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Abstract. Stratospheric wave reflection events involve the
upward propagation of planetary waves, which are subse-
quently reflected downward by the stratospheric polar vor-
tex. This phenomenon establishes a connection between the
large-scale circulations in the troposphere and in the strato-
sphere. Here, we investigate a set of wave reflection events
characterized by an enhanced difference between poleward
eddy heat flux over the northwestern Pacific and equatorward
eddy heat flux over Canada. Previous research has pointed
to a link between these events and anomalies in the tropo-
spheric circulation over North America, with an associated
abrupt continental-scale surface temperature decrease over
the same region. In this study, we elucidate the dynamical
mechanisms governing this chain of events.

We find that the evolution of meridional heat flux anoma-
lies over the northwestern Pacific and Canada around reflec-
tion events is explained by a westward-propagating geopo-
tential height ridge and by the downstream development of
a trough. The trough advects colder-than-average air south-
ward in the lower troposphere over North America, lead-
ing to an abrupt temperature decrease close to the surface.
The evolution of this large-scale pattern resembles the shift
from a Pacific Trough to an Alaskan Ridge weather regime,
with approximately one-third to one-half of such transitions
associated with reflection events. Furthermore, stratospheric
wave reflection events exert a far-reaching influence on the
tropospheric circulation across the northern middle and high
latitudes. For example, a few days after the reflection-driven
temperature decrease across North America, the North At-
lantic jet stream becomes unusually intense and zonal, favor-
ing the occurrence of extreme winds over Europe.

1 Introduction

The variability of the stratospheric polar vortex plays a cru-
cial role in shaping tropospheric circulation patterns and
influencing weather extremes on subseasonal to seasonal
timescales (Baldwin and Dunkerton, 2001; Thompson and
Wallace, 2001; Domeisen and Butler, 2020; Kodera et al.,
2013; Afargan-Gerstman et al., 2020). One notable example
is that of sudden stratospheric warmings (SSWs), character-
ized by a rapid temperature increase in the stratosphere over
the polar regions and a disruption of the stratospheric po-
lar vortex (Scherhag, 1952; Matthewman et al., 2009; Charl-
ton and Polvani, 2007). The occurrence of SSWs is favored
by the upward propagation of Rossby waves from the tro-
posphere, which break in the stratospheric westerlies and
weaken them (Matsuno, 1971; Sjoberg and Birner, 2012;
Polvani and Waugh, 2004; Reichler and Jucker, 2022), al-
though enhanced tropospheric wave activity is neither a nec-
essary nor a sufficient condition for the occurrence of an
SSW (de la Cámara et al., 2019; Birner and Albers, 2017;
Albers and Birner, 2014). The study of SSWs has received
particular attention due to their potential to modulate tropo-
spheric circulation (Charlton-Perez et al., 2018; Hitchcock
and Simpson, 2014) and hence surface weather, for exam-
ple, by favoring large-scale cold-air outbreaks over Eurasia
(Cohen et al., 2007; Kretschmer et al., 2018; Kidston et al.,
2015).

A related but distinct phenomenon, stratospheric wave re-
flection, has been linked to cold-air outbreaks over North
America (Millin et al., 2022; Kodera et al., 2016; Kretschmer
et al., 2018; Messori et al., 2022; Matthias and Kretschmer,
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2020; Guan et al., 2020). Stratospheric wave reflection events
are characterized by a local maximum of zonal winds in
the mid-stratosphere (Perlwitz and Harnik, 2004; Messori
et al., 2022) and imply the downward reflection of upward-
propagating Rossby waves from the troposphere (Harnik and
Lindzen, 2001; Perlwitz and Harnik, 2003; Shaw et al., 2010;
Shaw and Perlwitz, 2013).

Stratospheric wave reflection events have been defined in
many different ways. Some studies focus on daily wave ac-
tivity fluxes (Kodera et al., 2008; Nath et al., 2014) or zonal-
mean wave geometry diagnostics (Harnik and Lindzen,
2001; Shaw et al., 2010; Shaw and Perlwitz, 2013), which
are insightful but may require a linear stationary wave model
or data that are usually not a standard output of reanaly-
ses or climate models (Matthias and Kretschmer, 2020). An-
other approach uses a reflection index based on the differ-
ence in zonal-mean zonal winds at 2 and 10 hPa (Perlwitz
and Harnik, 2003; Harnik, 2009; Nath et al., 2016); how-
ever, this does not distinguish between SSWs and reflection
events (Harnik, 2009). Alternatively, meridional eddy heat
flux can be used to detect stratospheric wave reflection, since
in a zonal-mean framework it is proportional to the verti-
cal component of the Eliassen–Palm (EP) flux or the verti-
cal component of the wave activity flux (Takaya and Naka-
mura, 2001). Earlier studies have connected extremes of the
zonal-mean meridional eddy heat flux in the stratosphere to
changes in stratospheric and tropospheric circulation (Dunn-
Sigouin and Shaw, 2015; Shaw et al., 2014; Polvani and
Waugh, 2004). However, due to the use of zonal averaging,
these methods do not provide a spatial characterization of
wave reflection events.

To overcome this challenge, Matthias and Kretschmer
(2020) proposed an index based on regional averages of the
meridional eddy heat flux that is able to capture wave reflec-
tion events over the North Pacific. This new index, unlike
more traditional reflection events based on zonal-mean di-
agnostics, builds on the climatological pattern of the merid-
ional eddy heat flux that displays upward wave activity flux
over the Bering Strait and downward wave activity flux over
northern Canada. Previous research has highlighted that this
definition of stratospheric wave reflection captures events
leading to a transition from the Pacific Trough (PT) to the
Alaskan Ridge (AKR) North American weather regime and
a statistically significant decrease in 2 m air temperatures
over North America (Messori et al., 2022; Matthias and
Kretschmer, 2020; Cohen et al., 2022). However, the phys-
ical mechanisms linking such stratospheric wave reflection
episodes to the tropospheric anomalies are not fully under-
stood. In addition, reflection events and the subsequent de-
crease in surface temperatures over North America may exert
remote effects on the circulation and surface weather in the
Euro-Atlantic sector, as suggested by previous work (e.g.,
Leeding et al., 2023a; Riboldi et al., 2023; Kodera et al.,
2016).

In this work, we aim to provide a deeper insight into the
evolution of the atmosphere during and after reflection events
over the North Pacific, with a particular focus on weather
regimes over North America. Specifically, we seek to answer
the following questions:

1. How does the evolution of the meridional eddy heat flux
relate to the tropospheric and stratospheric wave struc-
ture? Even though several studies have applied the def-
inition of reflection events by Matthias and Kretschmer
(2020), an analysis of the temporal evolution of merid-
ional eddy heat flux at different vertical levels over east-
ern Siberia and northern Canada is lacking. Exploring
how meridional heat flux anomalies during stratospheric
wave reflection events link to the wave structure can
give additional insights into the vertical coupling be-
tween the stratosphere and troposphere.

