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Abstract. The paper investigates systematic changes of the global atmospheric circulation during midlatitude heat waves.
The global balanced circulation is defined in terms of the Rossby wave solutions of the linearized primitive equations. The
circulation variability is assessed by the probability density functions (PDFs) of the normalized total energy anomalies with
respect to their climatological values. The evaluation is performed in wavenumber space defined by the zonal wavenumbers,
meridional modes and vertical structure functions. Heat waves are defined by spatially averaged surface temperatures in Eurasia
(bounded by the Ural) above the 95% percentile on at least three consecutive days. Normalized energy anomalies of the Rossby
waves are found to be y2-distributed with a skewness associated with the number of degrees of freedom. The PDFs of energy
anomalies during heat waves are compared with their climatological distributions for the zonal mean flow, for the planetary
and for the synoptic scales. During heat waves, the skewness of PDFs of planetary-scale circulation is increased up to a factor
of two. The increase is associated with a drastic reduction of the number of degrees of freedom down to 1/4 compared to
climatology. This reduction explains the coarse structure of blocking events in the midlatitude troposphere as confirmed by the
reconstructed circulation in physical space. The changes in variability are also assessed by investigating submonthly circulation
variance across scales. Planetary waves are found to be more persistent during heat waves, while the synoptic waves vary more,
which is consistent with the idea of circulation blocking during the extreme heat events. The presented diagnostics can be
applied for other extreme events in the atmosphere.

Keywords: heat waves, Rossby waves, variability changes, global energy distribution, skewness

1 Introduction

The enhancement of planetary and synoptic-scale Rossby waves has been linked to the occurrence or formation of heat waves in
mid-latitudes. However, the relation between anomalies in global Rossby circulation and heat waves remains unclear. Moreover,
there is no robust method allowing us to identify signatures of heat waves in the global atmospheric spectrum. As a possible
way to determine signatures common not only for case studies of heat waves but for their composite, statistical analysis can
be a suitable tool. Statistical properties of mid-latitude circulation during extreme events were examined by recent studies

(Screen and Simmonds, 2014; Coumou et al., 2014; Kornhuber et al., 2019). They have identified significant anomalies in the
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planetary- and synoptic-scale Rossby waves by using the Fourier amplitudes and phases of temperature and wind variables.
Namely, Screen and Simmonds (2014) have found a significant increase in the monthly variance and mean of anomalies of the
Fourier amplitudes of 500 hPa geopotential heights for zonal wavenumbers 3-8 and suggested that amplified planetary waves
are connected with temperature and precipitation extremes. Coumou et al. (2014) have analyzed wind fields at 300 and 500
hPa and found out that zonal wavenumbers 6-8 are the most probable candidates for quasi-resonance conditions according to
Petoukhov et al. (2013). More recently, Kornhuber et al. (2019) have shown the coupling between the wavenumber 7 in daily
wind and temperature data on several vertical levels (850, 700, 500, 300 hPa) and surface extreme events, such as heat waves
and floods which occurred during the boreal summer 2018. The drawback of the one-dimensional Fourier method, performed
along the latitude circles, is its lack of coupling between mass and velocity fields. We suggest the NMF decomposition as more
rigorous compared to the Fourier approach because the NMF is a multivariate decomposition that represents simultaneously
the velocity and mass fields using the Hough harmonics.

The NMF decomposition projects three-dimensional (3D) geopotential and wind data on the Rossby and inertia-gravity
waves, which are eigensolutions of the linearized primitive equations on the sphere (Zagar and Tribbia, 2020). We use re-
analysis data decomposed using this approach to analyse whether and how surface heat waves in Eurasia affect the global
atmospheric variability spectrum. Therefore, we aim at answering the following question: how do heat extremes appear in the
global atmospheric variability spectrum? While it is not evident a priori that surface heat waves during boreal summer have
their fingerprints in the whole atmosphere Rossby wave spectra, we show that this is, in fact, the case. We carry out statistical
analysis on the time series of the Hough expansion coefficients of the 3D reanalysis data similar to Zagar et al. (2020) and ref-
erences therein. This statistical analysis allows us, for the first time, to estimate the distribution of the global Rossby circulation
and its total energy.

