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Abstract17

Numerical weather prediction (NWP) and climate models still struggle to correctly pre-18

dict and represent atmospheric blocking over the European region (EuBL). In recent years,19

there has been growing evidence that latent heat release in midlatitude weather systems20

such as warm conveyor belts (WCBs) contribute significantly to the onset and mainte-21

nance of blocking anticyclones. In this study, we show that for the European Centre for22

Medium-Range Weather Forecast’s IFS reforecasts in extended winter (1997–2017) WCB23

activity around EuBL onsets becomes challenging to predict in pentad 3 (10–14 days)24

and beyond. This is in line with the short overall WCB forecast skill horizon of around25

10 days and partly explains low EuBL skill in NWP models. However, we also show cases26

in which accurate WCB and EuBL forecasts are possible even in pentad 4 (15–19 days).27

These cases are associated with accurate WCB forecasts over the North Atlantic and North28

Pacific pointing towards a teleconnection between the two. Lastly, we find that WCB29

activity over the North Atlantic emerges way before the block is established and differ-30

ent pathways into EuBL exist in the reforecasts which are characterised by a westward31

shift of the main WCB inflow and outflow region compared to reanalysis. We conclude32

that despite intrinsic limits of predictability there is room to improve forecasts of EuBL33

onset by improving the representation of WCB activity in NWP models.34

Plain Language Summary35

Numerical weather prediction (NWP) and climate models have difficulties to cor-36

rectly predict and represent atmospheric blocking over the European region (EuBL). In37

recent years, many studies find that latent heat release in midlatitude weather systems38

such as warm conveyor belts (WCBs) have a strong impact on the development and main-39

tenance of EuBL. In this study, we show that for the NWP model from the European40

Centre for Medium-Range Weather Forecast (1997–2017) WCB activity around EuBL41

onsets is difficult to predict 10–14 days in the future and beyond. This is in line with42

the ability of the NWP model to predict WCBs and partly explains the challenges in EuBL43

prediction. However, we also show cases in which accurate WCB and EuBL forecasts are44

possible even 15–19 days in the future. These cases are associated with good WCB fore-45

casts over the North Atlantic and North Pacific. Lastly, we find that different pathways46

into EuBL exist in the forecasts which are characterised by a westward shift of the main47

WCB region compared to observations. We conclude that there is room to improve fore-48

casts of EuBL onset by improving the representation of WCB activity in NWP models.49

1 Introduction50

Atmospheric blocking describes the formation of persistent, large-scale anticyclonic51

circulation anomalies that block the westerly flow and eastward propagation of synop-52

tic eddies (Berggren et al., 1949; Rex, 1950). Blocking can be associated with extreme53

weather events such as heat waves or thunderstorm episodes in summer (Pfahl & Wernli,54

2012; Mohr et al., 2019) and cold spells in winter (Buehler et al., 2011; Ferranti et al.,55

2018). Thus, the accurate prediction of blocking on sub-seasonal to seasonal (S2S) time56

scales is desirable for decision makers to prepare for extreme weather events and to is-57

sue early warnings. Early blocking studies developed theories for the formation and main-58

tenance of blocking by planetary waves or orographic forcing (Charney & DeVore, 1979;59

Hoskins & Karoly, 1981). However, they could not explain some observed characteris-60

tics such as the rapid onset (Nakamura & Huang, 2018) or the fluctuation in size and61

intensity during the blocking life cycle (Dole, 1986).62

These restrictions point to the importance of transient eddies and synoptic-scale63

processes for the formation and maintenance of atmospheric blocking (Shutts, 1983). Un-64

til recently, the evaluation of these processes has almost exclusively been done on the65

basis of dry dynamics (Colucci, 1985; Yamazaki & Itoh, 2013). However, moist dynamic66
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processes, in particular latent heat release (LHR) due to cloud formation, are a first-order67

process for the onset and maintenance of atmospheric blocking (Pfahl et al., 2015). LHR68

plays an important role in modifying the large-scale flow through cross-isentropic ascent69

and divergent outflow in the upper troposphere (Pomroy & Thorpe, 2000; Grams et al.,70

2011). Intense LHR occurs in poleward ascending air streams in the warm sector of ex-71

tratropical cyclones, in so-called warm conveyor belts (WCBs) (Wernli, 1997; Madonna72

et al., 2014). It is the diabatically enhanced outflow of these rapidly ascending air streams73

that contributes considerably to the onset (rapid amplification of synoptic ridges) and74

maintenance of persistent blocks (Steinfeld & Pfahl, 2019). WCBs are challenging to pre-75

dict due to the small-scale processes associated with the air streams. Skillful predictions76

of WCBs in current numerical weather prediction (NWP) models are possible until around77

8–10 days (Wandel et al., 2021).78

The representation of atmospheric blocking in NWP and climate models has been79

investigated in numerous studies in the last two decades. Many studies point to the un-80

derestimation of blocking frequency (negative bias) over the European region (d’Andrea81

et al., 1998; Masato et al., 2014). This bias increases with longer lead time (Jia et al.,82

2014; Quinting & Vitart, 2019) and can be reduced with higher horizontal and vertical83

resolution (Dawson et al., 2012; Anstey et al., 2013; Davini et al., 2017). Remarkably,84

the year-round forecast horizon for blocking over the Central European region is 3–5 days85

shorter compared to other large-scale flow regimes (Büeler et al., 2021). NWP models86

particularly struggle predicting the onset of EuBL (Rodwell et al., 2013; Ferranti et al.,87

2015). These difficulties can partly be linked to its lower intrinsic predictability (Faranda88

et al., 2016; Hochman et al., 2021), but might also be a result of physical processes, such89

as LHR in WCBs, which are still difficult for the models to accurately capture.90

In a recent study Grams et al. (2018) highlight the role of WCBs for the onset of91

blocking over Europe in one of the most severe forecast busts in the ECMWF’s integrated92

forecasting system (IFS) in the last decade. They find that a misrepresentation of the93

WCB in the ensemble forecasting system amplified the initial condition error and trig-94

gered a nonlinear feedback mechanism. The WCB communicated the forecast error from95

small scales to the upper troposphere and downstream that led to the missed onset of96

the block. Other studies also point to the amplification of errors in the WCBs (Pickl et97

al., 2023) or highlight the generation of errors in potential temperature and potential vor-98

ticity in the WCBs, which can lead to downstream errors in the Rossby wave pattern99

(Mart́ınez-Alvarado et al., 2016; Berman & Torn, 2019). Moreover, teleconnections from100

the Caribbean and North Pacific region affect the occurrence of large-scale weather regimes,101

including blocking, in the European region (Michel & Rivière, 2011; Michel et al., 2012;102