2. What is the mutual relation between stratospheric wave
reflection events and the North American regime tran-
sition from the Pacific Trough to the Alaskan Ridge?
Stratospheric downward reflection of Rossby waves has
been shown to influence tropospheric dynamics, in-
cluding weather regime transitions over North America
(Messori et al., 2022; Kodera et al., 2008; Perlwitz and
Harnik, 2003), which we would like to investigate fur-
ther.

3. Do reflection events over the North Pacific affect the
mid-latitude circulation beyond North America? Little
is known about these possible remote effects, and we
explore this aspect here.

To address the above questions, we first analyze the evolu-
tion of reflection events with respect to meridional eddy heat
flux and geopotential height anomalies. We further compare
changes in geopotential height during reflection events to the
shift from PT to AKR regimes. Next, we investigate changes
in the mid-latitude Rossby wave activity through space–
time spectral analysis. Finally, we study potential remote ef-
fects of reflection events on near-surface winds over Europe
through the modulation of the North Atlantic jet stream. Ad-
ditional figures in Appendix A provide further context for
and verification of our findings, but all core results are pre-
sented in the main body of the paper.

2 Methods

2.1 Data

The analysis is based on ERA5 reanalysis data (Hersbach
et al., 2020), obtained at a spatial resolution of 1°× 1° and
6-hourly temporal resolution, covering the extended win-
ter season (DJFM) from 1 December 1979 to 31 March
2021. We analyze the daily mean of geopotential height,
zonal and meridional wind, air temperature, and the daily
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maximum of hourly 10 m wind speed. Daily space–time
Rossby wave spectra are obtained from the meridional wind
at 0.75°× 0.75° and 6-hourly resolution. The wave activity
flux (WAF) is calculated following Takaya and Nakamura
(2001) using the NCL script provided in Nishii (2016). Un-
less stated differently, we deseasonalize all quantities shown
in the following analysis by subtracting the daily seasonal cy-
cle, computed with a 15 d centered running mean using data
from 16 November to 15 April. Additionally, the temperature
field is linearly detrended at each grid point. The meridional
eddy heat flux, WAF, and space–time Rossby wave spectra
are computed from the full fields and deseasonalized after-
ward.

2.2 Event definition

To identify reflection events, we follow the procedure out-
lined in Messori et al. (2022, 2024). Firstly, deviations
from the zonal mean of meridional wind and temperature at
100 hPa are multiplied to obtain the meridional eddy heat
flux, v′T ′. Next, we compute the regional cosine-latitude-
weighted averages of v′T ′ over the Siberian domain (45–
75° N, 140–200° E) and the Canadian domain (45–75° N,
230–280° E), shown in Fig. A1. We then apply a 15 d run-
ning mean and compute anomalies with respect to the sea-
sonal cycle. These anomalies are then divided by the stan-
dard deviation for each calendar day, which we denote by an
asterisk. The reflection index is then given by

RI= (v′T ′)∗Sib− (v
′T ′)∗Can. (1)

We identify stratospheric reflection events when RI exceeds
a value of 1 for a minimum of 10 consecutive days, yielding
45 events during the months of December to March (DJFM).
This definition of reflection events differs from traditional
approaches relying on zonal-mean metrics. The events can
be aligned either at their onset or at their end date. Previ-
ous studies have investigated the sensitivity of this definition
to parameter choice (e.g., Matthias and Kretschmer, 2020;
Messori et al., 2022).

The relationship between wave reflection events and the
large-scale circulation over North America is investigated us-
ing the weather regime data provided by Lee et al. (2023b).
This data set contains four weather regimes defined over
North America (20–80° N, 180–330° E) through a k-means
cluster analysis of 10 d low-pass-filtered 500 hPa geopoten-
tial height fields. The four regimes are the Pacific Trough
(PT), Pacific Ridge (PR), Alaskan Ridge (AKR), and Green-
land High (GH). Days where the 500 hPa geopotential height
anomalies are closer to climatology than any of the four
regimes are classified as “no regime” (N). These are year-
round regimes; although their occurrence frequency shows
some seasonality, the reference spatial regime patterns are
the same across all seasons. Further details of the regime
classification can be found in Lee et al. (2023a). We then
define North American weather regime “events” as instances

of more than 5 consecutive days with the same regime. Ap-
plying this criterion, we identified 91 events for AKR and
107 events for PT, with the central date regarded as the event
date. We further define a PT-to-AKR transition when the PT
regime is present on at least 1 of the 15 d preceding an AKR
event. Using this definition, we identified 62 such transition
events, with day 0 set as the midpoint of the AKR event. The
corresponding large-scale patterns are qualitatively indepen-
dent of the choice of thresholds.

To verify whether the hemispheric-scale space–time
Rossby wave decomposition reflects the dynamics of North
Pacific reflection events, we define a regionalized signal
of reflection events. We specifically select days where
the cosine-latitude-weighted spatial correlation of 100 hPa
geopotential height anomalies over 45 to 75° N and 140° E to
80° W (purple box in Fig. A1) with the composite anomalies
during reflection events exceeds 0.95. We compute regional-
ized events separately for the onset and end dates of the re-
flection events using the Pearson correlation coefficient. Sub-
sequently, we merge high-correlation days that are separated
by less than 10 d into one regionalized event by selecting
the day with the highest correlation coefficient at 100 hPa as
the regionalized event date. This gives 63 regionalized events
with geopotential height anomalies correlated to the onset of
reflection events and 54 events correlated to the end of reflec-
tion events. With respect to a 69 d time window (the longest
duration of a single reflection event), we found 39 of 54 in-
stances with regionalized onset events being followed by re-
gionalized end events. Computing the correlation on several
vertical levels simultaneously to identify the high-correlation
days results in qualitatively similar results (not shown).

2.3 Space–time Rossby wave spectra

In contrast to analyses of stratosphere–troposphere coupling
focusing on circulation indices (Baldwin and Dunkerton,
2001; Thompson et al., 2006; Hall et al., 2021; Kolstad
et al., 2022) or weather regimes (Charlton-Perez et al., 2018;
Domeisen et al., 2020; Hall et al., 2023; Messori et al., 2022;
Lee et al., 2022), space–time spectral analysis allows for the
study of time-varying wave structures with different horizon-
tal scales and phase speeds. Previous studies have already
employed such a methodology to compare Rossby wave
properties across data sets (Dell’Aquila et al., 2005) and time
periods (Riboldi et al., 2020; Sussman et al., 2020). Further-
more, the method has proved useful for analyzing circumpo-
lar Rossby wave patterns during boreal winter (Riboldi et al.,
2022) and the connection between the stratosphere and tro-
posphere during strong and weak stratospheric polar vortex
events (Schutte et al., 2024).

