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17  Abstract

18  Extended-range prediction during the transitional seasons remains particularly challenging due to
19  the volatile large-scale circulation background. This study investigates the dynamical linkages,
20  Rossby wave characteristics, and subseasonal predictability of three successive atmospheric
21 blocking events in May—June 2023, which contributed to severe Canadian wildfires, anomalous
22  East Asian precipitation, and European heatwaves. The results indicate that the three blocking
23  episodes are not independent but interconnected through downstream propagation of quasi-
24 stationary Rossby wave energy. Spatiotemporal local diagnostics of phase speed, amplitude, and
25  zonal wavenumber further reveal that all episodes are dominated by slowly propagating, large-
26  amplitude planetary-scale Rossby waves in the troposphere, with zonal wavenumbers typically
27  below the climatological zonal wavenumber. Day-to-day evolution shows abrupt transitions
28  during blocking onset from an eastward-propagating synoptic-scale small-amplitude regime to a
29  quasi-stationary or westward-propagating planetary-scale large-amplitude regime, with the
30 reverse during blocking’s decaying stage. ECMWF ensemble forecasts exhibit high
31  predictability of 500 hPa geopotential height at 15-19-day lead times, with the best performance
32  for the Ural blocking, where skillful members capture both the amplification of wave amplitude
33  and spatial scale. In contrast, forecasts for the Canadian and European blocking show limited
34 growth in wave parameters and associated geopotential height. For all episodes, skillful
35  subseasonal predictions depend on capturing upstream quasi-stationary troughs over the North
36  Pacific or North Atlantic, potentially influenced by exceptionally high sea surface temperatures
37 in these basins during May—June 2023. These findings underscore that the growth in both
38 amplitude and scale contributes to forecast errors in blocking circulation, while upstream wave
39  precursors and external boundary forcing provide key sources of subseasonal predictability for
40  persistent blocking circulation.
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46 1 Introduction

47 The transitional seasons (spring and autumn) between winter and summer are typically short
48 in duration and associated with abrupt change in general circulation over northern hemisphere
49  (Yeh et al., 1959; Bordoni & Schneider, 2008; Yao et al., 2026). As such, the extended-range
50 prediction (or subseasonal-to-seasonal, S2S prediction) during the transitional seasons is
51  particularly difficult due to the volatile background of large-scale circulation (Breeden et al.,
52 2022).

53 However, weather conditions during the transitional seasons can also be disastrous, as
54 evidenced by extreme events that swept the globe during May—June 2023, such as the wildfires
55 in Canada (Jain et al., 2024; Figs. 1la-b), floods in Italy (https://www.eumetsat.int/european-
56  state-climate-2023; Fig. 1b), persistent precipitation in East Asia in late May (Gao & Gao, 2023;
57  Fig. 1d), and heatwave in Northwest Europe in June (Berthou et al., 2024; Figs. 1e—f). Previous
58 studies have shown that these extreme events were associated with regional persistent
59  anticyclones or blocking in the troposphere (contours in Fig. 1). Therefore, understanding the
60 mechanisms and predictability of such persistent circulation anomalies during transitional
61  seasons are not only scientifically challenging, but also societally pivotal. To address this issue,
62 we present a study on the dynamical mechanisms, interconnections, and subseasonal

63  predictability of three successive blocking episodes in May—June 2023, from a global perspective.
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65 Figure 1. Anomalies of surface temperature (shading; left panels, a, c, e; units: K) and precipitation (shading; right

66 panels, b, d, f; units: mm day ') during three successive episodes in 2023: 1-19 May (a, b), 20 May-5 June (c, d),
3
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67 and 6-20 June (e, f). Stippling indicates regions where the anomalies of surface temperature or precipitation exceed
68 1 standard deviation (1c). Solid black contours show the corresponding time-mean 500 hPa geopotential height
69  (Z500).

