1 JUNE 2019 ROTHLISBERGER ET AL. 3207

Recurrent Synoptic-Scale Rossby Wave Patterns and Their Effect on the
Persistence of Cold and Hot Spells?

MATTHIAS ROTHLISBERGER?

Institute of Geography, and Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland

LINDA FROSSARD

Institute of Geography, and Mobiliar Lab for Natural Risks, and Oeschger Centre for Climate Change Research,
University of Bern, Bern, Switzerland

LANCE F. BOSART AND DANIEL KEYSER

Department of Atmospheric and Environmental Sciences, University at Albany, State University of New York, Albany, New York

OLIVIA MARTIUS

Institute of Geography, and Mobiliar Lab for Natural Risks, and Oeschger Centre for Climate Change Research,
University of Bern, Bern, Switzerland

(Manuscript received 3 October 2018, in final form 6 March 2019)

ABSTRACT

The persistence of surface weather during several recent high-impact weather events has been pivotal in
generating their societal impact. Here we examine Hovmoller diagrams of the 250-hPa meridional wind
during several periods with particularly persistent surface weather and find a common pattern in these
Hovmoller diagrams. This pattern can be characterized as a “recurrent Rossby wave pattern” (RRWP),
arising from multiple transient synoptic-scale wave packets. During such RRWP periods, individual troughs
and ridges forming the wave packets repeatedly amplify in the same geographical region. We discuss the
synoptic evolution of two RRWP periods, in February—March 1987 and July—August 1994, and illustrate how
the recurrence of the transient wave packets led to unusually long-lasting cold and hot spells, which occurred
simultaneously in several regions, each separated by roughly one synoptic wavelength. Furthermore, a simple
index termed R is proposed to identify RRWPs, which is based on both a time and wavenumber filter applied
to conventional Hovmoller diagrams. A Weibull regression analysis then shows that large values of R are
statistically significantly linked to increased durations of winter cold and summer hot spells in large areas of
the Northern Hemisphere midlatitudes. Traditionally, persistent high-impact surface weather has often been
linked to the occurrence of proximate atmospheric blocking. In contrast to blocking, RRWPs affect persistent
surface temperature anomalies over multiple synoptic wavelengths. We therefore argue that, in addition to
blocking, RRWPs should be considered as an important flow feature leading to persistent high-impact surface
weather.

1. Introduction
& Supplemental information related to this paper is available at

the Journals Online website: https://doi.org/10.1175/JCLI-D-18-
0664.s1.

Recent high-impact weather events such as the Eu-
ropean heat wave in 2003, the Russian heat wave in
2010, and the 2013/14 cold winter in the U.S. Midwest
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have been associated with unusually persistent surface
weather (Black et al. 2004; Dole et al. 2011; Palmer 2014;
Davies 2015). Therefore, it has been recognized that in
addition to the magnitude of a particular weather event,
its persistence can also significantly contribute to the
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societal impact of the event (e.g., Davies 2015; Pfleiderer
and Coumou 2018). For reliable predictions about fu-
ture weather-related hazards, it is thus of foremost im-
portance to understand the atmospheric dynamical
mechanisms that generate persistent high-impact sur-
face weather, especially in the context of potentially
changing atmospheric circulation due to climate change
(Horton et al. 2015; Hoskins and Woollings 2015). The
purpose of this study is to illustrate one particular dy-
namical mechanism for invoking unusually persistent
surface weather that appears to have been operating
during several recent periods of persistent high-impact
surface weather.

The midlatitude surface weather (and its variations on
synoptic time scales) is dominated by frequent passages
of upper-level synoptic-scale Rossby waves [troughs and
ridges (e.g., Hovmoller 1949)], which propagate along
the midlatitude waveguide (Hoskins et al. 1985; Hoskins
and Ambrizzi 1993; Martius et al. 2010). Hereby upper-
level synoptic-scale Rossby waves steer and interact
with surface cyclones and anticyclones and thus strongly
affect where warm, cold, wet, and dry surface weather
occurs. Therefore, an investigation of the atmospheric
dynamical processes leading to unusually persistent
surface weather must start at upper-levels and consider
synoptic-scale waves.

Several dynamical mechanisms have been proposed
that can foster persistent surface weather. Recent stud-
ies have hypothesized that Arctic amplification might
lead to larger-amplitude and slower-moving Rossby
waves and should thus favor particularly persistent high-
impact surface weather (Liu et al. 2012; Francis and
Vavrus 2012; Cohen et al. 2014; Francis and Vavrus
2015; Francis and Skific 2015). However, trends in wave
amplitudes have been shown to be highly sensitive to the
choice of wave-amplitude metric (Barnes 2013; Screen
and Simmonds 2013), and other authors have ques-
tioned this effect of Arctic amplification based on the-
oretical arguments (Hoskins and Woollings 2015) and
modeling studies (Hassanzadeh et al. 2014).

Nevertheless, in general it can be expected that per-
sistent surface weather occurs more frequently when the
individual synoptic-scale waves attain particularly large
amplitudes, break, and hereby become quasi stationary,
for example, during atmospheric blocking episodes
(Altenhoff et al. 2008). It is therefore well documented
that blocking fosters the occurrence of collocated hot
extremes (Pfahl and Wernli 2012; Rothlisberger et al.
2016) and cold extremes downstream of the block
(Sillmann et al. 2011; Buehler et al. 2011; Whan et al.
2016), which can be expected to be rather persistent
because of the persistent upper-level flow configuration.
Moreover, the effect of atmospheric blocking on

JOURNAL OF CLIMATE

VOLUME 32

unusually persistent high-impact surface weather has
been illustrated for the recent extremely high-impact
heat waves in Europe in 2003 (Black et al. 2004) and in
western Russia in 2010 (Barriopedro et al. 2011; Dole
et al. 2011).

A further mechanism that has been proposed to ex-
plain the occurrence of persistent high-impact surface
weather is quasi-resonant amplification of synoptic-
scale Rossby waves (Petoukhov et al. 2013; Coumou
et al. 2014; Kornhuber et al. 2017). These authors have
argued that when certain dynamical conditions on the
nature of the midlatitude waveguide are fulfilled,
synoptic-scale waves can resonate with planetary-scale
stationary waves and hereby induce hemispheric per-
sistent and large-amplitude synoptic-scale wave pat-
terns. These patterns then lead to persistent and
synchronized extreme heat, cold, and rain all over the
midlatitudes (Coumou et al. 2014). The quasi-resonance
mechanism is thought to be most active in summer
(Coumou et al. 2014; Kornhuber et al. 2017).