Space–time wave spectra decompose a time-varying wave
structure (as illustrated, for example, in a Hovmöller dia-
gram) into distinct harmonics with varying horizontal scales
and phase speeds. We obtain the space–time spectra of
Rossby waves following the procedure described in Riboldi
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et al. (2022) and Schutte et al. (2024). Rossby waves, repre-
sented by meridional wind between 35 and 75° N, are decom-
posed in time and in space along each latitude circle using a
double Fourier transform:

V (λ, t;φ)=

NT/2∑
j=−NT/2

NL/2∑
n=−NL/2

V̂ (n,ωj ;φ)e
i(nλ−ωj t), (2)

where V̂ (n,ωj ;φ) denotes the complex Fourier coefficient
for a given wavenumber n, angular frequency ωj , and lati-
tude φ of the meridional wind V (λ, t;φ) at longitude λ, time
t , and latitude φ. The number of grid points along a given
latitude circle is NL = 480, and ωj = 2πj/NT is the angular
frequency, with NT = 244 6-hourly time steps over 61 d. For
the decomposition in time, each day is treated as the mid-
point of a sliding 61 d time frame, centered at 12:00 UTC. To
minimize boundary effects, a double-cosine tapering method
reduces the weight of the first and last 12 d of each window.
This yields periodograms S

V ′V ′
(n,ωj ;φ)= 2Re(V̂ V̂ ∗) as

a function of frequency and wavenumber, where V̂ ∗ is the
complex conjugate of the corresponding coefficient V̂ , and
the overline denotes the absolute value of the spectrum.
Each periodogram undergoes 10 iterations of smoothing in
the frequency direction, employing a three-point window,
as in Wheeler and Kiladis (1999). Subsequently, these pe-
riodograms are remapped to the phase speed domain along
each latitude circle by interpolating the periodogram along
lines of constant phase speed cp = ω/k, followed by re-
scaling (Randel and Held, 1991). After averaging in the lat-
itude band between 35 and 75° N, one obtains the spectra
S
V ′V ′

(n,cp). As for the other variables, the spectra are de-
seasonalized by subtracting the daily seasonal cycle, com-
puted with a 15 d centered running mean using data from
16 November to 15 March. Further details can be found
in the supplement to Riboldi et al. (2022). Despite the ex-
tended time window used for the computation of Rossby
wave space–time spectra, this metric can capture daily to
weekly changes in Rossby wave behavior (cf. Fig. 5 with A2,
and see discussion at the end of Sect. 3.1.3).

Based on the space–time spectra, two integral metrics can
be defined to summarize the overall magnitude of Rossby
wave activity and the direction of wave propagation. Firstly,
the integrated spectral power (ISP) measures the overall
magnitude of spectral density of Rossby waves across all
wavenumbers n and phase speeds cp:

ISP=
15∑
n=1

30∑
cp=−30

S(n,cp). (3)

The ISP of westward (eastward)-propagating Rossby waves,
which we denote as ISPwest (ISPeast), is obtained by integrat-
ing the spectral density between phase speeds from −30 to
0 m s−1 (0 and 30 m s−1).

Secondly, the Rossby wave phase speed cp, defined in
Riboldi et al. (2020), serves as a hemispherically averaged

estimate across the resolved harmonics and represents a
weighted mean:

cp =

∑15
n=1

∑30
cp=−30SV ′V ′(n,cp) · cp∑15

n=1
∑30
cp=−30SV ′V ′(n,cp)

=

1
ISP

15∑
n=1

30∑
cp=−30

S
V ′V ′

(n,cp) · cp. (4)

The phase speed associated with each (n,cp) harmonic
is weighted by the corresponding spectral energy density
SV′V′(n,cp), ensuring that the most energetic harmonics con-
tribute the most to cp. Both integral metrics, ISP and cp, are
computed from the full space–time spectra and deseasonal-
ized afterward.

2.4 Statistical significance assessment

The statistical significance of composite anomalies, such as
those indicated by hatching in Fig. 1, is assessed using 10 000
bootstrapping iterations (i.e., random sampling with replace-
ment). Following the approach by Wilks (2016), we account
for multiple testing. Indeed, since we conduct a separate sta-
tistical test at each grid point in our fields and the number of
grid points is large (e.g., Ntests =Nlat ·Nlong ≈ 20 000), the
risk of erroneously rejecting the null hypothesis by chance
is high. Following Eq. (3) in Wilks (2016), we look for the
largest percentile p∗FDR that satisfies the condition

p∗FDR =maxi=1...N [pi : pi ≤ (
i

Ntests
) ·αFDR], (5)

where pi represents the ith entry in the sorted list of per-
centiles. Given the spatial and temporal correlation between
data points, the chosen control level αFDR is set to 0.10
(Wilks, 2016). Consequently, p∗FDR, which in our analyses
yields values mostly below 0.05, is selected as the new sig-
nificance level.

3 Results

3.1 Evolution of stratospheric reflection events

3.1.1 Temporal and spatial patterns in meridional eddy
heat flux

Following the definition of reflection events from Sect. 2.2,
the difference between v′T ′ anomalies in the Siberian do-
main and the Canadian domain is maximized during reflec-
tion events. This corresponds to positive v′T ′ anomalies and
enhanced upward-propagating Rossby waves over Siberia
and negative v′T ′ anomalies and enhanced downward-
propagating Rossby waves over Canada.
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The positive anomalies over Siberia during reflection
events are preceded by negative anomalies with a distinct
vertical structure. Both the negative and the positive v′T ′

anomalies reach the upper troposphere, although the posi-
tive anomalies are the strongest in the stratosphere (Fig. 1a).
The lack of statistically significant anomalies below 300 hPa
could arise from greater tropospheric variability during re-
flection events. Furthermore, when centered around the re-
flection onset date, statistically significant positive anomalies
in v′T ′ start 4 d earlier in the middle stratosphere (10 hPa)
compared to the upper troposphere (200 hPa) (Fig. 1a). This
is consistent with a stratospheric onset of reflection events,
connected to a local maximum of zonal wind speeds at
10 hPa, which favors wave reflection (see Fig. 2 in Messori
et al., 2022). Negative anomalies of Siberian v′T ′ emerge fol-
lowing the events when centering at the end date (Fig. 1b).

The alternation of different signed v′T ′ anomalies around
reflection events is also evident in the Canadian domain
(Fig. 1c and d). Here, a more pronounced (albeit statisti-
cally non-significant) coupling to lower-tropospheric levels
is discernible. When centered around the end of reflection
events, positive v′T ′ anomalies emerge close to the surface
8 d prior, later extending to higher levels (Fig. 1d). The emer-
gence of low-level positive v′T ′ anomalies is connected to
the southward advection of colder-than-average air near the
surface, while the negative upper-level anomalies weaken
from higher stratospheric levels downward, consistent with
decreasing wave reflection. This could in turn correspond to
increased Rossby wave breaking or absorption in the middle
stratosphere.