Quinting et al., 2023). In summary, these studies suggest that a more accurate repre-103

sentation of WCB anomalies may reduce forecast uncertainty in the downstream wave104

guide leading to a better prediction of atmospheric blocking over Europe. However, a105

systematic investigation of the role of WCBs for the prediction of atmospheric blocking106

over Europe is still missing.107

Here, we evaluate the systematic link between WCBs and blocking, by addressing108

the following three research questions and using ECMWF’s IFS S2S reforecasts and re-109

analysis in the extended winter period from 1997–2017.110

• What is the link between WCB activity and EuBL onset and how well is it rep-111

resented in reforecasts at different forecast lead times?112

• Is there a link between WCB representation and correct forecasts of EuBL onset?113

• Do teleconnections from the North Pacific region play a role for the prediction of114

EuBL?115

We focus on EuBL onsets in different pentads (lead times of 0–4 days, 5–9 days,116

10–14 days, and 15–19 days) since forecast skill for Atlantic-European weather regimes117
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and WCBs on average vanishes in week 2 (7-14 days) (Büeler et al., 2021; Wandel et al.,118

2021; Osman et al., 2023). Onsets of large-scale and persistent flow regimes at lead times119

of 5–20 days are of particular interest from a sub-seasonal prediction perspective, because,120

due to their persistence, they strongly influence the circulation even beyond lead times121

of 20 days.122

The data, the definition of EuBL, and the Eulerian metric to identify WCBs are123

introduced in section 2. Section 3 investigates the role of WCBs for atmospheric block-124

ing over Europe and its representation in the reforecasts across different forecast lead125

times. Section 4 then explores potential causalities between WCB activity and the fore-126

cast of EuBL. The role of upstream precursors from the Pacific for the prediction of EuBL127

is further analysed in section 5 and the study ends with concluding remarks in section128

6.129

2 Data and Method130

2.1 Reforecasts and reanalysis131

We use the ECMWF’s IFS sub-seasonal ensemble reforecasts (Vitart, 2017) for the132

extended winter period (NDJFM) from 1997–2017 to analyze WCBs and 500-hPa geopo-133

tential height (Z500). The ensemble reforecasts contain in total 11 members, of which134

one member is an unperturbed control forecast. To increase our sample size we use all135

reforecasts for IFS cycles CY43R1, CY43R3, and CY45R1, yielding a total of 1641 ini-136

tialisation times. Consistently with the initial conditions of the reforecasts, we employ137

ERA-Interim reanalysis data (Dee et al., 2011) for verification. Both data sets are re-138

trieved on a regular 1.5× 1.5 latitude–longitude grid and remapped to 1× 1 grid spac-139

ing. We calibrate the reforecasts by calculating WCB and Z500 anomalies relative to the140

90-day running mean model climatology at a given lead time derived from the 20-year141

reforecast data using all cycles. Anomalies for ERA-Interim are computed against ERA-142

Interim climatology for 1997–2017. This approach eliminates the systematic bias between143

ERA-Interim and the reforecasts.144

2.2 Atlantic-European weather regimes145

To identify blocking over the European region, we use seven year-round Atlantic-146

European weather regimes based on 5-day low-pass-filtered geopotential height (Grams147

et al., 2017; Büeler et al., 2021). Thus, we refer to atmospheric blocking using the def-148

inition of blocked weather regimes. Weather regimes are quasi-stationary, persistent, and149

recurrent large-scale flow patterns in the midlatitudes (Vautard, 1990; Michelangeli et150

al., 1995) and reflect the variability of the large-scale extratropical circulation on sub-151

seasonal timescales. An accurate prediction of large-scale flow regimes is particularly im-152

portant since it yields more information about different surface variables (e.g. temper-153

ature and precipitation) after forecast day 10–15 compared to the direct NWP model154

output (Bloomfield et al., 2021; Mastrantonas et al., 2022). Blocking over the European155

region (EuBL) is the dominant blocked regime in winter (compared to “Scandinavian156

Blocking” in summer) and occurs at around 11% of winter days. For the computation157

of the regime patterns the interested reader is referred to Büeler et al. (2021).158

2.3 Warm conveyor belts159

The stages of WCB inflow, ascent, and outflow are identified using a novel frame-160

work of convolutional neural networks (CNNs) introduced by Quinting and Grams (2022).161

The CNN-based metric (ELIAS2.0) is designed to evaluate WCBs in large data sets at162

low spatio-temporal resolution for which the original trajectory-based WCB definition163

(Wernli & Davies, 1997) is not applicable. The method now facilitates for the first time164

a systematic study of WCBs in a large data set. It takes meteorological parameters as165
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predictors, which are characteristic of each WCB stage, and predict two-dimensional WCB166

footprints. The CNN method successfully reproduces the climatological distribution of167

WCBs found with the trajectory-based approach (Madonna et al., 2014) and skillfully168

identifies WCBs at instantaneous time steps.169

2.4 EuBL in reanalysis and reforecasts170

2.4.1 Forecast perspective and lead times171

In our study, we focus on EuBL events in the extended winter period from 1997–172

2017. Following Grams et al. (2017) and Büeler et al. (2021), an EuBL onset is identi-173

fied at the first time when the respective weather regime index Iwr exceeds a threshold174

of 0.9 and remains above this threshold for at least five consecutive days. Here, we re-175

fer to onset in a given pentad, if the onset date lays within that pentad (see schematic176

in Fig. 1). In order to directly compare ERA-Interim to the reforecasts, we treat ERA-177

Interim as a “perfect ensemble member” for each respective forecast and identify EuBL178

onset and life cycles in the same manner as for individual ensemble members. Therefore,179

we match ERA-Interim to each available reforecast initialisation time and lead time. In180

total, there are 38 EuBL events in ERA-Interim in the period from 1997–2017. When181

investigated from a forecast perspective, this number increases because each individual182

event is captured multiple times by different forecasts. For example, ERA-Interim on-183

sets of EuBL that occur in pentad 3 of the forecast (10–14 days lead time) are captured184

on average by 2.6 forecasts, which increases the number of events from 38 to 98 (Table 1).185

Since the reforecasts are not available on a daily basis, this approach weights the ERA-186

Interim events according to the available initialisation times of the reforecasts and al-187

lows for a direct comparison to the events in the reforecasts. While the reforecasts are188

evaluated in pentad 2 (forecast day 5–9), pentad 3 (day 10–14) and pentad 4 (day 15–189

