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Abstract

Several recent northern hemisphere summer extremes have been linked to persistent high-
amplitude wave patterns (e.g. heat waves in Europe 2003, Russia 2010 and in the US 2011,
Floods in Pakistan 2010 and Europe 2013). Recently quasi-resonant amplification (QRA) was
proposed as a mechanism that, when certain dynamical conditions are fulfilled, can lead to such
high-amplitude wave events. Based on these resonance conditions a detection scheme to scan
reanalysis data for QRA events in boreal summer months was implemented. With this objective
detection scheme we analyzed the occurrence and duration of QRA events and the associated
atmospheric flow patterns in 1979 — 2015 reanalysis data. We detect a total number of 143
events for wave 6, 7 and 8 and find that during roughly one third of all high amplitude events
QRA conditions were met for respective waves. Our analysis reveals a significant shift for quasi-
stationary waves 6 and 7 towards high amplitudes during QRA events, lagging first QRA-
detection by typically one week. The results provide further evidence for the validity of the QRA

hypothesis and its important role in generating high amplitude waves in boreal summer.
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I. Introduction

Observations show a rise in the frequency and severity of heat extremes and heavy rainfall
events in the NH mid-latitudes (Coumou & Robinson 2013; Min et al. 2011; Westra et al. 2013;
IPCC 2012; Hansen et al. 2012). Those events often imply massive humanitarian and economic
impacts (Coumou & Rahmstorf 2012). As anticipated by basic thermodynamics, the frequency
of extreme temperatures and heavy rainfall events is expected to increase in a warming climate
(Rahmstorf & Coumou 2011; Christidis et al. 2014; Min et al. 2011). As the mean temperature
shifts towards higher values, record-breaking or threshold exceeding temperatures will become
more common (Coumou & Robinson 2013; Coumou et al. 2013). Furthermore, warmer air can
hold more water vapor, which in turn leads to an increase of heavy rainfall events on a global

scale (Westra et al. 2013; Lehmann et al. 2015; Fischer & Knutti 2015).

Still, some of the recent weather extremes go beyond what would be expected by a simple shift
of the distribution. Luterbacher et al. (2004) estimated a return period for an extreme event as
the 2003 European heatwave of about 100 years. Yet, this event has already been exceeded in
the same decade by the 2010 Moscow heatwave (Dole et al. 2011; Christidis et al. 2014) which
was recently quantified as the most-intense heat wave in a global analysis (Russo et al. 2014).
During the extreme events mentioned above, the mid-latitude circulation was characterized by
anomalously persistent meandering patterns of the circumglobal jet stream. Hemisphere-wide,
high-amplitude waves remained in the same longitudinal position for several weeks and
thereby caused continental scale extreme weather conditions (Petoukhov et al. 2013; Coumou

et al. 2014; Ogi et al. 2005; Tachibana et al. 2010; Lau & Kim 2012; Black et al. 2004).
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These cases of anomalous summer weather suggest that in addition to thermo-dynamical
effects, dynamical processes such as changes in the characteristics of the extratropical jet
streams and atmospheric waves play a role for the observed increase of frequency and severity
of recent Northern hemisphere Summer weather extremes (Tachibana et al. 2010; Schubert et
al. 2011; Petoukhov et al. 2013; Coumou et al. 2014; Ogi et al. 2005; Palmer 2013; Stadtherr et
al. 2016). Indications of dynamical changes of the NH summer circulation have been reported
by several studies (Overland et al. 2012). Coumou et al. (2015) report a weakening of several
key characteristics like zonal mean zonal wind, kinetic energy of transient synoptic eddies and
the amplitude of fast moving Rossby waves over 1979 - 2014. Using self-organizing maps cluster
analyses, Horton et al. (2015) show that in summer the frequency of anticyclonic circulation
over Europe, western Asia and eastern North America has increased and also that they persist
longer. However, they analyze 500mb geopotential heights and it remains questionable
whether the reported changes are truly dynamical effects or due to thermal expansion of the
lower troposphere or a combination of both. Still, such dynamical changes might have
contributed to prolonged heat extremes in these regions, but a physical mechanism for the

prolonged duration of these regional anticyclonic flow patterns is not provided.

Quasi-resonant wave amplification (QRA) has been suggested as a mechanism that could lead
to simultaneous blocking events within the mid-latitudes by trapping and amplifying slow
moving waves (Petoukhov et al. 2013). This internal atmosphere-dynamical mechanism invokes

the resonance between different wave types leading to their amplification.
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In general, the large-scale azonal mid-latitudinal atmospheric circulation is characterized by two

kinds of waves:

i) Synoptic-scale Rossby waves.

These waves wave numbers 6 and higher, relatively large phase speeds (eastward propagation
of the order of 6 -12 m/s) and only a small quasi-stationary component (Schneider et al. 2014).
Once originated, they don’t require any forcing to be maintained and are thus referred to as
free waves. Mathematically these waves can be described by the azonal stream-function

equation with zero right hand side (i.e. no forcing). The second component is composed by

ii) forced waves.

These waves are the outcome of quasi-stationary diabatic or orographic forcings. As the large-
scale forcing patterns change on substantially longer timescales of several weeks, these waves
can be considered quasi-stationary with typical wave numbers smaller than 6. Normally, the
forced quasi-stationary component of wave numbers 6-10 is weak and their energy is
effectively dispersed towards the poles and equator. However, during a number of recent
summers featuring severe weather events (including the European heatwave of 2010 and the
Moscow heatwave of 2010), zonally elongated trains of high-amplitude quasi-stationary waves
of wave numbers 6-8 were observed (Petoukhov et al. 2013). If the latitudinal distribution of
the zonal mean zonal wind distribution in the mid-latitudes exhibits specific characteristics
(detailed description provided in Sec.ll) the synoptic scale quasi-stationary free waves can
almost completely be trapped within the mid-latitudes. This prevents the rapid dissipation and

meridional dispersion of their energy, thus leading to their confinement in the mid-latitudes.
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This occurs when two mid-latitude reflection (or turning) points emerge for these waves at
different latitudes. Such constellation of turning points is referred to as a waveguide (Hoskins &
Karoly 1981; Ambrizzi et al. 1995). If additionally the trapped free waves have similar length-
scales as the quasi-stationary forcings a pronounced magnification of the slow moving forced
waves can occur due to resonance. This is the essence of QRA. This can lead to hemispheric-
wide persistent blocking patterns in the mid-latitudes with unusual high amplitudes of zonal
wave numbers 6, 7 or 8, as observed during several recent extreme weather events (Petoukhov

et al. 2013; Coumou et al. 2014).

The QRA hypothesis builds upon the classical work by Hoskins & Karoly (1981) but, in its current
version takes a zonal-mean approach with respect to waveguides. We do so in order to explain
recent anomalous circulation patterns which were circumglobal and starkly zonally oriented.

