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Abstract

In June 2021, Canada experienced an intense heat wave with unprecedented temperatures and far-reaching socio-economic

consequences. Anomalous rainfall in the West Pacific triggers a cascade of weather events across the North Pacific, which build

up a high-amplitude ridge over Canada and ultimately lead to the heat wave. We show that the response of the jet stream

to diabatically enhanced ascending motion in extratropical cyclones represents a predictability barrier with regard to the heat

wave magnitude. Therefore, probabilistic weather forecasts are only able to predict the extremity of the heat wave once the

complex cascade of weather events is captured. Our results highlight the key role of the sequence of individual weather events

in limiting the predictability of this extreme event. We therefore conclude that it is not sufficient to consider such rare events

in isolation but it is essential to account for the whole cascade over different spatio-temporal scales.
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Abstract13

In June 2021, Canada experienced an intense heat wave with unprecedented temperatures14

and far-reaching socio-economic consequences. Anomalous rainfall in the West Pacific trig-15

gers a cascade of weather events across the North Pacific, which build up a high-amplitude16

ridge over Canada and ultimately lead to the heat wave. We show that the response of the17

jet stream to diabatically enhanced ascending motion in extratropical cyclones represents18

a predictability barrier with regard to the heat wave magnitude. Therefore, probabilistic19

weather forecasts are only able to predict the extremity of the heat wave once the complex20

cascade of weather events is captured. Our results highlight the key role of the sequence of21

individual weather events in limiting the predictability of this extreme event. We therefore22

conclude that it is not sufficient to consider such rare events in isolation but it is essential23

to account for the whole cascade over different spatio-temporal scales.24

Plain Language Summary25

In June 2021, Canada experienced an intense heat wave with unprecedented temper-26

atures and far-reaching socio-economic consequences. We show that the forecast of the27

extreme temperature anomalies was limited due to a complex sequence of weather events28

across the Pacific. Thus, state-of-the-art weather forecasts were only able to predict the29

magnitude of the heat wave once the cascade of weather events was captured in the fore-30

cast.31

1 Introduction32

The heat wave during the end of June 2021 in Western North America was unprece-33

dented. In Lytton, British Columbia, Canada’s previous all-time maximum temperature34

record dating back to 1937 was exceeded on 29 June by 5K (Philip et al., 2021; Abra-35

ham, 2021). Although heat waves are expected to become hotter in a changing climate36

(Seneviratne et al., 2021) and the probability of record-breaking extremes with tempera-37

tures well above previous records will increase (Fischer et al., 2021), early attribution studies38

suggested that even under consideration of the current state of climate change, the temper-39

atures of this event were extraordinarily unusual (Philip et al., 2021): the 2m temperature40

anomaly with respect to the June-July climatological mean from 1979-2019 reached up to41

20K (Fig. 1a). It is well-known that such extratropical heat waves are typically linked to42

persistent, quasi-stationary, strongly amplified, upper-level ridges that are embedded in ex-43

tratropical Rossby waves (Teng et al., 2013; Screen & Simmonds, 2014; Hoskins &Woollings,44

2015; Petoukhov et al., 2016; Coumou et al., 2018; Kornhuber et al., 2020; Spensberger et45

al., 2020) and cause anomalous temperatures through air-mass advection, large-scale subsi-46

dence, and clear-sky radiation (Pfahl & Wernli, 2012; Bieli et al., 2015; Quinting & Reeder,47

2017; Zschenderlein et al., 2019). The heat wave in Western North America also occurred48

underneath a high-amplitude stationary upper-tropospheric ridge (Fig. 1a) which was col-49

loquially coined as ‘heat dome’ (Philip et al., 2021; Capuccini & Samenow, 2021). The50

upper-tropospheric ridge was characterized by a quasi-stationary negative potential vortic-51

ity (PV, Hoskins et al. (1985)) anomaly that extended from the northern U.S. into the52

north-west territories (Fig. 1a, supporting information Fig. S3). Large-scale subsidence53

underneath this high-amplitude ridge led to the unusual near-surface temperatures (Qian et54

al., 2022). Moreover, enhanced lower- to mid-tropospheric moisture trapped the long-wave55

radiation and thus amplified the temperature anomaly further (Mo et al., 2022). The mag-56

nitude of the heat wave was not captured by state-of-the-art numerical weather prediction57

models at forecast lead times beyond approximately seven days (Fig. 1b; see also Lin et al.58