19), fields in ERA-Interim are only shown for EuBL onsets in pentad 3, which is the main190

focus of the study. At the same time the perfect member forecast by ERA-Interim for191

onsets in pentad 2 or 4 hardly differs from the one evaluated in pentad 3, as the under-192

lying data is almost similar, except for the slightly different samples due to the incom-193

plete availability of reforecast initialisation times (not shown). Onsets in pentad 3 are194

of particular interest since both, the regime and WCB skill, vanish around the 8–10 day195

lead time.196

2.4.2 Different approaches to link WCBs and EuBL197

To assess the role of WCBs for the onset of EuBL, we analyse Z500 and the WCB198

activity using two different approaches: first, for each pentad we calculate 5-day mean199

composites around ERA-Interim onsets to understand characteristics of EuBL in reanal-200

yses and to evaluate the representation of the patterns in the reforecasts at different fore-201

cast lead times. We focus on pentads for fixed lead times rather than centred compos-202

ites around the actual onset date to avoid biases due to mixing different forecast lead203

times. Second, we investigate the six days prior to onset using lagged composites which204

are stratified on individual onset dates in reanalysis and reforecasts. This approach al-205

lows a direct comparison of the evolution of the fields while giving hints to potential causal-206

ities between WCBs and the blocked regime.207

Furthermore, we distinguish between the ensemble mean of the reforecasts and in-208

dividual ensemble members which are selected depending on their forecast performance.209

On the one hand, the ensemble mean of the reforecasts is used to evaluate their ability210

in representing ERA-Interim EuBL onsets across different lead times. On the other hand,211

individual ensemble members from different initialisation times are grouped together,212

depending on their ability to represent EuBL to explore potential deficiencies in the model213

related to the link of WCB activity and blocking onset. Ensemble members that correctly214

(within two days) capture an ERA-Interim EuBL onset are defined as “Hits”, members215
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which do not capture the onset as “Misses”. Furthermore, we include all ensemble mem-216

bers in our analysis that predict an EuBL onset while no event is analysed in ERA-Interim217

(“False Alarms”).218

As stated above, we find 38 unique EuBL events in ERA-Interim during either pen-219

tads 2, 3, or 4 of the available reforecasts initialised in the 20 year period 1997–2017. These220

could in principle be captured by 98 forecast initialisation times. Thus, 98 x 11 = 1078221

individual forecasts by one of the ensemble members that could either identify (Hit) or222

not identify (Miss) these EuBL onsets. In addition forecasts can issue a false alarm.223

For 34 out of the 38 unique ERA-Interim events, there is at least one ensemble mem-224

ber that correctly captures the EuBL onset (Hit) for onsets in pentad 2 (4 unique events225

are completely missed) (Table 1). This number of captured unique events decreases for226

onsets in pentad 3 and 4 (29 and 26 unique events, respectively). Each unique EuBL event227

is captured by more than one forecast since the reforecasts are initialised multiple times228

per week (see “forecast perspective” with 72/45/34 Hits for EuBL onsets in pentad 2/3/4).229

When the EuBL is captured by these forecasts, mostly 1–2 ensemble members correctly230

predict the onset in pentad 2. There are also events that are captured by 3–11 ensem-231

ble members, which results in a total of 271 ensemble members (25% of all possible en-232

semble members) capturing a EuBL onset in pentad 2. For onsets in pentad 3 this num-233

ber decreases to 65 (6%) with the events being mostly captured by 1–2 ensemble mem-234

bers and some by 3–4. In pentad 4, there are 41 ensemble members (3% of all possible235

ensemble members) that capture the 26 unique EuBL events. The analysis shows that236

the accurate representation of EuBL becomes more challenging with forecast lead time.237

Still, in pentad 4, 26 out of the 38 unique events are captured by at least one ensemble238

member, which provides robustness to our further analysis.239

The Misses category contains all ensemble members which do not capture the on-240

set of the observed EuBL event. Naturally, this number is highest for onsets in pentad241

4 when the number of Hits is lowest. It is important to note that ensemble members in242

the Misses category can theoretically project in any other large-scale flow regime. Lastly,243

the ensemble members which predict a EuBL onset but without a corresponding observed244

EuBL onset in ERA-Interim make up the False Alarms category. Out of the 1641 fore-245

cast initialisation times in the reforecast period, there are 362 with at least one ensem-246

ble members with a False Alarm in pentad 2. The number of False Alarms is even higher247

in pentad 3 and 4.248

3 The role of WCBs for EuBL prediction249

We first investigate the spatial patterns of Z500, as well as WCB inflow and out-250

flow occurrence frequencies around EuBL onsets in ERA-Interim in pentad 3 (10–14 days,251

Fig. 2). The 5-day mean ERA-Interim Z500 field shows marked positive Z500 anoma-252

lies of 90–110 gpm extending from western Europe to Scandinavia (Fig. 2c). These anoma-253

lies reflect the developing block over Europe. Upstream, negative anomalies (–70 to –254

90 gpm) indicate a trough over the western and central North Atlantic. The strong pos-255

itive and negative Z500 anomalies are in line with the climatological pattern of the EuBL256

regime (green contours in Fig. 2, see Grams et al. (2017)). The large-scale circulation over257

North America and the North Pacific indicates a weakly undulated jet stream (dense iso-258

hypses, black in Fig. 2c) with anomalous Rossby wave packets along the midlatitude jet259

(reflected in pairs of negative Z500 anomalies over the western part of the North Pacific/western260

North America and positive Z500 anomalies over the eastern North Pacific/East coast261

of North America). The anomalous Rossby wave activity might be an important pre-262

cursor of EuBL events and important for its predictability. We further discuss upstream263

precursors in Section 5.264
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Enhanced WCB inflow occurs during the EuBL onset in a region stretching from265

south of Newfoundland into the central North Atlantic (5-day mean anomalies of 4–8%;266

Fig. 2a). The strongest WCB inflow anomalies can be found on the southern side of the267

upper level trough. The air masses typically converge in the WCB inflow region and are268

subsequently lifted to the mid and upper troposphere due to strong vertical lifting in the269

vicinity of surface cyclones. The air masses then reach the upper troposphere further to270

the northeast of the inflow region. Consequently, around EuBL onsets, enhanced WCB271

outflow frequencies occur northeast of the inflow region in an area around Iceland and272

over the Norwegian Sea (Fig. 2b). Here, the 5-day mean outflow frequency anomalies reach273