To better understand this vertical structure, we consider
the spatio-temporal evolution of v′T ′ around the end of the
reflection events, designated as day 0. During the peak of
reflection events, the 100 hPa anomalies remain mostly con-
fined within the Siberian and Canadian domains. However,
the negative 100 hPa v′T ′ anomaly above Canada starts to
propagate westward around day 0 (Fig. 2a) and is replaced
by a positive anomaly at +5 to +12 d. Additional positive
anomalies of meridional eddy heat flux during reflection
events over Asia and Europe suggest a connection between
reflection events and hemispheric-scale circulation patterns.
The anomalies at 250 hPa mirror the behavior of the lower
stratosphere, albeit with weaker anomalies (Fig. 2b).

The picture at 850 hPa is very different compared to the
upper levels, notably in the positive anomalies that emerge in
the Canadian domain at negative lags of a few days (Fig. 2c).
These correspond to southward advection of colder-than-
average air, associated with negative 2 m air temperature
anomalies (Fig. 2c). This stands in stark contrast to the pos-
itive temperature anomalies around the onset of the reflec-
tion events, associated with positive v′T ′ anomalies over
the northeastern Pacific, advecting warm air northward. In-
vestigating the evolution of air temperature anomalies con-
firms the difference between the upper levels and 850 hPa
(Fig. A3).

In summary, the majority of statistically significant v′T ′

anomalies is observed in the stratosphere and upper tro-
posphere during reflection events. The oscillation of v′T ′

anomalies in the stratosphere over the Siberian and Canadian
domain originates from the westward propagation of neg-
ative v′T ′ anomalies and the subsequent formation of new
positive v′T ′ anomalies downstream and is mostly linked to
changes in the meridional wind (Fig. A4). Furthermore, the
contrasting v′T ′ anomalies before the onset and after the end
of reflection events relate to times with spatially more uni-
form, weakly positive meridional eddy heat fluxes over both
regions, while the more pronounced anomalies during reflec-
tion events can be interpreted as bursts in v′T ′ (Fig. A5). In
the Canadian domain, opposite anomalies between the upper
levels and the lower troposphere appear a few days before
the end of the reflection events. The positive low-level v′T ′

anomalies are consistent with equatorward cold-air advec-
tion and the observed large-scale decrease in 2 m air temper-
atures.

3.1.2 Evolution of geopotential height anomalies

After highlighting westward-propagating v′T ′ anomalies
around the end of reflection events, we now connect this be-
havior to the evolution of geopotential height anomalies and
vertical WAF.

A westward-propagating ridge stands out as a character-
istic feature of reflection events. The positive geopotential
height anomaly associated with the ridge forms during the
onset at 100 hPa over the Canadian domain (Fig. 3a; hor-
izontal green line). This anomaly intensifies and exhibits
westward propagation as the events progress, reaching Eu-
rope by day +6. Shortly after the formation of the ridge, a
trough forms over Eurasia and persists throughout the du-
ration of the reflection events. After the end of the event,
a new trough develops over North America, downstream of
the westward-propagating ridge. West of the ridge, upward
WAF anomalies match the positive v′T ′ anomalies observed
over the Siberian domain in the stratosphere (cf. Figs. 2a
and 3a), while enhanced downward WAF east of the ridge
is consistent with the negative anomalies of v′T ′ over North
America. The behavior of geopotential height and WAF at
250 hPa closely resembles that observed at 100 hPa, albeit
with slightly weaker anomalies (Fig. 3b). While the statisti-
cally significant strengthening of the ridge at 250 hPa occurs
a few days later than that at 100 hPa, the negative geopoten-
tial height anomaly downstream of the ridge precedes that at
100 hPa by a few days (cf. Fig. 3a and b).

As in the case of the v′T ′ anomalies, the pattern of WAF
anomalies is different at lower levels. Upward 850 hPa WAF
anomalies over North America around the onset of reflection
events are replaced, around day −8, by enhanced downward
anomalies (Fig. 3c). At the same time, the positive geopo-
tential height anomaly propagates to the west and replaces
the negative anomaly over the North Pacific, similarly to the
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Figure 1. Vertical cross-section of standardized anomalies of composite meridional eddy heat flux v′T ′ averaged over the Siberian domain
(45–75° N, 140–200° E) around the (a) onset date and (b) end date of reflection events. In panels (c) and (d) the same is shown for the
Canadian domain (45–75° N, 230–280° E). Horizontal hatching marks statistically significant negative anomalies, and cross-hatching marks
statistically significant positive anomalies. Anomalies of v′T ′ are obtained by subtracting the daily seasonal cycle, computed with a 15 d
centered running mean (Sect. 2.1).

upper levels. The downstream development of the negative
850 hPa geopotential height anomaly occurs at around−10 d,
earlier than at upper levels.

The westward propagation of the ridge around the end of
reflection events corresponds to increasing ISP for Rossby
waves with westward phase speed (Fig. 3d). In particular,
suppressed values of ISPwest observed around the median on-
set day are followed by a roughly monotonic increase, peak-
ing a few days before their end date. The spectral properties
of Rossby waves are further analyzed in Sect. 3.1.3.

The evolution of the spatial pattern of geopotential height
anomalies highlights the hemispheric scale of the reflec-
tion events (Fig. 4). In addition to the westward-propagating
ridge and subsequent development of a trough downstream
(Fig. 3), we observe clear geopotential height anomalies over
Eurasia (first three columns in Fig. 4). Specifically, a Rossby
wave train pattern extending from the North Atlantic to east-
ern Siberia suggests a hemispheric-scale circulation pattern
around the end of reflection events (Fig. 4c and h). This
pattern, as well as the shift of geopotential height anoma-
lies over North America and the Pacific, is even more pro-
nounced when comparing the onset and end of reflection
events (Fig. 4d and i). Furthermore, the vertical coherence in

the evolution of geopotential height anomalies highlights the
equivalent barotropic character of reflection events (Fig. A6).

The temperature anomalies associated with the ridge for-
mation over the North Pacific align with the previously dis-
cussed v′T ′ anomalies. Warm air is advected northward at
higher levels over the North Pacific around the ridge and redi-
rected southward over North America (Fig. 4e). The temper-
ature anomalies at lower levels exhibit a more distinct pat-
tern than at 100 hPa, with warmer-than-average air predom-
inantly directed poleward over Alaska around day −4 and
colder-than-average air advected over Canada (Fig. 4j). The
resulting vertical sign change in temperature anomalies over
Canada is linked to the opposite sign of v′T ′ anomalies be-
tween the stratosphere and lower troposphere, as discussed
in the previous section. Since geopotential height anomalies
are proportional to the vertical integral of the underlying tem-
perature anomalies, we expect a local minimum in geopoten-
tial height that corresponds to the change in sign from low-
level negative to upper-level positive temperature anomalies
(Fig. A7a; see also Harnik and Lindzen, 2001; Randel and
Stanford, 1985).