However, the studies of Davies (2015) and Barton
et al. (2016), and to some extent also Fragkoulidis et al.
(2018), suggest that a further, perhaps simpler, mecha-
nism exists by which synoptic-scale waves can foster
unusually persistent surface weather. Barton et al
(2016) have investigated a period of temporally clus-
tered precipitation extremes at the Alpine south side in
fall 1993 and found that this clustering period was pre-
ceded by several recurrent transient wave packets.
Hereby the word “‘recurrent” is used to indicate that the
synoptic-scale troughs and ridges building up the wave
packets repeatedly amplified at the same longitudes.
Figure 1a shows the Hovmoller diagram of the 250-hPa
meridional wind averaged between 35° and 65°N
[hereafter referred to as vm,(A, t) for longitude A and
time ¢] for this period. At least six synoptic-scale Rossby
wave packets crossed North America and the North
Atlantic in a recurrent manner between 25 September
and 15 October 1993 (Fig. 1a). A similar behavior of
transient wave packets during the 2013/14 winter (e.g.,
10-29 January 2014, Fig. 1b) has been described by
Davies (2015), who concluded that the recurrence of the
synoptic-scale wave packets directly accounted for the
anomalous signals appearing in the seasonal mean fields.
Moreover, Fragkoulidis et al. (2018) have recently hy-
pothesized that a sequence of wave packets approaching
western Russia in summer 2010 also played a role in
fostering the persistent surface weather there.

Davies (2015), Barton et al. (2016), and Fragkoulidis
et al. (2018) illustrate that unusually persistent surface
weather can arise when the synoptic-scale wave packets
are organized over time in such a way that individual
troughs and ridges amplify repeatedly at the same
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FIG. 1. Steps for computing the metric R for the RRWPs (a),(c),(e),(g) in fall 1993 discussed by Barton et al.

(2016) and (b),(d),(f),(h) in January 2014 discussed by Davies (2015). Hovmoller diagrams of (a),(b) 250-hPa
meridional wind averaged between 35° and 65°N (vpa), (€),(d) vy, (€),(f) vitwnt, and (g),(h) the metric R. Green
contours in all panels depict R = 10ms™~!. Black dashed lines in (a) and (b) show the approximate longitude-time
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trajectories of Rossby wave packets building up the respective RRWP.

longitudes. The recurrence of the synoptic-scale Rossby
wave packets hereby continuously reinforces the
synoptic-scale surface weather pattern such that it lasts
much longer than typical synoptic time scales (approx-
imately 2-7 days). From an impacts point of view, these
recurrent Rossby wave patterns (RRWPs) therefore
certainly merit consideration. However, to our knowl-
edge, the existence of RRWPs and their effect on the
persistence of surface weather has only been explicitly
discussed in Davies (2015) and in Barton et al. (2016)
on a case study basis only.

The aim of this study is to assess the effect of RRWPs
on the persistence of cold and hot spells from a climato-
logical point of view. To address this research goal we first
discuss, based on RRWPs occurring in February—March
1987 and July—August 1994, how RRWPs can lead to
persistent high-impact weather. Then we introduce a
simple metric for identifying RRWPs and use this metric
in combination with a Weibull regression to quantify the
effect of RRWPs on the persistence of cold and hot spells
climatologically. Finally, we discuss the relationship be-
tween atmospheric blocking and RRWPs.
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The remainder of this study is organized as follows:
Sections 2a and 2b describe the dataset used for this
study. Definitions of cold and hot spells and their re-
spective climatologies are introduced in section 2c.
Then, in section 2d, a metric to identify RRWPs is
proposed and in section 2e we introduce the statistical
tools used for the climatological analysis. In section 3 the
synoptic evolutions of two example cases of RRWPs
leading to particularly long-lasting cold and hot spells
are described. The climatological effect of RRWPs on
cold and hot spell durations is discussed in section 4,
before elaborating on the relationship between blocking
and RRWPs in section 5. Finally, our key results are
summarized in section 6.

2. Data and methods
a. ERA-Interim

For all analyses in this study we use the ERA-Interim
reanalysis dataset (Dee et al. 2011) for the period 1980-
2015 with a 6-hourly temporal resolution. The dataset
has a T255 spectral horizontal resolution and 60 hybrid
o-p levels in the vertical, ranging from the surface to
0.1hPa. The spacing of the 60 levels is described in
Uppala et al. (2005). For this study, the data have been
interpolated horizontally to a 1° X 1° grid and vertically
to pressure levels. All variables used here are freely
available from the European Centre for Medium-
Range Weather Forecasts (ECMWF) homepage (http:/
apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/).
Standardized 2-m temperature anomalies referred to
below have been calculated using the local calendar time
step mean and standard deviation.

b. Blocking events

To assess the relationship between atmospheric
blocking and RRWPs, we use an updated version of the
blocking algorithm of Schwierz et al. (2004), which
identifies persistent negative anomalies in the 500-150-
hPa vertically averaged potential vorticity (PV).
Anomalies are calculated relative to the climatological
121 time steps (30.25 days) running mean centered on
the time step of interest and smoothed with 48-h running
mean filter. As in Croci-Maspoli et al. (2007) and Pfahl
and Wernli (2012) blocking events are identified based
on PV anomalies below a threshold of —1.3 PVU (1
PVU = 10 °Kkg 'm?s ™), that can be tracked for at
least five days and exhibit an areal overlap of more than
70% between consecutive time steps, such that
AN A;6p>07XA,. Hereby, A, (Aie,) is the area
covered by the respective negative PV anomaly feature
at time step ¢ (¢t + 6h); see Rohrer et al. (2018) for a
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detailed description of the tracking algorithm. For each
blocking event we identify its time of maximum ampli-
tude as the time step at which the most negative PV
anomaly value occurs within the blocking area.

c. Cold and hot spells

To characterize the persistence of sensible surface
weather we identify cold and hot spells at each grid point
between 20° and 70°N in the ERA-Interim dataset based
on 6-hourly 2-m temperatures for the period 1980-2015
in the following way. First, a linear trend is removed at
each grid point. Second, for each 6-hourly calendar time
step the 15th and 85th percentiles are calculated at each
grid point and used to identify moderately cold and hot
time steps. Hereby, all data from leap days are dis-
carded. Third, consecutive time steps of moderately low
or high temperatures are identified as uninterrupted
cold and hot spells. Finally, cold (hot) spells separated
by up to one day (i.e., four time steps) are merged by
making the interruption part of the merged spell.

The merging of spells separated by up to one day is
motivated from an impacts point of view: Conceivably, a
multiday cold or hot spell followed by one day of near-
average temperatures, followed by another multiday
spell has more societal impact than the same two spells
separated by a few weeks. Naturally, the choice of one
day as maximum allowed gap between uninterrupted
spells is subjective. However, we have repeated our
statistical analyses for maximum allowed gaps of zero
and two days and found that our results remain quali-
tatively similar. From the resulting set of spells (with
durations from 6 h up to several weeks) we discard spells
with durations of less than 36 h. This minimum duration
threshold for cold and hot spells is lower than in other
studies (e.g., Sillmann et al. 2013), as the statistical
analysis presented below requires sufficiently large
numbers of spells with a wide range of spell durations for
yielding robust results. Note, however, that our statisti-
cal results are valid for any spell duration quantile and
hence also for long-lasting spells.

