfil the threshold (Figure 2).226

Figure 2 should be interpreted as follows: for each panel (a-c), the four separated quad-227

rants represent a different relationship between the extreme seasons. The top left rep-228

resents an intense Hurricane season and weak European Windstorm season, top right229

the case where both are more intense than the mean, bottom left where both are weaker230

than the mean, bottom right where European Windstorms are more intense and Hur-231

ricanes less intense. Coloured boxes indicate where more (green) or less (pink) seasons232

meeting this threshold occurred in the SEAS5 ensemble. For example, of the 1836 model233

years we find 11 or more TC events in 151 cases, (8.22%). We find 16 or more European234

Windstorms in 210 model years (11.4%). If the two seasons are independent, we would235
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therefore expect both 11 or more TCs and 16 or more European windstorms in the same236

model year .94% of the time, or in 17.25 model years. The dark pink shading indicates237

that the true value lies between 30 and 45% less than that (actually 11 model years).238

This is statistically significant at the 95% confidence interval based on a bootstrap of239

1000 random samples.240

Figure 2. Percentage difference between number of seasons which meet the shown thresh-

olds and the expected statistically independent value for a) nStorms b) SSSI c) LiSSSI. Grid

cells shown where the difference from independent predicted value exceeds the 95th% confidence

interval, derived from a random sample of 1000 independent seasons.

There is a clear pattern in figure 2 of fewer seasons than predicted where the sign241

of intensity agrees and more seasons than predicted where the sign of intensity disagrees.242

In very few cases across all intensity measures is there a significant threshold met where243

this relationship is reversed. This indicates that an above average Atlantic hurricane sea-244

son is followed by a below average European windstorm season less often than if they245

were independent and vice versa. In the case of nStorms (Figure 2a) the relationship is246

most prevalent when the hurricane season is above normal, with little to no relationship247

observed for below normal hurricane seasons. Depending on threshold, the difference ranges248

from a 0 to 45% change from the predicted seasonal count. For SSSI (Figure 2b), the249

relationship is broadly symmetrical, although most consistent in the case of an above av-250

erage Hurricane season and below average Windstorm season. The intensity measure LiSSSI251

(Figure 2c) is consistent with the other intensity measures for above average European252

Windstorms, particularly above the 75th percentile threshold, where the percentage change253

in seasonal count is persistently between 15 and 30%. However, the relationship is not254

observed for weaker than average European Windstorms, indicating little difference be-255

tween normal and less than average Hurricane seasons in terms of direct damage poten-256

tial in Europe the following winter.257

European windstorm track density was calculated for the most and least intense258

hurricane season model years (Figure 3). For nStorms (Figure 3a) and SSSI (Figure 3b)259

derived hurricane seasonal intensity there is a significant difference in European wind-260

storms across much of Western Europe. This is not replicated for LiSSSI, with the spa-261

tial pattern shifted to the southeast and weaker overall. North of 60◦N, the sign of the262

relationship is reversed with a positive signal indicating more European windstorms fol-263

lowing an above average Atlantic hurricane season, significant in the nStorms and LiSSSI264

composite. The SSSI composite is qualitatively similar, but not significant. This north/south265

track difference is reminiscent of the response of the North Atlantic storm track to the266

NAO, with similar centres of action (Walz et al., 2018).267
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Figure 3. European Windstorm Track Density difference between model years with top

10% hurricane intensity and bottom 10% hurricane intensity for a) nStorms b) SSSI c) LiSSSI.

Stippling represent where the difference from independent predicted value exceeds the 95th%

confidence interval, derived from a random sample of 1000 independent seasons.

3.2.2 Physical mechanism explaining dependence268

ENSO is the dominant SST pattern associated with the SSSI Hurricane-Windstorm269

hazard co-relation (Figure 4). A persistent La Niña pattern in both ASO and DJF is as-270

sociated with the high-hurricane, low-windstorm phase of the relationship (Figure 4a,b)271

while El Niño is associated with the opposite low-hurricane, high-windstorm phase (Fig-272

ure 4d,e). Weak SST anomalies in the Pacific resembling the SST tripole (Peng et al.,273

2003) are observed in ASO, but do not persist to the DJF season. An Extra-Tropical Rossby274

wave like response (Figure 4c,f) is observed in DJF, particularly in association with the275

high-hurricane, Low-windstorm La Niña composite. Johnson et al. (2019) note the abil-276

ity of SEAS5 to recreate Tropical-Extra Tropical responses over Europe, similar to the277

pattern observed here. An anomalous high and associated low over the Atlantic region,278

similar in structure to the NAO, provides a direct pathway between climate influences279

on the two seasons. The SST pattern and associated atmospheric response described here280

is replicated across all three intensity measures (nStorms and LiSSSI not shown).281