4–6% - more than double the climatological frequency in that region. The air masses likely274

influence the upper-level ridge building, which subsequently leads to the onset and per-275

sistence of the block over Europe. In summary, the characteristics of the large-scale cir-276

culation and the WCB activity around EuBL onsets corroborate that WCBs might play277

a vital role in the formation of the blocked regime over Europe (Pfahl et al., 2015; Ste-278

infeld & Pfahl, 2019).279

Next, we evaluate the overall forecast skill of ECMWF’s IFS reforecasts in predict-280

ing WCBs. The calculation of the skill allows for an estimation of the time scales on which281

we expect the reforecast to correctly reproduce the WCB anomalies around EuBL on-282

sets. As for a previous version of the Eulerian WCB metric based on logistic regression283

(Wandel et al., 2021), we here discuss the Fair Brier Skill Score (FBSS) (Ferro, 2014)284

for WCB outflow frequencies based on the CNN-based WCB metric ELIAS2.0 (Quinting285

& Grams, 2022). Results are shown for the entire Northern Hemisphere, as well as for286

sub-regions over the North Pacific and North Atlantic (see Wandel et al. (2021) for more287

information). In general, the reforecasts have high skill in predicting WCBs in the first288

days of the forecast (Fig. 3). However, the skill deteriorates relatively quickly between289

forecast day 5 and 9 (pentad 2) and drops below a subjective threshold of 0.08 at fore-290

cast day 8 (seeWandel et al. (2021) for explanation). In pentad 3, the reforecasts are only291

slightly better than a climatological reference forecasts (FBBS of around 0.05) and the292

skill fully vanishes at forecast day 15. This analysis shows that the WCB forecast skill293

vanishes at medium-range forecast lead times in forecast week 2 (between day 8–14) with294

large differences in WCB skill between pentad 2 (day 5–9) and 3 (day 10–14). There-295

fore, we focus here on pentads rather than weeks.296

In the following, we evaluate how well the reforecasts can predict the large-scale297

circulation (in terms of Z500) and WCBs around observed EuBL onsets. In order to un-298

derstand if there is a correlation between the vanishing WCB skill and the prediction299

of Z500 patterns, we focus on EuBL onsets in pentad 2, 3, and 4 (Fig. 4). For observed300

EuBL onsets in pentad 2, the ensemble mean of the reforecast correctly captures the lo-301

cation of the trough over the North Atlantic and the developing block over Europe (cf.302

Fig. 2c, Fig. 4c). Compared to ERA-Interim, the amplitude of the 5-day mean circula-303

tion anomalies is underestimated by the reforecasts by 20–40 gpm, which, however, is ex-304

pected considering that we look at the ensemble mean. Over the North Pacific and North305

America, the anomalous Rossby wave activity is well represented.306

Around observed EuBL onsets in pentad 2, the WCB inflow frequencies in the en-307

semble mean of the reforecasts are highest over the western North Atlantic (anomalies308

1-3%)(Fig. 4a). The main WCB inflow region is shifted westwards compared to ERA-309

Interim, where the highest frequencies can be found over the central North Atlantic (Fig. 2a).310

The main outflow region in the ensemble mean of the reforecasts is centered over the south-311

ern tip of Greenland and Iceland (Fig. 4b). The reforecasts capture the enhanced WCB312

outflow activity around EuBL onsets but underestimate the amplitude of the anomalies313

by around 3% and somewhat exhibit a westward displacement towards Greenland (cf.314

Fig. 4b, Fig. 2b). Recalling the underestimation of the amplitude of the Z500 anomalies315

(Fig. 4c), these results indicate that there might be a link to the underestimation of WCB316

activity. Over the North Pacific region, WCB frequencies are strongly enhanced in the317
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reforecasts and generally well predicted with only small underestimations compared to318

ERA-Interim (cf. Fig. 4a,b, Fig. 2a,b). The analysis shows that for EuBL onsets in pen-319

tad 2, the ensemble mean of the reforecast can predict the development of the block gen-320

erally well together with a good prediction of WCB frequencies. However, frequency un-321

derestimations over Greenland and Iceland in the WCB outflow and a westward shift in322

the main WCB inflow regions hint that the WCB could contribute to the slight under-323

estimation of Z500 anomalies.324

Compared to onsets in pentad 2, regime onsets in pentad 3 are naturally more chal-325

lenging for the ensemble mean of the reforecast to capture. The predicted Z500 anoma-326

lies over the North Atlantic are almost half of those in pentad 2 (Fig. 4c,f). Further up-327

stream, the prediction of circulation anomalies over the North Pacific and North Amer-328

ica are more similar albeit slightly weaker. Hence, the ensemble mean of reforecasts can329

still capture the large-scale circulation over the North Pacific and North America for ob-330

served onsets in pentad 3 but strongly underestimates the circulation anomalies over the331

North Atlantic. Besides the strong underestimation of Z500 anomalies, we find relatively332

weak WCB inflow and outflow frequency anomalies around 1.5%(Fig. 4d,e), which are333

significantly lower than WCB frequencies around EuBL onsets in ERA-Interim (Fig. 2a,b).334

These findings are in line with the low WCB forecast skill in pentad 3 (Fig. 3) under-335

lining the increasing challenges in predicting WCBs on these forecast lead times. The336

results further indicate that an accurate forecast of Z500 patterns might be limited due337

to the important contribution of WCB air masses and its overall low forecast skill.338

Lastly, observed onsets in pentad 4 show further challenges for the ensemble mean339

of the reforecasts (Fig. 4i). The reforecasts predict a pattern with positive Z500 anoma-340

lies centered over the southern part of Greenland and weaker anomalies over Europe. This341

pattern resembles the negative phase of the North Atlantic Oscillation (NAO) rather than342

blocking over Europe. As for onsets in pentad 2 and 3, Z500 anomalies over the North343

Pacific/North America region are predicted well by the ensemble mean, which indicates344

the general ability of the model in predicting flow patterns on these lead times. The pre-345

diction of WCB inflow and outflow anomalies for observed onsets in pentad 4 is difficult346

for the ensemble mean, since WCB predictions have generally no forecast skill in pen-347

tad 4. Consequently, the ensemble mean pattern resembles the climatological distribu-348

tion over the North Atlantic (Fig. 4g,h). In summary, the predictions and verifying re-349

analyis of WCB and Z500 anomalies over the North Atlantic and Europe around EuBL350

onsets suggest a potential link, which goes beyond the pure correlation and that this link351

is weaker beyond lead times of 10 days.352

4 The importance of accurate WCB prediction353

4.1 Windows of opportunity354

We now further investigate the potential link between WCB activity and the cor-355

rect EuBL representation in IFS reforecasts. Therefore, as described in Section 2.4, we356

divide the ensemble into individual ensemble members depending on their forecast per-357

formance. The ensemble members that correctly predict an observed EuBL onset (“Hits”)358