70 Atmospheric blocking represents one of the most prominent modes of low-frequency
71  variability in the extratropical troposphere. Several theories have been proposed for the
72 dynamical mechanisms of blocking. For example, Pelly and Hoskins (2003) developed a wave-
73 breaking theory, Luo et al. (2014) proposed a nonlinear multiscale interaction theory, and
74 Nakamura and Huang (2018) introduced a local finite-amplitude wave activity framework.
75  Comparative discussions of these theories can be found in Woollings et al. (2018) and Lupo
76  (2021). From the perspective of wave propagation, blocking formation can be understood as the
77  process by which a high-pressure ridge becomes quasi-stationary (Yeh et al., 1962). Using
78  nonlinear multiscale interaction model, Luo et al. (2019) and Zhang et al. (2025) investigated the
79  movement features of high-pressure ridges throughout the life cycle of blocking. They found that
80  when blocking is strong and the meridional potential vorticity gradient is weak, the system
81  exhibits pronounced westward movement and slower decay. Furthermore, owing to the
82  planetary-scale nature of blocking circulation (Cheung et al., 2013; Luo et al., 2014), scale itself
83  has been suggested as a potential impact factor of phase speed changes (Yeh et al., 1962; van
84  Mourik et al., 2025).

85 Previous studies mainly defined the phase speed and scale of blocking based on the
86  movement of the anticyclonic center and its zonal width (van Mourik et al., 2025; Zhang et al.,
87  2025). Recently, however, a Hilbert transform-based method has been developed to
88 quantitatively diagnose spatiotemporally local Rossby wave parameters (Fragkoulidis & Wirth,
89  2020; Li et al., 2025). This approach allows direct calculation of local phase speed, amplitude,
90 and wavenumber during the life cycle of blocking. In this paper, we shall diagnose both the time-
91 mean and day-to-day evolution of Rossby wave parameters to uncover the characteristics of
92  Rosshy waves and their links to surface extreme weathers during the blocking episodes of May—
93  June 2023. The diagnosed phase speed and wavenumber can also be compared with the
94  stationary wavenumber that have recently been widely used in the studies of quasi-stationary
95  waves (Fei & White, 2025; White & Mareshet Admasu, 2025).

96 The subseasonal predictability of blocking remains a major challenge (Kautz et al., 2022). It
97 s therefore of interest to evaluate the subseasonal forecast of the ECMWEF S2S model for the
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98  blocking anticyclones during the transitional season of 2023, and to investigate how subseasonal

99  forecast errors in blocking anticyclones are linked to errors in Rossby wave parameters. In short,
100 we aim in this study to investigate the dynamical linkages, Rossby wave parameters, and
101  subseasonal predictability of three successive atmospheric blocking episodes in May—June 2023.
102  The remainder of this study is organized as follows. Section 2 describes the data and methods.
103  Section 3 presents the results. Section 4 provides a summary and discussion.

104 2 Data and Methods
105 2.1 Data

106 In this study, we use zonal wind (u), meridional wind (v) and geopotential height (Z) from
107  ERADS reanalysis data (Hersbach et al., 2020) for the period from 1979 to 2023 with a temporal
108  resolution of 6-hourly (daily at 0000, 0600, 1200 and 1800 UTC) and a horizontal resolution of
109  2.59<.5< The Global Precipitation Climatology Project (GPCP) daily precipitation with 1 <1<
110  spatial resolution from 1997 to 2023 (Huffman et al., 2001) are used to investigate the large-
111  scale precipitation anomalies. The monthly mean sea surface temperature (SST) from 1997 to
112 2023 with a horizontal resolution of 232 <come from the Extended Reconstructed Sea Surface
113  Temperature, version 5 (ERSSTv5) dataset (Huang et al., 2017). Additionally, the daily Z with a
114 horizontal resolution of 1.5<<1.5<°from the 50-member ensemble of the ECMWF real-time S2S
115  prediction system are utilized. The Z of S2S is interpolated to the same resolution as ERA5 to

116  facilitate the comparison.
117 2.2 Local Wave Parameters Diagnostic Method

118 The local wave parameters diagnostic method is conducted by applying the Hilbert
119 transform to 6-hourly geopotential height (Fragkoulidis & Wirth, 2020; Li et al., 2025). The

120  convolution-based Hilbert transform of wave signal s at each longitude n is given by,

121 3(n) = ¥m=2, s(n — m)h(m) =~ XY, s(n — m)h(m) (1)
2 gip? (7

122 where  h(m) = {mn sin? (%), m#0 0y 2)
0, m=20

123 nis the grid-point index along the zonal circle, and m represents the number of grids shifted in
124 the convolution calculation, with the maximum shift M is set to 144, corresponding to the 2.5°x
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125  2.5<horizontal resolution of the dataset. Second, construct the complex signal S = s + i$, and
126  express it in the polar form S = Ee'?, where E is the local envelope or amplitude calculated from