In summary, the onset of reflection events is characterized
by a vertically coherent positive geopotential height anomaly
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Figure 2. Hovmöller diagram of standardized anomalies of the composite meridional eddy heat flux v′T ′ averaged between 45–75° N
centered around the end date of reflection events at (a) 100 hPa, (b) 250 hPa, and (c) 850 hPa. Horizontal hatching marks statistically sig-
nificant negative anomalies, and cross-hatching marks statistically significant positive anomalies. Continuous red and dashed blue contours
in (c) show standardized positive and negative 2 m air temperature anomalies, respectively, averaged between 40–55° N (1 SD≈ 3.8 K). The
contours start at ±0.5 SD with steps of 0.3 SD. The continuous horizontal green line shows the median onset day of reflection events. The
vertical lines mark longitudes of the Siberian (orange, dotted) and Canadian (purple, dashed) domains.

at upper levels over northern Canada. This propagates west-
ward, reaching Siberia by the end of the events. At the same
time, a negative geopotential height anomaly emerges down-
stream over eastern Canada, first at lower levels and later
extending into the stratosphere. At upper levels, enhanced
upward WAF is observed over the Siberian domain west of
the ridge, and enhanced downward WAF is observed over
Canada east of the ridge. Positive WAF anomalies close to
the surface over North America emerge 10 d before the end
of reflection events.

3.1.3 Rossby wave characteristics during reflection
events

We next use the space–time spectral analysis described in
Sect. 2.3 to investigate the Rossby wave behavior at the onset
and end of reflection events.

Rossby wave spectra indicate an enhancement of
westward-propagating Rossby waves from the onset to the
end of reflection. During the onset at 100 hPa, the strong
activity for eastward-propagating waves 2 to 5 is likely re-
lated to the presence of an accelerated stratospheric flow, un-
der the assumption that this affects all wavenumbers equally
by shifting the whole spectrum toward higher phase speeds
than climatology (Fig. 5a). This is followed by enhanced

activity for westward-propagating Rossby waves during the
end of the events (Fig. 5b), which agrees with the pres-
ence of westward-propagating anomalies. The deceleration
of Rossby wave propagation during the evolution of the re-
flection events is characterized by a statistically significant
enhancement of westward-propagating waves 1, 3, and 4 and
by decreased activity for eastward-propagating waves 2 to
5 (Fig. 5c). Although the decrease in activity of eastward-
propagating waves 2 to 5 is not statistically significant, it
has a magnitude comparable to the statistically significant
enhancement of westward-propagating waves. The anoma-
lies for the high-frequency waves lie in a phase-space region
with low spectral power; hence they contribute less to the
overall Rossby wave energy. At the end of reflection events,
their enhanced westward activity is related to the presence
of retrograding planetary-scale Rossby waves, which form
the background where the high-frequency waves propagate.
Westward-propagating Rossby wave activity also increases
at higher stratospheric levels (Fig. A8) and in the upper
troposphere, although the tropospheric change in westward-
propagating wave 1 is weaker (Fig. 5d to f).

The phase speed of Rossby waves in the vertical column
between 850 and 10 hPa thus decreases during the course
of reflection events (Fig. 6a). Higher phase speed cp in the
lower stratosphere and troposphere around the onset of re-
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Figure 3. Hovmöller diagram of standardized anomalies of geopotential height averaged between 45–75° N centered around the end date
of reflection events at (a) 100 hPa, (b) 250 hPa, and (c) 850 hPa in shading. Horizontal hatching marks statistically significant negative
anomalies, and cross-hatching marks statistically significant positive anomalies. Black lines indicate standardized anomalies of the vertical
component of WAF (Takaya and Nakamura, 2001) filtered for wavenumbers 1 to 4, in steps of 0.1, excluding the zero line. (d) Time series
of ISP for westward-propagating Rossby waves and the 95 % confidence interval (shaded area) at 100 and 250 hPa, with the x axis flipped
so that enhanced activity of westward-propagating Rossby waves lies to the left of the zero line. The continuous horizontal green line shows
the median onset time of reflection events. The vertical lines mark longitudes of the Siberian (orange, dotted) and Canadian (purple, dashed)
domains.

flection events is consistent with the faster zonal flow and
with the enhanced activity of eastward-propagating Rossby
waves. Around the end, the phase speed drops below aver-
age across the entire vertical column. Additionally, the phase
speed stays below average after reflection events have ended,
potentially indicating a weakening of the stratospheric circu-
lation after reflection events. However, as noted by Messori
et al. (2022), this weakening is not sufficient to cause a statis-
tically significant drop in zonal-mean zonal winds but could
rather be connected to a stretched stratospheric polar vortex
displaced toward Eurasia.

Anomalies in ISP confirm the change in anomalous
Rossby wave behavior during reflection events but highlight
differences in wave activity between the stratosphere and
troposphere. The overall wave activity is unusually high in
the stratosphere before the onset of reflection events and in-
creases in the troposphere during reflection events (Fig. 6b).
In the stratosphere, the overall wave activity increases again
around the end of reflection events, which could indicate
that waves propagate more into the upper stratosphere at the
end of reflection events compared to during reflection events.
Positive anomalies of ISPeast align with periods of enhanced
phase speed around the onset of reflection events (cf. Fig. 6a
and d). However, when focusing on ISPwest, an increase in
Rossby wave activity is visible in the entire vertical column

approximately 1 week prior to the end of reflection events
(Fig. 6c). Simultaneously, ISPeast is suppressed in the lower
troposphere (Fig. 6d), while Rossby waves are more active
in the stratosphere. The enhanced westward propagation of
Rossby waves beginning in the lower troposphere coincides
temporally with the previously mentioned strong decrease in
2 m air temperatures over North America and influences the
upper levels only at a later stage. The integrated spectral met-
rics thus complement the space–time spectra and highlight
relevant temporal scales and vertical variations in Rossby
wave activity during reflection events.

To summarize, space–time spectral analysis highlights the
enhancement of westward-propagating Rossby waves toward
the end of reflection events. This is particularly pronounced
in westward-propagating waves 1, 3, and 4 and coincides
with a decrease in phase speed. The vertical structure of
geopotential anomalies confirms the importance of waves
2 to 4 in the troposphere and wave 1 in the stratosphere
(Fig. A7). The westward propagation of large-scale anoma-
lies in the lower stratosphere and upper troposphere coin-
cides with a shift of Rossby wave phase lines, which typi-
cally tilt westward with height, to a more vertical orienta-
tion over the North Pacific during stratospheric wave reflec-
tion (Fig. 12 in Messori et al., 2022). This change in verti-
cal phase tilt is consistent with a more pronounced enhance-
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Figure 4. Geopotential height anomalies in shading and v′T ′ anomalies in green contours (a, f) during the onset of reflection events, (b,
g) 4 d before the end of reflection events, (c, h) at the end date of reflection events, and (d, i) the difference between the onset and end of
reflection events at 100 hPa (first row) and 500 hPa (second row). Horizontal hatching marks statistically significant negative geopotential
height anomalies, and cross-hatching marks statistically significant positive anomalies. (e, j) Temperature anomalies in shading, geopotential
height field in purple, and v′T ′ anomalies in green 4 d before the end of reflection events.

ment of eastward phase speeds at higher stratospheric levels
compared to those below (Fig. 6a). Additionally, westward-
propagating Rossby waves become more active in the tro-
posphere and stratosphere around 1 week before the end of
reflection events. This temporally matches the strengthening
of the blocking ridge over Alaska, which is discussed in the
next section.