(2022)). Only at lead times of less than seven days, the extreme temperatures in Western59

North America were predicted by the ensemble forecasting system of the European Cen-60

tre of Medium-Range Weather Forecasts (ECMWF, Fig. 1b; Emerton et al. (2022)). The61

relatively short lead time due to insufficient medium-range forecasts may have hampered62
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possible disaster mitigation efforts, which may require more time than the predictability63

horizon of the event (White et al., 2017). On 22 June, seven days prior to the peak of64

the heat wave, the forecasts of temperature near the surface (not shown) and at 850 hPa65

(T@850hPa), which is in approximately 1.5 km height and characterizes the regional air66

mass, abruptly improved (Fig. 1b). Subsequent forecasts captured the record-breaking67

heat anomaly and the corresponding large-scale flow pattern, indicating the existence of a68

predictability barrier (Sánchez et al., 2020; González-Alemán et al., 2022) on the synoptic69

time-scale, which hinders successful predictions of the intense heat on the medium-range70

timescale extending to up to 15 days lead time. Here, we apply an atmospheric dynamics71

perspective focusing on the critical role of the chain of synoptic events leading to the strong72

amplification of the upper-level flow and limiting the medium-range predictability of this73

extreme event.74

2 Methodology75

Throughout this study, we use a number of different methodological approaches, includ-76

ing the Lagrangian and Eulerian perspectives of diabatically enhanced ascending airstreams,77

henceforth referred to as warm conveyor belts (WCBs).78

79

We employ a Lagrangian perspective to highlight the remote influence and the role of80

diabatically enhanced ascending airstreams for the formation of the upper-level ridge. Based81

on 3-hourly wind fields from the ERA5 reanalysis (Hersbach et al., 2020), 10-day backward82

trajectories are started on 29 June 00UTC within the upper-level ridge between 500 and83

150 hPa using LAGRANTO (Wernli & Davies, 1997; Sprenger & Wernli, 2015). Specifically,84

trajectories are initialized within the negative PV anomaly object identified as a vertically-85

averaged PV anomaly between 500 to 150 hPa with a deviation of at least -0.69PVU from86

the 30-day running mean climatology for 1979 to 2019 (Hauser et al., 2022). Only such tra-87

jectories that originate from below 800 hPa, i.e., substantially ascend prior to their arrival88

in the ridge, are considered (Fig. 2a). Subsequently, the remaining trajectories are classified89

by the location where (West Pacific or East Pacific) and when their main ascent occurs.90

91

To identify processes that influenced the predictability of the heat wave magnitude92

and that led to the formation of the upper-level ridge over North America, which was93

unambiguously linked to the temperature extremes (see section 3.1), we make use of opera-94

tional ensemble forecasts from the European Centre for Medium-Range Weather Forecasts95

(ECMWF). The considered forecasts are initialized daily at 00UTC between 14 and 2996

June 2021 and have been retrieved on a 1◦ x 1◦ grid. The ensemble comprises 50 perturbed97

members plus one control forecast. Based on the representation of the upper-level ridge over98

North America, each of the 765 individual forecasts of the medium-range ensemble initial-99

ized between 14 and 28 June at 00UTC is classified into a group of ‘good’ or ‘bad’ forecasts100

(supporting information Fig. S1). This classification is based on the percentile rank of the101

domain-average root-mean squared error (RMSE) of potential temperature at the 2PVU iso-102

surface in the upper-level ridge (145◦–95◦ W, 30◦–75◦ N) valid on 29 June 00 UTC, verified103

against ECMWF’s operational high-resolution analysis. Forecasts with the 30% lowest and104

highest RMSE are grouped into the ‘good’ and ‘bad’ category, respectively, with overall 230105

individual forecasts in each group. Within these subgroups, imprints of WCBs, are detected106

by using a novel technique based on convolutional neural networks (ELIAS2.0; Quinting107

and Grams (2022a); Quinting et al. (2022); Quinting and Grams (2022b)). ELIAS2.0 takes108

five atmospheric variables as predictors and provides conditional probabilities of occurrence109

for three different stages of the ascending airstreams as output. These stages are referred110

to as inflow for air masses being located in the lower troposphere, ascent for air masses in111

the mid troposphere, and outflow for air masses in the upper troposphere. The conditional112

probabilities predicted by ELIAS2.0 are converted to two-dimensional binary imprints for113
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each of the three stages.114