127  the polar radius of S, i.e.,

128 E=/+S 3)
129  and ¢ is the local phase calculated from the polar angle of S,

130 ¢ =tan™! G) 4
131 By introducing the plane wave hypothesis, the local angular frequency w and local zonal
132 wavenumber k can be obtained from

—_09¢
133 0 _ T e )

ox acos@ 01
134 where notations are standard. Finally, the local wave period T is defined as

135 T=2= (6)

lwl

136  while the local zonal phase speed can be obtained from

137 Cpx = % (7)
138  The reader is referred to Li et al. (2025) for full technical details. The method of Li et al. (2025)
139 identifies physically meaningless results (e.g., negative zonal wavenumbers and neighboring
140  grids) as missing values, thus allowing its application to any input wave signal (e.g., zonal
141 wavenumbers 1-15 Z500 in this study) without the need for specific threshold for amplitude as

142 in Fragkoulidis & Wirth (2020).
143 2.3 The Detection of Atmospheric Blocking

144 The Tibaldi-Molteni blocking index (Tibaldi and Molteni, 1990) is used to identify the
145  timing and locations of large-scale blocking events during May—June 2023. The index is defined
146  based on the reversal of the meridional gradient of Z500,

147 GHGN = [Z500(¢y) — Z500(do)]/(Pn — bo) ®)
148 GHGS = [Z500(¢o) — Z500(ps)1/(do — bs) ©)
149  where ¢y =80°N + A, ¢y =60°N+ A, ¢ps =40°N + A, and A = —5°0°,5°. Large-scale
150  blocking events are defined as those satisfying GHGN < —10 gpm/degree and GHGS > 0,

151  with the condition persisting over at least 15 degrees of longitude and for 4 consecutive days.
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152 2.4 Wave Activity Flux and Stationary Wavenumber

153 Horizontal propagation of quasi-stationary waves is diagnosed using the wave activity flux

154  of Takaya & Nakamura (2001),

AR = P {a(w;z — i) + (s, — 'Yy
@ (s = w'sy) + 0 (5" — W'yy)

156  The overbar and primes represent the climatological mean and the anomalies during each

155 (10)

157  episode, respectively. p and iy denotes the pressure normalized by 1000 hPa and geostrophic
158  stream function, respectively. U = (u,v). The anomalies in this study are calculated as the
159  temporal mean in each episode, with the corresponding climatological mean and linear trend
160 removed. This approach isolates the quasi-stationary waves, as the averaging filters out transient

161  disturbances. The statistical significance is assessed based on the two-tailed Student’s t-test.

162 Following Hoskins and Ambrizzi (1993) and Lubis et al. (2024), the stationary wavenumber
163  Ksis defined as

g\ /2
164 K = acosp () (11)

165  where U is the zonal and time mean of 500 hPa zonal wind between 16 April and 30 June 2023,

166  B* is the meridional gradient of absolute vorticity in a spherical coordinate system.
167 3 Results
168 3.1 Evolution of Blocking Episodes and Waves Activity Flux

169 Based on the timing of the Canadian blocking, the Ural blocking (quasi-stationary ridge),
170  and the European blocking, along with the corresponding occurrences of the Canadian wildfires,
171  East Asian precipitation anomalies, and the European heatwave, we divided May—June 2023 into
172 three consecutive episodes (Fig. 2).

173 During episode 1 (1-19 May, 2023), a strong quasi-stationary ridge persists over the
174  Canadian region, accompanied by two large-scale blocking events (dotted regions in Fig. 2a). A
175  quasi-stationary Rossby wave train is evident from the North Pacific to the Mediterranean region,
176  while Canada lies under the control of a strong ridge (Fig. 3a). Wave activity flux further shows
177  that quasi-stationary wave energy disperses downstream from the North Pacific toward the
178  Mediterranean, with Canada located in the convergence zone of upstream wave activity flux,
179  favoring the maintenance of the high-pressure ridge (Fig. 3a).
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181  Figure 2. Hovmséller diagrams of zonal-mean-removed (a), 1-3-wave (b) and 4-15-wave (c) Z500 (units: gpm)
182  averaged over 45=and 75N during three successive episodes in May-June 2023. Black lines in (a) show the

183 downstream development of Rossby waves. Black dots mark the locations of identified large-scale blocking events.
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186 Figure 3. Anomalies of Z500 (shading; left panels, a, d, g; units: gpm), zonal phase speed (shading; middle panels, b,
187 e, h; units: m s™'), and wave amplitude (shading; right panels, c, f, i; units: gpm) at 500 hPa during (a—c) episode 1,
188 (d—f) episode 2, and (g—i) episode 3. Stippling indicates anomalies exceeding 1o. Solid black contours show the
189  corresponding time-mean Z500. Vectors in the left panels represent the wave activity flux at 500 hPa (units: m? s2).