Figures 2a and 2b show the number of extended
winter [November—April (NDJFMA)] cold spells and
extended summer [May-October (MJJASO)] hot spells
with a duration greater than or equal to 36 h at each grid
point. The numbers of cold and hot spells exhibit large
regional differences but exceed 250 in most places
(Figs. 2a,b). For later comparison with spell durations
occurring during RRWPs discussed in section 3, mod-
erately extreme spell durations (95th percentile) are
shown in Figs. 2¢ and 2d. The 95th percentiles for both
cold and hot spell durations range from 5 days (e.g.,
along the East Coast of the United States for cold spells,
Fig. 2¢) to roughly two weeks (e.g., over the North Sea
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FIG. 2. Number of (a) NDJFMA cold spells and (b) MJTASO hot spells with a duration larger than or equal to 36 h.
(c),(d) The 95th percentiles of (c) NDJFMA cold spell durations and (d) the MJJASO hot spell durations.

for hot spells, Fig. 2d). Overall there is a good agreement
between the qualitative pattern in the moderately ex-
treme spell durations shown here and the persistence
metric introduced in Pfleiderer and Coumou (2018).

d. The RRWP metric R

To identify periods during which RRWP conditions
occur, we propose a simple measure for the recurrence
of synoptic-scale Rossby wave patterns, termed R. The
metric R is calculated from conventional Hovmoller
diagrams of vy, (A, £) and its calculation is illustrated in
Fig. 1 for the RRWP cases described by Barton et al.
(2016) and Davies (2015).

The metric R should attain large values whenever
several synoptic-scale wave packets occur in a recurrent
manner, so that they produce a synoptic wavenumber
signal in the Hovmoller diagram of v, that lasts for
longer than synoptic time scales. In a first step we thus
aim to identify signals that last for longer than synoptic
time scales and apply a 14.25-day running mean (filter
width corresponding to approximately two synoptic-
scale Rossby wave periods, e.g., Chang and Yu 1999)
to vma(A, f) to obtain a time-filtered version vy(A, f)

(Figs. 1c,d). During times when the synoptic-scale waves
do not amplify repeatedly in the same phase the time
filter removes the synoptic wavenumber signals (see e.g.,
Figs. 1a,c at 60°~120°E during 20-30 September). Large
signals in v¢(A, f) could result either from stationary
planetary-scale waves, recurrent synoptic-scale wave
packets or persistent stationary synoptic-scale waves.
Since we aim to identify signals from synoptic-scale
waves only, we next filter v (A, ¢) for synoptic (i.e., 4-15)
wavenumber signals at each time step using a Fourier
series decomposition over longitude and obtain a field
Uirwnt (A, 1) of the synoptic wavenumber contribution to
vy. Finally, the metric R(A, ?) is calculated for all lon-
gitudes A and time steps ¢ as the envelope of vigynt (A, )
(e.g., Zimin et al. 2003), that is,

R\, 1) = , 1)

15
2 Z fjtf(k’ t)eZWikl)\/N
k=4

where ¥y(k, t) is the Fourier coefficient of vy for
wavenumber k at time step ¢, /, denotes the longi-
tudinal gridpoint index for longitude A and N = 360
is the number of longitudinal grid points. For the
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TABLE 1. Symbols for important quantities used in this study.

Symbol Definition

Uma(A, 1) Meridional wind at 250 hPa averaged between 35°
and 65°N.

vie(A, 1) Time-filtered vy, (A, t), resulting from applying a
14.25-day running mean to vma(A, ).

Vgt (A, 1) Synoptic wavenumber (4-15) contribution to
v[f(/\, Z).

R(A, ) Envelope of the synoptic wavenumber contribution
to ve(A, 1).

Rion(A, 1) R(A, 1) longitudinally averaged in the sector
(A —30°, A +30°).

R, i Representative R value for ith spell at grid point g,
which has longitude A,.

exp(ay) Exponentiated regression coefficient for R

(acceleration factor).

latitude—longitude grid used here (1° resolution with
longitude A ranging from —180° to 179°E) the longitu-
dinal gridpoint index is [, = A + 180. All the longitude—
time quantities are summarized in Table 1.

Based on the definition of R, it is possible that, besides
recurrent Rossby wave packets, also persistent station-
ary synoptic-wavenumber waves could generate large
values of R. Interestingly though, the climatological
value of R (Fig. 3a) exhibits clear longitudinally confined
maxima in all seasons, just in the regions where transient

Dec
Nov
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Aug

Jul
Jun
May

Apr

Mar

Feb

Jan
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synoptic-scale wave packets occur most frequently and
attain largest amplitudes (Glatt and Wirth 2014; Souders
et al. 2014b). These longitudinal variations in the mean
R value rule out hemispheric persistent stationary wave
patterns as primary cause of large values of R and clearly
point to the relevance of synoptic-scale Rossby wave
packets for generating large values of R.

Yet, also the troughs and ridges building up synoptic-
scale Rossby wave packets can become stationary when
the jet is sufficiently weak. However, according to linear
Rossby wave theory, the group speed of a synoptic-scale
Rossby wave packet always exceeds the phase speed of
its individual wave crests, which is also seen very clearly
in observations and models of various complexity (e.g.,
Lee and Held 1993; Wirth et al. 2018). Therefore, the
group speed of a wave packet with stationary troughs
and ridges is still positive, and, consequently, the indi-
vidual troughs and ridges must decay when the wave
packet envelope moves downstream (e.g., Lee and Held
1993; Wirth et al. 2018). Hence, it can be expected that in
order to produce major R features (lasting for up to
several weeks), several Rossby wave packets with sta-
tionary troughs and ridges would have to occur in a re-
current manner. We argue that in such cases, the
terminology ‘“‘recurrent Rossby wave pattern” is still jus-
tified and we would like the metric R to pick up such cases.

Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr

Mar

Feb

Jan

0 12 14 16 18 20

FIG. 3. (a) Climatological mean and (b) the 95th percentile of the metric R at each longitude and calendar day.
Green dashed and solid contours depict 8 and 10ms~" in (a) and 16 and 20ms ™" in (b), respectively, for com-

parison with Figs. 4 and 8.
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FIG. 4. Hovmoller diagrams of (a) vm, at 250 hPa, (b) standardized 2-m temperature anomaly averaged between 35° and 65°N, and (c) R
for the RRWP in February-March 1987. Approximate longitude—time trajectories of the wave packets building up the RRWP are
highlighted in (a) as dashed gray lines. Ridges and troughs over the eastern North Atlantic and Europe belonging to packets mentioned in
the text are labeled as R1-R6 and T1-T4, and T6, respectively. The cutoff cyclone is indicated with the letter C. Horizontal lines in
(b) indicate times for which fields are shown in Fig. 5. Dashed (solid) gray lines in (b) indicate vy, at 250 hPa of —15 (15) m s~ '. Dotted

areas in (c) show at which longitudes and times blocking is detected at least at one grid point between 0° and 90°N. The green solid contour

in all panels shows R = 10ms .