The distribution of atmospheric fields are in general shown to be non-Gaussian (Sura et al., 2005; Perron and Sura, 2013).
However, the Central Limit Theorem may still be applicable when the sums of components in high-dimensional systems
are involved, with assumptions of independent and identical distributions of summing components. Under the independence
of component or variable in a high-dimensional system, we consider that its time series are uncorrelated. The identity of
distributions of summing components can be regarded in terms of their mean and variances being equal. In our analysis,
it is not strictly necessary that the Hough coefficients are independent and identically Gaussian distributed since we assess
changes in the energy distributions. These changes are diagnosed considering the skewness of the distributions. Even in the
interpretation of the number of active degrees of freedom, we consider changes and not absolute values. Thus, the assumption
of independent Gaussian distributed coefficients is not essential for interpreting the results. Nevertheless, we find that the
Gaussianity of the coefficients and the corresponding y2-distribution of the energy in individual modes are satisfied to a high
degree.

The skewness, v, of the x2-distribution is given by \/8/7f and the excess kurtosis, «, is given by 12/df with the number
of independent degrees of freedom, df (Wilks, 2011). Because the atmospheric circulation is the composite of the zonal mean
state and the superposition of waves (or the sum of multiple modes because of orthogonality of 3D eigenfunctions) which might

be dependent, the statistical properties might deviate from the ideal situation. Further, we demonstrate that the distributions of
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the energy anomalies can appear visually close to the Normal distribution due to the Central Limit Theorem for large degrees
of freedom. However, the energy anomalies distributions are still skewed, which can be considered as an inherited property
from energy distributions. For this reason, we consider skewness as the primary measure to characterise the behaviour of the
Rossby circulation during the heat waves.

The paper is organized as follows. The data decomposition method, statistical analysis and the heat waves identification
algorithm are explained in Section 2. In Section 2.3 we describe the data used for NMF decomposition and identification
algorithm. In Section 3 we present examples of decomposition for two recent heat waves, the results of statistical analysis
(climatology and during heat waves) and further interpretation by filtering part of Rossby circulation back to physical space.
In the last chapter of Section 3, we discuss how temporal variance spectra changes during heat waves. In Section 4 we present

final remarks.

2 Method and Data
2.1 Normal-mode function decomposition

Three-dimensional wind and geopotential fields are projected on NMFs in modal space. NMFs consist of vertical and horizontal
structure functions (VSFs and HSFs, respectively). VSFs are the numerical solutions of the vertical structure equation and HSFs
are given in terms of the Hough harmonics. The projection is performed in two steps (Zagar et al., 2015). In the first step, the
data X(\, ¢, o) with longitude ()), latitude (¢), vertical level (o) and at time ¢, is expanded into a series of orthogonal vertical

structure functions G,,, according to

X\, ¢,0) = (u,v,h)" Zsmx Gm(0). (1)

The vertical mode index (m) ranges from 1 (known as the external mode) to M, the total number of vertical modes. For every
m, the vector X, (\, o) = (1,7, fL)T is normalized by the scaling 3 x 3 diagonal matrix S,,, with elements /gD, \/gDu, Dy,
where D,,, is equivalent depth.

The first seven vertical structure functions (VSFs) are presented in Fig. 1. The external mode (m = 1) and the subsequent
four other modes (m = 2 — 5) do not change sign below the tropopause, and are regarded as troposphere-barotropic modes.

In the second step, for every m, the horizontal nondimensional motions are projected onto a series of Hough harmonics H”

with the complex Hough expansion coefficients x% (m),

Z Z Xa(m)HY (A, ¢;m), )

n=1k=—K
where K denotes the total number of zonal waves, IR denotes the total number of meridional modes which contains three
motions in the atmosphere: Rossby modes, eastward and westward inertia-gravity modes.