Limitations of this approach are further discussed in the discussion (Sec IV.).

As the NH circulation exhibits strong seasonal differences (Archer & Caldeira 2008), with
weaker zonal flow and wave phase speeds in summer, we focus on summer circulation,
following previous studies analyzing QRA events (Petoukhov et al. 2013; Coumou et al. 2014)

which used monthly-mean data and were limited to July and August only.

In this study, we present a novel detection scheme that, by employing the conditions derived
by Petoukhov et al. (2013) can be used as a diagnostic tool to scan reanalysis datasets and

climate model data for QRA events using 15-days running mean data.

After discussing the used data, relevant equations and QRA criteria (Sec. Il.: Methods), we

apply the detection scheme to reanalysis data. We detect several QRA events, analyze their
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wave characteristics and test the statistical significance of the QRA-mechanism in causing high
amplitude quasi-stationary waves (Sec. lIl.: Results). Furthermore, we analyze the most
prolonged resonance events in detail and show that the majority were linked to documented
extreme weather events. Moreover, we present statistical analyses linking resonance events to
surface weather extremes in the mid-latitudes. We end with a discussion of the limitations of

our approach and directions for future research

Il. Methods

Data

We analyzed 15-days running mean data during summer months June, July and August (JJA) of
1979-2015 using the NCEP-NCAR reanalysis on a 2.5° x 2.5° grid (Kalnay et al. 1996).
Temperature as well as zonal and meridional wind fields were analyzed at a pressure level of
300 mb. Orographic data was taken from Hastings & Dunbar (1999). Taking into account that
the resulting forcing is much smoother than orography itself, it was coarsened to a 10° x 15°
grid as in Charney & Eliassen (1949). Wave amplitudes were determined from reanalysis data
by applying a zonal fast Fourier transformation (FFT) on the area-weighted meridional mean
from 37.5 °N to 57.5° N for both daily meridional wind data and 15-days running mean
meridional wind data. We calculated phase speed (eastward propagation) by applying a fourth-
order accurate numerical approximation of the transient derivative of the waves’ phase as in

(Coumou et al. 2014).
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Quasi-resonant wave amplification

In the following we give an overview of the theory behind the QRA hypothesis. For a detailed
derivation of the equations we refer to Petoukhov et al. (2013). Quasi-resonant amplification
of a forced wave with wave number m requires a synoptic scale free wave with wave number
k = m to be trapped in a mid-latitude waveguide. Following the Wentzel-Kramers-Brillouin
theory (WKB ) this waveguide has to meet certain characteristics in terms of width and position
(Hoskins & Karoly 1981; Hoskins & Ambrizzi 1993; Dickinson 1970; Tung & Lindzen 1979). When
a waveguide exists and the combined orographic and thermal forcing pattern is sufficiently
large, then QRA can create a high-amplitude quasi-stationary wave with wave number m. Thus,

the occurrence of QRA of wave number m boils down to two necessities (s. Tab.1):

i A waveguide for a wave number k = m is present and
ii. the combined amplitude of thermal and orographic forcing (effective forcing) for wave

number m is of sufficient magnitude.

These two criteria specify whether resonance conditions are present. To test whether
resonance has occurred we compare observed wave amplitudes with those given by an
equation for wave amplitudes during QRA events as introduced by Petoukhov et al. (2013).
Thus, for a single time step we test whether the observed wave amplitude is within a range
given by the calculated amplitude expected for resonance (specified below). Only then an
episode which fulfills conditions i. and ii. is considered a QRA event. This Amplitude test (AT)
thus quantifies how often resonant amplitudes are actually observed when resonant conditions

(i. and ii.) are fulfilled.
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In the following each of the conditions i., ii. and the AT will be discussed in detail.

i. Waveguide

The formation of a waveguide depends solely on the square of the meridional wave number
12(U, @). The quasi-linear barotropic vorticity equation on a sphere (Pedlosky 1979; Hoskins &
Karoly 1981) for adiabiatic free waves at the equivalent barotropic level (EBL, i.e. about 300-

500 mb) can be written as:

(% + ach<p %) A + (ZQ - acolstp U) E;_l/ll) =0, [1]

where 4 is the longitude, ¢ the latitude, t the time, a is the earth radius, () the earth angular

velocity and U the zonal mean zonal wind. By applying WKB-theory and assuming
quasistationary plane wave solutions (thus Y = exp(i%x + ly — wt) with frequency w = 0) ,

I? can be expressed as:

12 = 2Qcos3p  cos?e d?U | sing cos¢ dU 1 (k)2
T au a?U de? a?U de a? !

[2]

where k is the zonal wave number (Petoukhov et al. 2013; Hoskins & Karoly 1981). Here,

applying a 15-days running mean on U is necessary to filter out fast moving transients.

The width of a waveguide is determined by the latitudinal positions of its two turning points
(TP) at which [? changes sign (note that | can both be real or imaginary). A mid-latitude
waveguide is defined as such, when two TPs appear within the mid-latitudes with [2 >0and U >
0in between the TPs and also U > 0 in the vicinity of the TPs. In order for the WKB theory (and

thus Eq. [2] to be valid), certain conditions apply to the shape and position of the waveguide:
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The TPs are required to have a minimum distance of w;, = 2°, so that the waveguide’s width
exceeds the characteristic scale of the relevant Airy function (Dingle 1973; Murdock 1987; Olver
1975; Hoskins & Karoly 1981). Additionally the WKB-approximation requires the change in the
meridional wavelength (dl/d¢) over the latitudes to be small (smoothness of [2) within the

waveguide’s interior (Petoukhov et al. 2013; Hoskins & Karoly 1981). To ensure this, the

2

maximum value of [? in between the TPs is limited to a range defined by [2,;,, and Z,,,. Those

. - -2 - -2
values were determined as [%;, = 1073 m “and [, = 107?m ™.

The maximum allowed value [2,,, was implemented in order to exclude potential ‘spikes’
resulting from singularities when U = 0 (but U > 0). The minimum value l,zm-n was calculated

by setting the maximum allowed meridional wave length to half of the earth’s circumference (rt

radians).

If two waveguides are present for a certain wave number k, then their latitudinal distance has
to be at least 5° in order to ensure full reflection within the waveguides and no propagation of
the wave energy between the waveguides (Petoukhov et al. 2016). We calculated [? using Eq.
[2] for k values ranging from 5.5 to 8.4 with a step size of 0.1 and applying a 15-days running
mean to U. Latitude-positions of TPs, waveguide characteristics, and relative positions of
several potential waveguides were determined for each day in the reanalysis period (1979 —

2015).

ii. Effective Forcing
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In case a waveguide is present for a free synoptic wave with wave number k (i.e. criterion i is
fulfilled), and under the assumption that the frictional force is acting mainly in the boundary

layer (PBL), then Eq. [S14] from (Petoukhov et al. 2013) for the wave amplitude is valid:

Ap = felf 3]
m o Jl(k/a)>=(m/a)2]2+(L/a?+R?/L)%(m/a)?