The ability of the metric R for identifying RRWP condi-
tions is illustrated exemplarily for the RRWPs discussed
by Barton et al. (2016) and Davies (2015) in Figs. 1g and
1h. Large values of R occur at longitudes and times where
multiple synoptic-scale wave packets lead to a recurrent
amplification of troughs and ridges.

Nevertheless, the fact that R can contain contributions
from persistent stationary hemispheric wave patterns
should be regarded as a caveat of this metric. Moreover,
in the case of just one unusually long lived and stationary
Rossby wave packet, that is not preceded nor succeeded
by another wave packet, our metric R might attain
considerable values for a few days, despite the lack of a
recurrent wave pattern. An example of just one wave
packet leading to increased R values for a short period
can be seen on Fig. 4a between 5 and 10 March at
roughly 130°W. However, despite these caveats, the
cases presented in Figs. 1 and 4 (and Fig. 8), as well as
numerous additional cases that we analyzed suggest that
major R features can be used as an indicator of where
and when individual Rossby wave packets occur in a
recurrent manner.

The climatological mean and the 95th percentile of R
at each longitude and calendar day are shown in Fig. 3.
During fall and winter, largest values of both the mean
and the 95th percentile of R occur between 165°E and

120°W, with largest mean values around 10ms .

During spring, maxima in the mean R are generally
lower than in winter. Comparing Figs. 1g,h and Fig. 3b
reveals that the R values occurring during the RRWP
cases in September—October 1993 and January 2014
were moderately extreme.

e. Weibull regression

In section 4 we test whether RRWP conditions
(characterized by large values of R) are associated with a
statistically significant increase in the duration of cold
and hot spells during extended winter (NDJFMA) and
summer (MJJASO), respectively. To do so we use a
Weibull regression, which is mathematically slightly
more complex than the well-known Gaussian linear re-
gression model, but apart from that has the same role
and very similar features as any other parametric re-
gression model. This type of model is frequently used in
health sciences to model the time until a certain event
occurs as a function of one or multiple covariates (e.g.,
Hosmer et al. 2008; Kleinbaum and Klein 2012; Zhang
2016). In the health sciences context the time to event
may be the time to death or remission of a patient after a
medical treatment and the covariates could be the type
of treatment (real treatment versus placebo) or the age
of the patient. Here we fit a Weibull regression model to
cold and hot spell durations at each grid point and
include a measure of R as covariate. The fitted Weibull
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model then allows to assess the effect of variations in R
(indicative of RRWPs) on the spell duration distribution
at each grid point. Note, however, that regression
models (including the Weibull model) do not prove any
causality, but rather quantify interactions between co-
variates (in our case the measure of R) and the analyzed
data (spell durations). The causality in our argumenta-
tion is based on the well-known meteorological fact that
synoptic-scale Rossby waves have a direct effect on
surface temperature and based on previous case studies
(Davies 2015; Barton et al. 2016; Fragkoulidis et al.
2018). An introduction to the Weibull regression model
is provided in the supplemental material. In this section
we therefore only present the model set up and describe
its utility for addressing the research question expressed
in the first sentence of this paragraph.

Before using the metric R as a covariate for the spell
durations, it is necessary to attribute one representative
value of R to each spell. However, since spells last
multiple time steps and R is calculated at 6-hourly in-
tervals, there is some ambiguity as to which R value
should be chosen as covariate. Moreover, the spell du-
ration is conceivably affected by the Rossby wave pat-
tern in a longitudinal sector around the grid point of
consideration. Therefore, a representative value of R
should be based on some longitudinal averaging of R
around the grid point of consideration. Here we opt for
the following procedure: At each longitude A, we first
average R(A, t) at each time ¢ in a longitudinal sector
(A —30°, A +30°) to obtain another longitude—time field
Rion(A, 1) of longitudinally averaged R values. For the ith
spell at grid point g with longitude A,, we select the
median value of Rion (A, £) over the spell duration t‘“‘“ to
t°“d as its representative R value (hereafter referred to
as R, o) that is,

R ,=median{R

— d
s A0, e=13" g8 (2)

lon
At each grid point g between 20° and 70°N, a Weibull
regression model is fitted to the n, spell durations
Dgi, .-y Dgn, observed at this grid point. The model
takes the form

ln(Dg’l.) =aq, + alg w + ; a;, m; (lStart

+0’g8gqi,l=1,...,ng, 3)
where aqg, ..., a5, are the regression coefficients,
&1, ---» Bgn, are error terms following the standard

extreme minimum value distribution and o, >0 is a
scale parameter. In addition to the RRWP metric R we
have also included covariates m;,(-), ..., mg(-) that are
dummy variables for the months DJFMA (JJASO) in
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the models of cold (hot) spell durations, the months of
November (May) being represented implicitly by the
intercept. As indicated by Eq. (3), the month of the ith
spell at grid point g is determined by its starting time
ty". We have included these dummy variables to ac-
count for possible monthly variations in the spell dura-
tions and R.

To fit this model at each grid point for cold and hot
spells we follow exactly the procedure recommended in
Zhang (2016) and use the same CRAN-R packages as
Zhang (2016) for the model fitting and significance
testing. From this procedure we obtain spatial fields of
all regression coefficients «;, j = , 6,1in Eq. (3) to-
gether with corresponding p Values. Statrstlcal signifi-
cance of a particular coefficient is then assessed by
applying the false discovery rate (FDR) test of
Benjamini and Hochberg (1995) with a maximum FDR
of 0.1 to the respective field of p values [see Ventura
et al. (2004) and Wilks (2016) for further information on
the use of the FDR test in atmospheric sciences].

In this paper, only the coefficients «; will be discussed,
which express the effect of R on the spell durations. The
value exp(a ) is a so-called acceleration factor (Hosmer
et al. 2008; Zhang 2016) and corresponds to the factor of
change in all quantiles of the spell duration D per unit
increase in R (Hosmer et al. 2008). More generally, the
Weibull model assumes that the spell durations are re-
alizations of Weibull distributed random variables, each
with a rate parameter 6 that depends on the associated R
value. Thus, the spell durations D,; follow different
Weibull distributions with individual rate parameters
6, for each spell and a common shape parameter p, for
each grid point (see supplemental material).

The g-quantiles d,, and d, ., of the spell duration
distributions under model Eq. (3) for two different R
values x and x + n, respectively, satisfy (see supple-
mental material for a derivation)

qgx+n

— exp(a,)". )

q.x

This relation holds for any fixed probability ¢ and thus
entails that every quantile of the spell durations is
multiplied by the factor exp(a;)” under an increase of R
by n units. Hence, if, for example, exp(a ) = 1 1 for hot
spells at a certain grid point g, then a 1ms ™! (Sms™')
increase in R)\ is associated with 1.1 (1.1° = 1.61) times
longer duratlons of the median, the 90th, and any other
percentiles of the spell durations occurring under the
increased R;,\g value. A highly beneficial property of the
Weibull regression model is thus that it allows for
making a statement about the effect of RRWPs on the
entire distribution of the spell durations. Consequently,
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by using the Weibull regression model there is no need
to subjectively define how long ‘‘significant” spell
durations should be. The quality of the model fits is
assessed at each grid point by applying the Anderson—
Darling goodness-of-fit test, following the recom-
mendations of Littell et al. (1979) (see also online
supplemental material).

