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Key Points:

e We identify a recurrent Rossby-wave 7 teleconnection in Northern Hemisphere
summer that exhibits a fixed phase position.

e It has been observed during summers that featured extreme heat-waves in Central US,
Western Europe and the Caspian Sea region.

o This teleconnection was related to several regional weather extremes occurring near
simultaneously across the mid-latitudes in June-July 2018.
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Abstract

The summer of 2018 witnessed a number of extreme weather events such as heatwaves in
North America, Western Europe and the Caspian Sea region and rainfall extremes in South-
East Europe and Japan that occurred near-simultaneously. Here we show that these extremes
were connected by an amplified hemisphere-wide wavenumber 7 circulation pattern. We
show that this pattern constitutes a teleconnection in Northern Hemisphere summer associated
with prolonged and above-normal temperatures in North America, Western Europe and the
Caspian Sea region. This pattern was also observed during the European heatwaves of 2003,
2006, 2012 and 2015 among others. We show that the occurrence of this wave 7 pattern has
increased over recent decades.

Plain Language Summary

During late June through to July 2018 a prolonged circumpolar circulation pattern linked
weather extremes in North America, Western Europe, the Caspian Sea and Japan. We identified
this pattern be a recurrent teleconnection pattern leading to heat extremes in specific regions,
also observed during several other extreme summers.

1 Introduction

Boreal summer of 2018 saw several record breaking and persistent heat and rainfall extremes
occurring simultaneously in the Northern Hemisphere (NH) mid-latitudes. In North America,
Los Angeles and Montreal all-time high temperature records were set early in July leading to
power outages and severe heat stress. In Western Europe, the UK experienced a record long
drought and heat for 40 days lasting from mid-June to mid-July (1, 2). In Glasgow and Belfast
all-time record temperatures were measured on June 28 (32°C, 29.5°C) and the ongoing
drought conditions triggered water restrictions. Meanwhile, in Georgia and Yerevan record
temperatures above 40°C were measured (also see areas witnessing record breaking
temperatures in Fig. S2b). Further, heavy rainfall over Greece, Romania, Ukraine and
Bulgaria at the end of June led to severe flooding damage (3). Early July extreme rainfall over
Japan caused landslides and flooding (1) killing at least 120 people (also see section:
Japanese Floods and Fig. S1 in Supplementary Materials).

2 Materials and Methods

Linear regression of the time-series shown in Fig. 4 C, D of the manuscript was done using a
least-square fitting algorithm. Significance was defined at the 95% confidence level.

The surface temperature composite anomaly field (Fig 4. A, B) was determined from weekly
temperature anomaly fields based on grid-point-wise detrended daily surface temperature
fields from NCEP.NCAR. Significance was determined by comparing high amplitude events
(>1.50) with the mean of all remaining weeks using a t-test and an adjusted p-value
determined by false discovery rate testing (FDR)(2).

Spectral decomposition of weekly averaged meridional wind at 300mb and orography fields
into their basic components and phases (Fig. 3, Fig. 4) was done using a fast fourier
transformation applied on their mid-latitudinal average 37.5° N — 57.5° N (3).
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Phase velocities shown in Fig. 2e were determined from by taking a fourth-order accurate
numerical approximation of the transient derivative of its phase based on daily data following
Coumou et al. 2014 (3). In a second step 15-day running mean values of these daily phase
velocities are calculated.

3 Data

Daily wind and temperature data were taken from the archives of the European Center for
Medium Range Weather Forecasts (ECMWF) and the National Oceanic and Atmospheric
Administration (NOAA, NCEP-NCAR reanalysis (1)). In order to avoid spurious trends due
to changes in measurement systems we limited the analysis to the satellite based period (1979
—-2018).

