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Abstract
Analysis of High and Low Rossby Wave Phase Speed Events Over Northern Mid-Latitudes
Emma Rosengren

The large-scale, mid-latitude circulation in the upper troposphere is dominated by Rossby waves. The
jet stream flows along the wave structure and surface cyclones can be found ahead of the troughs of
the waves, propagating eastward. This propagation is here estimated as the zonal phase speed which
is quantified using spectral analysis, producing a unique, global daily value for each day of the winter
season (DJF) between 1979 and 2019. From this data set phase speed events are defined as periods of
more than four consecutive days of the top or bottom 5% phase speed values, resulting in 15 low phase
speed events and 22 high phase speed events. During events of low phase speed the 2m temperature is
higher than the climatology at high latitudes and lower over Europe and Siberia. Zonal wind speed at
10m and 250hPa is also found to be lower than the climatology over both the Pacific and Atlantic storm
track. Furthermore, low phase speed events are found to be occurring when blocking is present on either
one or both storm tracks. During high phase speed events there is an overall increase in zonal wind
speed both at 10m and 250hPa over both storm tracks as well as total magnitude of wind over western
Europe. These findings suggest a link of high phase speed events to windstorms over Europe. A sub-
jective classification indicates that at the onset of high phase speed events blocking is found mainly in
two regions, one at high latitudes outside the Siberian coast and one at low latitudes outside the coast of
Japan, suggesting enhanced temperature gradients at the entrance of the Pacific could cause these events.
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Populärvetenskaplig sammanfattning

Analys av event med hög och låg fashastighet hos Rossbyvågor i mellanbredderna
Emma Rosengren

Den storskaliga cirkulationen över mellanbredderna i den övre troposfären domineras av Rossbyvå-
gor. Dessa är en vågstruktur som formas från Jordens rotation och vorticitet och associeras med det
starka flödet från jetströmmen som återfinns längs vågstrukturen. På grund av vorticiteten uppstår cyk-
loner framför vågornas tråg och hela systemet propagerar österut. Propageringen uppskattas här som
fashastighet och kvantifieras med spektralanalys, en metod där interpolering från ett spektrum används
snarare än teoretiska beräkningar. Detta producerar ett unikt och globalt dygnsmedel under vintersä-
songen (December, Januari, Februari) mellan 1979 och 2019, där vintern väljs på grund av den stora
variabiliteten i fashastighet som observeras då. Från denna data definieras fashastighetsevent som fyra
eller fler dagar i sträck med de högsta eller lägsta 5 %-värdena, vilket resulterar i 15 event med låg
fasthastighet och 22 event med hög fashastighet. Under eventen med låg fashastighet är temperaturen
vid 2m högre än klimatologin vid höga breddgrader och lägre över Europa och Sibirien. Den zonala
vinden vid 10m och 250hPa är också lägre än klimatologin över både lågtrycksbanan över Stilla havet
och Atlanten. Vidare så fann vi att låg fashastighet uppstår i samband med atmosfärisk blockering över
en eller båda lågtrycksbanor. Under event med hög fashastighet observeras en ökning i zonal vindstyrka
både vid 10m och 250hPa över båda lågtrycksbanorna samt en ökad styrka i den totala magnituden av
vinden över västra Europa. Dessa fynd tyder på en länk mellan hög fashastighet och vindstormar i Eu-
ropa. Vid starten av event med hög fashastighet återfinns atmosfärisk blockering främst i två regioner,
en vid höga breddgrader utanför den Sibiriska kusten och en vid låga breddgrader utanför Japans kust,
vilket tyder på att ökade temperaturgradienter vid början av lågtrycksbanan över Stilla havet kan orsaka
dessa event.

Nyckelord: Rossbyvågor, fashastighet, atmosfärisk blockering, lågtrycksbana, vindstormar

Examensarbete E i Meteorologi, 1ME422, 30 hp
Handledare: Jacopo Riboldi
Ämnesgranskare: Melinda Galfi
Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, 752 36 Uppsala (www.geo.uu.se)

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, Nr 540, 2022

Hela publikationen finns tillgänglig på www.diva-portal.org

www.geo.uu.se
www.diva-portal.org


Table of Contents

1 Introduction ................................................................................................. 1

1.1 Goal of project......................................................................................... 1

2 Background .................................................................................................. 1

2.1 Rossby waves .......................................................................................... 1

2.1.1 Phase speed...................................................................................... 2
2.1.2 Impact on weather .............................................................................. 3
2.1.3 Impact of Arctic amplification................................................................ 4

2.2 Atmospheric blocking ............................................................................... 4

3 Methodology ................................................................................................. 5

3.1 Spectral analysis ...................................................................................... 5

3.2 Event extraction ....................................................................................... 6

4 Results ......................................................................................................... 8

4.1 Phase speed properties .............................................................................. 8

4.2 Impact on meteorological variables.............................................................. 9

4.2.1 Upper level variables........................................................................... 9
4.2.2 Blocking ......................................................................................... 10
4.2.3 Surface temperature ............................................................................ 11
4.2.4 Surface wind .................................................................................... 12