The horizontal structure functions (HSFs) are given in terms of the Hough harmonics H* which are defined as

HY (X, ¢,m) = O (¢,m)e™, 3)
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Figure 1. Vertical structure functions (VSFs) for the first seven vertical modes derived using 43 model levels in ERA-Interim. Modes that do

not cross zero below the tropopause (here we refer to 250 hPa level) are regarded as barotropic tropospheric modes.

with the meridional Hough vector function ©F = [U* (¢, m),iV¥(¢,m), ZF(¢,m)]*, harmonic waves ¢?** in the longitu-
dinal direction with the zonal wavenumber k, and the meridional mode index n for every m.
Hence, the Hough expansion coefficient, x* (m), is obtained as

27 1

m) = 5 [ %0 () dd @

0 -1

2.2 Total energy of balanced atmospheric circulation

The first step in the statistical analysis of the Rossby modes (the balanced circulation) considers the probability distribution
of the real and imaginary parts of the Hough coefficients. We find that real and imaginary parts are Gaussian distributed for a
single Rossby mode in the synoptic wavenumber range. Since in physical space kinetic energy is the sum of the squares of the
horizontal wind components, the distributions of the energy components are approximately x2-distributed with a distinct non-
zero skewness. We do not normalise the coefficients in single modes to unity variance for the purpose of retaining the different
energy contributions. Thus we do not consider energy distributions as exactly y2-distributed, but we will assess changes of the

skewness during heat waves as an indicator for the changes in the atmospheric circulation. The total energy is given in terms
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of the real and imaginary parts of the Hough coefficients

15(m) = gD Xk (m)? = S [(Rex(m)? + (myk(m)?], )

where ¢ is the gravitational acceleration and D,,, are the equivalent depths.

We consider the extended boreal summer (MJJAS, May-September) during which the major part of heat waves in the mid-
latitudes occur.

The energy computed from the daily Hough coefficients is I, with d denoting the day in MJJAS and y denoting the year

in the datasets. We calculate the climatological mean of the annual cycle

N,
1 Yy
(Tay)y = N, > Tay, 6)
y=1

for each day in MJJAS (153 in total).

The energy deviations (or anomalies) from the climatological annual cycle (I4 ), are
I'=1-(I),, (7

where I denotes I, for brevity. At this stage, we form new time series of energy anomalies with time steps of the observed

heat waves (Table 1). Then, we compute normalized energy anomalies by
(®)

with their climatological standard deviation o. Note that the entire time series of energy anomalies (climatology) and time
series only during heat waves are normalized by different o.

This procedure is applied mode-wise for every dataset independently. The next step is to split the normalized energy anoma-
lies of the single Rossby modes into planetary (k = 1,2, 3) and synoptic (k =4 — 10) intervals, and then to average only the
troposphere-barotropic modes m = 1 — 5 within these intervals. The zonal flow is given by k = 0. In each case, all meridional
modes are averaged except for the first one, which corresponds to the mixed Rossby-gravity mode and is counted among the
balanced modes in MODES software.

Lastly, we combine all reanalyses in the above-mentioned atmospheric flows. Zagar et al. (2020) showed that the differences
between climatological energy spectra for the four reanalyses are minor. Therefore, our PDFs consist of independent but similar

time series. Thus, we can detect robust features of distributions of energy anomalies across different datasets.
2.3 Data

To reduce statistical uncertainty, we project four reanalyses: ERAS5 (Hersbach et al., 2020), Era-Interim (Dee et al., 2011), the
Japanese 55-year Reanalysis JRA-55 (Kobayashi et al., 2015), and the Modern-Era Retrospective analysis for Research and
Applications MERRA (Rienecker et al., 2011). We use daily data at 12:00 UTC from 1980-2014 (1980-2019 for ERAS) on

256 x 128 grid points in the zonal and meridional directions, respectively. We interpolate this data on the predefined 43 o
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levels. After the NMFs projection to modal space, we obtain the daily time series of Hough coefficients with the following
truncations: K = 101, M = 27, R = 150, where M denotes the number of vertical modes and K includes the zonal mean flow
(k= 0). R combines equal numbers of meridional modes (n = 50) for the Rossby modes, eastward inertia-gravity modes and
westward inertia-gravity waves modes.