3. Two examples of RRWPs leading to unusually
persistent surface weather

a. February and March 1987

We first discuss an RRWP case that occurred during
late February and the first half of March 1987 and led to
extremely long-lasting cold spells over much of Europe.
The Hovmoller diagram of vy, (Fig. 4a) shows a sta-
tionary synoptic-scale wave pattern (with a wavenumber
of approximately 5 on 26 February, increasing to ap-
proximately wavenumber 6 on 5 March) that is, how-
ever, built up by a sequence of at least five distinct
(synoptic scale) wave packets propagating across the
North Atlantic between approximately 21 February and
10 March 1987. Note that the individual troughs and
ridges building up these Rossby wave packets each
have a phase speed ¢ > 0, and are thus not stationary
(Fig. 4). The recurrent amplification of these synoptic-
scale troughs and ridges first established and then re-
inforced the northerly flow over Europe (between 0° and
30°E). This led to very persistent cold conditions over
large parts of Europe (Fig. 4b).

These wave packets were each in phase with one an-
other over the entire eastern North Atlantic and Europe
(30°W=-60°E) and thus large values of R are found in the
North Atlantic-European sector (Fig. 4c), with maxi-
mum values exceeding 16ms~ ! during 26 February—
11 March. After 11 March, the wavelength of the wave
pattern over the North Atlantic increased and only one
trough-ridge couplet covered the sector between 60°W
and 60°E (Figs. 4a, 5i,j), which corresponds to a wave-
number 3 pattern and hence indicates amplified planetary-
scale waves. Therefore, no large values of R were recorded
during this period over the North Atlantic.

The recurrence of the synoptic-scale waves during the
period of 26 February-11 March is also clearly visible in
upper-level weather maps (Fig. 5). At 0000 UTC
26 February, a trough was located over the western
North Atlantic and a ridge covered the eastern North
Atlantic (labeled R2 in Fig. 5a). Over Europe, an in-
cipient trough (T2) was forming at the upstream flank of
an older trough T1 (Fig. 5a). This wave pattern was as-
sociated with cold conditions over the central North
Atlantic and northeastern Europe, where first cold spells
started at this time (Fig. 6a). Over the central North
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Atlantic, cold conditions had started already a few days
earlier and by 26 February cold spell durations extended
up to 6 days. On 1 March, a new ridge (R3) had formed
over the eastern North Atlantic and a next trough (T3)
was forming over Europe at the same longitude where
T2 had formed three days earlier, while the trough T2
had moved northeastward (Fig. 5c). This ridge-trough
pattern over the eastern North Atlantic and Europe
reinforced the already preexisting surface temperature
anomaly pattern (Fig. 5d) and prolonged the cold spells
over northeastern Europe (Fig. 6¢).

Moreover, from approximately 26 February to
3 March, synoptic-scale troughs and ridges amplified
repeatedly at similar longitudes not only over the North
Atlantic and Europe but also farther upstream, over
North America and over the eastern North Pacific
(Figs. 4a, 5a—d). This recurrence of the synoptic-scale
waves led to persistent cold anomalies and prolonged
cold spells also over the central North Atlantic and the
southwestern United States and Mexico (Fig. 6¢).

Over the eastern North Atlantic and Europe, yet an-
other ridge-trough couplet (RS, T4) had amplified by
6 March, again at the same longitudes as their pre-
decessor ridge—trough couplets and further prolonged
the cold conditions in northeastern Europe (Figs. Se.f,
6e). At 0000 UTC 6 March the cold air outbreak asso-
ciated with trough T4 reached France at its western
boundary and northern Africa at its southern boundary
(Fig. 5f). Trough T4 formed a cutoff low during the
following days (labeled ““C” in Figs. 4 and 5), and was
reamplified by smaller-wavelength disturbances propa-
gating across the North Atlantic between 8 and 11 March
(Figs. 4a, 5g). Because of cold-air advection at the
northern and western flank of the cutoff, the cold spells
over Europe persisted further and by 9 March reached
durations of up to two weeks (Fig. 6g). Finally, between
12 and 13 March the cutoff reattached to the main polar
air mass (not shown) and by 13 March formed part of a
large blocking pattern over Europe and western Russia,
featuring anticyclones over the North Atlantic and
western Russia, and a wavelength corresponding to
roughly wavenumber 3 (Fig. 4a).

This wavenumber 3 ridge—trough pattern covered the
longitude sector 60°W-60°E (labeled R6 and T6 in
Fig. 5i) and persisted for several days longer and con-
tinuously fed the cold spells over Europe, which reached
durations of up to 20 days in some areas of eastern Eu-
rope (Fig. 6i). Finally, on 18-19 March warmer air
reached Europe from the North Atlantic and terminated
the cold spells in most areas (not shown).

Troughs T1-T4 and ridges R1-R5 thus formed and de-
cayed one after another at similar longitudes and thereby
built up a persistent and stationary synoptic-wavenumber
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FIG. 5. (a),(c),(e),(g),(i) Meridional wind v at 250 hPa (shading), and (b),(d),(f),(h),(j) standardized 2-m tem-
perature anomaly (shading). Black contours indicate 250-hPa geopotential height starting from 9800 to 10 800 m in
steps of 200 m. Green contours in (b),(d),(f),(h),(j) show atmospheric blocking as defined in Schwierz et al. (2004).
Ridges R1-R6 and troughs T1-T4 and T6 are labeled in (a),(c),(e),(g),(i)-

signal in the Hovmoller diagram (Figs. 4a). However,
these troughs and ridges were each distinct, non-
stationary flow features, which can be seen from the
pulse-like nature and the longitudinal propagation of
the respective negative and positive signals in the
Hovmoller diagram associated with these troughs and
ridges (Fig. 4a). Figures 7a and 7c further illustrate
exemplarily the nonstationary nature of ridges R2 and
R3, and troughs T1 and T3. Clearly, the ridges R2 and
R3 gradually build up at the upstream flank of the
predecessor ridge and their peaks are not stationary.

Moreover, also troughs T1 and T3 amplify and propa-
gate downstream, albeit with a lower phase speed than
the ridges R2 and R3. The recurrence and propagation
of troughs T1 and T3 (ridges R2 and R3) is contrasted
by the persistent stationary (wavenumber 3) ridge—
trough couplet R6 and T6 (Fig. 7e).