4.3 Beginning and end of events ....................................................................... 13

4.3.1 Regional analysis of blocking during high phase speed events.......................... 16
5 Discussion .................................................................................................... 18

5.1 High phase speed ..................................................................................... 18

5.1.1 Windstorms ...................................................................................... 18
5.1.2 Conditions favoring high phase speed events .............................................. 18

5.2 Low phase speed ...................................................................................... 19

5.2.1 Effects on temperature and wind speed ..................................................... 19
5.2.2 Conditions favoring low phase speed events ............................................... 19

5.3 Limitations ............................................................................................. 19

6 Conclusions .................................................................................................. 20

7 Acknowledgements ........................................................................................ 21

8 References .................................................................................................... 22



Appendix A....................................................................................................... 25

A Individual cases ............................................................................................ 25

A.1 High phase speed..................................................................................... 26

A.2 Low phase speed ..................................................................................... 27



1 Introduction

The dominant feature of the atmospheric circulation at mid-latitudes are Rossby waves. These
waves are shaped by the rotation of the Earth and are associated with the jet stream that flows
along the wave structure. Surface cyclones can be found ahead of troughs and anticyclones in
the ridges and as the waves propagate towards the east these cyclones and anticyclones follow
(Hoskins & James 2014). If the eastward propagation is slow, areas beneath the waves may
encounter stagnating weather, which might result in droughts (Namias 1991), flooding (Ulbrich
et al. 2003), heat waves or cold spells (Ding & Wang 2005, Fragkoulidis et al. 2018) while the
effect of fast propagation is less explored. Due to the severe impacts slow propagation can
have, it is important to increase the knowledge about why and when it occurs. The same is true
for fast propagation of Rossby waves, for which it is also important to determine whether there
is a risk of severe weather.

Propagation of Rossby waves can be estimated by their phase speed which can be quantified,
e.g. using meridional wind data from the upper troposphere (Randel & Held 1991). Data can
be processed to obtain a unique, global value making it possible to handle a large amount of
data over large areas. This allows for detection of both global and local effects of anomalous
Rossby wave phase speed on different meteorological variables known to be connected to the
phase speed. It is also possible to find out if there are any patterns in upper tropospheric
variables that can be connected to the onset of a high or low phase speed event.

1.1 Goal of project

This project aims to investigate the processes involved in Rossby wave phase speed variabil-
ity. This is achieved by focusing on two goals, describing the large-scale circulation patterns
associated with anomalous phase speed events, as well as identifying processes that lead to
anomalous phase speed in Rossby waves at the hemispheric scale. By completing these two
goals we hope to increase the basic understanding of the large-scale, mid-latitude circulation.

2 Background

2.1 Rossby waves

Undulations in the upper troposphere flow in the midlatitudes are referred to as Rossby waves
and were first mentioned by Rossby (1939). The waves are predominantly propagating from
west to east and are associated with the high wind speed of the upper level jet stream. The
distinct wave-like shape is created due to the rotation and spherical shape of the Earth caus-
ing a balance between relative vorticity (ζ) and planetary vorticity, measured by the Coriolis



parameter (f ) which is 0 at the equator and maximum at the pole. It is therefore an absolute
vorticity-conserving (ζ + f ) motion, i.e. D(ζ+f)

Dt
= 0 (Holton 2004). This conservation prop-

erty implies that an air mass displaced from the equilibrium of the wave and moving towards
the pole, for example, would see an increase in relative vorticity due to the Coriolis parameter
being larger closer to the pole. To preserve the absolute vorticity, the relative vorticity then
decreases and the air parcel starts to spin opposite to the motion of the Earth, forming an an-
ticyclone (Figure 1). The opposite happens if the airmass were to move southwards and this
process leads to Rossby waves being accompanied by upper-level cyclones and anticyclones
(Hoskins & James 2014).

Figure 1. Schematic of a Rossby wave in the Northern Hemisphere. The black line indicates the line of constant
absolute vorticity. High and low pressures at surface level are indicated as H and L respectively, with dashed
arrows indicating the airflow. Solid red and blue arrows indicate the upper-level anticyclones and cyclones. Ω is
the rotation of the Earth and the direction is indicated by the curved bold arrow.

2.1.1 Phase speed

Suppose that a plane wave, i.e. a wave where the value is constant over a plane perpendicular
to the direction of the wave, is propagating in the direction of k = (kx, ky). In this case the
phase speed of the wave is defined as

cp =
ω

k
(1)

where ω is the frequency. Phase speed describes the speed at which the crests of the wave
propagate, in comparison to group speed which describes the transport of energy and the speed
of the wave packet.