We analyse heat waves for the Eurasian region limited by the Ural mountains [35° N —65° N, 10°W — 60° E]. The choice of
the study area is defined by capturing the most significant atmospheric processes occurring during heat waves. For heat wave
identification, we analyse daily 2 m temperature fields for the extended boreal summer (MJJAS) from 1980-2014 (until 2019
for ERAS). The identification algorithm applied by Ma and Franzke (2021) uses the following two criteria: (i) the temperature
exceeds the 95th percentile threshold and (ii) the duration of the exceedance is larger than three consecutive time steps. As the
identification algorithm is performed for each reanalysis, it is expected to have discrepancies among them. Therefore, we form
a list of heat waves as a list of physically consistent extreme events. We find that the total number of days with heat waves
affects the statistical significance of results in modal space. When the results of the identification algorithm are more precise
within the list of heat waves, the results of the statistical analysis in modal space are less significant due to the small sample

size. Table 1 presents the list of days with heat waves, which is formed on the basis of the preconditions mentioned above.

3 Results

First, we confirm that the global energy in a single Rossby mode is x2-distributed using the climatology from 1980-2014. In our
example, we use the energy (Eq. 5) of the balanced mode with k£ = 7, n = 3 associated with a significant part of mid-latitude
circulation, and m = 1. The histogram and the fit of the y2-distribution with two degrees of freedom, df = 2, corresponding to
the real and the imaginary parts is shown in Fig. 2. The Kolmogorov-Smirnov test reveals a negligible p-value, confirming the

fit. Therefore, we find that approximation of y2-distributed energy is satisfied to a high degree.
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Table 1. Heat waves in Eurasia during May-September 1980-2019

ERAS5 ERA-Interim JRA-55 MERRA

Start date Number of detected days
1 1994-09-23 3 3 2 3
2 2006-06-18 12 10 12 10
3 2006-09-20 3 5 6 2
4 2007-05-20 12 12 12 12
5 2007-08-21 6 6 6 6
6 2008-09-05 4 3 4 3
7 2010-06-28 26 27 27 26
8 2010-07-27 21 21 19 21
9 2012-05-09 4 4 4 4
10 2012-06-14 4 3 4 3
11 2013-05-02 7 7 6 5
12 2014-05-17 5 3 3 3
13 2014-06-05 5 6 5 6
14 2015-06-02 3 - -
15 2015-08-11 3 - - -
16 2015-09-17 11 - - -
17 2016-06-21 4 - - -
18 2016-08-20 9 - - -
19 2018-05-02 8 - - -
20 2018-06-27 4 - - -
21 2018-07-13 22 - - -
22 2018-08-29 7 - - -
23 2018-09-11 12 - - -
24 2019-06-01 3 - - -
25 2019-06-08 5 - - -
26 2019-06-18 3 - - -
27 2019-06-23 4 - - -
28 2019-07-24 3 - - -
> N. of days 213 110 110 104
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Figure 2. Atmospheric energy (empirical) distribution in the Rossby (balanced) regime with zonal wavenumber (k = 7), meridional mode
(n = 3) and vertical index (m = 1) for 1980-2014. The dashed black lines correspond to the theoretical (y?) distribution (df are the degrees

of freedom).