are then compared with the members that miss an observed onset (“Misses”). Further-359

more, we evaluate all ensemble members that predict an EuBL onset when the onset does360

not verify in ERA-Interim (“False Alarms”). The number of ensemble members in the361

different categories varies between the considered EuBL onsets in pentad 2, 3, and 4 (Ta-362

ble 1 and discussion in Section 2.4).363

In pentad 4, the bulk of ensemble members (1037 of 1078) miss EuBL and only 41364

ensemble members correctly predict an EuBL onset. Consequently, the ensemble mean365

is dominated by theses misses and shows no anomalous WCB activity and a NAO- pat-366

tern while EuBL onsets was observed (see Section 3, Fig. 4g-i).367
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We now investigate the 65 ensemble members which capture the observed regime368

onset in pentad 3. The analysis of the Z500 field shows large positive Z500 anomalies369

of up to 110 gpm centered over the British Isles (Fig. 5c). These anomalies are very sim-370

ilar to the circulation anomalies around the onset in ERA-Interim (Fig. 2c). The neg-371

ative anomalies over the western and central North Atlantic are even larger for the Hits372

compared to ERA-Interim. The results show that the Hits in pentad 3 have very sim-373

ilar circulation anomalies compared to ERA-Interim. In line with the good representa-374

tion of the Z500 pattern over the North Atlantic and Europe, we find strongly enhanced375

WCB frequencies over the central North Atlantic for the WCB inflow and centered around376

Greenland and Iceland for the WCB outflow (Fig. 5a,b). As for Z500, the WCB patterns377

strongly resemble the 5-day mean frequencies around EuBL onsets in ERA-Interim (Fig. 2a,b).378

These results indicate a strong link between the correct representation of WCBs and the379

correct representation of the large-scale circulation in the North Atlantic-European re-380

gion around EuBL onsets for lead times where the WCB forecast skill has already van-381

ished and the forecast of EuBL becomes increasingly challenging. This finding holds even382

for the 41 ensemble members with a hit in pentad 4 (Supplement Fig. S1a–c). Thus, lo-383

cal WCB activity in the North Atlantic-European region likely has an impact on the pre-384

diction of EuBL onsets and an improved representation of WCBs could provide a path-385

way to enhanced forecast skill for blocked regimes over Europe even on sub-seasonal time386

scales.387

For observed EuBL onsets in pentad 4, the Misses category does not capture the388

enhanced WCB activity over the North Atlantic at all (Supplement Fig. S1d,e). The Misses389

even have negative WCB outflow anomalies (around –1%) upstream of the positive geopo-390

tential height anomalies. Also in pentad 3 the bulk of ensemble members (1013 of 1078)391

misses the EuBL onset. We still find slightly enhanced WCB inflow and outflow frequen-392

cies (around 1%) in the Misses category over the North Atlantic (Fig. 5d,e). However,393

the frequencies are significantly lower than in ERA-Interim or for the Hits category. Fur-394

ther, the amplitude of Z500 anomalies is underestimated and anomalies displaced to the395

northeast compared to ERA-Interim (Fig. 5f). The results show that the ensemble mem-396

bers that miss EuBL onsets also significantly underestimate WCB frequencies. This fur-397

ther corroborates that WCB activity likely has a strong impact on EuBL predictabil-398

ity and partly explains the low forecast skill of the regime.399

4.2 Deciphering cause and effect400

So far, we analysed the WCB frequencies in ERA-Interim, the ensemble mean of401

the reforecast and different subcategories for 5-day mean fields around the onset of EuBL.402

While this approach gives an overview over the fields around the onset, it does not show403

if enhanced WCB activity emerges prior to the onset of the regime and directly impacts404

the development of the block over Europe or if it rather emerges after the onset due to405

a large-scale circulation that increases cyclone activity over the North Atlantic accom-406

panied by WCB activity upstream of the block. In order to disentangle cause and effect,407

we calculate lagged frequency composites of WCB activity in ERA-Interim and for the408

three subcategories of the reforecasts (False Alarms, Hits, and Misses) prior to EuBL on-409

set. We concentrate on results for EuBL onsets in pentad 3, since they are crucial for410

EuBL life cycles lasting beyond the medium-range and since there is still (some) WCB411

forecast skill.412

The WCB activity in ERA-Interim prior to EuBL onsets is enhanced over eastern413

Canada and western Europe six to four days before the onset (Fig. 6a). On the other hand,414

frequencies are below average over the central North Atlantic around Iceland and Green-415

land. Subsequently, the enhanced outflow activity over eastern Canada shifts eastwards416

four to two days prior to the EuBL onset (Fig. 6e). Here, WCB frequencies are enhanced417

from eastern Canada and the southern tip of Greenland to western Europe (anomalies418

around 5%). Two to zero days before the EuBL onset, we find a northeastward shift of419
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the main WCB activity with highest frequencies over the northwestern part of Europe420

and the Norwegian Sea (Fig. 6i). Outflow frequencies are significantly lower than nor-421

mal over the western North Atlantic. The analysis shows the enhanced WCB outflow422

frequencies already during the six days before the onset of EuBL. It is therefore very likely423

that WCB activity contributes to the amplification of the large-scale flow leading to the424

onset of the blocked regime over Europe.425

We now investigate how well the different subcategories of the reforecasts can cap-426

ture the enhanced WCB frequencies over the North Atlantic prior to EuBL onsets. The427

False Alarms category has only weak positive WCB outflow frequencies over western Eu-428

rope six to four days prior to EuBL onsets (Fig. 6b). The outflow anomalies are nega-429

tive over eastern Canada in a region where frequencies are strongly enhanced in ERA-430

Interim (Fig. 6a). The Hits category is more similar to ERA-Interim with enhanced fre-431

quencies over the western North Atlantic and western Europe (Fig. 6c). However, out-432

flow frequencies over eastern Canada are significantly weaker than in ERA-Interim. In433

this region, the Misses category captures the enhanced WCB activity better than the434

Hits with anomalies around 3% (Fig. 6d). On the other hand, the Misses strongly un-435

derestimate WCB outflow frequencies over western Europe.436

WCB outflow frequencies increase in the False Alarm category over southern Green-437

land four to two days before the EuBL onset (Fig. 6f). Similarly, the Hits now exhibit438

strongly enhanced WCB outflow frequencies over eastern Canada and over southern Green-439

land (anomalies around 4–6%) (Fig. 6g). On the other hand, the Misses category shows440

only weak outflow anomalies in different regions, which are significantly lower compared441

to the other categories (Fig. 6h). Since the Hits and False Alarms later lead to EuBL,442

the results corroborate that WCBs over the central North Atlantic four to two days be-443

fore the onset are an important component in the NWP model to capture the regime on-444

set. If the WCB frequencies are lower, the NWP model struggles to capture the onset445

of the EuBL regime. Compared to ERA-Interim, Hits and False Alarms have the main446