The wavelength, λ, is the distance between two locations in the direction of propagation
where the phase differs by 2π, for example two wave crests. It is defined as

λ =
2π

|k|
(2)
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The directional vector k can be divided into components

kx = |k|cosϕ, ky = |k|sinϕ (3)

where ϕ is the phase. Denoting the distance between the wavecrests l = (lx, ly) we find that
the components of phase speed are

cxp = cp
lx
l

=
cp
cosϕ

= cp
|k|
kx

=
ω

kx
, cyp = cp

ly
l

=
cp
sinϕ

= cp
|k|
ky

=
ω

ky
(4)

which are often larger than the phase speed in the primary direction (Vallis 2017).
Applying these concepts of phase speed on Rossby waves require a few more steps. Firstly

a barotropic atmosphere is assumed (Karoly 1983) and the wave is assumed to be a plane wave.
We can then use the β approximation

β =
df

dy
=

2Ωcosφ

R0

(5)

where φ is the latitude,R0 the Earth’s radius and Ω the angular velocity of Earth (Brekhovskikh
et al. 1994;1993). This is in turn used to obtain the Rossby wave dispersion relation

ω = Uk − βk

k2 + l2
(6)

where U is the steady, zonal-mean background flow, k is the horizontal wavenumber and l is
the vertical wave number. Combining these equations and the definition of phase speed we then
get that

cxp = U − β

k2 + l2
(7)

and such the phase speed of Rossby waves is dependent on two factors, the background flow
(eastward propagation) and the self-advection of the wave itself against the background flow
(westward propagation). The self-advection is directly proportional to β and inversely propor-
tional to the wavenumber.

2.1.2 Impact on weather

Rossby waves are commonly associated with stationary weather. This is due to slowly prop-
agating waves allowing quasi-stationary low pressure systems to stay over regions for longer
than usual, causing, for example, flooding due to heavy precipitation (Wirth et al. 2018, Ulbrich
et al. 2003). The opposite scenario is also possible, where areas receive no precipitation for an
extended amount of time and experience drought (Namias 1991). Similarly, quasi-stationarity
may also cause extreme temperatures as the mixing of airmasses slow down with the propaga-
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tion of the Rossby waves (Ding & Wang 2005). Fragkoulidis et al. (2018) also found that the
risk of extreme temperature in mid-latitudes increase when the amplitude of Rossby waves is
large, and Röthlisberger et al. (2016) could also connect the waviness of the jet to temperature,
precipitation and wind.

In comparison to the slow propagation, impacts of rapid propagation on weather have not
been as publicised. However, European windstorms have been found to occur at times of an
intense, zonal jet stream (Hanley & Caballero 2012, Messori & Caballero 2015). Since phase
speed is a function of the background flow (Equation 7), a strong jet is likely connected to high
phase speed events.

2.1.3 Impact of Arctic amplification

The impact of Arctic amplification, which is the warming of high northern latitudes compared
to the Northern Hemisphere, has been discussed as a source of disturbance of the large scale
circulation (Francis & Vavrus 2012) and thereby Rossby waves. As the Arctic warms up the
meridional temperature gradient decreases. Due to it being a driving mechanism of the jet
stream, the decrease will also cause a reduction in the strength of the jet. From Equation 7 we
know that the phase speed of Rossby waves is dependent on the background flow, and thus it is
theorized that Arctic amplification might have an effect on Rossby waves. However, it has been
found that there is no decisive role of Arctic amplification on either the amplitude of Rossby
waves (Blackport & Screen 2020) or the phase speed (Riboldi et al. 2020).

2.2 Atmospheric blocking

The term atmospheric blocking is used to describe many different synoptic patterns with char-
acteristics such as persistence, quasi-stationarity and interference of westerly flow. A com-
mon type of blocking is a blocking high, which is a large-scale, slow-moving anticyclone that
redirects the zonal flow to a path around the block. This obstruction and redirection of the
large-scale zonal flow is such the main feature of atmospheric blocking (Woollings et al. 2018).
Blocking events occurs around 30-35 times a year in the northern hemisphere with an average
lifespan of 9 days (Lupo 2021;2020) mostly in winter and early spring (Lupo & Smith 1995,
Lejenäs & Økland 1983). There are three main types of blocking, stationary ridges, omega
blocks and dipole blocks (also called Rex block) (Woollings et al. 2018, Sousa et al. 2021).
These have the same features that block the zonal flow and only differ in location and genera-
tion.
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3 Methodology

A Rossby wave phase speed metric is produced using the spectral analysis first proposed by
Randel & Held (1991) and later modified to be more suitable for the analysis across multiple
latitudes by Riboldi et al. (2020). This method allows for daily global mean values of the
Rossby wave phase speed to be computed from 250hPa meriodional wind data by using the
following steps.

3.1 Spectral analysis

The data used is 6-hourly meridional wind at 250hPa from the ERA5 data set (March 1979
to November 2019) (Hersbach et al. 2020) where the level is chosen as it is the approximate
height of the jet stream. The time resolution allows waves that propagate rapidly eastward to
be properly resolved. A spectral decomposition in time and space is performed on this data for
each latitude circle of 35-75oN for each date in the data set, seen as the center of a time window
of 61-days with 30 days before and 30 days after. For these 61 days double Fourier transform
is used to decompose the signal onto a sum of harmonics with the angular frequency ω and
a-dimensional wave number n. These are then interpolated for each latitude to the phase speed
and wavenumber following the procedure by Randel & Held (1991) (Figure 2). This is done
in both the phase speed domain and then by averaging the periodograms across latitude. As a
result the flow is decomposed over a basis of (n, cp) harmonics.