Furthermore, during the first week of this period the
wave packets were in phase not only over the North
Atlantic and Europe, but also across North America
(Fig. 4a). Therefore, persistent cold anomalies were not
only occurring in Europe, but rather in all places where
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FIG. 6. (a),(c),(e),(g),(i) Cold spell duration (shading) for the 1987 case and (b),(d),(f),(h),(j) hot spell duration
(shading) for the 1994 case. The dates depicted here are the same as in Figs. 5 and 9, respectively. Black contours
indicate 250-hPa geopotential height starting from 9800 to 10 800 m in steps of 200 m.

the recurrent wave pattern exhibited a trough. This il-
lustrates that RRWPs can lead to simultaneous persis-
tent high-impact surface weather over multiple synoptic
wavelengths. This aspect of RRWPs is further discussed
in the second case, which illustrates unusually persistent
hot spells arising from an RRWP occurring during
summer 1994.

b. July and August 1994

During late July and early August 1994 Europe ex-
perienced one of its most severe heat waves since 1950
(Russo et al. 2015). During this period several synoptic-
scale Rossby wave packets (approximately wavenumber
6) amplified over the western North Pacific and propa-
gated across North America and the North Atlantic into
western Europe (Fig. 8a). Over the eastern North Pa-
cific, North America, the North Atlantic, and western
Europe the wave packets were in phase with their re-
spective predecessor and successor wave packets
(Fig. 8a), which led to large values of R at these longi-
tudes during the entire period (Fig. 8c). The recurrent
southerly flow over western Europe and ridging over

central Europe contributed to anomalously warm tem-
peratures between 0° and 30°E (Fig. 8b). Interestingly,
during this period persistent warm anomalies occurred
also at different longitudes, around 60°W, 120°W, and
120°E. We now briefly describe the synoptic evolution of
this RRWP event over the North Atlantic and Europe.

On 23 July 1994 the large-scale flow over Europe was
characterized by a ridge, with its axis located over
Germany (R7 in Fig. 9a). Upstream, a wave pattern
featured troughs over the eastern North Pacific, the
eastern United States and trough T7 over the eastern
North Atlantic as well as ridges over the western United
States and the western North Atlantic (Fig. 9a). Collo-
cated with the European ridge (R7), hot spell durations
of 1-5 days were identified from western France all the
way to the Baltic states (Fig. 6b), while over western
North America and the western North Atlantic hot
spells had been initiated already multiple days earlier
(Fig. 6b). By 27 July, a new Rossby wave packet had
formed a trough-ridge couple (T8, R8) over Europe, in
phase with the previous one and reamplified the tem-
perature anomaly pattern (Figs. 9¢,d). Over northern
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FIG. 7. (a),(c),(e) Position of the 10200 m geopotential height contour on 250 hPa at the dates indicated at the top

left of each panel. (b),(d),(f) Position of the 10 600 m geopotential height contour on 250 hPa at the dates indicated
at the top left of each panel. The black contour is valid at the last date in each panel while the light (heavy) dashed
blue (green) contour indicates the contour position 36 (18) h prior to the last date of each panel. Labels and arrows

indicate the progression of the peaks of the respective troughs and ridges.

Europe blocking was detected by the Schwierz et al.
(2004) index (Fig. 9d). During the next 9 days, two ad-
ditional trough-ridge couplets (T9, R9 and T10, R10)
amplified over the eastern North Atlantic and Europe
(Figs. 9e,g) and further prolonged the duration of hot
spells in Europe. By 5 August, hot spells in Poland
persisted for up to two weeks (Fig. 6h). At the same
time, a block formed over the western North Atlantic
(Fig. 8c, 9h). Downstream of this block, colder air
reached central Europe on 8 August (not shown) and
terminated the hot spells north of the Alps by 10 August
(Fig. 6j), while in southern Europe anomalously warm
temperatures persisted several days longer (not shown).

Interestingly, also for this summer case, with con-
ceivably a weaker background flow than the February—

March 1987 case, the synoptic-scale waves building up
this RRWP are not stationary, in particular not over
Europe (Fig. 8a). The propagation of troughs T7-T9 and
ridges R7-R9 is illustrated in Fig. 7b,d,f and clearly
shows that also in this case the recurrent amplification of
transient and nonstationary troughs and ridges helped to
generate these long-lasting hot spells over Europe.

In summary, both cases discussed in this section
clearly illustrate that RRWPs, built up by synoptic-scale
wave packets, can trigger unusually persistent cold and
hot spells simultaneously in multiple large regions sep-
arated by roughly one synoptic wavelength. Hereby
synoptic-scale troughs and ridges repeatedly amplify at
the same longitudes and generate the persistent
synoptic-wavenumber signal in the Hovmoller diagram.
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FIG. 8. Hovmoller diagrams of (a) vy, at 250 hPa, (b) standardized 2-m temperature anomaly averaged between 35° and 65°N, and (c) R
(shading, note the slightly different color bar compared to Fig. 4c) for the RRWP in summer 1994. Troughs T7-T10 and ridges R7-R10 are
indicated in (a). Horizontal lines in (b) indicate times for which fields are shown in Fig. 9. Dashed (solid) gray lines in (b) indicate vm,(A, 1)
at 250 hPa of —10 (10) m s~ L. Dotted areas in (c) show at which longitudes and times blocking is detected at least at one grid point between

0° and 90°N. The green solid contour in all panels shows R = 8ms

Moreover, during both cases atmospheric blocking oc-
curred, but not continuously during the entire periods
and at various different locations relative to the RRWPs
(Figs. 4c, 8c).

4. Climatological effect of RRWPs on the duration
of cold and heot spells

In this section, we assess the climatological impact of
RRWPs on the duration of cold and hot spells by means
of the Weibull regression model introduced in section
2e. Figures 10a and 10b show the acceleration factors
exp(a;) for NDIJFMA cold spells and MJJASO hot
spells, respectively. Recall that the Weibull regression
model in Eq. (3) is constructed such that exp(a;) shows
the factor of change in all quantiles of the (predicted)
spell durations D per unit (m s~ ') increase in R (see also
supplemental material). However, here we do not use
Eq. (3) to predict the distribution of D for a given level
of R and the exact values of exp(a;) are thus not of
primary importance. Instead, we focus on the spatial
pattern of the statistically significant exp(a;) values as
well as the sign of a;: at grid points with exp(a;) > 1
[exp(a;) <1] the spell durations become longer
(shorter) with increasing R values.

Figure 10a shows that almost all statistically signifi-
cant acceleration factors for cold spells are larger than 1
and thus indicate regions where RRWP conditions lead
to increased cold spell durations. Acceleration factors

larger than 1 primarily occur in five regions: the central
North Pacific, the U.S. West Coast, the U.S. East Coast,
and the western Atlantic as well as the Mediterranean
(Fig. 10a). Acceleration factors statistically significantly
smaller than 1 are found in the northwestern North
Atlantic and the northwestern North Pacific, mostly
north of 50°N (Fig. 10a). In these regions RRWP con-
ditions lead to shorter-than-normal cold spell durations.

In vast areas of the Northern Hemisphere mid-
latitudes and subtropics, NDJFMA cold spells thus tend
to be longer during collocated RRWPs. However, the
positive effect of RRWPs on the duration of cold spells
is confined to areas south of 50°N. This result seems
plausible, as at these latitudes temperature advection is
key for generating cold conditions (Screen 2014; Bieli
et al. 2015), which requires the meridional transport of
air masses and thus an amplified flow pattern. Particu-
larly persistent cold spells then occur if the amplified
flow pattern remains in the same phase for longer than
normal periods, for example, during RRWPs.