Here, m is the wave number of the forced wave, R = kR, (with Ry = 0.135) is the Rossby
number for eddies dominantly contributing to the efficient atmospheric “eddy viscosity”
(friction force in the PBL) and L = kL, (with L, = 6 - 10° m) is the characteristic Rossby radius

of the above-mentioned eddies. The amplitude of the effective forcing A,¢; can be calculated
by applying a zonal FFT on the area-weighted meridional average of the effective wave-forcing

Feff .
Aery = FFT(Fery ). [4]

With the effective wave-forcing F.r at 300 mb calculated by employing Eq. [S1c] from

(Petoukhov et al. 2013):

2Q-sin(@) cos(@)? T  2Q-sin(p)cos(@)?  dhor
Ferr = o K7
a'T; o1 a-H oA

(5]

where A is longitude, T, = 200 K is a constant reference temperature at the equivalent
barotropic level (EBL), T is the 15-days running mean azonal temperature at 300 mb,

H = 12000 m is the characteristic scale of the troposphere height, k = 0.4 is the characteristic
value of the ratio of the zonally averaged zonal wind U at 300 mb and the zonally averaged

zonal wind at the mean orographic height and h,,- the coarse resolution orography.

10
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In general both k and m are fractional (Hoskins & Karoly 1981). However, following the

approach taken by Petoukhov et al. (2013) determining A.sf via an FFT on Fg¢; (Eq. [5]) results

in integer values of m.

Apart from k being close to m, for efficient amplification to take place, Az has to be of
sufficient magnitude. Therefore, A, is determined for wave numbers 1 — 15, and a threshold
quantile gy, is estimated. In our analysis we set this threshold to the median forcing, implying

that the forcing for the trapped wave has to be among the strongest 60%.

An overview of the applied conditions is provided in Tab.1.

Amplitude test

As a test, we check whether the calculated wave amplitude (Eq. [4]) is close to those observed
during periods when resonance conditions are fulfilled (i. + ii.). We calculate A,, for k = m +
0.2 giving an estimated range of wave amplitudes expected from resonance. When the
observed wave amplitude falls within this range, the Amplitude test (AT) is passed. For

k = m £ 0.2, Eq. [4] estimates typically rather high amplitudes A4,,. Eq. [3] shows that the
zonal wave number k needs to be close to the zonal wave number m of the forced wave. In
that case the first term in the denominator is close to zero resulting in large values of 4,,, i.e.
strong amplification. Petoukhov et al. (2016) approximated the maximum difference |k — m| to
be between 0.25 — 0.30 depending on wave number. This was determined by finding the
maximum difference |k — m| which leads to an amplitude A4,,, of 1.5 ¢ threshold above the

1979-2014 climatology, as calculated with Eq. [4] and with A, ¢ set to the maximum observed

value during 1979-2014. In our implementation a conservative approximation is applied, setting

11
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the maximum difference of k —m = +0.2. This leads to a range of considered values of k as
follows: kg =58 —-6.2, k;, =68—-7.2, kg =78—-8.2.

The AT thus tests whether the high amplitudes expected from resonance are actually observed.
Due to the limitations of the approach as for example zonal mean field analyses or the use of
linearized equations (see discussion) there can be cases a waveguide is detected but still the
associated wave is not efficiently trapped.

We apply the AT to single clusters of consecutive days fulfilling the conditions i. and ii. only, and
not to each individual day. The reason is that Eq.[3] provides a stationary solution for the
eventual possible wave amplitude. However, it takes several days for resonance to amplify
waves and thus the first days fulfilling i. and ii. don’t necessarily show exceptional amplitudes.
Also nonlinear processes such as Rossby wave breaking are not captured by Eq. [3].
QRA-clusters are defined as sequences of consecutive time steps meeting i. and ii. for at least
one k. For a cluster of QRA days, the AT needs to be fulfilled for at least 25% of days which was

found to give reasonable results.
Mid-latitude Extreme index

To quantify whether surface weather conditions are more extreme during QRA compared to

normal conditions Coumou et al. (2014) defined a mid-latitude extreme (MEX) index:

MEX(x,t) = (%Z{V (AL“))Z - #MEX)/O'MEX . (5]

a(x;)

Here Ax; gives the anomaly of variable x from its linear trend on a mid-latitudinal grid with N

grid points at time-step t, o(x;) is the standard deviation of x at grid point i. Normalization of

12
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the MEX index is done by subtraction of its time — averaged mean pzx and division by its
standard deviation oy gx. In our analysis the MEX index is applied on temperature data.
Temperature anomalies were determined by subtracting the mean of the observed time period
(1979 —2015) of every grid point. To prevent that long-term trends influence the index we de-

trend the data by a grid-point wise subtraction of the respective linear trend.

I1l. Results

Case studies: Extreme summers 2003 & 2010

The summer months of 2003 (European heatwave) and 2010 (Moscow heatwave) featured
extraordinary continental scale heat extreme (Russo et al. 2014). Fig. 1 shows several zonally
averaged dynamic variables in a Hovmoller diagram for the summer months June — August of
2003 and 2010. The 2003 heatwave lasted from July to August (Schér et al. 2004) with high
surface temperatures across central and South Western Europe. Figure 1a plots the zonal mean
zonal wind against time. Two peaks located at approximately 40°N and 70°N form in early July
and persist until mid- August. In the following we will refer to such a constellation as a double
jet pattern. Note that two peaks in the zonally averaged zonal wind do not necessarily
represent two separate jets around the full hemisphere. A pronounced meandering of the jet
with reduced zonal wind between 40°N and 70°N could produce a similar zonal mean profile.
Heat waves are reflected in the elevated zonally averaged surface temperatures in the mid-
latitudes (Fig. 1b) at latitudes 55°N to 65°N. Fig. 1c shows the meridional wave number [? as
calculated by Eq. [2] as a Hovmoller-plot. A waveguide forms at ~40°N for wave 7 in mid-July

(black solid line). As the forcing pattern is of sufficient magnitude, QRA is detected (i.e. i. +ii. +

13
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AT fulfilled) for wave 7 from mid-July to mid-August (Fig. 1d). The detection of QRA precedes
maximum amplitudes of the respective wave by about two weeks (Fig. 1e). As the waves
require time to gain in amplitude, high values are observed for wave 7 in beginning of August.
This coincides with the peak of the heatwave (Black et al. 2004), illustrated by the latitudinal

broadening of high zonally averaged surface temperatures beginning in early August (Fig. 1b).