Figure 2. A wavenumber/frequency spectrum (left) and wavenumber/phase speed spectrum (right) of meridional
wind, averaged between 35 and 75oN and referring to first of January 2014 with its subsequent time window of
61 days. In the left figure units are m2s−2 and in the right m2s−2 ∆c−1, where ∆c=1ms−1 at 55oN. Points of
constant phase speed are indicated by dotted lines in the left figure, where the smallest slope is ±1 ms−1 and
then ±2, ±5, ±10, ±20, ±30ms−1 follow, computed at 55oN. ©Riboldi et al. (2020). Figure reproduced with
permission from the author.
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In order to then find a global estimate a weighted average was implemented. This takes into
consideration the phase speed of all harmonics between n=1 to n=15 where the weights are the
corresponding values in the spectrum

c =

∑15
n=1

∑30
cp=−30 S(n, cp) · cp∑15

n=1

∑30
cp=−30 S(n, cp)

(8)

Where the sums are over the harmonics and phase speeds between -30 and 30ms−1, and
S(n, cp) are the weights. The weights can then be used to determine what harmonics dominate
the flow during the considered time frame. Given that

cp =
ωacosφ

n
(9)

where cp is the phase speed, ω is the frequency, a=6371000m is the radius of the Earth,
φ is the latitude and n is the a-dimensional wavenumber it is then possible to find the phase
speed as well as restrictions. The lowest possible cp possible to resolve are corresponding to
ω = 2π

61d
for each n and φ whereas the highest cp correspond to ω = 2π

2·6h . Another aspect that
is important to consider is that the smallest resolvable cp becomes smaller for higher latitudes
as cosφ increases.

3.2 Event extraction

Phase speed events are defined here as four or more consecutive days where the daily mean
Rossby wave phase speed is either in the top of bottom 5% of December, January and February
(DJF) values. Note that a five day overlap between consecutive events, so that if two events are
closer than 5 days, they are merged. An overlap into November or March is also allowed in
case that the event occur in the beginning or end of the period. Using this definition of phase
speed events result in 22 cases of high speed events and 15 cases of low speed events. These
are found in Table 1 and 2 respectively. The lower amount of low phase speed events results
from there being more short events (fewer than four days), which have been removed due to
our definition of events.

Using the events it is possible to investigate the impact of anomalous Rossby wave phase
speed on meteorological variables. The data set used for the variables is ERA5 (Hersbach et al.
2020) and composites of anomalies are made for all high and low phase speed events. In order
to find the anomalies the climatology is defined as the mean of the data set during DJF in each
spatial data point and is then subtracted from the daily mean composite of only the days during
the event. Furthermore, a significance test is run using Welch’s t-test and only values with a
p-value of 0.05 or smaller are plotted. Note that this may not be done for the blocking variable
as it cannot be assumed to be normally distributed. This blocking diagnostic is based on upper-
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tropospheric potential vorticity anomalies between 150-500hPa and was produced using the
approach of Schwierz et al. (2004), and was kindly provided by Dr. Michael Sprenger and Dr.
Lukas Papritz at ETH Zurich.

Table 1. List of high phase speed events featuring their magnitude, date and duration, sorted by magnitude.

Event no. max. phase speed [m/s] date of max. phase speed No. of days
1 11.03 1989-01-14 20
2 10.64 1999-12-07 10
3 9.97 1997-02-13 14
4 9.79 2016-12-25 7
5 9.76 2007-01-04 33
6 9.73 1990-01-18 6
7 9.57 2011-12-25 9
8 9.42 1988-12-30 6
9 9.40 1991-12-10 6
10 9.37 1986-01-05 8
11 9.32 1990-12-04 5
12 9.29 1998-02-21 7
13 9.27 2015-12-19 5
14 9.18 2016-01-31 5
15 9.13 1992-12-22 4
16 9.12 2007-12-26 4
17 9.11 1990-01-07 5
18 9.11 1986-12-31 4
19 9.06 2014-01-11 11
20 8.97 1990-02-08 6
21 8.96 1993-01-08 4
22 8.91 2015-12-10 4
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Table 2. List of low phase speed events featuring their magnitude, date and duration, sorted by magnitude.

Event no. min. phase speed [m/s] date of min. phase speed No. of days
1 1.21 2009-12-12 15
2 1.54 1980-01-28 18
3 1.80 2011-01-10 16
4 1.99 2010-12-16 19
5 2.04 1985-01-18 24
6 2.20 1980-01-09 6
7 2.42 1985-02-06 7
8 2.51 2010-01-04 6
9 2.81 2000-01-17 5

10 2.87 2005-02-23 5
11 2.92 2005-12-15 5
12 2.98 1986-02-10 15
13 3.35 2010-02-04 8
14 3.42 2018-02-27 4
15 3.49 2012-12-08 6

4 Results

4.1 Phase speed properties

An assessment of the Rossby wave phase speed seasonal cycle shows that highest values usu-
ally occur during December, January or February while low phase speed is not as common
during the DJF-season (Figure 3). However, there is a large inter-annual variability in winter
values and some months exhibit lower phase speed than the yearly mean. This makes winter
interesting and so we focus on DJF.
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Figure 3. Timeline showing the Rossby wave phase speed as daily mean (blue) and monthly mean (black). The
dots represent the monthly mean values of the individual DJF months. The purple area marks the 95:th percentile
of the whole data set.