115

3 Results116

3.1 Heat wave unambiguously linked to upper-level ridge117

To emphasize the dominant role of synoptic events in limiting the predictability of118

the heat wave magnitude, we analyze the evolution of the upper-level flow in the ’good’119

forecasts and compare them to the ’bad’ forecasts, which have the largest discrepancy in120

the upper-level flow field (section 2). Good forecasts are solely initialized after 22 June121

while all bad forecasts are initialized before 23 June (see supporting information Fig. S1),122

emphasizing the presence of the medium-range predictability barrier on 22 June, i.e., after123

the abrupt improvement in the T@850hPa ensemble forecast (Fig. 1b). The selected ’good’124

forecasts that adequately represent the position and amplitude of the upper-level ridge also125

correctly represent the temperature anomaly at 850 hPa (Fig. 1d). In contrast, the ’bad’126

forecasts with the largest error in the tropopause height also strongly underestimate the127

temperature where the heat wave occurred (Fig. 1c). For example near Lytton, T@850hPa128

was underestimated on average by almost 14K in the bad forecasts. The bad forecasts are129

characterized by a too zonal flow across the Pacific and a strong underestimation of the130

extent of the upper-level ridge (Fig. 1c), and thus, of the heat dome. We conclude that131

the large-scale, far poleward extending upper-level ridge with anomalously high tropopause132

heights (supporting information Fig. S2) is a prerequisite for the recorded temperature133

extremes, and that correct predictions of the heat wave magnitude are unambiguously linked134

to the correct representation of the ridge amplitude.135

3.2 High-amplitude ridge influenced by complex chain of synoptic events136

The upper-level ridge was continuously fed by air masses originating to a substantial137

fraction from the lower troposphere over the North Pacific during the 10 days prior to the138

heat wave (Fig. 2a): 20% of the trajectories originate from below 800 hPa and are heated139

diabatically. Within 3 days prior to their arrival in the upper-level PV anomaly 18% of all140

trajectories are heated by more than 2K, while this fraction increases to 48% if the time141

span is extended to 7 days (Pfahl et al., 2015; Steinfeld & Pfahl, 2019). Based on 10-day142

backward trajectories started within the upper-level ridge, we identified individual ascent143

episodes across the North Pacific. WCB activity took place predominantly in the West and144

Central to East Pacific on 21–24 June, and later only in the East Pacific on 25–28 June145

(Fig. 2b). We also identify an early WCB ascent episode prior to 21 June where WCB146

trajectories ascending in the West Pacific also reach the upper troposphere and contribute147

to the ridge’s air mass.148

In the following, we discuss the role of ascending air masses in both regions for the149

amplification and maintenance of the ridge over Western North America. This will also150

highlight the challenge for numerical weather prediction models to correctly predict the151

sequence of many individual synoptic events which eventually formed the high-amplitude152

upper-level ridge facilitating extreme temperatures.153

During the three days prior to the peak of the heat wave, the ascending air masses over154

the East Pacific (Figs. 3b,c, green contours based on analysis data) are directly fed into155

the upper-level ridge (Figs. 3b,c, black contour). The most rapidly ascending airstreams156

reach the ridge on its upstream and poleward flank. Latent heat release within these WCBs157

importantly contributed to the amplitude of the upper-level ridge (Neal et al., 2022). The158

collocation of WCB outflow and anomalously high tropopause heights exceeding the 95th159

percentile of the climatological height (Figs. 3b,c, orange shading and stippling) indeed160

suggests that also for this event the WCB outflow maintains the quasi-stationary ridge,161

re-amplifies the pre-existing PV anomaly and finally leads to a poleward extension of the162
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ridge (Fig. 3a,b,c, supporting information Fig. S2 d,e,f). The East Pacific WCB events are163

triggered through downstream baroclinic development across the North Pacific a few days164

earlier (Fig. 3a,b). An initially small amplification of the upper-level Rossby wave in the165

West Pacific (Fig. 3a) and subsequent development of a ridge-trough pattern in the Central166

Pacific enables cyclogenesis and WCB ascent ahead of the formed trough. The amplification167

of the Rossby wave in the West Pacific is associated with the ascending air masses between168