3.1 Northern Hemisphere extratropical circulation decomposition

We present the decomposition of the climatological Rossby circulation and case studies for selected heat wave events. Here,
we show only ERAS results because other datasets demonstrate similar results. Figure 3a depicts the May-September balanced
circulation (Rossby modes with &£ > 0 and all m) at a single o-level close to 500 hPa. The pattern remains almost the same
when we restrict vertical modes to only the troposphere-barotropic modes, m =1 — 5 (Fig. 3b). Thus our selection of modes
is suitable for the purpose of analysing the troposphere-barotropic circulation, i.e. the pattern observed during surface extreme
events and often referred to as “atmospheric blocking”. This structure is clearly recognized when we reconstruct circulation
during two recent extreme heat events: the Russian Heat Wave in 2010 (Barriopedro et al., 2011) and the European Heat
Wave in 2019 (Xu et al., 2020). The difference with respect to climatology which is presented in Fig. 3b. In both cases, we
observe strong positive anomalies over the locations of the observed surface extremes (Western Russia and Europe) with nearby
negative anomalies. For the Russian Heat Wave in Fig. 3c, d, the anomalies over Central and Southern Asia reveal cyclones
which have produced extreme rainfall known as the Pakistan Flood (Lau and Kim, 2012). Furthermore, the wavy pattern along
the latitudinal belt depicts teleconnections (Teng and Branstator, 2019). The plots with the difference between climatology and
each heat wave (Fig. 3d, f) demonstrate the meridional extension of the waves from polar to tropical regions confirming the

impact of these regions on mid-latitude extremes (Behera et al., 2012).
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Figure 3. Climatological balanced circulation (Rossby modes for k£ > 0) for extended boreal summer at a terrain-following o level close
to 500 hPa (ERAS5 model level 30) in the mid-latitudes (35° N — 65° V). Coloured contours are geopotential height anomalies (gpm) for
Rossby modes (a) including all zonal wavenumbers, meridional modes and vertical structure functions. The zonal mean state (k = 0) is not
included. (b) as in (a) but only troposphere-barotropic vertical modes are included (m = 1 — 5), (c) as in (b) but for the Russian Heat Wave
(HW) in 2010. (d) Difference between the (c) and (b). As in (c), (e, f) illustrate Rossby circulation during European Heat Wave (HW) 2019.

Wind speed is shown by the length of the wind vectors (15 ms™ 1 as a reference vector).
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3.2 Statistics in modal space

The decomposition in the previous section demonstrated how the Rossby circulation modified during heat waves. Our next step
is to understand what the heat waves signatures in the global variability spectrum are and, therefore, their impact on global
atmospheric circulation. Under the global variability spectrum, we imply the PDFs of the global energy anomalies and under
signatures of heat waves, we imply significant changes in the distributions of energy anomalies. As a first step, we analyse the
climatological PDFs of the normalized energy anomalies of modes with zonal wavenumbers corresponding to three intervals
as described in Section 2 with emphasis on the skewness: (i) the zonal mean state, k£ = 0, (ii) the planetary-scale circulation
k =1-—3, and (iii) the synoptic-scale circulation with k¥ =4 — 10. Figure 4a shows the PDF of the total Rossby circulation
which clearly deviates from a Gaussian distribution. The PDFs of the planetary-scale (Fig. 4c) and the synoptic-scale (Fig. 4d)
Rossby waves also do not follow a normal distribution, but exhibit noticeable asymmetry.

To determine this asymmetry, we consider the skewness of the PDFs for examined flows and all four reanalyses (ERAS,
ERA-I, JRA-55, MERRA) combined. For a more robust statistical analysis, we apply bootstrapping with a replacement which
results in an agreement between considered datasets - all values are within the defined 95% confidence intervals (CI) presented
as horizontal lines at the ends of bars (Fig. 5a). The bootstrapped skewness shows that the normalized energy anomaly distribu-
tion has the highest asymmetry in the planetary scales and zonal mean circulation which is also detected as stretched right tails
in the PDF. The different skewnesses in the four wavenumber ranges can partly be explained by varying degrees of freedom.
For the latter, we refer to the number of single modes within the mentioned wavenumber ranges. However, changes in the

dynamics can modify the skewness and the active degrees of freedom, and this is addressed in the next section.
3.2.1 Surface extremes and energy statistics