4 Conclusions and Discussion282

Where previously the Atlantic hurricane and European windstorm season had been283

considered independent, we show here that the two hazards are related in a seasonal fore-284

cast model. Probabilistically, an above average Atlantic hurricane season is followed by285

an above average European windstorm season less often than if they were independent.286

This finding is confirmed for three separate measures of seasonal intensity. During La287

Niña (El Niño), enhanced (suppressed) hurricane activity during ASO is followed by sup-288

pressed (enhanced) European windstorm activity during DJF. The following pathway289

is proposed to explain this co-hazard relationship: ENSO, through the well-established290

modulation of wind shear in the MDR during ASO (Gray, 1984; Goldenberg & Shapiro,291

1996; Bove et al., 1998), influences Atlantic hurricane seasonal intensity. The ENSO phase292

frequently persists from ASO to DJF. Through an extra-tropical response (Branstator,293

2014; Scaife et al., 2017), ENSO excites an NAO-like modulation of the location and in-294

tensity of the North Atlantic storm track (Figure 4c and f).295

To assess this co-hazard relationship, we expand the number of observed storms296

by employing the seasonal forecast SEAS5. This is a necessary step due to the small num-297

ber of years for which track data is reliable. It is worth noting however that the limited298

evidence from observations supports the conclusions of this study. Lloyd’s (2016) find299

a small but significant negative correlation between US TC risk and EU flooding, of the300

same magnitude as the correlation between IBTrACS and WiTRACK ERA-interim over301
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Figure 4. a) SST Composite of top 10% ranked difference between Hurricane SSSI and Wind-

storm SSSI during ASO (above average hurricane season, below average windstorm season). b)

as in a), during DJF d) and e) as in a) and b), for bottom 10% ranked difference (below aver-

age hurricane season, above average windstorm season). c) and f) corresponding 700mb GHT

composite during DJF. Grid cells shown where the difference from independent predicted value

exceeds the 95th% confidence interval, derived from a random sample of 1000 independent sea-

sons.

1981-2016 (-0.2). While conclusions should not be drawn from such a limited sample size,302

it is nevertheless encouraging that the sign of the correlation supports our findings.303

Although the relationship was observed in three separate intensity measures, some304

asymmetries were observed in the nStorms and LiSSSI response. The number of observed305

European windstorms following an above average hurricane season is more significantly306

related than following a below average season. This implies the response of European307

windstorms is more strongly influenced by La Niña than El Niño, supported by the dif-308

ference in extra-tropical response (Figure 4c-f). Conversely, the intensity of European309

Windstorms over the continent is only impacted during above average years. This may310

be explained by the location of the storm track (Figure 3). During lower than average311

European windstorm seasons, the storm track is shifted northwards and the total accu-312

mulated SSI over Europe is not statistically different from normal. During above aver-313

age years however, the storm track is shifted south over continental Europe demonstrated314

by the clear hurricane-windstorm LiSSSI co-hazard relationship.315

El Niño events have previously been shown to co-relate with the negative NAO phase316

(Brönnimann et al., 2007; Li & Lau, 2012a, 2012b; Drouard et al., 2015), which would317

imply the opposite co-hazard relationship to our findings. We explain this apparent con-318

tradiction by referring to Moron and Gouirand (2003), who show that the phase of the319

ENSO-NAO relationship is dependent on whether early (November-December) or late320

(January-March) winter is used to calculate the NAO. The prior findings are based on321

this late winter period, whereas the 700mb GHT response in SEAS5 shown in figure 4322

remains consistent throughout December-February. The exact nature of the non-stationary323

(Knippertz et al., 2003; López-parages et al., 2015; Rodŕıguez-fonseca et al., 2016) ENSO-324

NAO relationship is a subject for further study. The results presented here do agree well325

with the shift in storm track towards southern Europe associated with El Niño, previ-326
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ously found by Fraedrich and Müller (1992), Merkel and Latif (2002) and Schemm et al.327

(2018).328

The pathway we propose explaining the observed numerical relationship between329

the two hazard seasons is defined post-hoc by examining the associated climate of those330

model years exhibiting the strongest signal. One possible source of bias is the Atlantic331

SST in SEAS5 during DJF, which is significantly too warm in the Gulf Stream exit re-332

gion (Johnson et al., 2019). Baroclinic instability introduced through an unrealistic SST333

Atlantic gradient may impact the location and intensity of the SEAS5 North Atlantic334

storm track. While the ENSO response observed is robust, further work will focus on335

replicating the co-hazard relationship in SST prescribing numerical models. This would336

also address the impact of ENSO intensity, unaccounted for here. The co-variability of337

the two extreme wind hazards has important implications for both the actuarial and sea-338

sonal forecasting communities, and we encourage further study of the predictive impli-339

cations.340
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