A possible limitation of this analysis is that the spec-
tra are computed over a full hemispheric domain and may
present difficulties in resolving a regional signal. To con-
nect the spectra to reflection events, we build a set of “re-
gionalized events” based on the correlation of the 100 hPa
geopotential height field over the North Pacific with reflec-
tion events (Sect. 2.2). These events show a spectral shift to
enhanced westward-propagating Rossby waves, similar to re-
flection events, demonstrating the effectiveness of the spec-
tral analysis in quantifying changes in Rossby waves dur-
ing North Pacific reflection events (cf. Figs. 5 and A9). Even
though geopotential height anomalies over Eurasia differ be-
tween regionalized and reflection events, the key feature of
a westward-propagating ridge over the North Pacific is well
represented in regionalized events (cf. Figs. 3 and A10).

A second potential limitation is the large time window
(61 d) over which the space–time spectra are computed,
which could smooth out short signals and prevent us from ef-

fectively capturing the reflection events’ temporal evolution.
However, only 37 d fully contribute to each day’s space–time
spectra due to tapering at the edges (Sect. 2.3). Choosing a
shorter time window could lead to the inability to measure
the phase speeds of slowly propagating Rossby waves, which
are crucial for understanding wave behavior during reflection
events. To support the ability of space–time spectra and the
derived integrated metrics to effectively capture the tempo-
ral evolution of Rossby waves during reflection events, we
highlight the correspondence between anomalies in wave ac-
tivity in Fig. 5 and the presence and propagation of geopo-
tential height anomalies in Fig. A2 during the onset and end
of reflection events. The comparison between geopotential
height anomalies and spectral power in Figs. 3, 7, and A11
also leads to a similar conclusion.

3.2 Connecting reflection events to tropospheric
weather regime evolution

Messori et al. (2022) assessed the association between re-
flection events and transitions from the Pacific Trough (PT)
to the Alaskan Ridge (AKR) weather regime. Given that the
spatial patterns shown in Sect. 3.1.2 are consistent with this
transition, we now discuss the characteristics of the regime
shift and its similarity to reflection events.
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Figure 5. Standardized anomalies of spectral power S
V ′V ′

of each harmonic at 100 hPa during the (a) reflection event onset and (b) reflection
event end and (c) the difference between the onset and end represented in shading. Sub-panels (d)–(e) show the same but for 250 hPa.
Black contours show the DJFM mean for all years (100 hPa: steps of 0.05 m2 s−2 1c−1 from 0.05 to 0.35 m2 s−2 1c−1; 250 hPa: steps of
0.1 m2 s−21c−1 from 0.1 to 0.7 m2 s−21c−1). Horizontal hatching indicates statistically significant negative anomalies, and cross-hatching
indicates statistically significant positive anomalies.

During transitions from PT to AKR, the signal in geopo-
tential height anomalies extends from the stratosphere to the
lower troposphere, with an equivalent barotropic character
similar to that during reflection events (Fig. 7a–c). The tran-
sition begins about 12 d before the central date of AKR, with
a negative geopotential height anomaly centered at approx-
imately 140° W, i.e., the circulation anomaly characteristic
of the PT. This is followed by a positive geopotential height
anomaly, i.e., the AKR, which replaces the PT. As in the
case of reflection events, both anomalies propagate west-
ward (cf. Figs. 3 and 7). In parallel, a new negative anomaly
downstream of the ridge forms at approximately 80° W dur-
ing the AKR regime and persists for some time afterward
(Fig. 7a–c). The geopotential anomalies are most pronounced
in the troposphere, likely due to the regimes being defined
at 500 hPa (Lee et al., 2023a). Anomalies in WAF behave
similarly during the regime transition compared to reflection
events, i.e., downward WAF anomalies east of the geopoten-
tial height anomaly at 100 hPa before and during the peak
intensity of the ridge (cf. Figs. 3a and 7a).

During the regime transition from PT to AKR, the evo-
lution of ISPwest anomalies is also comparable to that dur-

ing reflection events. ISPwest takes anomalously weak values
during the PT regime and stronger-than-average values dur-
ing AKR, resembling the change in Rossby wave evolution
between the onset and end of reflection events (cf. Figs. 3d
and 7d).

Changes in the Rossby wave spectrum from PT to AKR
are also consistent with those observed during reflection
events, except for the lack of statistically significant differ-
ences for wave 1 (Fig. 8a, b). The difference between the
AKR and PT spectra highlights the enhancement of spec-
tral power for westward-propagating waves 3 and 4 (Fig. 8c).
Additional statistically significant anomalies occur in phase-
space regions with climatologically low spectral power. As
in the case of geopotential height anomalies, Rossby wave
spectra anomalies of PT and AKR are more pronounced at
250 hPa than in the stratosphere (cf. Figs. 8 and A12).

In summary, the transition from a PT to an AKR weather
regime resembles the atmospheric evolution during reflection
events, confirming previous research (Messori et al., 2022).
This includes the transition from a negative geopotential
height anomaly over the northeastern Pacific around the on-
set to a ridge before the end of reflection events, which subse-
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Figure 6. Vertical cross-section of standardized anomalies of
(a) phase speed, (b) ISP, (c) ISPwest, and (d) ISPeast derived from
spectral power SV′V′ between 850 and 10 hPa centered around the
end date of reflection events. Horizontal hatching marks statistically
significant negative anomalies, and cross-hatching marks statisti-
cally significant positive anomalies. The continuous vertical green
line shows the median onset time of reflection events.

quently propagates westward and facilitates the formation of
a new trough downstream over North America. About one-
third of the transition events occur during reflection events
(21 out of 62), and more than half of the reflection events
(24 out of 45) include a PT–AKR regime transition if one
includes transition events with the central date of AKR af-
ter the end of reflection events. We also note that PT–AKR
weather regime transitions that do not occur during reflection
events exhibit a different evolution of stratospheric geopoten-
tial height anomalies compared to transitions happening dur-
ing reflection events (cf. Figs. A13 and A14). Our analysis
further points to the enhancement of westward-propagating
wave 3 and wave 4 during reflection events being related to
the PT-to-AKR regime shift. In contrast, the lack of statisti-
cally significant wave-1 anomalies in the spectra of weather
regime transitions suggests that the latter signal arises from
the stratosphere during reflection events (cf. Figs. 5c, f and
8c, f) and is not present in the PT–AKR transitions occur-
ring outside stratospheric reflection events (cf. Figs. A15
and A16).