190 In episode 2 (20 May-5 June, 2023), the strong Canadian ridge weakens, while the large-
191  scale blocking events establish over Europe and the Ural Mountains (Fig. 2a). Correspondingly,
192  the energy propagation of quasi-stationary wave weakens in the upstream of Canada (i.e., over
193  the northeastern Pacific), while downstream propagation toward Europe and the Ural Mountains
194  strengthens, thereby favoring the formation and maintenance of the European and Ural ridges.

8
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195  The downstream development is also evident in the Hovméller diagram in Fig. 2a after the
196  Canadian anticyclone begins to decay and then collapses (black line between 15-23 May).

197 During episode 3 (6-20 June, 2023), both the Canadian and Ural ridges weakened
198  substantially, while a new large-scale blocking event develops over Europe between 11-16 June
199  (Fig. 2a). From the perspective of wave activity flux, the energy propagation originating from
200  North America splits into two branches, one disperses southeastward toward the northwestern
201  Atlantic and the other propagates northeastward via Greenland toward Europe. Europe is situated
202 in the convergence zone of both the northern and southern branches of wave activity flux, which
203  favors the formation of the European blocking. The downstream development over the North
204  America-to-Europe sector is also apparent from the Hovmoller diagram between 8-16 June (Fig.
205  2a).

206 3.2 Results from the Local Wave Parameters

207 Local wave parameter diagnostic method is utilized to further uncover the Cpx, amplitude
208 and zonal wavenumber of Rossby waves during each episode. In this section, we analyze the
209 temporal mean and temporal evolutions of these wave parameters for each episode, with
210  particular focus on their relationships to the blocking circulation.

211 3.2.1 Episode 1

212 In episode 1, from the northeastern Pacific to the eastern North Atlantic, markedly low
213  phase speeds (Fig. 3b) and strongly enhanced wave amplitudes (Fig. 3c) are observed. Clearly,
214  the slowly moving, large-amplitude ridge is the dominant circulation factor responsible for the
215  Canadian wildfires.
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217 Figure 4. Time-mean zonal wavenumber (shading; left panels: a, c, €) and its anomalies (shading; right panels: b, d,
218 ) at 500 hPa averaged during (a, b) episode 1, (c, d) episode 2, and (e, f) episode 3. Stippling in the right panels
219  indicates anomalies exceeding 1. Black solid contours show the corresponding time-mean Z500.

220 Local zonal wavenumber diagnostics further indicate that the Canadian blocking is
221  dominated by wavenumbers 2—4 (Fig. 4a), which is lower than its climatological mean by one
222 wavenumber or higher (Fig. 4b). The dominance of planetary-scale waves is also evident in the
223  Hovmoller diagrams, as seen by comparing Fig. 2b and Fig. 2c. Due to the scale effects, the
224 anomalously small wavenumber over Canada contributes to the unusually slow phase speed of
225  the ridge (as shown in Fig. 3b) and enables the long-wave ridge to maintain a quasi-stationary
226  state. Interestingly, upstream, downstream, and on the southern side of the Canadian blocking,
227  the Rossby waves are instead dominated by slowly moving synoptic-scale waves (Fig. 3b and
228  Fig. 4a), suggesting possible interactions between planetary-scale blocking and surrounding
229  synoptic-scale waves.

230 The relationships between the temporal evolutions of wave parameters during the onset,
231  maintenance, and collapse of the blocking are further shown in Figure 5. Corresponding to the
232  two large-scale blocking events in episode 1, Z500 and wave amplitude exhibit two distinct
233 peaks (>1c; deep pink in Fig. 5a), while Cpx and zonal wavenumber show two pronounced
234  minima (<-1lo; deep blue in Fig. 5a). During the onset of the first blocking event (May 1-5), as
235  Z500 rapidly strengthens (Fig. 5a), Cpx decreases sharply from more than 3 m s? to negative
236  values (Fig. 5d), wave amplitude rapidly increases from negative anomalies to >1c (Fig. 5g), and
237  the dominant scale abruptly shifted from synoptic-scale (local zonal wavenumber >6) to
238  planetary-scale (around zonal wavenumber 3, less than Ks = 4) (Fig. 5j). In the subsequent
239  decay stage of the first blocking anticyclones (7-10 May), although amplitude decreases, a
240  planetary-scale ridge with near-zero phase speed still persists over Canada, and the local zonal
241  wavenumber approaching the Ks.