21–24 June over the West and Central Pacific. On 24 June, the outflow of WCBs over169

the West Pacific is juxtaposed with the dynamical tropopause (Fig. 3a). Its anomalous170

height exceeding the 95th percentile of the climatological value in this region indicates the171

important contribution of the ascending airstreams to the lifting of the tropopause. The172

exceptionally high tropopause air mass is transported downstream, as indicated by the173

trajectories (Fig. 2), and represents an important preconditioning for extreme tropopause174

heights in the ridge over Western North America.175

The significant contribution of diabatic processes and WCB outflow to the anomalous176

tropopause height is confirmed from a climatological perspective (see Supplementary meth-177

ods in supporting information): during ten days prior to the peak of the heat wave, the WCB178

activity across the North Pacific was unusually high, particularly for summer conditions (Fig.179

4a). In the East Pacific, the WCB outflow frequency locally exceeds the June climatological180

mean value by a factor of 10 (Fig. 4a). In the West Pacific, the quasi-stationary Meiyu-Baiu181

front leads to a local maximum of climatological WCB activity (Madonna et al., 2014; Yihui182

& Chan, 2005; Ninomiya & Shibagaki, 2007) (black contours in Fig. 4a). Prior to the heat183

wave, however, the WCB activity is shifted northeast, resulting in anomalously high WCB184

activity in the Western and Central Pacific which exceeds the climatological mean value185

by a factor of two (Fig. 4a). The anomalous WCB activity in the West Pacific coincides186

with a strong precipitation anomaly: satellite observations (see Supplementary methods in187

supporting information) emphasize the above-normal rainfall that occurred in the second188

half of June near the Meiyu-Baiu-Front (Fig. 4b). In this region, between 19-23 June,189

substantial precipitation is associated with WCB ascent, whose outflow plays an important190

role in pre-conditioning the upper-level jet (Fig. 3a). This corroborates the importance of191

diabatic processes for the outflow and the lifting of the tropopause as a pre-conditioning of192

the Rossby wave pattern.193

3.3 Synoptic-scale processes limit predictability194

The above analysis suggests that the complex interplay of synoptic events over the195

West and East Pacific contributed significantly to the upper-level ridge. In the following,196

we will highlight the importance of this interplay for the correct prediction of the heat wave197

by evaluating ECMWF’s ensemble forecasts. The analysis of WCB activity in all individ-198

ual forecasts (see section 2) shows that forecasts which are characterized by large errors in199

both the upper-level flow and T@850hPa (i.e., the bad forecasts) consistently underestimate200

WCB ascent and upper-level outflow across the West and East Pacific prior to the event201

(Fig. 3). Concerning the WCB activity over the East Pacific, the bad forecasts system-202

atically underestimate the WCB activity three days prior to the event (Figs. 3b, c). This203

results in a mis-representation of the final ridge position and amplitude (Fig. 3d). This un-204

derestimation of WCB activity over the East Pacific and the subsequent mis-representation205

of the upper-level ridge is linked to erroneous WCB outflow in the West Pacific on 24 June206

(Fig. 3a). This diabatic outflow in the West Pacific amplifies the upper-level Rossby wave207

pattern and subsequently enables WCB ascent ahead of the developing trough downstream208

(Fig. 3b). The bad forecasts position WCB outflow and the associated ridge too far to the209

west (Fig. 3a), and thus miss the correct downstream flow evolution.210

To summarize, the mis-representation of WCB outflow in the West Pacific (Fig. 3a) and211

its interaction with the upper-level jet leads to an underestimation of WCB activity in the212

East Pacific (Fig. 3b,c), finally resulting in an erroneous position and amplitude of the213

upper-level ridge (Fig. 3d). The considerable underestimation of the temperature under the214

ridge by the bad forecasts highlights the relevance of this specific chain of synoptic events215
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for the occurrence and prediction of such rare temperature extremes.216

217

To address the role of West Pacific precipitation for the predictability barrier for218

the Western North American heat wave, tailored relaxation experiments were performed219

(Magnusson, 2017). For that purpose, ensemble re-forecasts were initialized on 19, 20, and220