4.2 Impact on meteorological variables

4.2.1 Upper level variables

The impact of high and low Rossby wave phase speed events on different meteorological vari-
ables is investigated first in the upper levels of the atmosphere at 250hPa. As the jet is situated
approximately at this level zonal wind may be assumed to be visualising the speed of the jet.
Also note that the phase speed analysis is conducted between 35◦N and 75◦N but responses
in other variables outside these limits are still to be considered. When the Rossby wave phase
speed is high, the zonal wind is stronger than the average over both the Atlantic and Pacific
storm tracks, i.e. the most common areas for storm activity (Figure 4a). Considering instead
the geopotential height anomalies, positive geopotential anomalies can be observed around the
entrance and exit of the storm tracks, indicating enhanced anticyclonic ridges at these locations.

Geopotential anomalies during low phase speed events are significantly positive over both
storm tracks with negatively anomalous geopotential at lower latitudes (4b), causing a reduc-
tion in the large-scale meridional geopotential gradient and resulting in negative zonal wind
anomalies in the mid-latitudes. The zonal wind anomaly is instead positive towards the Equa-
tor, suggesting a southwards shifted jet. The observations thereby show a reduction in the
meridional geopotential gradient during low phase speed events, leading to negative zonal wind
anomalies, while the opposite is true during high phase speed events.
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(a) (b)

Figure 4. Composites of geopotential height and zonal wind speed anomalies during the (a) top 5% and (b)
bottom 5% of phase speed values between 1979 and 2019 sorted for only DJF and events where the extreme phase
speed lasts for 4 or more days. Black contours show geopotential height (940 dam to 1060 dam in steps of 30
dam) and purple contours show zonal wind anomalies (-15, -10, -5, +5, +10, +15 ms−1 isotachs, dashed contours
show negative values) where dotted areas mark the values with a p-value of 0.05 or less. Significant (p≤0.05)
geopotential anomalies are shaded according to the colour scale. The thick black circles mark the 35◦N and 75◦N
parallel.

4.2.2 Blocking

The blocking at 250hPa is investigated further, and we recall that no significance assessment
is conducted for the blocking parameter as it is not normally distributed. During high phase
speed events, we observe less blocking over the storm tracks compared to the climatology of
the region (Figure 5a). However, there are also areas of increased blocking found over northern
Siberia, east of the Kara Sea, and the central Pacific ocean respectively, as well as over eastern
Europe. Blocking is observed up to 10% more often in these areas. During low phase speed
events, on the other hand, blocking can be observed up to 40% more than climatology over both
storm tracks but stays on normal levels in other areas (Figure 5b). Thus blocking on the storm
tracks is common for low phase speed events, while high phase speed events occur during times
of no blocking on the storm tracks, but rather over northern Siberia or the central Pacific.
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(a) (b)

Figure 5. Composites of blocking frequency anomalies during the (a) top 5% and (b) bottom 5% of phase speed
values between 1979 and 2019 sorted for only DJF and events where the extreme phase speed lasts for 4 or more
days. Black contours show the climatology 5% frequency line and blocking frequency anomalies during the events
are shaded according to the scale.

4.2.3 Surface temperature

Similarly to upper levels, we expect high and low phase speed events to affect surface weather.
Significant positive 2m temperature anomalies are observed over Europe and North America
during high phase speed events, while negative anomalies are found at high latitudes mostly
over ocean or sea ice (Figure 6a). During low phase speed events the anomalies over Europe
are instead negative and the high latitude anomalies positive as well as covering larger areas
compared to the high phase speed (Figure 6b). Further negative anomalies are observed over
Siberia and western North America. From this we then see that Europe and high latitudes will
be affected by both high and low phase speed events and the temperature anomaly field in these
areas is inverted between high and low phase speed.
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(a) (b)

Figure 6. Composites of 2m temperature anomalies during the (a) top 5% and (b) bottom 5% of phase speed
values between 1979 and 2019 sorted for only DJF and events where the extreme phase speed lasts for 4 or more
days. Black contours show the temperature anomalies (-6, -4, -2, +2, +4, +6 K isotherms, dashed contours show
negative values) and shaded areas show significant (p≤0.05) temperature anomalies according to the colour scale.

4.2.4 Surface wind

The last variable taken into account is the 10m wind speed, which is considered both in mag-
nitude and separately for each component. During high phase speed events the zonal wind
is observed to be higher over the storm tracks as well as over northern Europe (Figure 7a).
Positive anomalies are are also prevalent in the meridional wind with the largest areas west of
the British Isles as well as in the middle of the Pacific storm track (Figure 7b). To the east of
the Pacific positive anomaly there is also a negative anomaly, indicating an anticyclone. This
area of the Pacific also present positive anomalies in the total wind, as well as the North Sea in
northern Europe (Figure 7c).