4 Results

Here we show that these devastating extreme weather events were linked by a hemispheric-
scale circulation pattern, characterized by a strongly meandering wave-like jet-stream
stretching across the entire hemisphere (between ~30-60°N in Fig. 1b). This wave-like
structure created alternating patterns of anomalously warm and cold conditions, setting the
stage for hot-dry extremes and persistent rain throughout the mid-latitudes (Fig. 1a, also see
Fig. S2). The circulation regime of summer 2018 was remarkable, not only in terms of the
amplitude and regularity of the wave-pattern but also due to its persistence, lasting for about
2-3 weeks from late-June to early-July.

Temperature Anomaly [K] Meridional Wind V [m/s]
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Figure 1. Northern Hemisphere temperature anomalies and stationary Rossby wave
pattern in early July. (a) Surface temperature Anomalies (from 1981-2010 climatology; 15-
day mean, centered on July 1% 2018). Oceans are masked in transparent grey. (b) As (A) but
for meridional wind V (m s) in the upper troposphere (250 mb).
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This strongly meandering circulation regime created the necessary background conditions for
many simultaneous weather extremes. Figure 2b shows the onset and persistence of the wave
pattern as a Hovmoller plot (longitude vs. time) of the meridional winds averaged over the
mid-latitudes (37.5°N-57.5°N, with the timing and longitudinal location of notable extreme
weather events superimposed. Starting at the end of June, a quasi-stationary wavenumber 7
(wave 7 from hereon) circulation pattern evolves (Fig. S3a,b), with large amplitude (Fig. 2b,
¢, Fig.S3c), near-stationary phase position (Fig. 2d) and near-zero phase speed (Fig. 2e). The
amplitude starts to increase from mid-June, exceeding the 1.5 standard deviation threshold by
the end of June (Fig. 2c) and persists at that high level until early July. In concert with the
rising amplitude, the wave phase-shifts into a preferred position where it persists (indicated by
the dashed red lines in Fig. 2D, also see Fig. S4). The absolute phase speed of wave 7 slows
down at the moment when the preferred phase position is reached. Coinciding with the peak
of the stationary pattern from end of June to early July several heat and rainfall extremes
occur in the mid-latitudes (Fig. 2b, Fig. S2b).
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Figure 2. Time evolution of persistent wave 7 circulation pattern. (a) NH surface air
temperatures (15-day mean centered on July 1%t 2018). (b) Hovmoller (longitude-time) time
evolution of the mid. latitude (averaged over 37.5°N — 57.5°N) meridional winds. A stationary
wave 7 pattern evolves in mid. June. The location and timing of extreme events are marked as
orange diamond (heat extreme) and blue triangle (precipitation extreme); from left to right: (1)
Los Angeles, (2) Montreal, (3) Belfast, (4) Sofia, (5) Tiflis, (6) Siberia, (7) Hiroshima. (c)
Amplitude of wave 7 (m s™). The amplitude increases and exceeds 1.5 std (red dashed line) at
end of June shortly before heat records are broken across the mid-latitudes (also see Fig. S2b).
(d) Phase of wave 7 (radians). The phase becomes locked within its preferred position (marked
by red dashed lines) by mid-June. (€) Phase speed of wave 7 (m s1). The phase speed slows
down in concert with the increasing amplitude and the phase locking of wavenumber 7.
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Here we show that wave 7 is of particular importance, as it shows some unigque behavior in
that it tends to get locked in a specific preferred phase position as the amplitude increases and
remain there for an extended period (4) (also see Fig. S4), constituting circumglobal
teleconnection pattern in NH Summer. This is consistent with the work from Branstator et al.
(5) who showed that zonally elongated zonal winds (see Fig. S9) can act as waveguides for
planetary waves leading to co-variability in far-away regions (6).