The reduction in cold spell durations during collo-
cated RRWPs over the northwestern North Atlantic and
northwestern North Pacific can be understood by con-
sidering the locations of these regions relative to the
climatologically strongest surface baroclinicity over the
western North Atlantic and western North Pacific. A
highly amplified flow pattern (e.g., an RRWP) over the
northwestern North Atlantic or the northwestern North
Pacific conceivably results in increased meridional
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FI1G. 9. (a),(c),(e),(g).(i) Meridional wind v at 250 hPa (shading), and (b),(d),(f),(h),(j) standardized 2-m tem-
perature anomaly (shading). Black contours indicate 250-hPa geopotential height starting from 9800 to 10 800 m in
steps of 200 m. Green contours in (b),(d),(f),(h),(j) show atmospheric blocking as defined in Schwierz et al. (2004).
The positions of the troughs T7-T10 and ridges R7-R10 are indicated in panels (a),(c),(e),(g),(i).

transport of sensible heat into the respective area of
smaller exp(a;) and thus shortens cold spells there, if
they form at all.

Summer hot spells are more persistent during collo-
cated RRWPs in numerous and widespread areas of the
Northern Hemisphere midlatitudes (Fig. 10b). In con-
trast to cold spells, the pattern of statistically significant
exp(a;) shows a clear zonal wave structure (approxi-
mately wavenumber 6-7). Over land, hot spell durations
over western North America, western Europe, western
Russia, and central Asia are particularly sensitive to

RRWPs. The fact that the exp(a;) pattern exhibits this
wave structure indicates that the phasing and zonal
wavenumber of the waves during summer RRWPs is not
arbitrary, but that a particular wavenumber-6-7 pattern
is preferred.

Moreover, the patterns shown in Fig. 10 also clearly
differ from the climatological distribution of blocking,
which typically exhibits three to four maxima, centered
over the Gulf of Alaska, Greenland, Scandinavia, and,
for some blocking indices, over western Russia (Croci-
Maspoli et al. 2007; Masato et al. 2013; Barnes et al.
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FIG. 10. Acceleration factors exp(a;) for (a) NDJFMA cold spells and (b) MJJASO hot spells. Only statistically
significant acceleration factors are shown. Stippling denotes areas where the Anderson—Darling test rejects the null
hypothesis that the spell durations follow a Weibull distribution at the p < 0.01 significance level.

2014). This difference, as well as the case studies pre-
sented here, suggests that RRWPs and blocking are
dynamically different but conceivably related phenom-
ena that both foster persistent high-impact surface
weather. The relationship between RRWPs and atmo-
spheric blocking is therefore of interest and is the topic
of the next section.

5. Co-occurrence of atmospheric blocking and
RRWPs

As both RRWPs and blocking are associated with
particularly persistent surface weather, it is conceivable
that they often co-occur. Figure 11 depicts three possible
types of co-occurrence of blocking and RRWPs. It has

long been recognized that synoptic-scale waves often
amplify upstream of blocking anticyclones, thereby re-
inforcing the block and contributing to its persistence
(e.g., Berggren et al. 1949; Shutts 1983). Moreover,
Rothlisberger et al. (2018) have shown that synoptic-
scale Rossby waves are often initiated upstream of a
preexisting stationary ridge. Climatologically, blocking
onset over both the North Pacific and North Atlantic is
therefore preceded by a precursor wave train upstream
(Altenhoff et al. 2008). Thus, it is plausible that waves
amplifying repeatedly at the same longitude and leading
to RRWP conditions also foster blocking further down-
stream of the amplifying waves (Fig. 11a). To verify this
hypothesis, Fig. 12 shows Hovmoller composites of R
anomalies, centered on the mean longitude and time of

;/W (b)
- RRWP  RRWP

]

FIG. 11. Schematic of three types of co-occurrence of blocking and RRWPs: (a) blocking at the downstream end
of an RRWP, resulting from waves amplifying at similar longitudes; (b) blocking acting similar to a metronome for
the phasing of the waves downstream; (c) combination of (a) and (b). Gray, brown, and green lines indicate the
shape of the midlatitude jet for three instances in time during a particular RRWP. The blocking anticyclone is
depicted as a gray ellipse. The approximate longitudinal extent of the RRWP is indicated with the blue bar.
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FIG. 12. Hovmoller composites of R anomalies centered on the mean longitude and time of maximum amplitude
of (a) North Pacific (mean location at time of maximum amplitude in 30°-80°N, 110°E-110°W) and (b) North
Atlantic (30°-80°N, 90°W-50°E) blocks. Anomalies are calculated with respect to the climatology shown in Fig. 3a.

maximum amplitude of North Pacific (Fig. 12a) and
North Atlantic (Fig. 12b) blocks. The R anomalies have
been calculated relative to the climatology shown in
Fig. 3a and North Pacific and North Atlantic blocks
have been identified in the same regions as in Altenhoff
et al. (2008) (geographical center at time of maximum
amplitude in 30°-80°N, 110°E-110°W and 30°-80°N,
90°W-50°E, respectively). For both North Pacific and
North Atlantic blocking, R is increased upstream of the
block, in particular 3-9 days prior to the time of max-
imum amplitude of the blocks (Fig. 12). As the blocks
identified with the Schwierz et al. (2004) algorithm
have a mean lifetime of only seven days (Croci-Maspoli
2005), RRWPs also seem to act as precursor to
blocking onset.

Moreover, Altenhoff et al. (2008) have shown that,
climatologically, a wave train often extends downstream
from mature blocking events, especially for blocking
events over the North Pacific. Downstream of a blocking
anticyclone, one could expect troughs to form re-
peatedly at similar longitudes. It is therefore plausible
that blocking, because of its stationarity, can act simi-
larly to a metronome for the midlatitude Rossby waves
downstream, leading to RRWP conditions there
(Fig. 11b). Indeed, R values are increased downstream
of both North Pacific and North Atlantic blocks for at
least one synoptic wavelength. This signal is particularly
pronounced for North Pacific blocks 3—-6 days prior to
the time of maximum amplitude of the blocks (Fig. 12a).
This result suggests that in particular during the early
stages in the life cycle of North Pacific blocks, RRWPs
often form downstream of the block. Finally, it is

conceivable that in some cases also a combination of the
two mechanisms occurs (Fig. 11c).

Interestingly, though, R is not increased considerably
at the location of the block during the time of maximum
amplitude. We hypothesize that this is because the
upper-level ridges associated with blocks tend to be
generally wider than the troughs upstream and down-
stream of the blocks (e.g., Wolf and Wirth 2015). Thus,
the wavelength of the ridge associated with the block
itself might be too large to be captured by the metric R,
and hence no positive anomalies of R collocated with the
blocks appear in Fig. 12.