21 June and were drawn towards the truth in the region surrounding the West Pacific pre-221

cipitation anomaly (see Supplementary methods in supporting information). The correct222

representation of the atmospheric state in the West Pacific during the intense precipita-223

tion events improves the forecast of the heat wave: the upper-level flow across the Pacific224

is represented more accurately, and in particular, the development of the Central Pacific225

trough on 27 and 28 June improves (supporting information Fig. S4). The representation226

of the final ridge position in the relaxation experiments on 29 June is improved, in par-227

ticular its westward extension and the position of the upstream trough. Nevertheless the228

poleward extent is still underestimated (supporting information Fig. S4). Accordingly, the229

temperature is still too low in the relaxation experiments (gray boxes and purple diamonds230

in Fig. 1b), although the ensemble mean is increased compared to the operational forecasts231

(supporting information Fig. S4) and the ensemble distribution is shifted closer to the mag-232

nitude of the heat wave (Fig. 1b). Thus, the correct representation of the interaction of233

precipitation with the atmospheric flow in the West Pacific leads to improved, yet imperfect234

forecasts. For comparison, the same nudging experiments were performed with relaxation in235

a box shifted further upstream. These experiments, however, did not improve the forecast236

of the heat wave (supporting information Fig. S5). We conclude that precipitation at the237

Meiyu-Baiu-Front in the West Pacific prior to the predictability barrier on 22 June and its238

interaction with the upper-level jet are important for the pre-conditioning of the Rossby239

wave pattern and set the stage for synoptic processes downstream. The predictability bar-240

rier of the heat wave at seven days lead time is thus linked to the mis-representation of241

West Pacific synoptic conditions. Nevertheless, the chain of synoptic events after 22 June242

across the Pacific plays an essential role and additionally limits the predictability of the243

magnitude of the heat wave. The representation of the heat wave in the ensemble forecasts244

is thus influenced by a preconditioning of Rossby waves in the West Pacific and limited by245

synoptic-scale predictability directly prior to the heat wave.246

4 Concluding Discussion247

In conclusion, our detailed dynamical investigation of the predictability of the Canadian248

heat wave in June 2021 reveals the dominant role of the downstream development of Rossby249

waves along the North Pacific jet stream. Diabatic flow amplification due to the outflow250

of WCB airstreams in establishing the stationary large-scale ridge over Northwest America251

was essential for the unprecedented heat wave which corroborates results of recent studies252

(Neal et al., 2022). The chain of synoptic events emerged from unusual precipitation along253

the Meiyu-Baiu-Front more than 7000 km upstream over the West Pacific and more than 10254

days prior to the event. Although the seed of the blocking event may be traced back to the255

Western Pacific or even to Southeast Asia (Qian et al., 2022; Lin et al., 2022), a successful256

prediction of the heat wave hinges on the successful prediction of the Eastern Pacific WCB257

events, and the forecasts initialized before June 22 are not well-conditioned to predict this258

event accurately. Thus, the complicated scale-interactions involved in the WCB activity, jet259

amplification, and downstream development constitute a predictability barrier that make260

accurate forecasts of the heat wave magnitude very unlikely beyond seven days lead time.261

This contrasts with the fact that the predictability horizon of extremely hot temperatures262

exceeds the predictability horizon of just above-normal temperature anomalies (Wulff &263

Domeisen, 2019). The resultant short lead time due to insufficient forecasts in this case may264

have hampered possible disaster mitigation efforts.265

The presence of a predictability barrier due to diabatic processes, in particular WCBs266

and synoptic activity, was also found for other regions, seasons, and extremes (Sánchez et267
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al., 2020; González-Alemán et al., 2022) and deserves further investigation. The emerging268

picture that atmospheric dynamical processes on the relatively short synoptic-time scales269

matter for high-amplitude Rossby waves and states of the jet stream also has implications270

for understanding the consequences of climate change. It is postulated that stationary high-271

amplitude Rossby waves become more frequent under climate change (Coumou et al., 2018;272

Hoskins & Woollings, 2015). In a warmer climate more moisture will be available for latent273

heat release which may ultimately affect the amplitude of Rossby waves in the way described274

here. To date, the impact of WCB activity in a future climate is uncertain, in part because275

of the tug-of-war between potentially increased diabatic heating and concomitant higher276

isentropic outflow levels of diabatically enhanced weather systems (Joos et al., 2022), and a277

predicted weakening of dry dynamics/dry synoptic activity (Coumou et al., 2018) through278

Arctic amplification (Cohen et al., 2014). More work is needed to better understand if WCB279

activity and synoptic dynamics are accurately represented in climate models and lead to280

more amplified states of the jet stream in the future.281
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Figures291