The hemispheric circulation exhibits spatially confined troughs and ridges which then persist
over specific regions (Fig.3b) (4, 7). A characteristic circumglobal pattern of alternating
temperature anomalies thus arises across the mid-latitudinal belt with significantly elevated
surface temperatures over central North America, Western/Central Europe and the Caspian
Sea region (Fig. 3a), just as observed in summer 2018 (Fig. 1a, Fig. 2a). Here, high amplitude
wave 7 events were defined by weeks in JJA exceeding 1.5¢ (the pattern however is
independent on the exact choice of threshold; see Fig. S5). In the regions identified above,
dynamic contributions from the wave 7 circumglobal teleconnection can then intensify the
normal summer temperatures and lead to heat waves on weekly to monthly time scales.

In agreement, many of high amplitude wave 7 events coincide with heat extremes in Central
North America and central Western Europe and the Caspian Sea region as suggested by the
surface temperature anomaly map (Fig. 3a), among them the devastating heatwaves of 2003,
2006, 2012 and 2015 (4, 8) (also see Fig. S6, Table S1).

Over recent decades the number of wave 7 phase-locked events (here defined as weeks with
above average wave 7 amplitude within its preferred position, see Fig. S3) have increased
significantly (0.95 confidence interval (Fig. 4b). Summers with more than one subsequent
week of wave 7 phase-locked events did not occur prior to 1999, but since then have occurred
at an increasing frequency (Table S1). This can be interpreted as an increase in persistence of
such situations. In fact, the average number has doubled from about one to two weeks per
year, while the number of years with more than two events per summer shows an almost
eight-fold increase. Although the sign of the trend is independent of the applied amplitude
threshold, the significance of the trend depends on the amplitude threshold, possibly due to
the consequent reduction in ensemble size (Fig. 4b). The number of wave 7 events (weeks
exceeding a specific wave amplitude threshold) show increasing but not significant trends
independent of threshold applied (Fig. 4a). A significant trend for the amplitude of wave 7 in
summer is only found when including data beyond the satellite measurement period (Fig. S7).
In general, these trends should be treated cautiously as the period of satellite observations
(1979 onwards) is relatively short and they might thus reflect multi-decadal oscillations in the
earth system.
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Figure 3. A recurrent circumglobal wave 7 teleconnection. (a) Composite plot of surface
temperature anomalies over the NH mid-latitudes (30°N - 67.5°N) during weeks of high wave
7 amplitudes (>1.5c, N: 40 weeks) in summer (JJA) over the NH mid-latitudes (30°N - 67.5°N)
observed over the period 1979 - 2016. (b) Meridional wind speeds (northward: red; southward:
blue) during those events. The filled stippling in (a) and (b) indicates grid-cells with significant
deviations from JJA climatology using a significance test that accounts for the false discovery
rate (FDR) associated with multiple testing (9), while the grid-points marked with hollow

stippling indicate local significance.
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Figure 4. Recent trends in the occurrence of the wave 7 teleconnection. (a) Number of
weeks per summer season (JJA) with wave 7 amplitude above average (>00), 1o and 1.5¢
irrespective of phase position. (b) Number of weeks per summer season (JJA) where wave
seven is in its preferred phase position (see Fig. S3) and the amplitude of wave 7 is above
average (>0o), >1 ¢ and >1.5c.
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5 Conclusions