242 A similar rapid evolution recurs during the second onset stage (12-15 May). Following the
243  collapse of the second blocking event, Rossby waves over Canada change from westward-
244  propagating large-amplitude planetary-scale waves to eastward-propagating small-amplitude
245  synoptic-scale waves, with these rapid changes occurred within a few days. These results
246 indicate that the onset and decay of blocking are both accompanied by abrupt transitions in wave
247  parameters.

10
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249 Figure 5. Daily evolution of area-averaged Z500 (a—c; units: gpm), zonal phase speed (d—f; units: m s), wave
250  amplitude (g—i; units: gpm), and zonal wavenumber (j—I) at 500 hPa during different blocking episodes. The three
251 panels (from left to right) correspond to the averaged over the Canada (a, d, g, j), the Ural Mountains (b, e, h, k), and
252 Europe (c, f, i, I), respectively. The averaging regions are indicated by the red boxes in Figs. 3 and 4. In each panel,
253 pink and dark pink shading indicate values exceeding the daily climatology (black solid line) and +1c (black dashed
254 line in a—c and g-i), respectively. Blue and dark blue shading indicate values below the daily climatology (black
255 solid line) and —1o (black dashed line in d—f and j-I), respectively. Gray solid lines in (j—I) denote the stationary
256  wavenumber K. Gray vertical dashed lines mark the start and end dates of each episode.

257 3.2.2 Episode 2

258 In this episode, wave amplitude over Canada remains anomalously strong (Fig. 3f), likely
259  contributing to the continued severity of wildfires in late May. Over Eurasia, enhanced wave
260  amplitude extends from the ridge over Ural Mountains to trough over the Okhotsk Sea (Fig. 3f).

11
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261  Corresponding to the quasi-stationary waves over Canada, Europe and Eurasia, anomalously low
262  Cpx prevail across the entire midlatitudes (Fig. 3e). The European and Ural blocking in episode 2
263  are likewise dominated by wavenumbers 2—4 (Fig. 4c), with the anomalously low wavenumbers
264  across the midlatitudes (Fig. 4d) corresponding to the anomalously slow phase speeds. Overall,
265  the slowly moving planetary-scale large-amplitude East Asian trough-ridge pattern facilitates
266  persistent southward transport of cold air, contributing to positive precipitation anomalies in East
267  Asia.

268 Although the large-scale blocking event forms between 31 May and 5 June, the strong ridge
269  indeed persists from 17 May to 5 June (Fig. 2a and Fig. 5b). During the early formation stage of
270  the ridge (17-23 May), a rapid decrease in phase speed and zonal wavenumber occurs (Fig. 5e
271  and Fig. 5k), accompanied by a rapid increase in wave amplitude (Fig. 5h), as in episode 1.
272 However, unlike the westward propagation seen in episode 1, the Ural quasi-stationary ridge
273 exhibits Cpx oscillating around 1.5 m s™! during the maintenance stage (Fig. 5e), suggesting weak
274  eastward propagation characteristics (as also shown in Fig. 2a), In this stage, zonal wavenumbers
275  are close to or slightly below the Ks (Fig. 5k). After 5 June, wave amplitude decreases while Cpx
276  increases sharply, indicating rapid weakening and downstream movement of the circulation
277  system after the collapse of the Ural blocking event.

278 3.2.3 Episode 3

279 In episode 3, anomalously low phase speeds but relatively modest wave amplitudes
280  characterize the circulation pattern extending from the mid-Ilatitude North Atlantic to Europe (Fig.
281  3h and 3i). Positive wave amplitude anomalies mainly appear north of the European block, i.e.,
282  from southern Greenland to northern Europe (Fig. 3i). The European blocking in the third
283  episode is also dominated by zonal wavenumbers 2-4 (Fig. 4e), consistent with negative phase
284  speed anomalies there (Fig. 3h). However, compared with Episodes 1 and 2, both the intensity
285  and spatial extent of the large-amplitude anomaly over Canada decrease markedly in episode 3
286  (Fig. 3i). Moreover, phase speed anomalies north of 60N over Canada turn positive (Fig. 3h),
287  and the dominant zonal wavenumber over Canada shifts to 4-6 (Fig. 4e), indicating a transition
288  from a large-amplitude quasi-stationary planetary-scale ridge to eastward-propagating synoptic-
289  scale waves.