3.3 Impact on windiness over Europe

A growing body of literature connects cold spells in North
America to extreme precipitation and/or wind in Europe,
sometimes termed pan-Atlantic extremes (Messori et al.,
2016; Leeding et al., 2023a, b; Riboldi et al., 2023; Mes-
sori and Faranda, 2023). In our study, we confirm previous

results showing that reflection events over the North Pacific
are connected to a drop in temperatures over North Amer-
ica (Messori et al., 2022; Kodera et al., 2016; Kretschmer
et al., 2018; Matthias and Kretschmer, 2020). Additionally,
we highlight the presence of hemispheric-scale anomalies in
the mid-latitude circulation. Based on these results and on the
literature on pan-Atlantic extremes, we investigate whether
the reflection events are associated with near-surface (i.e.,
10 m) wind anomalies in Europe. Recently, Riboldi et al.
(2023) highlighted two possible pathways connecting cold
temperatures over North America and extreme wind events in
Europe. The atmospheric evolution during reflection events
resembles the first pathway, which involves the propagation
of a Rossby wave train from the North Pacific. This results in
an intensification of the North Atlantic eddy-driven jet and
extreme winds over northwestern Europe a few days after
the North American cold-spell peak. The similar atmospheric
configuration underscores the previously unreported connec-
tion between reflection events in the North Pacific and wind
extremes in Europe.

As the coldest temperatures over North America typically
occur a few days before the end of a reflection event (Mes-
sori et al., 2022; Millin et al., 2022), one would expect ex-
treme winds over Europe around the end of reflection events.
Confirming this expectation, 1 d after the end date there is
a noticeable increase in average wind speeds across north-
western Europe, albeit only of the order of 1 ms−1 (Figs. 9a
and A17). Despite this, wind speeds exceed the local 98th
percentile – often used to identify damaging wind extremes
– 2 to 5 times more often than on average (Fig. 9b). Consis-
tent with the first pathway outlined by Riboldi et al. (2023),
we observe a strengthening of the jet stream over the North
Atlantic, with the jet exit region over northwestern Europe
(Figs. 9c and A17). The jet stream anomalies that we find are
in line with earlier findings about the connection between
reflection events and atmospheric dynamics over the North
Atlantic (Kodera et al., 2016) and with the impact of strato-
spheric downward wave events on the tropospheric circula-
tion (Dunn-Sigouin and Shaw, 2015; Shaw et al., 2014; Shaw
and Perlwitz, 2013).

4 Discussion and conclusions

During stratospheric wave reflection events over the North
Pacific–North American sector, anomalies of meridional
eddy heat flux v′T ′ are most pronounced in the lower strato-
sphere and alternate in sign before the onset and after the
end of the reflection events. This alternation is connected to
the formation of a large-scale ridge and its westward prop-
agation from Canada to Siberia, resembling a shift from a
Pacific Trough (PT) to an Alaskan Ridge (AKR) circula-
tion. As already mentioned in earlier research (e.g., Messori
et al., 2022; Cohen et al., 2022), around the end of reflection
events, positive v′T ′ anomalies at lower-tropospheric levels
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Figure 7. As in Fig. 3 but centered around the central date of AKR during PT–AKR transitions (Sect. 2.2).

Figure 8. As Fig. 5 but for (a, d) PT regimes, (b, e) AKR regimes, and (c, f) the difference between PT and AKR regimes at 100 and 250 hPa.

over Canada correspond to a decrease in 2 m air tempera-
tures. In this work, we additionally show the connection of
reflection events over the North Pacific to anomalously fre-
quent wind extremes over Europe.

A space–time spectral analysis of Rossby waves indi-
cates that stratospheric wave reflection events over the North

Pacific involve different scales of waves. The change in
tropospheric circulation is connected to an enhancement
of westward-propagating waves 3 and 4, which is equally
present in the shift from PT to AKR weather regimes. The
westward propagation of medium-scale Rossby waves in the
upper troposphere could be linked to internal tropospheric
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Figure 9. (a) Composite 10 m wind speed anomaly in Europe 1 d after the end of the reflection events. (b) Frequency of 10 m wind speed
exceeding the local 98th percentile at each grid point, normalized with respect to the climatological frequency of 2 % (≥ 1: above average,
≤ 1: below average). (c) The 250 hPa zonal wind anomalies. Stippling in (b) indicates regions where the 98th percentile of 10 m wind speed
is exceeded at least 2.5 times more often than the DJFM average. The blue box in (a) and the red box in (c) indicate the regions used to
calculate the mean 10 m wind and jet strength, respectively, shown in Fig. A17.

free Rossby wave dynamics; their interaction and superpo-
sition with planetary-scale waves from the stratosphere may
contribute to the observed signature of downward reflection.
Indeed, the enhancement of westward-propagating wave 1
during stratospheric wave reflection events suggests that the
evolution of v′T ′ anomalies may be influenced by the cou-
pling between stratospheric and tropospheric waves.

The vertical alignment of Rossby waves, typical of reflec-
tion events and differing from the normal westward tilt with
height (see Perlwitz and Harnik, 2003), can be induced by the
westward propagation of Rossby waves in the troposphere
during reflection events. One mechanism that possibly fur-
ther enhances the westward propagation of Rossby waves
is the deceleration of zonal-mean zonal winds in the strato-
sphere (Fig. A5 in Messori et al., 2022) and upper tropo-

sphere (Fig. A18), resulting from Rossby wave absorption
in the stratosphere and downward propagation of the signal.
Following the period of wave reflection over the North Pa-
cific, upward-propagating Rossby waves from the northwest-
ern Pacific can be absorbed, weakening the stratospheric po-
lar vortex (Matsuno, 1971; Sjoberg and Birner, 2012; Polvani
and Waugh, 2004; Reichler and Jucker, 2022). In most cases,
the disruption of the stratospheric polar vortex seems to be
insufficient to cause an SSW, and there is only a weak cor-
respondence between reflection events and SSWs (Messori
et al., 2022). On the other hand, the anomalously strong
planetary-scale Rossby waves in the stratosphere are consis-
tent with the potential “stretching” of the stratospheric polar
vortex connected to reflection events (Messori et al., 2022;
Cohen et al., 2022). In line with the enhanced westward-

https://doi.org/10.5194/wcd-6-521-2025 Weather Clim. Dynam., 6, 521–548, 2025



534 M. K. Schutte et al.: Stratospheric wave reflection over the North Pacific

Figure 10. Summary figure of key atmospheric features (a) around
the onset of reflection events, (b) during reflection events, and
(c) around the end of reflection events.

propagating Rossby waves, the strengthened Alaskan Ridge
that characterizes reflection events propagates westward.
This weakens the positive v′T ′ anomalies over the Siberian
domain and puts an end to reflection events. The key atmo-
spheric features associated with the different stages of the
reflection events are summarized in Fig. 10.