Considering instead the low phase speed events, the zonal wind anomalies are located in
similar areas to the high phase speed events but are instead negative (Figure 7d). Most of the
Atlantic storm track is observed to have negative anomalies as well as the end of the Pacific
storm track. Positive anomalies can be found further south in the low latitudes of the Atlantic,
associated with an equatorward displacement of the jet stream (Figure 4a). Similarly to the
zonal wind, only negative significant anomalies are observed for the meridional wind impacting
the eastern coast of north America and western Europe as well as the Black sea, western Russia
and the central Pacific at low latitudes (Figure 7e). The areas with significant anomalies in total
wind, on the other hand, are located on the west coast of Greenland, east of the Kamchatka
peninsula and in the lower latitudes of Atlantic (Figure 7f). Just as for high phase speed we
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then conclude that zonal wind is mostly affected in and around the storm tracks. The anomalies
are mostly negative for both zonal and meridional wind, whereas the opposite is found for high
phase speed. The total magnitude of the wind is observed to have very local impacts during
both high and low phase speed events.

(a) (b) (c)

(d) (e) (f)

Figure 7. Composites of total 10m wind speed during the (a) top 5% and (d) bottom 5% of phase speed values
between 1979 and 2019 sorted for only DJF and events where the extreme phase speed lasts for 4 or more days.
Black contours show the wind speed climatology (8ms−1 to 12ms−1 in steps of 2ms−1) and shaded areas show
significant (p≤0.05) wind speed anomalies according to the colour scale. (b, e) same as before but 10m meridional
wind speed and (c, f) same as before but zonal wind speed.

4.3 Beginning and end of events

So far we have considered how different meteorological variables vary during Rossby wave
phase speed events, but the opposite should also be considered, i.e. if variations in meteorolog-
ical variables impact the phase speed events. In particular, whether we can identify anomalous
patterns in the large-scale circulation leading to the onset of the considered high and low phase
speed events. This is done with the same approach as before (Section 4.2) but using the first and
last day of the events instead of the peak. In doing so the process of generation and decay of
phase speed events can be studied, and since Rossby waves are located in the upper troposphere
it is likely that the processes linked to the onset and decay of phase speed events also start at
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this level.
The geopotential and wind speed at 250hPa on the first day of the events are similar to the

peak event analysis, although with weaker anomalies (Figure 8a, 8d). At the end of the events,
however, the high phase speed event geopotential and wind speed (Figure 8c) is very similar
to the peak counterpart (Figure 8b), while the low phase speed event (Figure 8f) has weaker
blocking compared to the peak (Figure 8e) with two areas concentrated towards the entrance of
the storm tracks.

The beginning and end of the events is also investigated for blocking (Figure 9): low phase
speed events feature clear blocking in both storm tracks both during the beginning (Figure 9b)
and end (Figure 9d) while high phase speed events feature a much lower amount of blocked
areas. However, there are two areas during the beginning of the events where there is a slight
increase in blocking frequencies (Figure 9a). These are located at low latitudes off the coast
of Japan and at high latitudes outside the coast of Siberia. Anomalously positive blocking
frequencies are also present at the end of the events (Figure 9c).

In order to see more clearly whether blocking occurs at the same time on both storm tracks
during low phase speed events and if there is blocking activity in the aforementioned areas
during high phase speed, each first day of the events is plotted separately instead of in a com-
posite and can be found in the appendix (Figure A.1, A.2). A visual inspection of the high
phase speed events show 4 events with blocking in the Japan-region, 7 in the Siberia-region, 1
in both and 10 in neither. The case that includes both regions is counted as occurring once in
either region, meaning an analysis of 5 events in the Japan-region and 8 in the Siberia-region
is done (Table 3). Observe that this classification is not done using objective thresholds but a
visual inspection. The Siberian region is centered roughly around 77oN and 80oE and included
cases where blocking occurred along the northern Russian coast. The Japan-region is instead
centered roughly around 39oN and 154oE and includes cases where blocking is found in the
eastern Pacific as well as over eastern China.

Compared to high phase speed, low phase speed events occur during periods of strong block-
ing over the storm tracks. At the beginning of the events (Figure 9b) the blocking is concen-
trated mostly to the centre of the storm tracks within the areas we would expect to find it based
on the climatology. At the end, however, the blocking is instead shifted towards the beginning
of the storm tracks (Figure 9d) as we also saw from the geopotential anomaly pattern (Figure
8f). A visual analysis similar to the one done for high phase speed is done focusing on the
beginning of the event, see appendix (Figure A.2). We see that blocking occurs on the Pacific
storm track 3 times, Atlantic storm track 5 times, both 6 times and 1 occurrence of no blocking
(Table 3). Since the events are sorted in order of lowest minimum phase speed first (Table 2),
we see that the most extreme cases mostly occur when blocking is present on both storm tracks
or only the Pacific during the onset. For less extreme cases instead, Atlantic blocking during
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the onset is more common.