290 During the onset and maintenance of the European blocking (11-15 June), Cyx decreases

291  rapidly while wave amplitude increases rapidly. When Z500 and amplitude reach their maxima,
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292 Cpx reaches its minimum and becomes westward. In this period the zonal wavenumber remains
293  between 3 and 4, slightly below the Ks. After the collapse of the blocking (16-20 June), Z500
294  and amplitude decrease sharply, and the Rossby waves transitions from westward-propagating
295  planetary-scale waves to eastward-propagating synoptic-scale waves.

296 3.3 The dynamic source of predictability in ECMWF ensemble forecasts
(a) Episode1: S2S ensemble Canada Z500 (b) Episode2: S2S ensemble Ural Z500 (c) Episode3: S2S ensemble Europe Z500
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298 Figure 6. (a—c) ECMWEF S2S forecasted time- and spatially averaged 2500 for episode 1 (a), episode 2 (b), and
299 episode 3 (c). The three panels (from left to right) correspond to averages over the Canada (a), the Ural Mountains
300 (b), and Europe (c), respectively. Each blue dot represents one of the 50 ensemble members. Black (red) dots denote
301 the ensemble mean (median). In each episode, the solid gray line shows the observed time- and spatially averaged
302  Zz500 in 2023 from ERAS, while the red and blue dashed lines indicate the observed +1c and —1c bounds based on
303 ERADS from 1979-2023, respectively. (d—f) Probabilities of forecasted time-mean Z500 exceeding the climatological
304  mean (gray line), exceeding +1c (red line), and falling below —1c (blue line) as a function of initialization date for
305 episode 1 (d), episode 2 (e), and episode 3 (f). The abscissa represents forecast initialized dates with twice weekly.

306 It is interesting to check the capability of ensemble forecasts by ECMWF model in
307  forecasting the blocking circulation in these three episodes. Figures 6a—c shows the forecasted
308 temporal mean Z500 during each episode based on the 50 members. The subseasonal forecast
309 results for these three episodes exhibit notable similar features. First, for each episode we note
310 that very few members (usually less than 2) predicting a negative anomaly (less than -1c) with
311 almost all of initialization dates (blue lines in Figs. 6d—f). Remarkably, for the forecasts
312 initialized 15-19 days ahead of each episode, i.e. initialized at 13 April for episode 1 (Figure 6d),
313 initialized at 1 May and 4 May for episode 2 (Figure 6e), and initialized from 15 May to 22 May
314  for episode 3 (Figure 6f), there are usually 40%—-65% of the total 50 members (20-32 members)
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predicting a positive anomaly (larger than +1o, red lines in Figs. 6d-f), and more than 80% of

the total member predicting a temporal mean Z500 above the climate mean (gray lines in Figs.

6d-f). The predictability drops for the forecasts made during the following week, but the number

of correct-forecast members increases markedly and becomes dominant for initializations made

2-5 days ahead of each episode. In the following sections we try to understand the sources of

predictability two weeks in advance for these three episodes, and examine how forecast errors

relate to errors in wave parameters.
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Figure 7. Daily evolution of ECMWF S2S forecasted spatially averaged Z500 (a—c; units: gpm), wave amplitude
(d—f; units: gpm), and zonal wavenumber (g—i) at 500 hPa during different episodes. The three panels (from left to
right) correspond to averages over the Canada (initialized at 17 April; a, d, g), the Ural Mountains (initialized at 4

May; b, e, h), and Europe (initialized at 22 May; c, f, i), respectively. In each panel, red and blue solid lines
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327 represent the ensemble means of the good-forecast ensemble members and bad-forecast ensemble members,
328 respectively, while the pink and light blue shading indicate the 20%-80% spread of the good and bad members,
329 respectively. The gray solid line and the black dashed line denotes the observed daily evolution in 2023 and
330  observed daily climatology based on ERAS5, respectively. Vertical gray dashed lines mark the onset day of each
331  episode.