6. Summary and open questions

In this study we introduce the concept of recurrent
Rossby wave patterns (RRWPs) and discuss their effect
on the persistence of cold and hot spells. An RRWP is a
sequence of synoptic-scale transient Rossby wave
packets, each of which covers several synoptic wave-
lengths in the same phase as the other wave packets.
Thereby, synoptic-scale troughs and ridges repeatedly
amplify at the same longitude. We illustrate the effect of
RRWPs on cold and hot spells based on two case studies
in February-March 1987 and in July—August 1994,
which led to unusually persistent cold and hot spells,
respectively. Hereby, we find that RRWPs can lead to
persistent high-impact weather simultaneously over
several synoptic wavelengths.

A metric termed R is then introduced to identify
RRWP conditions in Hovmoéller diagrams of the 250-
hPa meridional wind. First, a 14.25-day running mean is
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applied to the Hovmoller diagram to filter for signals
lasting longer than typical synoptic time scales. The
metric R is then calculated as the envelope of the syn-
optic wavenumber (4-15) signal in the time-filtered
Hovmoller diagram. Inspection of R—-Hovmoller dia-
grams during the RRWP cases described in Davies
(2015) and Barton et al. (2016), as well as many addi-
tional cases including the RRWPs in February—-March
1987 and July—August 1994, indicates that R quite re-
liably identifies RRWP conditions.

The metric R is then used to quantify the climato-
logical effect of RRWPs on November—April cold spells
and May—October hot spells. At each grid point between
20° and 70°N we fit a Weibull regression model to cold
and hot spell durations and include a measure of R (R)
as a covariate for the spell durations D. This statistical
analysis in combination with prior knowledge of the
effect of synoptic-scale Rossby wave packets on surface
temperature makes it possible to assess where RRWPs
significantly affect the spell duration distribution. The
pattern of the exponentiated regression coefficients for
R [exp(a)] reveals a positive and statistically significant
influence of RRWPs (as characterized by R) on the
duration of NDJFMA cold spells in vast areas of the
Northern Hemisphere midlatitudes and subtropics.
Areas where RRWPs statistically significantly lengthen
cold spells include the U.S. West and East Coasts, the
Mediterranean, and the central North Pacific.

The pattern of exp(a;) for MJJASO hot spells also
reveals large areas where RRWPs are associated with
longer-lasting hot spells. The areas of exp(a;)>1 are
each separated by roughly one synoptic wavelength and
exhibit a clear zonal wave pattern. Over land, largest
values of exp(«;) are found in western North America,
western Europe, western Russia, and central Asia. The
fact that the exp(a;) field exhibits this wave pattern in-
dicates that in extended summer, RRWPs tend to occur
in a preferred phase and preferentially with a wave-
number-6-7 pattern.

We further discussed the relationship between atmo-
spheric blocking and RRWPs. RRWPs can trigger persis-
tent surface weather over multiple synoptic wavelengths,
while blocking fosters persistent weather within one syn-
optic wavelength of the block itself (Buehler et al. 2011;
Pfahl and Wernli 2012; Whan et al. 2016). RRWPs and
blocking should therefore be considered as dynami-
cally distinct but conceivably related phenomena.
Hovmoller composites of R relative to the mean lon-
gitude and time of maximum amplitude of blocking
events reveal that R is increased both upstream and
downstream of mature atmospheric blocking. This re-
sult is consistent with the result of several studies on
the link between synoptic-scale Rossby waves and
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blocking (e.g., Berggren et al. 1949; Shutts 1983;
Altenhoff et al. 2008) and suggests the following three
types of co-occurrences of atmospheric blocking and
RRWPs: 1) Waves amplifying in the same phase up-
stream of the block continuously reinforce the block
and lead to RRWP conditions upstream of the block. 2)
Blocking acting similar to a metronome to the mid-
latitude waves and leading to RRWP conditions
downstream of the block. 3) Combining types 1 and 2
leads to an RRWP extending on either side of a block.

The conclusions drawn from this study are somewhat
limited by three factors. First, conventional Hovmoller
diagrams do not always accurately depict midlatitude
Rossby wave packets over their entire lifetimes, espe-
cially in situations where multiple waveguides occur at
the same longitude and within the latitudinal band used
for the construction of the Hovmoller diagram (Martius
et al. 2006; Glatt et al. 2011; Glatt and Wirth 2014).
Therefore, more sophisticated tools for identifying and
tracking Rossby wave packets have recently been de-
veloped (Glatt and Wirth 2014; Souders et al. 2014a;
Grazzini and Vitart 2015; Wolf and Wirth 2017; Wirth
et al. 2018). Even though the conventional Hovmoéller
diagram may occasionally underestimate the amplitude
and propagation distance of a particular Rossby wave
packet (Glatt et al. 2011), it is able to correctly represent
the phasing of the wave packets wherever they are vis-
ible in the conventional Hovmoller diagram. Therefore,
the shortcomings of the conventional Hovmoller dia-
gram do not jeopardize the results and conclusions
presented here. Rather, even clearer results might per-
haps be achievable by considering more sophisticated
ways to identify synoptic-scale Rossby wave packets.
Second, the simple RRWP metric R can contain con-
tributions from persistent stationary hemispheric wave
patterns; however, clear longitudinally confined maxima
in the R climatology suggest that R is mostly affected by
recurrent synoptic-scale Rossby wave packets rather
than persistent stationary hemispheric wave patterns.
Third, the Weibull regression model has a tendency to
underestimate extremely long spell durations and the
model fit is therefore not perfect (see supplemental
material). Here, however, we only use the statistical
model to assess where RRWPs have a significant influ-
ence on the spell durations and find that such an influ-
ence in large areas of the Northern Hemisphere
midlatitudes, even with the underestimation of the lon-
gest spell durations. Therefore, we consider the exp(a;)
patterns shown in Fig. 10 as a robust result (see also
supplemental material).

Overall, the demonstrated direct effect of RRWPs on
the persistence of cold and hot spells suggests that
RRWPs should be studied more intensively than has
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hitherto been the case. Here, we have restricted our-
selves to describing RRWPs and their effect on cold and
hot spell durations; however, we have not thoroughly
addressed the question of what causes RRWPs. Atmo-
spheric blocking is a plausible candidate, but other fac-
tors such as Rossby wave forcing from the tropics,
stratospheric dynamics, soil-moisture anomalies, mid-
latitude sea surface temperature anomalies, orography,
or wave-mean flow interactions might be important as
well. Moreover, the RRWP in July—August 1994 co-
incides with one of the quasi-resonance periods identi-
fied by Kornhuber et al. (2017), which raises the
question of how RRWPs and quasi-resonance periods
might be related. Future research will therefore in-
vestigate the dynamical causes of RRWPs and will also
include a comparison between RRWP events and quasi-
resonance periods. Moreover, RRWPs occur on a time
scale of several weeks, and therefore also merit consid-
eration from a subseasonal forecasting perspective. Fi-
nally, the recent vivid scientific discussion on potentially
changing persistent high-impact weather with climate
change motivates an investigation of RRWPs in future
climate simulations.
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