It is important to note that extreme weather events such as the heatwaves observed in Summer
2018 are the product of several factors acting together. For example it has been shown that the
Extreme heatwaves in Europe 2003 and Russia 2010 were preceded by very low soil moisture
content due to an anomalous dry spring season (10-12) and there is good reasons to believe
that the anomalously dry April-May conditions in many parts of the NH contributed to a large
degree to the magnitude and persistence of the observed heatwaves by known soil moisture
feedbacks. In general, record breaking heat and rainfall extremes are the expected outcome of
a warming mean climate due to increasing greenhouse gas (GHG) emissions (13, 14). GHG
warming leads to more intense events heat and an enhanced water holding capacity of the air
which fuels heavy rainfall. The timing, duration and location of a specific extreme weather
event, however is largely controlled by the large scale circulation, especially in the mid-
latitudes (15). While the direct response to thermodynamic drivers of weather extremes are
generally well understood, large uncertainty remains when it comes to the indirect response
via the changes in dynamical circulation drivers under a warmer climate (15-19). Changes in
the dynamical circulation have been proposed to explain the increase in persistence and
magnitude of recent summer extremes, that have exceeded what would be expected from
simple thermodynamic arguments (19, 20), particularly in the case of Western and Central
Europe as well as the Southern Central US being repeatedly struck by devastating heatwaves
(12, 21-24). Summer storm tracks have been weakening over recent decades (25) which
likely influences planetary wave behavior. In boreal summer Rossby waves have indeed been
increasing recently in agreement with our results (26). Others however have shown that
upward trends over a relatively short period are not statistically significant (27) and traditional
blocking indices show no changes in summer (28). The regions for which an increase in the
persistence of regional weather regimes was identified, however, (Northern US, Europe and
Western Asia) match those related to the wave 7 teleconnection pattern (29). Planetary wave
resonance has been discussed as a potential mechanism to generate high amplitude synoptic
wave patterns in boreal summer (4, 8, 30) and required conditions were present in June July
as well (also see discussion in Sl). Recent trends in the zonal temperature profile due to
anthropogenic climate change have been suggested to favour resonance conditions (31). This
temperature profile bears imprints of enhanced land warming and high latitude warming and
is associated with the formation of double-jets in the zonal mean zonal wind (8, 31). In the
given case a double jet pattern was visible over the Eurasian continent (Fig. S9), which might
be the reason that planetary wave patterns were specifically amplified and persistent.

In summary, we have shown that the summer 2018 featured a series of near simultaneous
extreme weather events that coincided in time and space with a circumglobal teleconnection
constituted by an amplified Rossby wave of wavenumber 7 in the mid-latitude jet stream.
These extremes include the heat-records of June/July broken in North America, Western
Europe and Caspian Sea region, as well as the extreme and devastating rainfall events in
South-East Europe and Japan. Tropical ENSO variability in 2018 was in a neutral state and
thus unlikely to be an important factor behind the extreme weather events in the NH. This
recurrent circulation pattern conducive for heat waves acts in addition to the
thermodynamically driven increase in heat, creating possibilities for very-extreme heat waves,

6
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specifically in the identified regions: Western Europe, North America and Caspian Sea
region. We show that this circumglobal teleconnection pattern has increased in frequency and
persistence in recent years. Given the high impacts of these extremes in terms of mortality,
morbidity and agricultural losses, this presents major risks for society and global food
production in particular, since the main breadbasket regions are located in the mid-latitudes.
Further research is required to fully understand the combination of factors that trigger these
observed wave events, and what determines their preferred phase position, so that
predictability of future extreme events can be improved.
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Text S1. Japanese Floods early July 2018.

From late June through to early July the slow-moving circulation identified over Eurasia coincided
with large high-pressure systems north and east of Japan (Fig. S1). This confined a north-east flow of
warm moist air over Japan from lower latitudes. At the same time a seasonally stalled Meiyu weather
front stretched across Japan causing persistent rainfall in the south-west Okinawa prefecture . These
persistent rains were further exacerbated by the passage of ex-tropical storm Prapiroon over the
affected areas, causing major flooding. A meandering atmospheric river of high moisture laden air is
clearly evident in Fig. S1a at the time of this flooding event, which is clearly influenced by the
background slow moving circulation patterns seen in Fig. S1b.

Text S2. Quasi-resonant amplification during June-July 2018.