The evolution of the analyzed variables during the summer 2010 (Fig. 1f-j) are similar to those
discussed above for 2003. This includes the formation of a double jet. In 2010 a double jet
pattern formed (Fig. 1f) beginning of July prior to the formation of a waveguide (white solid
line) for wave 6 (Fig. 1h) and QRA detection of wave 6 end of July / beginning of August (Fig. 1i).
Wave 6 amplifies and reaches its peak amplitude approximately 2 weeks after QRA detection
before weakening again in mid-August (Fig. 1j). Again a double peak in the zonally averaged
zonal wind precedes wave amplification and the peak of the heatwave in mid-August (Fig. 1g).
In the following section we will test the impact of QRA on causing high amplitude quasi-

stationary waves statistically.

Detected QRA events

15-days running mean data of all summer days (JJA) of the period 1979-2015 were analyzed for
QRA events. A QRA event is defined as a group of consecutive days fulfilling conditions i. and ii.
and for which the AT was passed. Over 1979 - 2015 we detect a total of 143 QRA events
totaling 1185 running mean days. With 82 events (495 time steps), most of them are wave 6
events followed by wave 7 (54 events, 503 time steps) and wave 8 (30 events, 81 time steps)

(Tab. 2). Thus, compared to the other waves, wave 7 events have the longest duration per

14



288  event with a mean duration of ten days. The forcing condition ii has the biggest impact on wave
289 6 reducing the number of single time steps by almost a third, while detected time steps for

290 wave 7 and wave 8 are decreased only slightly. Here, the number of events is even increasing
291  for those wave numbers. This is due to the ‘splitting’ of long events into two or more shorter
292  ones in case the forcing is not sufficient over the full duration of a waveguide. 84% of all

293  detected resonance condition events also meet the AT for wave 6, thus can be explained by

294  QRA. This value is smaller for wave 7 (47%) and wave 8 (38%).

295 As illustrated in the histogram of the event duration for each condition, most of the detected
296  events are short events (1 day — 8 days) (Fig. 2). When focusing on long duration events (> 9
297  days) the ratio of events meeting the AT is increasing to 90% (wave 6), 63 % (wave 7) and 50%
298  (wave 8) (Tab.3). A total of 47 long duration events (> 9 days) were detected containing 760
299  single time steps, which accounts for about 20% of summer days in the analyzed 1979 -2015

300 period. About half of these waves where associated with wave 7 (Tab. 3).

301 When scanning the data set for high amplitude events we detect 834 time steps in total (wave
302 6:280, wave 7: 277, wave 8: 277). Of these events 237 fulfill conditions i. + ii. and pass the AT,

303  corresponding to a ratio of 28 % (wave 6: 34%, wave 7: 37 %, wave 8: 15 %).

304 Wave characteristics during QRA

305 2D probability density distributions of phase speed and wave amplitudes were determined

306  using a Kernel — density estimate for each of the conditions. These reveal that QRA episodes are
307 characterized by high-amplitude waves at low phase speeds (Fig. 3). To test the influence of

308 each of the conditions, we determine the probability density distributions under inclusion of

15



309 conditions i., i.+ii. and i.+ii.+ AT separately. Fig. 3 shows the anomalies of probability-density
310 distributions of phase speed and wave amplitudes of detected QRA days (coloured) compared
311  tothe 1979-2015 JJA climatology (black curves) for waves 6 - 8 (columns) and conditions i., i.+ii.
312  andi.+ii.+AT (rows). The climatological spectrum (black curves) is dominated by eastward-

313  traveling waves (positive phase speed) but features a fraction of quasi-stationary waves (

314 ¢ =~ + 2 m/s)and westward moving waves (negative phase speed) as well.

315  Under step-by-step inclusion of the different conditions, the detected days exhibit an increasing
316 component of quasi-stationary high-amplitude waves (red), while the fraction of fast moving

317  waves decreases (blue).

318  This is visible for all waves when condition i. and ii. are met: i.e. when a waveguide exists and
319 the forcing is sufficient. For wave 7 high amplitude quasi-stationary waves are already much
320 more frequent when only a waveguide is detected (condition i.). As expected applying the AT

321 leads to a strengthening of the anomaly patterns detected for conditions i. +ii.

322  Totest the significance of these findings, Fig. 4 compares amplitude distributions of quasi-

323  stationary waves ( —2% <c< 2?) during QRA episodes (red line graph) and non-QRA

324  episodes (black line graph). Distributions showing significant shifts (p - value < 0.05 in a

325  Kolmogorov-Smirnov test) towards high amplitudes are marked with a red cross in the upper
326 left corner (See Tab. Al for exact values). For wave 7, episodes when waveguides are detected
327 (condition i.) show a significant shift towards higher amplitudes already. Quasi-stationary

328 components of both wave 6 and 7 show significant shifts towards higher amplitudes when the

329 forcing condition (condition ii.) is added. Here, a small shift can be seen for wave 8 as well,

16
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however it is not significant (possibly also due to the much smaller sampling size for wave 8).
After applying the Amplitude test, the shift towards high amplitudes becomes more
pronounced for the distributions of all waves 6 — 8, but remains significant for wave 6 and 7

only.

These results confirm earlier findings (Petoukhov et al. 2013; Coumou et al. 2014) and provide
guantitative statistics on all aspects of resonance by employing the postulated resonance
conditions in an objective detection scheme. We detect a shift towards higher amplitudes for
the quasi-stationary component of wave 6, 7 and 8 after applying the waveguide condition and

the forcing condition only. For wave 6 and 7 these shifts are statistically significant.

In the next section we pursue these findings by analyzing circulation patterns of the longest

QRA events detected.

Mid-latitudinal circulation patterns and extremes during persistent QRA episodes

For an evaluation of the circulation patterns during QRA episodes we analyzed long duration
events (duration > 9 days) which gave rise to high-amplitude waves of at least 1.5 o above the
1979 — 2015 climatology during their occurrence (25 events in total). In the following we will
analyze the 9 most prolonged episodes of which two exhibit simultaneous resonance events of
two different wave numbers (Fig. 5a, 7a: 1994, and Fig. 5d, 7d: 2003) (see Tab. A2 for a
complete list). Fig. 5 shows for each of these 9 episodes the time evolution of zonally averaged
zonal wind, absolute value of the waves’ phase speed |c| and amplitude. Values are shown
from 35 days before the first day of resonance to 35 days after the first resonance day. Events
are ordered by the duration of the QRA-episode (indicated with a solid black horizontal bar)
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with the longest (1994) in the upper left and shortest in the lower right. Detected QRA periods
are marked by a thick horizontal black line, which thus always starts at day “zero”. Calendar
months are separated by dashed vertical lines and labeled at the bottom horizontal axis. Note
that in August 1994 (Fig. 5a) and July 2003 (Fig. 5d) both wave 7 (upper black line) and wave 6
(lower black line) resonated. The phase speed of the respective wave is given in absolute values
with low phase speeds (|c| < 2.5 m/s) shown in shades of red with step size of 0.5 m/s. The
respective 15 day running mean wave amplitude is given in units of standard deviation, where

red denotes values above the 1.50 threshold.