332 Figure 7 compares the day-to-day evolutions in Z500, wave amplitude, and zonal
333  wavenumber between the good-forecast and bad-forecast ensembles’ forecasts initialized
334  approximately two weeks ahead for each episode. In each episode, the good members and bad
335 members are defined as the 10 members with the strongest and weakest time- and spatially
336  averaged Z500 over the blocking region, respectively. The initialization dates are 17 April (14
337  days lead) for episode 1, 4 May (16 days lead) for episode 2, and 22 May (15 days lead) for
338 episode 3. Among the three episodes, episode 2 (the quasi-stationary ridge over the Ural
339  Mountains) shows the best forecast skill. The good ensembles successfully capture both the
340 intensity and duration of the Z500 anomaly seen in ERA5, whereas the bad ensembles fail to
341  predict the amplification of Z500 after 18 May (Fig. 7b). The good ensembles also forecast the
342  amplification of wave amplitude and spatial scale after 18 May (Figs. 7e and 7h). For episode 1
343 (the blocking over Canada), even the good ensembles predict a Z500 intensity of only about half
344 the observed value (Fig. 7a), with correspondingly limited growth in wave amplitude and scale
345  (Figs. 7d and 7g). In episode 3 (the blocking over Europe), although the good ensembles predict
346  the prolonged positive Z500 anomaly after 6 May, the forecasted peak of Z500 occurs noticeably
347  earlier than in ERA5 (Fig. 7c). Similarly, forecasts of wave parameters in episode 3 show weaker
348  amplification, such that the good and bad ensembles exhibit no clear differences in either
349  amplitude or scale after 8 June. Overall, forecasts of wave amplitude and scale perform more
350  poorly than those of Z500, particularly in episodes 1 and 3.
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352 Figure 8. Hovmdler diagrams of ensemble-mean Z500 differences (shading; units: gpm) between good- and bad-
353  forecast members for (from left to right) the Canadian blocking (initialized at 17 April; a), Ural blocking (initialized
354 at 4 May; b), and European blocking (initialized at 22 May; c). Stippling denotes the differences are statistically
355 significant above the 95% confidence level. The region between the red dashed lines in (a)—(c) indicates the Canada,
356  the Ural Mountains, and Europe, respectively.

357 To further elucidate the sources of subseasonal predictability for these three episodes, we
358  examine the ensemble-mean differences in Z500 between the good and bad ensembles, as shown
359 in the Hovmoller diagrams in Figure 8. The three episodes display similar pattern, with
360  pronounced differences emerging after approximately 10 days after initialization and showing a
361 clear connection to upstream quasi-stationary troughs. For episode 1, the good ensembles not
362  only predict the quasi-stationary ridge over Canada but also capture the quasi-stationary trough
363  over the North Pacific (Fig. 8a). For episodes 2 and 3, in addition to the quasi-stationary ridges
364  over the Ural region and Europe, respectively, the good ensembles consistently predict the
365  presence of an upstream trough over the North Atlantic (60 W-0E) (Figs. 8b—c). Across all
366 three episodes, the trough-ridge relationship exhibits a clear downstream development,
367 indicating that accurate prediction of the upstream quasi-stationary trough plays a crucial role.

368 4 Summary and discussion

369 This study investigates the subseasonal dynamical processes and predictability associated
370  with three consecutive large-scale blocking episodes over Canada and Eurasia during May—June
371 2023, using ERAS reanalysis data, ECMWF S2S ensemble forecasts, and local wave parameter
372 diagnostics. The main conclusions are as follows:
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373 1. The three blocking events are dynamically linked through the energy propagation of
374  quasi-stationary Rossby waves. During episode 1 (1-19 May), wave activity flux originating
375  from the North Pacific favors the maintenance of the Canadian blocking. Following the collapse
376  of the Canadian blocking, the wave energy propagates downstream toward Europe and the Ural
377  region, promoting the establishment and persistence of the ridges in episode 2 (20 May-5 Jung).
378  In episode 3 (6-20 June), the quasi-stationary wave energy propagation over the North America—
379  North Atlantic sector splits into branches that converge over Europe, thereby favoring the
380 formation and maintenance of the European blocking.