Quasi-resonant amplification (QRA) was proposed as a dynamical mechanism that could lead to the
high-amplitude planetary waves of synoptic scale wavenumbers 6-8 (4—6). The QRA mechanism as
derived by Petoukhov et al. (4) assumes that ‘a synoptic-scale free wave trapped in a midlatitude
waveguide can resonate with the slow-moving forced wave and thereby increase its amplitude
through a quasi-resonant amplification’ (6). This framework thus differs from the concept of
‘resonance’ described in Held 1983(12) as waves are not assumed to encircle the longitudinal belt to
interact with the “tails” of themselves (also see our reply to comment 1). The theory behind this
mechanism is based on linear theory, and assumes a zonally symmetric background flow on which
perturbations develop (7, 13) but it only considers zonally elongated waves (in contrast to e.g.
Hoskins & Karoly (7) who discuss meridionally propagating waves). It describes similar phenomena as
Branstator et al. (8, 9) who showed that circumglobal wave patterns can evolve when a waveguide is
provided in zonal direction by a mid-latitudinal jet. A zonal waveguide effectively traps those waves
in the mid-latitudes, preventing their dissipation in the meridional direction, which is the first
precondition for QRA.

We tested the resonance conditions (Table S2) for the 2018 summer following the methodology of
(2) (see Table S2 for details). Figure S8 provides evidence that the persistent wave 7 circulation
pattern is consistent with the resonance of atmospheric waves trapped in a mid-latitude waveguide.
It shows the time evolution of the prime quantities associated with wave resonance: The zonally
averaged zonal wind U as a measure for the background flow (Fig. S8a), the squared meridional
wavenumber (I12) that determines waveguide formation (Fig.S8b) which is critical for resonance
detection (Fig. S8c). A ‘double jet’ in the zonal mean jet evolves in early June (i.e. two peaks in U at
~45N and 75N). This configuration in the zonal mean zonal wind is characterized by a narrow
subtropical jet with sharp edges which is known to favor waveguides (14). Figure S9 shows a 15-day
average of the zonal wind field centered around the 1st July 2018. The zonal winds form a near
circumglobal jet, which splits into a double jet configuration at 15W over Eurasia. A waveguide forms
for wave 7 as indicated by the two turning points in |12 (dotted black lines in Fig. S8b). The detection
scheme also indicates sufficient orographic / thermal forcing and therefore resonance is detected
from mid-June onwards (Fig. 2b, S8c). As expected from resonance theory (4), a few days later the
phase speed of wave 7 slows down and the amplitude increases to a level above 1.5 standard
deviations (Fig. 2d, e).
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Figure S1. The role of the large-scale circulation in the Japanese Floods 2018. (A) Total column
water measured 4th of July over the East Asian Pacific Sector (B) Meridional windspeeds centered on

4th July (7-day running average).
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Figure S2. Meridional winds and surface temperature anomalies in units of standard deviation. (a)
15-day average of daily anomalies in units of standard deviation centered around the 1st of July
2018. The meridional winds are arranged in form of a circumglobal wave pattern specifically in the
mid-latitudinal belt (30N- 55N). (b) Same as in (a) but for linearly detrended temperature anomalies.
Temperature anomalies occur in line with the position of ridges and troughs of the circumglobal
wave pattern depicted in (b), reaching values of above 2 std. in Europe and above 1 std. in Central
US, the Caspian Sea region, Northern China, Siberia and Japan. Grid-points that exhibit daily record
temperatures within the 15-day window around the 1st of July are marked by purple dots. Those
grid-points agree well with the regions marked in Fig.2 in the main manuscript.
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Figure S3. A circumglobal wave pattern during Jun-July 2018. (a) Meridional winds (15 day mean
centered around the 1. Of July). (B) the meridional averaged meridional winds in the mid. latitudinal
belt (37.5N-57.5N). (c) Rossby wave amplitudes of wavenumbers 1-10 determined by applying a Fast-
Fourier-Transformation on the data shown in (b).
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Figure S4. Evidence for a circumglobal wave 7 Teleconnection. (a) Probability density distributions
during summer (JJA), comparing weeks of high amplitude (> 1.50, red) and normal amplitude (< 1.5¢,
blue) of wave 7 (b) Probability of a week in summer (JJA) to exhibit phase of wavenumber 7 within
the phase locked region as defined by the 25th -75th percentile of the high amplitude wave 7 (>
1.50). The probability increases with amplitude of wave 7.
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Figure S5. The recurrent wave-7 teleconnection. Composite temperature anomalies (filled contours)
and meridional wind velocities (southward: red line contour, northward: blue line contour, zero wind
line: black line) during weeks of wave-7 amplitude in summer (JJA, 1979 — 2016) (a) within the
preferred phase position (see Fig.S3a, phase locked from here on) and above average, (b) phase
locked and above 10, (c) above average irrespective of phase position, (d) above 1o irrespective of
phase position. Continental coastlines are depicted by grey outlines. The respective number N of
averaged weeks is given in the upper right corner. Grey dots mark the grid-points where anomalies
are significantly different (95% confidence level) from the remaining weeks. Note that unlike in Fig.
3a,b shown in the manuscript no false discovery rate significance testing (FDR(2)) was applied here.
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Figure S6. Hemispheric temperature and circulation extremes over the recent past. (a) Surface
temperature anomalies (compared to 1981-2010 climatology, filled contours) and meridional winds
(line contours, North-South: blue, South-North: red) in a 15-day running-mean centered around 1
July. (b—f) Same variables shown during selected examples of this pattern observed during summers
of severe heatwaves in the Northern Hemisphere based on weekly means, including the severe
European heatwaves of (c) 2003 and (f) 2015. For a full list see table S1.
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Figure S7. Long term trends in wave 7 amplitude. Mean wave 7 amplitude in summer (June-August)