WCB outflow farther to the west with significantly lower outflow frequencies over west-447

ern Europe. This suggests that the NWP model establishes the EuBL regime via WCB448

activity slightly different than in ERA-Interim.449

The last two days before the EuBL onset are characterized by high WCB outflow450

frequencies (anomalies of 4–6%) centered over eastern Greenland in the False Alarms451

category (Fig. 6j). The highest outflow frequencies occur in a similar region for the Hits,452

while the amplitude of the anomalies is even larger (6–8%) (Fig. 6k). These findings un-453

derline the importance of WCB activity prior to the onset in the ECMWF’s IFS refore-454

casts and corroborate that WCB activity needs to be captured in order to correctly rep-455

resent blocking over the European region. This is further supported by the Misses cat-456

egory, which lacks enhanced WCB activity completely prior to the onset over the North457

Atlantic (Fig. 6l) and therefore misses the onset of EuBL and the formation of the cor-458

responding positive Z500 anomaly. It is also noteworthy that the anomalous WCB ac-459

tivity two days prior to EuBL onset differs for False Alarms and Hits in the reforecasts:460

For False Alarms, WCB outflow is enhanced over the western part of Greenland and Ice-461

land and shifted westward compared to Hits and ERA-interim. Thereby the False Alarms462

miss the enhanced outflow towards Europe completely. This indicates potential differ-463

ent pathways into the erroneous EuBL for False Alarms and the correct prediction of EuBL464

in the model.465

It is important to note that the results in Fig. 6 are qualitatively very similar for466

ERA-Interim, as well as the Hits and False Alarms categories when using onsets in pen-467

tad 2 or 4 (Supplement Fig. S2 and Fig. S3). However, WCB frequencies are slightly higher468

for the Misses category for onsets in pentad 2 (Fig. S2d,h,l) and even lower for onsets in469

pentad 4 (Fig. S3d,h,l). This is in line with the WCB forecast skill, which shows that ac-470

curate prediction are still possible in pentad 2 (Fig. 3).471
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All in all, the lagged analysis of WCB activity before EuBL onsets shows that WCBs472

are important for the development of the regime. Furthermore, the fact that WCB ac-473

tivity is already enhanced up to 6 days prior to the onset of EuBL corroborates its likely474

contribution to the establishment of a persistent blocked regime over Europe and is not475

only a result of an already established circulation that favours WCBs. The findings fur-476

ther underline the potential limitation of EuBL predictions due to the relatively low pre-477

diction skill for WCBs and synoptic-scale processes in general. However, they also sug-478

gest a potential for increased predictability on sub-seasonal time scales by enhancing the479

forecast skill of processes governing WCB activity.480

5 The role of upstream precursors481

We now focus on the role of upstream precursors from the North Pacific for the pre-482

diction of EuBL. So far, we revealed concomitant WCB activity over the North Pacific483

region around EuBL onsets (Fig. 2a,b), which is linked to Rossby wave activity emerg-484

ing from the western North Pacific (Fig. 2c).485

Therefore, we now focus on WCB activity and Z500 fields in ERA-Interim in pen-486

tads 1 and 2 prior to EuBL onsets in pentad 3. In pentad 1 enhanced WCB inflow oc-487

curs over the western North Pacific (frequencies around 20%, anomalies around 4%) and488

further east over the central North Pacific (anomalies around 4–6%) (Fig. 7a). In both489

regions this might be explained by negative Z500 anomalies (Fig. 7c), which likely favour490

higher cyclone activity and associated WCBs in these regions. Consistent with the WCB491

inflow, enhanced WCB outflow occurs downstream over the northern part of the central492

Pacific and further south over the eastern part of the ocean basin (Fig. 7b). Over the North493

Atlantic WCB activity is weak in pentad 1 and close to climatology.494

The anomalously high WCB activity over the North Pacific continues in pentad495

2 with positive WCB inflow and outflow anomalies in similar region, as in pentad 1 (Fig. 7d,e).496

Ongoing WCB outflow in pentad 2 likely contributes to ridge amplification along with497

positive Z500 anomalies over the eastern Pacific and Alaska, negative Z500 anomalies498

over western North America, and positive anomalies along the US East Coast (Fig. 7f).499

This anomaly pattern resembles the anomalous Rossby wave along the midlatitude jet500

found around the EuBL onset (Fig. 2c). These results highlight that the Rossby wave501

activity emerges already in pentad 2 before the EuBL onset in pentad 3 and is likely in-502

fluenced or even triggered by strong WCB activity over the North Pacific. Over the North503

Atlantic, a negative Z500 anomaly strengthens over Iceland (Fig. 7f) accompanied by in-504

creasing WCB outflow to the West in pentad 2 (Fig. 7e). Interestingly, already one pen-505

tad prior to EuBL onset a positive Z500 anomaly emerges over northwestern Russia (Fig. 7f)506

and later persists in that region (cf. Fig. 2c). In summary, strong WCB activity over the507

North Pacific 5–10 days prior to EuBL onset likely contributes to downstream Rossby508

wave amplification into the North Atlantic initiating enhanced WCB activity there.509

We now evaluate if the found teleconnection affects the ability of IFS reforecasts510

to predict EuBL onset in pentad 3. Therefore, we first split the ERA-Interim Z500 fields511

into two subcategories based on Hits and Misses in reforecasts. Note that this weights512

unique EuBL events according to the ability of the reforecast in predicting the respec-513

tive EuBL onset. Here, this ability is measured by the number of ensemble members in514

the Hits and Misses category for each event. If an EuBL event is well predicted (many515

members in the Hits category), it weights more in the ERA-Interim subcategory based516

on the Hits and weights less heavily in the subcategory based on the Misses. On the other517

hand, if an EuBL event is poorly predicted (only few or no members in the Hits cate-518

gory), it is weighted less heavily in the ERA-Interim subcategory based on the Hits and519

more heavily in the subcategory based on the Misses. The subcategory based on the Hits520

contains 29 of the 38 unique EuBL events while the subcategory based on the Misses con-521

tains all 38 events.522
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Around EuBL onset in pentad 3, both subcategories show the developing block over523