As a second step, we calculated the energy anomalies during observed heat waves over Eurasia (28 events in total, see the
methods section) and compare it with climatology for different parts of wavenumber space. For comparison, we consider two
statistical moments, skewness and excess kurtosis, to diagnose the changes in shape, especially in the tails of distributions for
the four reanalyses datasets. We find that only the difference in the skewness of the planetary-scale distribution is statistically
significant, i.e the bootstrapped values are outside CIs of climatological bootstrapped skewness only during extremes.

The PDFs of the normalized energy anomalies depicted in Fig. 6 demonstrate how probabilities of the energy deviations
change during surface extreme events. First, there is a positive shift in the mean except for £ = 0, and, as a consequence, an
increased probability of intermediate positive deviations. According to Fig. 5a, the change in the skewness, which is considered
as the main indicator, is the largest for the planetary-scale circulation. The excess kurtosis for extreme events is approximately
twice larger than climatology (Fig. 5b), which reflects a drastic rise in the probability of extreme values. The opposite change
is found for the zonal mean flow during surface heat waves, where skewness and the excess kurtosis decrease; this implies that
the distribution becomes flatter with thinner tails and is less extreme. Based on this, we conclude that the amplitudes of the

planetary circulation amplify as shown in Fig. 3d, f, while the zonal mean flow anomalies become weaker in agreement with

10
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Figure 4. PDFs of normalized total energy anomalies (all k), (b) the zonal mean state (k = 0), (c) planetary-scale waves (k =1 — 3), (d)
synoptic-scale waves (k = 4 — 10). Empirical PDFs are depicted as green bars for extended boreal summer (MJJAS) 1980-2014 (1980-2019
for ERAS). The blue curve is the Kernel Density Estimator (KDE).

Coumou et al. (2015). Thus, we have evidence that signatures of heat waves are seen in different parts of the global variability
spectrum via statistically significant changes in skewness.

The increase in skewness allows for the estimation of the reduction of the active dynamical degrees of freedom during
the heat waves compared to the climatological mean. For the estimation, we use the exact relation for the skewness of y?-
distributed variable, v = \/S/_df , with sums of df as squares of the independent Gaussian variables with unit variance. We are
not able to derive the absolute values in our analysis since this would require identifying the independent degrees of freedom
in the set of modes, which is beyond the aim of the present study. (An estimation of absolute numbers of degrees of freedom
using the y2-distribution in geopotential height fields was presented in Fraedrich et al. (1995).)

However, we can derive the ratio df./df. =2 /7?2, where df. is the number of degrees of freedom during extreme events

and df. is the number of degrees of freedom in climatology with the skewness . during extremes and the climatological mean

11
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Figure 5. Box-plots for (a) skewness and (b) excess kurtosis of normalized energy anomalies distributions for four considered atmospheric
components: total Rossby regime with dark- and light-red bars, the zonal mean flow as dark- and light-blue bars, planetary waves as orange
and yellow, and the synoptic circulation as dark- and light-green 95%-confidence intervals are obtained through bootstrapping with replace-

ment with 1000 simulations.

v.. The rough estimates vy, ~ 1.2 and v, ~ 0.6, based on Fig. 5a, yield a reduction of the degrees of freedom of the order of
dfe/df. = 1/4 during the extreme events.