The majority of these prolonged QRA occurrences are wave 7 events and most events are found
after the year 2000. Most of the depicted events share common characteristics: We identify (1)
an emerging double jet (two distinct maxima in the zonally averaged zonal winds) prior to (2)
QRA detection, which in turn precedes (3) the amplification of the respective wave. A
probability density plot of the time step when the highest wave amplitude is reached has a
maximum 6.3 days after the first day of resonance detection (Fig. 6), which is in good
agreement with theory (Petoukhov et al. 2013; Feldstein 2000). The probability that the highest

wave amplitude is reached after the first day of resonance detection is 80%.

In most cases the zonally averaged zonal wind is characterized by a strong subtropical jet
positioned at latitudes around 45°N — 50°N. High amplitudes coincide with slow moving waves
(c <2 m/s). Exceptions are seen in August 2004 (Fig. 5e) and July 2001 (Fig. 5h) (both wave 7

events) where high wave amplitudes occur without slow wave progression.
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The majority of detected periods coincide with extreme weather events in the NH caused by
blocked or slow moving weather systems. Often those weather conditions occurred
synchronous in different regions of the NH mid-latitudes. A link between resonance and
individual extreme events can be found when analyzing the positions of North and Southward
flow in the meridional wind fields during QRA events and the position of temperature

anomalies (Fig. 7).

The meridional wind velocities (line contours) combined with temperature anomalies (coloured
shading) in the mid-latitudes during those nine events are shown in Fig. 7 in the same order as
in Fig. 5. Here, 15 day running mean wind fields are shown centered around the day within the

QRA period exhibiting the highest wave amplitude.

Strongest meridional wind speeds are observed over North-America, the Atlantic and
Western/Central Europe. The number of single waves (i.e. a pairs of Northward and subsequent
Southward flow) fits the resonating wave in most cases, indicating that it is the most dominant
wave. The temperature anomalies follow this alternating pattern, shifted by roughly half a
wavelength: positive temperature anomalies are found between a Northward and a
subsequent Southward flow, vice versa negative temperature anomalies are observed between
pair of Southward and Northward flow. This relationship is more pronounced in case of
longitudinally confined and fast meridional wind-speeds. Consequently, as v-winds are
strongest here, temperature anomalies are strongest over the western longitudes (-180°W —

50°EF).
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For comparison we show examples of situations without the QRA conditions fulfilled and
moderate meridional wind speeds in Fig. A2 and Fig. A3. For completeness the azonal
geopontential height fields in an analogue depiction during events shown in Fig. 5 are given in

Fig. Al.

In the following we will shortly discuss the circulation patterns during each event while giving
an account of concurrent reported extreme weather events in the NH mid-latitudes that might

be linked to the observed high amplitude waves.

In summer 1994 QRA is detected for wave 6 and wave 7 during end of July /beginning of August
(Fig 5a). During July — August the NH circulation was characterized by an above normal high
pressure system over western Canada/Western United States, Europe and Japan causing
abnormally warm conditions in those regions (Fig. Ala) (Halpert et al. 1995). In Europe the
temperature anomalies were exceeding the 98% percentile and setting all time new maxima
throughout central Europe (Halpert et al. 1995).A record setting heat wave over Korea and
Japan lead to an excess death of 3000 in Korea (Kysely & Kim 2009). The amplified meridional
wind speeds triggered by QRA align with these temperature anomalies with warm anomalies in

between pairs of Northward and Southward flow patterns (Fig. 7a).

In mid-June 1986 the jet splits, followed by QRA detection for wave 7 (Fig. 5b). A few days later
the wave slows down and the amplitude increases sharply. The position of strong meridional
wind speeds causes a split in temperature anomalies over North America with a hot West-coast
and a cool East-side. The same wave pattern leads to positive temperature anomalies over

Western Europe.
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In June 2006 heat waves occurred over Europe (Rebetez et al. 2009), the US (Hoerling et al.
2007; Gershunov et al. 2009; Heim Jr. et al. 2007). The large scale circulation was characterized
by strong meridional winds suggesting a strong meandering of the jet over Northern America,
Europe and Asia (Fig. 7c). These events coincide with QRA detection for wave 7 which slows

down and increased in amplitude soon after detection (Fig. 5c).

During the European heatwave in summer 2003 (Fig. 5d) we detect QRA for wave 7 and 6 from
mid-July to beginning of August (see also Fig. 1). The amplified wave pattern stretched over the
entire mid-latitudes of the NH causing synchronized anomalous weather in many places (Fig.
7d). In addition to the extraordinary conditions in Europe mentioned before (Fig. 1a-e), this led
to very hot conditions in the eastern US and very wet and cold conditions in the West (Gleason
et al. 2004), strong rains in China leading to severe flooding in the Huai River valley (Grover-

Kopec 2004) and record breaking wet and cold conditions in Russia (Bulygin 2004).

A slow moving low pressure system brought above average precipitation to western Europe
leading to the Bocastle (UK) floods in August 2004 (Golding et al. 2005). During the same time a
persistent northwest flow over Northern America led to exceptionally low temperatures in
central US (Bell 2005) and warm temperatures in western US (Fig. 7e). QRA is detected shortly
after the jet splits and before the Amplitude of wave 7 reaches its peak during the first half of
August (Fig. 5e). A view at the meridional wind patterns shown in Fig. 7e suggests that both
events were connected by a hemispheric-wide persistent flow pattern. Wave speeds however

don’t exhibit a distinct slowdown (Fig. 5e).
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QRA conditions are met end of July of 2015, leading to above average wave amplitudes for
wave 7 and decelerated wave speeds throughout August (Fig. 5f). A persistent ridge over
Eurasia led to pronounced heat in Central to Eastern Europe and the continuation of the
heatwave that started in June (German Weather Service 2015). This temperature anomaly is
also visible in Fig. 7f. We note that no double jet pattern in U is observed during the first half of

the QRA event.

In 2009 we detect resonance for wave 8 by the end of June with wave amplitudes peaking a few
days later. Wave speeds slow down, but exhibit total values below 1.5 m/s for a short time only.
No double jet pattern is observed (Fig. 5g). Heat anomalies are observed in North-West

America, Western Europe and Western Eurasia (Fig. 7g).

In July 2001 a persistent meridional flow pattern over North America caused a heatwave in the
central US and cold temperatures over the East and West coast (NOAA National Climatic Data
Center 2001) (Fig. 7h). This is reflected by a high-amplitude wave 7 (Fig. 5h) and strong
meridional winds over most of the hemisphere, especially and most intensely over the US (Fig.
7h). QRA conditions are met about two weeks prior to the observation of the maximum

amplitude (Fig. 5h).

In 1985, QRA is first detected for wave 7 by late June followed by a rise in this wave’s amplitude
(Fig. 5i) and a slowdown in phase speed. High-amplitude meridional wind speeds are observed
most notably over the Pacific and the US. Positive temperature anomalies are found at the US

West-Coast, Western Europe and China (Fig. 7i).