Figure 1. a ERA5 2m temperature anomaly on 29 June 2021 00UTC with respect to the

June/July ERA5 climatology from 1979–2019 (shading in K). The black line represents the 2 PVU

contour on the 335K isentrope. The red line encloses the upper-level negative PV-anomaly object

identified between 500 and 150 hPa, reflecting the upper-level ridge, on 29 June 2021 00UTC,

and the grey contours show frequencies (contour intervals are 2, 10, 20, 30, 40 and 50%) of such

negative PV-anomalies between 13 June and 04 July. The yellow star shows the position of Lytton,

BC. b Distributions of ensemble forecasts of 850-hPa temperature valid on 29 June 2021 00UTC

averaged between 131◦ to 111◦ W and 40◦ to 60◦ N (20◦ x 20◦ box around Lytton), reflecting the

hot air mass, initialised daily at 00UTC between 14 and 29 June 2021. Colored diamonds represent

the control forecast (blue), the ensemble mean (orange) and the high-resolution forecast (green),

the box (whiskers) marks the 25-75 inter-quartile (1-99 inter-quantile) range, and the grey dots

represent the maximum and minimum values of the ensemble distribution. The grey boxes and

purple diamonds represented the ensemble distribution and mean, respectively, of the relaxation

experiments initialized on June 19, 20 and 21 (see section 3.3). The red line represents the analyzed

(ERA5) 850 hPa temperature. The box (whiskers) located at the label ‘clim’ shows the 25-75 inter-

quartile (1-99 inter-quantile) range of the 30-day ERA5 climatology from mid-June to mid-July

(15 June to 14 July) between 1979 and 2019, and the dots show values beyond the 1st and 99th

percentiles. c Composite-mean 850 hPa temperature errors (shading in K) and 2 PVU contour on

335K (dashed line) of forecasts in the ‘bad’ category (n=230), and analyzed 2 PVU contour on

335K (solid line), representing the upper-level ridge, valid on 29 June 00UTC (see section 2 for a

detailed description of the forecast classification). d As c, but for the forecasts classified as ‘good’

(n=230).

–8–



manuscript submitted to Geophysical Research Letters

Figure 2. a 10-day backward trajectories initialized within the upper-level ridge over North

America on 29 June 00UTC (see Fig. 1a) which are located below 800 hPa 10 days earlier on 19

June 00UTC. In total, 20% of all backward trajectories (n=1249) ascend from the lower troposphere

into the upper-level ridge. The red line at 180◦ E marks the separation of the West and East Pacific.

b Mean (colored lines) and standard deviation (shading) of the evolution of pressure along the

trajectories shown for trajectory clusters separated by their ascent position (red for West Pacific,

blue for East Pacific) and the time interval when the ascent occurs. 51% of the trajectories ascend

in the West Pacific, 46% in the East Pacific, and 3% of the trajectories are uncategorized.

Figure 3. Composite-mean WCB outflow frequency errors (shading) and 2 PVU line on the

335K isentrope (dashed line) of forecasts classified as ‘bad’. The area enclosed by the green line

shows WCB outflow in the analysis and the solid black line indicates the analyzed position of the

335K 2 PVU line. The orange shading (hatching) highlights regions where the tropopause height

(i.e. potential temperature on 2PVU) exceeds the 95th (99th) percentile of the ERA5 dataset (see

Supplementary methods in supporting information). Panel a is valid on 24 June, b on 27 June, c

on 28 June and d on 29 June.
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Figure 4. a 15 to 29 June anomalies (shading) and 40-year June ERA5 climatologies (contours)

of WCB outflow (contour intervals at 0.5, 5, 10, 15 and 20%). b 15 to 29 June anomalies (shading)

and 22-year (2000–2021) climatology of daily GPM IMERG precipitation (Huffman et al., 2019)

for June (contour intervals at 3, 6, 9, 12, 15, 18 and 21mm per day).
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Open Research292

Data Availability Statement293

ERA5 data are freely available at https://cds.climate.copernicus.eu/cdsapp#!/294

dataset/10.24381/cds.bd0915c6?tab=overview. ECMWF ensemble forecast data are295

available through the TIGGE archive from https://apps.ecmwf.int/datasets/data/296

tigge/levtype=sfc/type=cf. The relaxation experiments will be permanently made ac-297

cessible through the public KITOpenData repository (https://bwdatadiss.kit.edu/) upon298

acceptance of this article. Data archiving is currently underway. For the review process,299

the data can be downloaded from the following repository: https://bwsyncandshare.kit300