Europe with similar positive Z500 anomalies (Fig. 8c,f). Both subcategories also show524

the concomitant amplified Rossby wave pattern over the North Pacific and North Amer-525

ica. However, upstream Z500 anomalies are stronger when reforecasts successfully pre-526

dict EuBL (Hits) (Fig. 8c). This becomes even more striking in pentads 2 and 1 prior527

to the EuBL onset in pentad 3 (Fig. 8a,b,d,e). If reforecasts fail in predicting EuBL on-528

set (Misses, Fig. 8d,e), the upstream anomalous Rossby wave activity is almost absent.529

In contrast marked upstream Rossby wave activity is evident in the subcategory based530

on Hits with a relatively strong Rossby wave train emerging from the western North Pa-531

cific already in pentad 1 (Fig. 8a,b).532

These results show that EuBL events with a Rossby wave train emerging from the533

North Pacific in pentad 1 over the central and eastern North Pacific enable a success-534

ful prediction of EuBL onset in ECMWF’s IFS reforecasts, while the model struggles in535

the absence of this teleconnetion. Recalling the link between the Rossby wave train and536

strong WCB activity over the North Pacific (Fig. 7), inaccurate WCB representation could537

partly explain the difficulties of the reforecasts in capturing the emerging Rossby wave538

train and downstream development. We note that the anomalous Rossby wave and WCB539

activity over the North Pacific might further be related to the Madden-Julian Oscilla-540

tion (MJO) (Quinting et al., 2023).541

Lastly, we directly evaluate the large-scale circulation in IFS reforecasts for the three542

subcategories Hits, Misses, and False Alarms, in pentads 1 and 2 prior to EuBL onsets543

in pentad 3. Recall that False Alarms show EuBL onset independent of ERA-Interim.544

Consistently, the Z500 anomalies for False Alarms shows the trough-ridge couplet typ-545

ical for EuBL onset in pentad 3 (Fig. 9g), however upstream anomalies are weak and there546

is no distinct upstream Rossby wave pattern in pentad 1 (Fig. 9a). IFS reforecasts miss-547

ing EuBL onset in pentad 3 strongly underestimate the developing block over Europe548

(Fig. 9i) and also feature only weak and indistinct upstream anomalies (Fig. 9c,f). How-549

ever, successful reforecasts (Hits) not only correctly represent the Z500 anomalies at EuBL550

onset in pentad 3 (Fig. 9h), they also show a marked concomitant upstream Rossby wave551

pattern, evident in pentad 2, too, and emerging from the western North Pacific in pen-552

tad 1 (Fig. 9b,e). It is noteworthy, that the composites based on reforecast data of suc-553

cessful EuBL onset prediction (Hits, Fig. 9b,e,h) hardly differ from the corresponding Z500554

patterns in ERA-Interim (Fig. 8a,b,c). These results corroborate that upstream Rossby555

wave activity emerging from the western North Pacific 5–10 days prior to EuBL onset556

provides a potential window of forecast opportunity for EuBL in pentad 3.557

6 Conclusions558

In this study, we investigated Z500 and WCB activity around the onset of EuBL559

in ECMWF’s IFS sub-seasonal reforecasts and ERA-Interim reanalysis (NDJFM; 1997–560

2017). EuBL onset is generally not well captured by the reforecasts, which is partly due561

to its low intrinsic predictability (Faranda et al., 2016; Hochman et al., 2021). Our study562

newly suggests that for lead times beyond 10 days the model struggles predicting the flow563

amplification, in particular the ridge building prior to EuBL onset. We find that this is564

due to a strong link between the Rossby wave amplification around EuBL and enhanced565

WCB outflow over the central and eastern North Atlantic well before the block estab-566

lishes. The model misrepresents WCB activity, which ultimately dilutes skill for EuBL567

forecasts.568

For EuBL onsets at early lead times in pentad 2 (5–9 days), the reforecasts can pre-569

dict the WCB activity and incipient block relatively well. This is in line with the over-570

all WCB forecast skill, which is still sufficient on these time scales (Wandel et al., 2021).571

However, onsets in pentad 3 (10–14 days) and pentad 4 (15–19 days) are challenging for572

the NWP model. The model strongly underestimates WCB activity and subsequently573
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the developing block prior to onsets in pentad 3 and on average misses onsets in pen-574

tad 4 completely.575

Time-lagged analysis reveals that the enhanced WCB activity emerges from the576

western North Atlantic already six days prior to EuBL onset - well before any indica-577

tion of blocking over Europe. In addition stratification of the reforecasts according to578

Hits, Misses, and False Alarms of EuBL onset in pentad 3 and pentad 4 shows differ-579

ent pathways towards EuBL onset. For successful predictions of EuBL onset (Hits), the580

model accurately represents the enhanced WCB activity prior to EuBL onset, whereas581

for Misses it completely misses WCB activity. Thus, a correct representation of WCB582

activity provides a potential window of forecast opportunity for EuBL forecasts beyond583

10 days. In contrast for False Alarms, enhanced WCB activity only emerges directly (-584

2 to 0 days) prior to blocking onset and WCB outflow occurs farther to the west over585

eastern Greenland and Iceland missing enhanced WCB outflow over Europe which is ev-586

ident in ERA-Interim and the Hits forecasts. This shows that the model has an addi-587

tional erroneous pathway into EuBL.588

We further find a potential teleconnection to the North Pacific region. Enhanced589

WCB activity emerges from the western North Pacific region up to 10 days prior to EuBL590

onset and goes along with downstream development of an amplified Rossby wave pat-591

tern (Grams & Archambault, 2016; Röthlisberger et al., 2018). Rossby wave activity prop-592

agates downstream over North America into the North Atlantic region initiating WCB593

activity there. These upstream precursors are remarkably similar in ERA-Interim and594

successful reforecasts (Hits) but missing for erroneous EuBL forecasts (False Alarms) and595

Misses.596

Thus, forecast errors related to strong WCB activity over the North Pacific could597

dilute the Rossby wave signal and subsequently lead to errors in the downstream flow598

patterns and the prediction of EuBL onsets. On the other hand, the teleconnection from599

the North Pacific region provides another window of forecast opportunity for the pre-600

diction of EuBL onset into sub-seasonal timescales and likely depends on an accurate601

representation of WCB activity conditioned on the MJO in the North Pacific region, too602