Mid-latitude Extreme Index
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The prolonged resonance events shown in figures 5 and 7 thus were predominantly associated
with documented extremes. Here we assess the statistical relationship between QRA events
and weather extremes by applying the MEX-index (Mid-latitudinal Extreme Index, see
Methods). This index provides a measure of hemispheric synchronization of extremes in the
mid-latitudes allowing for a quantitative comparison of QRA events and non-events (Coumou et
al. 2014). We calculate the MEX index based on daily temperature anomalies and compare QRA

and Non-QRA days by comparing their MEX- probability density function (Fig. 8).

We find an increased tendency for hot extremes during QRA events (Fig. 8). The distributions
during QRA are shifted towards more extremes compared to non QRA-days. A statistically
significant shift (p < 0.05, based on a Kolmogorov-Smirnov test) is found when focusing on
persistent events (duration > 14 days) (Fig. 8). The relationship between QRA and rainfall,
however cannot be confirmed by this statistic approach (not shown), even though single
extreme rainfall events were shown to be linked to QRA (Stadtherr et al. 2016). There are
several potential reasons for this. Rainfall extremes are much more local and short lived
compared to the large scale temperature anomalies discussed here. Furthermore, available
reanalysis data is noisier and less reliable for precipitation then for temperatures. Additionally,
QRA is expected to be important for frontal precipitation only, while having no effect on the

occurrence of other mechanisms like convective or orographic precipitation.

IV. Discussion

Seven out of nine major QRA events detected have been found to be connected with a double

jet pattern in the zonally averaged zonal wind (Fig. 5), consistent with results of previous
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studies (Petoukhov et al. 2013; Coumou et al. 2014). Tachibana et al. (2010) found a double jet
stream structure in summer to be associated with blocking and a positive northern annular
mode (NAM). From a geographic perspective (rather than the zonal mean), a persistent split in
the jet stream over a range of longitudes (potentially leading to a double jet in the zonal mean)
serves as a key indicator for blocking events (Rex 1950; Barriopedro et al. 2010). Most of these
phenomena associated with double jet structures share anomalous surface weather in the mid-
latitudes as an outcome. For the nine most prolonged resonance events detected (Fig. 5) there
appears to be a typical sequence of events: From (1) formation of a double jet (two peaks in the
zonal mean zonal wind) to (2) first QRA detection, to (3) amplified waves with relatively low
zonal phase speeds. The latter is also shown to be statistically significant for wave 6 & wave 7

resonance events (Fig. 4).

Not all events presented in Fig. 5 follow this specific sequence. In 2003 (wave 7, Fig5.d) and
2001 (wave 7, Fig. 5h) high amplitude waves emerge before QRA-detection. In 2004 (Fig. 5a)
and 2009 (Fig. 5g) amplitudes are already above average and exceed the 1.5 o level very shortly
after QRA is detected. Still, in all cases amplitudes rise again after QRA conditions are met.
Clearly, QRA is not the only mechanism that can generate waves of high amplitude, explaining
why high amplitude waves can occur before resonance detection. Also, the simplified
resonance equations exclude non-linear mechanisms which might be important during
individual events. Therefore, the exact sequence might be somewhat different in individual
events, but, more importantly, the chance for high-amplitude waves is much higher in the two
weeks directly after first resonance detection. The double jet pattern emerges approximately 1-

2 weeks prior to first QRA detection, which in turn leads the observation of amplified waves by
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approximately one week (Fig. 6). This suggests that a double jet structure in the zonal mean

favors waveguide formation and hence resonance to occur.

However, the event presented in Fig. 5f and Fig. 5g illustrates that it is the shape of jet which is
vital for waveguide formation (Petoukhov et al. 2013) and that waveguides typically form
around a latitude of 40° (Fig. 1c, Fig. 1h). A strong and narrow jet leads to a second turning
point on the subtropical flank complementing the turning point on the poleward flank. Our
results suggest that this characteristic shape is more likely to occur during double jets in the

zonal average.

It has been shown that double jet structures are caused by strong step-like gradients in the PV-
field (Martius et al. 2010). This could indicate that a double jet is associated with a sharper
subtropical jet situated further South compared to a single jet state, which in turn favors the

formation of a waveguide.

Hoskins & Karoly (1981) introduced a concept of quasi-stationary wave trains, defined as those
wave patterns whose wave action (proportional to energy) propagates along rays with local
group velocity as a function of the zonal wavenumber k and the meridional wavenumber L.
Here, k is constant along the ray, and [ varies along the ray so that the sum of k? and [? equals
the square of the stationary wave number K (which is a function of the zonal wind). The
waveguides for these wave trains are confined by two turning points on which (2 crosses zero,

with the condition that [? > 0 in between (see Tab.1).

Thus, in the framework of the QRA hypothesis, the latitudinal shape of the zonally averaged
zonal wind is a central measure for characterizing the state of the quasi-stationary wave
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circulation patterns in the mid-latitudes. Also, with the zonally averaged zonal winds given (i.e.
taken from observations), the QRA hypothesis can only be used as a diagnostic, and not a
predictive, tool for the study of wave resonance events. This approximation to real world
processes leads to two limitations of the hypothesis in its current form. Firstly, in this zonal
mean representation we neglect regional variations in the zonal flow and refractive indices.
Likewise, the QRA — mechanism does not provide information on the location of an individual
extreme event, but rather serves as a physical explanation for the occurrence of high amplitude
waves. Secondly, by following the zonal mean approach, meridionally oriented waveguides are
explicitly excluded from the analysis. Consequently, the QRA — mechanism describes waves that

move in the zonal direction.

However, the approximations made, enable an analytical derivation of resonance equations
and thus provide physical understanding, and as usual in physics they are motivated by
empirical observations: The recently observed circulation patterns, which we aim to explain,
were firstly hemisphere - wide and secondly zonal in nature: Chains of zonally elongated
stationary wave trains of high amplitudes stretched over the entire hemisphere leading to a

number of extreme weather events in recent years in the NH.

V.Conclusion

By casting the conditions for the amplification of quasi-stationary waves (QRA) as postulated by
Petoukhov et al. (2013) into a detection scheme, we established an objective method to scan
large datasets for QRA events. Applied on reanalysis data (1979 -2015) the scheme reveals that

during about one-third of all high amplitude events (> 1.5 o) for waves 6, 7, 8 the QRA
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conditions are met. Spectral analysis of QRA events shows an increased component of slow-
moving high-amplitude waves as compared to summer climatology. For wave 6 and wave 7 this
shift in wave characteristics is statistically significant, where wave 8 shows the same tendency
without a statistical significance. These results provide evidence for the validity of the

hypothesis and its underlying assumptions.