Table 3. Regions blocked during the beginning of each phase speed event. During low phase speed regions are
either Pacific storm track (p), Atlantic storm track (a), both storm tracks (b) or no blocking (-). During high phase
speed regions are either off the coast of Japan (j), off the coast of Siberia (s), both (b) or no blocking (-).

Event no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Low phase speed p a b b b p p b b a - a a b a
High phase speed j - - - - s - - s - j j j s - - s s s b - s

(a) (b) (c)

(d) (e) (f)

Figure 8. Composites of geopotential height and zonal wind speed anomalies as in Figure 4, but for the (a),(d)
initial, (b),(e) peak and (c),(f) final time steps of (top) high phase speed events and (bottom) low phase speed
events
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(a) (b)

(c) (d)

Figure 9. Composites of blocking frequency anomalies as in Figure 5, but for the (a),(b) initial and (c),(d) final
time steps of the (left) high phase speed events and (right) low phase speed events.

4.3.1 Regional analysis of blocking during high phase speed events

In order to get a better understanding of the conditions allowing a high phase speed event to
develop all cases with any blocking during the onset of the event (Table 3) are separately inves-
tigated. They are also separated into Japan (low latitude blocking) and Siberia (high latitude
blocking).

When blocking is occurring in the higher latitudes around Siberia the geopotential is anoma-
lously low around the storm tracks during the beginning of the event (Figure 10a). At the peak,
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however, the geopotential over the Atlantic is closer to normal values (Figure 10b). As we
expect blocked areas to change the atmospheric flow due to the associated anticyclones, 2m
temperature is used to indicate areas where air masses have been displaced. During both the
beginning and peak there are cold anomalies over China as well as a warm anomaly over North
America where the areas of significant anomalies are larger during the peak (Figure 10e, 10f)

Events characterized by blocking over Japan feature geopotential that is significantly lower
than climatology over high latitudes and positively anomalous over lower latitudes both during
the beginning of the event (Figure 10c) and the peak (Figure 10d). In contrast with the Siberia
events, however, there is a positive temperature anomaly over China as well as over western
Europe (Figure 10g, 10h). Lastly, negative anomalies of 2m temperature are visible at high
latitudes around 75◦N. These differences between the two regional analyses suggest different
pathways to obtaining high phase speed events, which will be discussed in further detail in the
next section.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 10. (Top) composites of geopotential height and zonal wind speed anomalies as in Figure 4, but for the (a)
initial and (b) peak time steps of high phase speed in the Siberian region and (c), (d) same as (a) and (b) but for
the Japan region. (Bottom) same as the top figures but composites of 2m temperature anomalies as in Figure 6.
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5 Discussion

5.1 High phase speed

5.1.1 Windstorms

During high phase speed events the zonal wind is significantly stronger than average both at the
250hPa level (Figure 4a) and 10m (Figure 7a). This increase is found over both storm tracks:
the 10m wind anomalies were located more towards the exit, while anomalies in upper-level
zonal wind were more spread out over the full storm track area. Interestingly, an increase in the
total magnitude of the wind is found over the British Isles and the southern Baltic sea (Figure
7c) suggesting a link to windstorms in connection of high phase speed events. This is in line
with the findings of Messori & Caballero (2015) as well as Hanley & Caballero (2012) who
found an increase in destructive windstorms during periods of a zonal, intense jet stream, which
was also observed in this study (Figure 4a).

During the writing of this study a cluster of three storms (Dudley, Eunice and Franklin) hit
western Europe consecutively during one week in February 2022, causing massive damage.
Interestingly the geopotential at 250hPa showed the same pattern of unusually high values
around the entrance and exit of the Atlantic storm track as seen in Figure 4a, lending credence
to our findings of wind storms occurring during times high phase speed events.

5.1.2 Conditions favoring high phase speed events

Mechanisms behind the onset of high phase speed events are not clear-cut, but blocking is
present outside the coast of Siberia, east of the Kara sea, or at low latitudes outside the coast
of Japan over the central Pacific during 12 out of the 22 cases (Table 3). During the Siberian
cases cold air is displaced southwards towards the entrance of the Pacific storm track (Figure
10e, 10f), likely due to the cyclone found over the Northern Pacific (Figure 10a, 10b). The
anti-clockwise rotation brings cold, polar air towards the south, causing a stronger temperature
gradient and thereby a stronger jet. Due to the higher background flow the phase speed also
increases. The flow jet may also be accelerated by the southern flank of the cyclone.

Blocking outside the coast of Japan, on the other hand, is associated with an anticyclone
located over eastern China (Figure 10c, 10d). The rotation of this anticyclone brings warm,
southern air towards the north, which can be observed as warm anomalies over China (Figure
10g, 10h). Similarly to blocking over Siberia this creates an increased temperature gradient
that likely accelerates the jet and thereby the phase speed of the Rossby waves. Alternatively,
the jet starts to get accelerated at the northern flank of the blocking over Japan.
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5.2 Low phase speed

5.2.1 Effects on temperature and wind speed

During low phase speed events we see strong negative zonal wind speed anomalies at 10m over
mainly the Atlantic storm track, but also over the Pacific (Figure 7d). This is likely caused
by blocking in these regions (Figure 5b), causing the flow to be pushed southwards. Further-
more, 2m temperature is anomalously high at high latitudes over both storm tracks while colder
temperatures are found over Europe, Siberia and China as well as western North America (Fig-
ure 6b). Higher up in the atmosphere at 250hPa the zonal wind is similar to that at 10m as
the anomalies are negative in the mid-latitudes with the jet instead located further towards the
equator (Figure 4b).