from over the period 1948 — 2016. Linear trends for the entire period (red solid line) statistically
significant but might be spurious due to changes in measurement systems. Trends over the satellite-
based measurement period (1979-2016) increasing but are not significant.
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Figure S8. Resonance detection of wavenumber 7 early Summer 2018. (a) Time-series of zonally
averaged zonal wind. A ‘double jet pattern’ forms at the beginning of June in the zonal mean. (b)
Squared meridional wavenumber. A waveguide, the key condition for wave resonance, forms in the
mid-July for wavenumber 7, as shown by the black dots. (c) Resonance is detected from mid-July on
(marked in black).
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143  Figure S9. Zonal wind component in the upper troposphere. Shown is the 15-day mean, centered on
144  July 1st 2018. A strong subtropical jet is visible over the entire longitudinal belt which splits into a
145 double jet pattern over the Eurasian continent at about 15°W. The jet shows positive values around
146  the entire hemisphere, thus providing a waveguide which can be considered circumglobal.
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Year Month First day of week
1979 6 29
1980 6 1
1983 7 6
1983 7 13
1984 6 15
1985 6 29
1988 6 29
1989 6 15
1989 7 13
1989 7 27
1991 8 17
1995 7 6
1996 7 13
1997 6 1
1997 8 24
1998 8 3
2000 6 29
2000 7 20
2001 6 22
2003 7 6
2003 7 13
2003 8 3
2003 8 10
2004 7 13
2005 6 15
2006 6 1
2006 6 8
2009 6 1
2009 6 22
2009 6 29
2010 6 8
2010 6 29
2010 7 6
2012 6 22
2012 8 10
2013 6 22
2013 6 29
2015 6 29
2015 8 10
2015 8 24

Table S1. Dates of weeks with wave number 7 above 1.50, as used in the analysis shown in Fig. 3 a,

b.

10
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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 >0in between and in the vicinity of the TPs

The highest value of [ between the TPs is in the range of [2%,;,, and [%,,,

4
5. The TPs lie within a region of 30°N and 70°N
6

The TPs have a minimum distance of wy,

7. In case of two waveguides their distance has to exceed at least 5°

ii. Effective Forcing Amplitude for forced planetary wave m =~ k:

8. The effective forcing Amplitude A, s for a respective wave number m has to exceed a
certain threshold gy, defined by the 50" percentile of the overall wave spectrum on a

specific timestep.

Table S2. Key Conditions for resonance detection from (10)
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