Analyzing the most persistent high amplitude QRA events we find that QRA detection precedes
the maximum wave amplitude by about a week. Many of the detected events were associated
with a double jet visible in the zonally averaged zonal wind. Anomalous hemispheric wide
weather conditions occurred during the majority of the QRA periods presented here and we
provide statistical evidence that QRA events lead to surface extremes. Our results suggest that
those events were linked to stationary waves with high amplitudes stretching over the mid-
latitudes. QRA periods coincide with wave amplification and therefore the alignment of
meridional wind velocities (i.e. reduction in phase speed). A cluster of prolonged resonance is
found after 2000 with 6 out of 9 events occurring after 2000 (though its significance is unclear),
many of those coincide with NH mid-latitude weather extremes. This cluster was primarily due

to long lasting wave 7 resonance events.

Extreme surface weather events occurred predominantly in the regions near strong meridional
winds. Still, amplified waves (or more specifically resonance) alone do not necessarily lead to
extremes, but they create favorable conditions for extremes to occur(Screen & Simmonds
2014). By generating hemispheric wide quasi-stationary high-amplitude waves, QRA is setting

the stage on which extreme weather is more probable. Factors like wave phase (setting of
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ridges and troughs), soil moisture (Miralles et al. 2014) and synoptic weather conditions can

turn prolonged weather conditions into extremes.

To further investigate this relation, future work will head towards further analyzing the

interplay of double jet structures, QRA and extreme weather events.

Furthermore, this operational QRA detection scheme enables us to explore the representation
of the QRA-mechanism in climate models. By applying the scheme to climate model output
(e.g. CMIP5) statistical analyses of QRA events under future projections of different climate
scenarios can be done. Whether CMIP5 models can accurately reproduce resonance events is
of particular interest considering that models have known biases related to summer Rossby
wave activity (Schubert et al. 2011). The detection scheme also serves as a first step towards an
improved understanding of the underlying drivers. To further explore the QRA mechanism and
its role in the generation of weather extremes, the detection scheme will be applied to the
southern hemisphere. Australia recently experienced a set of extreme weather events,
including extreme precipitation and drought events which require an explanation and QRA

could be a potential candidate.
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719

720

IX. Tables

i. Waveguide for synoptic scale free wave k:

1. Two turning points (TPs, change of sign) in [?
2. [? >0 between the turning points (TP)

3. U >0inbetween and in the vicinity of the TPs
4. The highest value of [? between the TPs is in the range of [2,;,, and [2,,,
5. The TPs lie within a region of 30°N and 70°N

6

7

The TPs have a minimum distance of w;,

In case of two waveguides their distance has to exceed at least 5°
ii. Effective Forcing Amplitude for forced wave m = k:

8. The effective forcing Amplitude A, s for a respective wave number m has to exceed a

certain threshold q.

Tab. 1: Overview of applied QRA detection conditions i.-ii.

Condition/Wave Wave 6 Wave 7 Wave 8 Total
Events/days | Events/days | Events/days | Events/days
i 126/839 115/935 77/480 318/2254
i+ii 112/572 116/915 80/420 308/1907
i+i+AT 94/495 54/503 30/187 143/1185




721  Tab. 2: : Number of detected events per condition and no. of corresponding 15 — day running
722  mean days. By ‘splitting’ longer events in to several parts condition ii leads to an increase in
723  number of events.

Condition/Wave | Wave 6 Wave 7 Wave 8 Total

Events/days | Events/days | Events/days | Events/days

i 34/542 36/656 19/297 89/1495

i+ii 19/280 35/628 16/241 70/1149

i+i+AT 17/257 22/387 8/116 47/760
724  Tab.3: Number of detected events exceeding a minimum duration of 10 timesteps, listed by
725  condition and no. of corresponding 15 — day running mean days.
726
727
728
729
730
731
732
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738  Fig. 1: QRA case studies of summer months (JJA) of 2003 European heatwave (a-e) and 2010

739  Moscow heatwave (f-j). Sub-figures show Hovmoéller plots of the zonally averaged zonal wind (a,
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752

f), zonally averaged temperature anomalies (b, g) and meridional wave number F (c, h). Here
the black (white in h) lines mark the waveguides’ turning points (solid for wave 7 and dashed for
wave 6). QRA detection for k=5.5, 5.6, ..., 8.4 is shown in Sub-plots (d, i). The relevant areas for
resonance (k = m + 0.2 with m = 6,7,8) are shown in colors of higher saturation. The color
scale illustrates the number of consecutive resonance days meeting the QRA conditions.
Days/wave numbers fulfilling conditions i.) and ii.) but failing the AT are masked in grey. In e, j)
amplitudes of the meridional NH-midlatitudinal wind field of wave 6, 7, 8 are shown in units of
standard deviation with respect to the seasonal (JJA) climatological mean. Amplitudes
exceeding a standard deviation of o = 1.5 are shown in red.

i i+ii i+ii+ AT

.WMS.Wave?.Wave

Count

L u_l._. i
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i} 10 20 30 40 i} 10 20 30 40 0 10 20 30
Duration Duration Duration

Fig. 2: Distribution of duration of detected episodes for condition i, ii and after applying the AT
for waves 6, 7 and 8. The bin width was set to 4. The majority of detected events are smaller

than 8 days.
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Fig. 3: Anomalies of probability density distributions of wave speed vs. wave amplitude during
detected QRA events for waves 6 (left column), 7 (middle column), 8 (right column) after
applying conditions i. (top row), i.+ii. (middle row) and i.+ii.+ AT (bottom row). Anomalies are
shown in colored contours on top of JJA climatology (black solid curves). Positive anomalies
(red) are observed in the area of slow moving high-amplitude waves for detected QRA-days,

while the density of low amplitude fast waves is reduced (blue).
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Fig. 4: Probability density distribution of amplitudes of quasi-stationary waves (c = + 2 m/s)

at 300 mb of days detected when applying conditions i., i.+ii and i.+ii.+ AT rows) of wave 6, 7, 8

(columns) during 1979 — 2014 summer (red) compared to days when respective conditions were

not met (black). Except for the pairing condition i./wave 8 (upper right) an overall shift in the

distribution towards higher amplitudes is observed. Subplots marked with a red ‘X’ show

statistically significant shifts (see Appendix, Table S1).
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Fig. 5: Hovméller plots of zonally averaged zonal wind, phase speed as absolute values and
respective wave amplitudes during the nine longest detected resonance episodes that coincide
with observed wave amplitudes above 1.50 of the climatology. Wave amplitudes are given in
units of standard deviation from JJA climatology. Therefore no values are given for May and
September (dark grey). The subfigures are aligned in time by the first resonance day (day “0”,
marked with a solid vertical black line), while giving a 35 days lead and lag period. The detected
QRA periods and their durations are marked with horizontal solid black lines at the bottom.
Vertical dashed lines are marking the months. The majority of events are wave 7 events falling
in the period after year 2000. QRA is often associated with a double jet pattern in the zonally

averaged zonal wind.
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Fig. 6: Probability density of lead lag times of a maximum amplitude within a window of +14
days relative to the first day of QRA detection (‘day 0’). Only long duration events coinciding
with a wave amplitude of <1.50 are included (25 events). A maximum (marked with a red

dashed line) is observed at a time lag of about 6 days.
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Fig. 7: 15 day running mean meridional wind fields (line contours, South - North: blue, dashed,
North - South: red, zero-line: black, long-dashed) and 15 day running mean temperature
anomalies (color shading) of the NH mid-latitudes during the nine longest resonance episodes
detected (as in Fig. 5 and Tab. A2). Wind velocities and temperature anomalies are averaged
over the 15 days centered on the day with the highest wave amplitude within the respective