While wave amplification over Eurasia can trigger reflec-
tion events over the North Pacific (Cohen et al., 2022), the
tropical Pacific could also play a role due to its link with
blocking over the North Pacific and Alaska (e.g., Renwick

and Wallace, 1996; Henderson and Maloney, 2018; Carrera
et al., 2004). Indeed, previous work has connected blocking
patterns and stratospheric wave reflection over the North Pa-
cific, highlighting their role in modulating 2 m air tempera-
ture over North America (Guan et al., 2020; Kodera et al.,
2013; Millin et al., 2022). In this context, the activity of
wave 1 plays a crucial role (Ding et al., 2022; Kodera et al.,
2016) by contributing to troposphere–stratosphere coupling
(Dunn-Sigouin and Shaw, 2015; Shaw and Perlwitz, 2013).
This agrees with our analysis, highlighting the importance
of wave 1 during stratospheric reflection events. Comple-
mentary to the role of wave 1, a maximum of zonal winds
in the middle stratosphere has been suggested as a neces-
sary condition for stratospheric wave reflection (Perlwitz and
Harnik, 2004; Messori et al., 2022). Another aspect deserv-
ing further investigation is the connection between reflection
events and the presence of westward-propagating (retrograd-
ing) waves (Branstator, 1987; Kushnir, 1987; Madden and
Speth, 1989; Raghunathan and Huang, 2019), together with
the link to the recently defined “stratosphere–troposphere os-
cillation” (Shen et al., 2023). The answers to these questions
will increase our understanding of the interactions between
tropospheric Rossby waves and North Pacific wave reflec-
tion events and the connection of the latter to other modes of
stratosphere–troposphere coupling.

Although the exact mechanisms driving the onset or end
of stratospheric reflection events over the North Pacific re-
main to be unraveled, our study has highlighted the pres-
ence of a systematic dynamical evolution. The connection
between large-scale reflection events, characterized by inher-
ent extended-range predictability, and surface weather con-
ditions, such as North American cold spells and European
windy extremes, provides valuable information for extend-
ing the forecast timescales of impactful weather events.
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Appendix A: Additional figures

Figure A1. Contours represent a composite of v′T ′ anomalies during all days of reflection events from their onset until the end. Boxes
indicate the location of the Siberian domain (red, dotted) located between 45–75° N, 140–200° E; the Canadian domain (blue, dashed) located
between 45–75° N, 230–280° E, used to define reflection events; and the domain (purple) used to obtain regionalized events (Sect. 2.2).

Figure A2. Hovmöller diagram of standardized anomalies of geopotential height averaged between 45–75° N centered around the end date
of reflection events at 100 hPa for (a) waves 1 to 2, (b) waves 3 to 4, and (c) waves 5 to 6 in shading. Horizontal hatching marks statistically
significant negative anomalies, and cross-hatching marks statistically significant positive anomalies. The continuous horizontal green line
shows the median onset time of reflection events. The vertical lines mark longitudes of the Siberian (orange, dotted) and Canadian (purple,
dashed) domains.
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Figure A3. As Fig. 2 but for air temperature at (a) 100 hPa, (b) 250 hPa, and (c) 850 hPa.

Figure A4. As Fig. 2 but for meridional wind speed at (a) 100 hPa, (b) 250 hPa, and (c) 850 hPa.
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Figure A5. Meridional eddy heat flux v′T ′ at 100 hPa over eastern Siberia (red, dashed) and Canada (blue, dotted) centered around (a) the
onset date and (b) the end date of reflection events. The thin horizontal lines show the DJFM mean in the respective region, and shading
indicates the 95 % confidence interval on the mean, assessed with bootstrapping. The vertical green line shows (a) the median end and (b) the
median onset of reflection events.
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Figure A6. As Fig. 4 but for pressure levels 10, 100, 250, 500, and 850 hPa.
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Figure A7. Vertical cross-section of standardized geopotential height anomalies (shading) and standardized temperature anomalies (black
contours in steps of 0.2) at 60° N 4 d before the end of reflection events for (a) all wavenumbers, (b) wave 1, (c) wave 2, (d) waves 3 to 4, (e)
waves 5 to 6, and (f) waves 7 to 8. The vertical lines mark longitudes of the Siberian (orange, dotted) and Canadian (purple, dashed) domains.

Figure A8. As Fig. 5 but for pressure levels 10 and 50 hPa.
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Figure A9. As Fig. 5 but for regionalized events (as defined in Sect. 2.2).

Figure A10. As Fig. 4 but for regionalized events (as defined in Sect. 2.2).
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Figure A11. Hovmöller diagram of standardized anomalies of geopotential height averaged over 45–75° N centered on the end date of the
January–February 1981 reflection event. The panels show the (a) 100 hPa, (b) 250 hPa, and (c) 850 hPa levels. (d) Time series of ISP for
westward-propagating Rossby waves at 100 and 250 hPa with the x axis flipped so that enhanced activity of westward-propagating Rossby
waves lies to the left of the zero line. The vertical lines mark the longitudes of the Siberian (orange, dotted) and Canadian (purple, dashed)
domains.

Figure A12. As Fig. 5 but for (a, d) PT regimes, (b, e) AKR regimes, and (c, f) the difference between PT and AKR regimes at 10 and
50 hPa.
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Figure A13. As Fig. 3 but centered on the central date of AKR for PT–AKR transitions occurring during reflection events.

Figure A14. As Fig. 3 but centered on the central date of AKR for PT–AKR transitions occurring outside reflection events.
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Figure A15. As Fig. 5 but for (a, d) PT regimes, (b, e) AKR regimes, and (c, f) the difference between PT and AKR regimes occurring
during reflection events.

Figure A16. As Fig. 5 but for (a, d) PT regimes, (b, e) AKR regimes, and (c, f) the difference between PT and AKR regimes occurring
outside reflection events.
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Figure A17. Anomaly of cosine-latitude-weighted mean of 10 m wind speed over land grid points of northern Europe (blue curve; 50–60° N,
11° W–20° E; blue box in Fig. 9a) and anomaly of the jet strength (dashed red curve). The jet strength is computed similarly to Woollings
et al. (2010) but adapted to our study: the zonal average of the 250 hPa zonal wind over the North Atlantic (15–75° N, 70–0° W; red box in
Fig. 9c) is smoothed with a centered 10 d running mean at each latitude. Subsequently, the maximum wind speed is identified to define the
jet strength on a given day, which is then deseasonalized following Sect. 2.1. Shading indicates the 95 % confidence interval of the mean,
and triangles highlight dates where the composite anomaly is above the 95th percentile of a resampled distribution of 10 000 means of 45
randomly selected days from the climatology.

Figure A18. Evolution of (a) 250 hPa 60° N zonal-mean zonal wind and (b) anomalies relative to seasonal cycle, centered around the onset
date of reflection events. The thick red line shows the average over all events, and red shading indicates the 95 % confidence interval on the
mean, assessed with bootstrapping.
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