(Quinting et al., 2023).603

In summary, our results highlight the role of moist dynamical processes for the cor-604

rect prediction of EuBL onset. On the one hand, a correct representation of WCB ac-605

tivity in the North Atlantic region in the days prior to EuBL onset results in correct EuBL606

forecasts. On the other hand, a correct representation of the teleconnection established607

via Rossby wave activity emerging from the North Pacific extends correct EuBL fore-608

casts into sub-seasonal lead times. Interestingly the North Pacific Rossby wave pattern609

is also amplified by WCB activity, in line with recent findings by Quinting et al. (2023)610

who highlight the potential role of WCBs in shaping tropical-extratropical teleconnec-611

tion patterns due to MJO. If and how the MJO further affects EuBL onset should be612

a subject of future work. Our results further suggest, that improving the representation613

of WCB activity in numerical models likely yields a better representations of EuBL life614

cycles, too. The improvement of WCB activity is linked to a more accurate depiction615

of extratropical cyclones, offering the potential to increase forecast skill, even for sub-616

seasonal lead times.617

7 Open Research618

ECMWF’s sub-seasonal reforecasts from 1997–2017 are freely available at619

https://apps.ecmwf.int/datasets/data/s2s/ and ERA-Interim data are freely avail-620

able at https://apps.ecmwf.int/datasets/data/interim-full-daily/. Code for the621

CNN method is provided via the repository at https://git.scc.kit.edu/nk2448/wcbmetric622

v2.git.623
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Figure 1. Schematic of weather regime life cycle based on weather regime index Iwr. The

onset is defined as the day when Iwr exceeds a certain threshold. Here, regime onsets in pentad 2

(day 5–9), pentad 3 (day 10–14) and pentad 4 are investigated. They can occur at any day in a

given pentad.

Figure 2. WCB inflow (a), WCB outflow (b), and 500 hPa geopotential height anomalies (c)

anomalies (shading) around EuBL onsets in ERA-Interim (5-day mean in pentad 3; NDJFM,

1997–2017; ERA-Interim treated as the “perfect ensemble member”). Black contours indicate ab-

solute fields (frequencies ranging from 5-20% every 5% in (a) and (b), and 5100–5800 gpm, every

100 gpm in (c)). Grey contours highlight anomalies exceeding the color bar (6%,8% in (a) and

(b), and –90,–70,70,90,110 gpm in (c)). Green contours indicate geopotential height anomalies

(–50,50,100 gpm) for all ERA-Interim EuBL cases from 1979–2015.
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Figure 3. Area-averaged Fair Brier Skill Score (FBSS) for DJF 1997–2017 at different fore-

cast lead times for WCB outflow. The area-average of the FBSS is computed over the North

Atlantic (20–90 , 100W–20E), North Pacific (20–90N, 120E–120W) and for the entire Northern

Hemisphere. Error bars centered on forecast lead times day 3, 5, 7, and 9 show the difference

between the 10 and 90 th percentile of the sampled data (variability of the FBSS) and are used

to estimate the significant differences between the ocean basins.

Table 1. Number of EuBL events in NDJFM (1997–2017) for ERA-Interim and different

categories of the ECMWF’s IFS reforecasts (Hits, Misses, False Alarms; see Section 2.4 for expla-

nation)

Hits Unique events Forecast perspective Ensemble members

Pentad 2 34 72 271
Pentad 3 29 45 65
Pentad 4 26 34 41

Misses Unique events Forecast perspective Ensemble members

Pentad 2 38 97 807
Pentad 3 38 98 1013
Pentad 4 38 98 1037

False Alarms Forecast Perspective Ensemble members

Pentad 2 362 728
Pentad 3 540 808
Pentad 4 644 848
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Figure 4. Ensemble mean prediction (ECMWF’s IFS reforecasts; NDJFM 1997–2017) of

EuBL onsets in ERA-Interim in (a-c) pentad 2, (d-f) pentad 3, and (g-i) pentad 4. Plots show

5-day mean anomalies (shading) of ensemble mean forecasts in different pentads for (a,d,g) WCB

inflow, (b,e,h) WCB outflow and (c,f,i) Z500, as well as 5-day mean WCB frequencies (black con-

tours; 5,10,15,20% in (a,b,d,e,g,h) and Z500 fields (black contours; 5100–5800 gpm, every 100 gpm

in (c,f,i)). Green contours as in Fig. 2.
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Figure 5. (a–c) Ensemble members with a correct representation of ERA-Interim EuBL on-

set (Hits) and (d–f) ensemble members missing ERA-interim onsets (Misses) in pentad 3 (5-day

mean of (a,d) WCB inflow, (b,e) WCB outflow and (c,f) Z500 anomalies (shading) and absolute

frequencies (contours) as in Fig. 4 (ECMWF’s IFS reforecasts, NDJFM, 1997–2017)). Grey con-

tours show strong WCB anomalies (6, 8%) and Z500 anomalies (–90,70,90,110,130 gpm). Green

contours as in Fig. 2.
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Figure 6. WCB outflow frequency anomalies (shading) 6 to 4 days (a-d), 4 to 2 days (e–h),

and 2 to 0 days (i–l) prior to EuBL onset in pentad 3 in a),e),i) ERA-Interim (NDJFM; 1997–

2017), b),f),j) False Alarms, c),g),k) Hits, d),h),l) Misses (ECMWF’s IFS reforecasts; NDJFM,

1997–2017). Grey contours show strong WCB outflow anomalies (6,8,10%) and black contours

indicate absolute WCB outflow (5,10,15,20%). Green contours as in Fig. 2.
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Figure 7. Evolution of 5-day mean (a,d) WCB inflow, (b,e) WCB outflow and (c,f) Z500 in

ERA-Interim in (a–c) pentad 1 and (d-f) pentad 2 before ERA-Interim EuBL onsets in pentad 3

(ERA-Interim treated as the “perfect ensemble member”). WCB and Z500 anomalies (shading),

absolute fields (contours) and green contours as in Fig. 2.
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Figure 8. Evolution of 5-day mean Z500 in ERA-Interim weighted with the amount of (a–c)

Hits (29 unique events, see Tab. 1) and (d–e) Misses (38 unique events) for each respective fore-

cast intitial time in (a,d) pentad 1 and (b,d) pentad 2 before ERA-Interim EuBL onsets in (c,f)

pentad 3. Z500 anomalies (shading), absolute fields (contours) and green contours as in Fig. 2.
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Figure 9. Evolution of 5-day mean Z500 anomalies (shading) for (a,d,g) False Alarms, (b,e,h)

Hits, and (c,f,i) Misses (ECMWF’s IFS reforecasts, NDJFM, 1997–2017) in (a–c) pentad 1, (d–f)

pentad 2, and (g–i) pentad 3 prior to and around EuBL onsets in pentad 3. Grey contours show

strong Z500 anomalies (–90,–70,70,90,110,130 gpm) and black contours indicate absolute Z500

fields (5100–5800 gpm, every 100 gpm). Green contours as in Fig. 2.
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