QRA period. Landmass is depicted in dark grey by the respective coastlines.
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Fig. 8: Probability density plots of MEX-index derived from daily temperature anomaly fields.
Densities are shown for all QRA events of wave 6 — 8 (red dashed line) and QRA events of wave 6
— 8 of a minimum duration of 14 (red solid line) in comparison with Non — QRA days. The
ensemble size is given in the lower left corner. Long QRA events show an increase in daily heat

extremes, while there doesn’t seem to be a relation between precipitation and QRA.
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Tab. 1: Overview of applied QRA detection conditions i.-ii.

Tab. 2: Number of detected events per condition and no. of corresponding 15 — day running
mean days. By ‘splitting’ longer events in to several parts condition ii leads to an increase in

number of events.

Tab. 3: Number of detected events exceeding a minimum duration of 10 per condition and no. of

corresponding 15 — day running mean days.

Fig. 1: QRA case studies of summer months (JJA) of 2003 European heatwave (a-e) and 2010
Moscow heatwave (f-j). Sub-figures show Hovméller plots of the zonally averaged zonal wind (a,
f), zonally averaged temperature anomalies (b, g) and meridional wave number F (c, h). Here
the black (white in h) lines mark the waveguides’ turning points (solid for wave 7 and dashed for
wave 6). QRA detection for k=5.5, 5.6, ..., 8.4 is shown in Sub-plots (d, i). The relevant areas for
resonance (k = m + 0.2 with m = 6,7,8) are shown in colors of higher saturation. The color
scale illustrates the number of consecutive resonance days meeting the QRA conditions.
Days/wave numbers fulfilling conditions i.) and ii.) but failing the AT are masked in grey. In e, j)
amplitudes of the meridional NH-midlatitudinal wind field of wave 6, 7, 8 are shown in units of
standard deviation with respect to the seasonal (JJA) climatological mean. Amplitudes

exceeding a standard deviation of o = 1.5 are shown in red.
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815  Fig. 2: Distribution of duration of detected episodes for condition i, ii and after applying the AT
816  forwaves 6, 7 and 8. The bin width was set to 4. The majority of detected events are smaller

817  than 8 days.

818  Fig. 3: Anomalies of probability density distributions of wave speed vs. wave amplitude during
819  detected QRA events for waves 6 (left column), 7 (middle column), 8 (right column) after

820 applying conditions i. (top row), i.+ii. (middle row) and i.+ii.+ AT (bottom row). Anomalies are
821  shown in colored contours on top of JJA climatology (black solid curves). Positive anomalies
822  (red) are observed in the area of slow moving high-amplitude waves for detected QRA-days,

823  while the density of low amplitude fast waves is reduced (blue).

824  Fig. 4: Probability density distribution of amplitudes of quasi-stationary waves (¢ = + 2 m/s)
825  at 300 mb of days detected when applying conditions i., i.+ii and i.+ii.+ AT rows) of wave 6, 7, 8
826  (columns) during 1979 — 2014 summer (red) compared to days when respective conditions

827  weren’t met (black). Except for the pairing condition i./wave 8 (upper right) an overall shift in
828  the distribution towards higher amplitudes is observed. Subplots marked with a red ‘X’ show

829  statistically significant shifts (see Appendix, Table S1).

830  Fig.5: Hovmoéller plots of zonally averaged zonal wind, phase speed as absolute values and
831 respective wave amplitudes during the nine longest detected resonance episodes that coincide
832  with observed wave amplitudes above 1.50 of the climatology. Wave amplitudes are given in
833  units of standard deviation from JJA climatology. Therefore no values are given for May and
834  September (dark grey). The subfigures are aligned in time by the first resonance day (day “0”,

835  marked with a solid vertical black line), while giving a 35 days lead and lag period. The detected
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836  QRA periods and their durations are marked with horizontal solid black lines at the bottom.
837  Vertical dashed lines are marking the months. The majority of events are wave 7 events falling
838 in the period after year 2000. QRA is often associated with a double jet pattern in the zonally

839  averaged zonal wind.

840  Fig. 6: Probability density of lead lag times of a maximum amplitude within a window of +14
841  days relative to the first day of QRA detection (‘day 0’). Only long duration events coinciding
842  with a wave amplitude of <1.50 are included (25 events). A maximum (marked with a red

843  dashed line) is observed at a time lag of about 6 days.

844  Fig.7: 15 day running mean meridional wind fields (line contours, South - North: blue, dashed,
845  North - South: red, zero-line: black, long-dashed) and 15 day running mean temperature

846  anomalies (color shading) of the NH mid-latitudes during the nine longest resonance episodes
847  detected (as in Fig. 5 and Tab. A2). Wind velocities and temperature anomalies are averaged
848  over the 15 days centered on the day with the highest wave amplitude within the respective

849  QRA period. Landmass is depicted in dark grey by the respective coastlines.

850  Fig. 8: Probability density plots of MEX-index derived from daily temperature anomaly fields.

851  Densities are shown for all QRA events of wave 6 — 8 (red dashed line) and QRA events of wave 6
852  —8of a minimum duration of 14 (red solid line) in comparison with Non — QRA days. The

853  ensemble size is given in the lower left corner. Long QRA events show an increase in daily heat

854  extremes, while there doesn’t seem to be a relation between precipitation and QRA.
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Fig. Al: The 15 day running mean fields of the azonal geopotential height (line contours, South -
North: blue, dashed, North - South: red, zero-line: black, long-dashed) and temperature

anomalies (filled contours) of the NH mid-latitudes during the nine longest resonance episodes
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859 detected (as in Fig. 5, Fig. 7 and Tab.A2). Geopotential height - and temperature anomalies are
860 averaged over the 15 days centered on the day with the highest wave amplitude within the

861  respective QRA period. Landmass is depicted in dark grey by their coastlines.
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Fig. A2: Data as in Fig. 5 showing exemplary summer days without QRA being detected.
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Fig. A3: As in Fig. 7, temperature anomalies (shading) and v-winds (coloured line contours: red,

Northward flow; blue, Southward flow), during those exemplary Non-QRA episodes depicted

Fig. A2.

48

in