381 2. Based on the local wave parameter diagnostics, all three blocking episodes are dominated
382 by slowly propagating (anomalously low phase speed), large-amplitude planetary-scale Rossby
383  waves with zonal wavenumbers typically in the range 2-4, which are lower than their
384  climatological zonal wavenumber and often fall below the stationary wavenumber Ks. These
385 anomalous tropospheric Rossby wave characteristics are closely linked to the development and
386  persistence of surface extreme weather. In particular, the slowly propagating large-amplitude
387  ridge over Canada during episodes 1 and 2 creates prolonged dry and warm conditions conducive
388  to intense Canadian wildfires, while the slowly moving planetary-scale large-amplitude trough—
389  ridge pattern over Eurasia in episode 2 supports persistent cold-air outbreaks and precipitation
390  anomalies in East Asia.

391 3. During blocking onset, the wave parameters undergo a rapid transition from eastward-
392  propagating, small-amplitude synoptic-scale waves to quasi-stationary or westward-propagating,
393 large-amplitude planetary-scale waves, with the reverse transition occurring during decay.
394  During the onset and maintenance stages of blocking, the zonal wavenumber tends to be smaller
395 than the K. In particular, the phase speed becomes negative when the amplitude and scale reach
396  their maximum, facilitating the retrograde behavior of the blocking circulation. These abrupt
397 shifts in phase speed, amplitude, and wavenumber typically occur over just a few days,
398  highlighting the pronounced abrupt intraseasonal transitions in Rossby wave regime.

399 4. For all three blocking episodes, the ECMWF S2S ensemble-mean forecasts exhibit high
400 accuracy at short lead times of 2-5 days. However, the ensemble forecasts demonstrate
401  meaningful subseasonal predictability when initialized 15-19 days ahead. Among the episodes,
402  episode 2 displays the highest forecast skill, with good ensembles successfully reproducing both

403 the intensity and duration of the Ural ridge as well as the associated amplification in wave
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404  amplitude and scale. In contrast, the bad ensembles fail to capture the growth in amplitude and
405 scale. Overall, forecasts of wave amplitude and scale perform markedly worse than those of
406  Z500, particularly in episodes 1 and 3. Ensemble-mean differences between good and bad
407 ensembles reveal that skillful subseasonal forecasts are closely linked to representation of
408 upstream quasi-stationary troughs (over the North Pacific in episode 1 and over the North
409  Atlantic in episodes 2 and 3), underscoring the critical role of upstream wave precursors in
410  determining the subseasonal predictability of blocking circulations.

411 The transition from small-amplitude transient synoptic-scale waves to large-amplitude
412  quasi-stationary planetary-scale waves during blocking onset aligns with previous studies (Luo et
413  al., 2014; Woollings et al., 2018). As suggested in Luo et al. (2019) and Zhang et al. (2025), the
414  present study also shows that when the amplitude of blocking reaches its maximum, the blocking
415 system generally tends to propagate westward. What distinguishes this work from prior
416  researches is the application of the Hilbert transform to quantitatively diagnose the local phase
417  speed, amplitude and wavenumber throughout the life cycle of blocking, thereby enabling a
418  detailed analysis of the evolution relations among them. Furthermore, we find that the evolution
419  of wavenumber is also important for blocking movement (Yeh et al., 1962; van Mourik et al.,
420  2025). In the future, this method could be extended to statistical analyses of the links between
421  blocking wave parameters and surface extreme weathers, as well as to quantitative evaluations of

422  model performance.

(a) SST anomaly in May 2023 (b) SST anomaly in June 2023
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424 Figure 9. SST anomalies in May (a) and June (b) 2023 (units: °C). Stippling indicates anomalies exceeding 1o.

425 The subseaseaonal upstream wave precursors over the North Pacific and North Atlantic
426  appear to be linked to the exceptionally high sea surface temperatures in these two basins during
427  May—June 2023 (Fig. 9). In fact, recent studies on the Canadian wildfires in May—September
428 2023 have suggested that the anomalously warm North Pacific SST excited a quasi-stationary
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429  wave train propagating toward North America (Wu et al., 2025). Our study, from a subseasonal
430  perspective, highlights the importance of midlatitude SST anomalies for the evolution of
431  circulation patterns and forecast skill during the transitional season. In addition, we also note that
432  the predictability of ensemble forecasts may oscillate between leading-time of 15 and 5 days
433  (Figs. 6d-f), which highlights the importance of supplementary diagnostic methods in
434  understanding this phenomenon and in sorting out the better ensemble members (Mu & Duan,
435  2025).
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