.edu/s/5CJ26y9ensniiYx. The relevant data from the relaxation experiments are shown in301

the Supporting Information Figures S4 and S5. GPM IMERG precipitation data are freely302

available from https://doi.org/10.5067/GPM/IMERGDF/DAY/06.303

Code availability304

The LAGRANTO documentation and information on how to access the source code305

are provided in Sprenger and Wernli (2015). Information and the source code for the306

convolutional neural networks model ELIAS 2.0 are available from Quinting and Grams307

(2022a), Quinting et al. (2022) and Quinting and Grams (2022b).308
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Supplementary methods

The relevance of West Pacific heavy precipitation for the process chain leading to the

highly amplified upper-level ridge and for the predictability of the event is further under-

lined using tailored relaxation experiments. Following the approach of Magnusson (2017),

the forecast model is nudged towards the analysis in a pre-defined regional box during the

model integration, leading to a perfect forecast within the box and reduced forecast errors

downstream. Such experiments, comprising 22 ensemble members plus control forecast

each, are initialized on 19, 20 and 21 June 00 UTC, with the nudging constrained to the

region 100◦–160◦ E, 15◦–45◦N. For comparison, additional nudging experiments with a

box shifted further upstream (60◦–100◦ E, 0◦–60◦N) were performed.

In the manuscript, the relevance of the rising air airstreams is put into climatological

context. The following describes the data sets used for the climatological comparisons.

Precipitation anomalies computed from daily precipitation sums retrieved from the Global

Precipitation Measurement (GPM IMERG) data set (Huffman et al., 2019) are used to

investigate the role of anomalous precipitation over the West Pacific. Data were remapped

from their original 0.1◦ x 0.1◦ resolution to a coarser resolution of 1.0◦ x 1.0◦. June 2021

precipitation anomalies are computed relative to the June climatology defined over a re-

duced reference period from 2000 to 2021. To compare the WCB activity prior to the heat

wave to the climatological WCB frequency, we calculate 15 to 29 June WCB anomalies

with respect to the June climatology from 1979 to 2020. This climatological analysis is

based on WCB probabilities computed from ERA5 using ELIAS2.0 (Quinting Grams,
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2022a; Quinting et al., 2022; Quinting Grams, 2022b). We also calculate percentiles of

tropopause height based on 3-h ERA5 data for the period 1979–2020.
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Supplementary figures S1, S2, S3, S4 and S5.
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Figure S1. Initialization dates of ’good’ (green) and ’bad’ (red) forecasts of the

medium-range ECMWF ensemble initialised daily at 00UTC between 14 and 29 June

2021. Both categories comprise 230 forecasts. - Grey dots show neutral forecasts that are

neither classified as ‘good’ nor ‘bad’ (see Methods for a detailed description of the forecast

classification).
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Figure S2. WCB inflow (violet), ascent (blue) and outflow (green contours) and

percentiles of tropopause height from ERA5 (shading) for a 22 June 06UTC, b 23 June

06UTC, c 24 June 06UTC, d 26 June 06UTC, e 27 June 06UTC, 28 June 06UTC, g

29 June 00UTC. Orange hatching highlights regions where the tropopause height (i.e.

potential temperature on 2 PVU surface) exceeds the 99th percentile).
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Figure S3. Frequency density of negative upper-level PV anomaly (shading) and the

track of its centre of mass (red line) between 13 June and 04 July. The blue dots mark

the position every 24 h at 00UTC and become darker during the time evolution. The

upper-level negative PV-anomaly object on 29 2021 00UTC is outlined in dark red, and

the black contour shows the 2 PVU line on 335K.
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Figure S4. Ensemble-mean temperature differences at 850 hPa between the relaxation

and control experiments initialised on 21 June 2021 (shading) and 2 PVU line on 335K

of the relaxation experiment (solid), the control experiment (dotted) and the analysis

(dashed), valid on a 26 June 00UTC, b 27 June 00UTC, c 28 June 00UTC, d 29 June

00UTC. The relaxation domain is depicted by the red box.
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Figure S5. As Figure S4, but for the experiment with the relaxation domain from 60◦

- 100◦ E, 0◦ - 60◦N. Note that only the north-western edge of the domain is depicted in

the Figure.
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