5.2.2 Conditions favoring low phase speed events

At the onset of the low phase speed events blocking is present in one or both storm tracks in
all but one case (Table 3). This indicates that atmospheric blocking is determinant for the onset
of low phase speed events. As the events end, the blocking is instead located closer to the
beginning of the storm tracks (Figure 9d). Contrary to the high phase speed events, blocking is
consistently found in the mid-latitudes and thereby cause a disruption of the flow as it is located
directly in the path of the waves. An anticyclone associated with blocking could also decelerate
the flow if it is north of the jet as the rotation of the wind would be westward.

5.3 Limitations

The cases used in this study are limited in number and therefore the statistical value of the
results is also limited: consequently, climatological conclusions are to be taken with caution.
This issue was mainly present in the regional analysis of the high phase speed events, as only 8
and 5 cases were used for each region respectively. However, the low amount of cases instead
allowed for an individual case-to-case investigation which was used in this case.

By using the top and bottom 5% values of the phase speed the most extreme cases are
examined. However, this also means that what is examined could be the very tip of a peak in
phase speed and the longer, less extreme parts of the event are missed. Due to this the analysis
of the beginning (end) of events might not capture the mechanisms that cause the onset (decay)
as it could happen much earlier (later) than the dates used in this study. Thereby it could be
interesting to instead look into a larger set of data including all top and bottom 10% values or
alternatively investigate the upper-level geopotential and blocking a few days before we expect
the onset of the event. This might, however, not be preferable to the other alternative as the lag
would ideally have to be adapted to each individual case to capture the beginning of the peak.
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This analysis was furthermore limited to only winter and the Northern Hemisphere. If a
phase speed event were to occur at another time of year the effects on meteorological variables
as well as processes behind the onset could differ. In order to fully understand how Rossby
wave phase speed interacts with the rest of the atmosphere, it would be crucial to also analyze
other seasons.

6 Conclusions

By sorting out the top and bottom 5% daily global Rossby wave phase speed it is possible
to both connect the phase speed to patterns in meteorological variables as well as identifying
processes connected to the onset of phase speed events. During the peak of events it is shown
that zonal wind at 250hPa is significantly affected, mainly over the storm tracks. During high
phase speed events the anomalies are positive and for low phase speed events negative. Fur-
thermore, 250hPa geopotential height is lower than the climatological average at high latitudes
for high phase speed and higher than usual for low phase speed. At surface level, temperature
is affected in the storm track areas and downstream of them. The 10m zonal wind is similar to
that at 250hPa, with postitve (negative) significant anomalies over the storm tracks during high
(low) phase speed events. Meridional wind at 10m is mostly positively (negatively) anomalous
for high (low) phase speed events and the total magnitude of the 10m wind has few and weak
significant anomalies, which are once again located in the storm tracks.

Low phase speed events are found to develop when blocking is present on either or both
storm tracks in all cases but one. High phase speed events on the other hand have blocking
present at the onset in 12 out of 22 cases and when blocking is present it is always found in one
of two areas, outside the coast of either Siberia or Japan. Blocking in these areas most likely
cause a stronger temperature gradient, enhancing the jet and thereby the phase speed.

These results indicate that atmospheric blocking in certain positions may induce a Rossby
wave phase speed event that will then in turn affect other meteorological variables such as wind
speed and temperature. In order to conclude this a study of more cases would be beneficial,
mainly by including all top and bottom 10% values. This would allow a larger portion of a
phase speed peak to be examined. It would also be of interest to see how often blocking in the
identified areas for both high and low phase speed events respectively occurs simultaneously to
a phase speed event. By identifying both processes that cause and are caused by phase speed
events we may hopefully be able to better understand and predict them in the future.
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Appendix A

A Individual cases

In this section figures showing the beginning of each individual phase speed event is presented.
High phase speed cases are found in Figure A.1 and low phase speed cases in A.2.
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A.1 High phase speed

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

(u) (v)

Figure A.1. Location of blocking at the beginning of high phase speed events. Each plot shows one event with
(a) being event 1 and (v) event 22. The colour indicates length of blocking event with 1 being present all day and
0.25 being present 1/4th of a day. White areas have no blocking during that day. Fully white plots have blocking
occurring at another location on the Earth not shown and plots with the text "constant field - value is .0" have no
blocking anywhere on Earth that day.
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A.2 Low phase speed

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Figure A.2. Location of blocking at the beginning of low phase speed events. Each plot shows one event with
(a) being event 1 and (o) event 15. The colour indicates length of blocking event with 1 being present all day and
0.25 being present 1/4th of a day. White areas have no blocking during that day.
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