Since the projection in modal space is global, it is worthwhile to separate the entire atmosphere into symmetric and asym-
metric components. The symmetry is defined with respect to the equator for the geopotential height and zonal wind fields.
By considering symmetric and asymmetric modes, we find that both parts contribute to changes in the energy anomalies dis-
tribution. This means that Rossby waves in the Southern Hemisphere might have contributed to the results presented here
for the Northern Hemisphere heat waves. Taking into account the lower frequency of atmospheric blocking (symmetric part)
(Wiedenmann et al., 2002) in the Southern Hemisphere, we may assume that this influence is negligible. We also find that the

Southern Hemisphere cyclones (asymmetric part) do not show significant change during the Northern Hemisphere heat waves.
3.3 Changes in the extratropical circulation during the heat waves

The next step is to relate the results to anomalies in physical space. This is achieved by filtering the analyzed Rossby modes (k =
1—-3,m =2-50,m = 1—>5) to physical space, similar to what has been done in Fig. 3. Instead of case studies, we demonstrate
the Rossby circulation averaged over days with observed extremes. We show again the horizontal circulation at ERAS o-
level near 500 hPa as representative for the troposphere-barotropic circulation. Figures 7b and c reveal an enhancement of
positive height anomalies in the eastern part of the Baltic Sea and negative anomalies over the North Atlantic. Moreover,
one can notice a north-westward shift of negative anomalies in the Asian part compared to climatology presented in Fig. 7a
and the formation of positive anomalies over Chukotka and Alaska. According to Fig. 7c, the dominant patterns are zonal

wavenumber 2 and 3. Figures 7d, e show the vertical profile for 54° N of the meridional wind speed and the geopotential height

12
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Figure 6. The same as in Fig. 4 but with normalized energy anomalies only during heat waves presented in Table 1.

anomalies for climatology, during heat waves. Figure 7f depicts the difference between two profiles. We illustrate again that the
structure is barotropic over the entire troposphere and lower stratosphere, as was observed in some studies. Moreover, there is an
enhancement of northward winds over Europe (0° E'—30° F/) and southward winds over the Asian part of Russia (60° £ —90° F)
with southerlies over the Kamchatka Peninsula (Fig. 7f). Overall, we find an increase in wave amplitudes, and change in phases
230 as can be noticed by west- and northward shifts in Fig. 7b, ¢ and Fig. 7d, e in the Baikal lake area (90° E — 120° E). According
to Teng and Branstator (2012) and Ragone and Bouchet (2021), the wave-3 pattern is dominant for heat waves that occurred
in the US, France and Scandinavia. Therefore, the results agree with previous studies and demonstrate how surface extremes

modify atmospheric circulation not only locally, but also in remote regions.
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Figure 7. Atmospheric Rossby circulation filtered in physical space (only k =1 —3,n =2 —50,m =1 — 5) at the o —level close to 500
hPa in ERAS. Coloured contours are geopotential height anomalies, spaced by 20 gpm, wind speed is shown by the arrow length. (a) Mean
circulation in May-September obtained in the 40-year climatology (1980-2019), (b) composite of 28 Eurasian Heat Waves (HWs) presented
in Table 1, (c) is the difference between (b) and (a). (d) Mean vertical profile at 54° N, (e) the same as (d) only during heat waves, (f) is

the difference between (e) and (f). Solid and dashed contours illustrate the meridional wind (northward and southward, respectively) every 2
—1
ms .

3.4 Heat waves in submonthly Rossby wave variance spectra

So far, we showed signatures of extremes in spatial variance. In contrast to the spatial variance (energy) spectra, temporal
variance spectra are not well studied. Zagar et al. (2020) analyzed subseasonal variance and showed its statistically significant

trends in planetary and synoptic scales. Here, we carry out a similar analysis for submonthly scales. Unbiased submonthly
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variance (Jkg™1) is computed as

N
1
[ Dm v _71/2
v, N_ltélg PAGEDH )

where x,, is the monthly mean and /V is the number of days in a single month. Zonal wavenumber variance spectra are obtained

by summing over the vertical modes, m = 1 — 5, and all meridional indices, except the first one, as

50 5
Vi=(2-0k0)Y_ Y Vi (10)

n=2m=1

where 0o = 0 for k > 0 and d;o = 1 for k = 0. To obtain the mean state, we average computed variances over all months (May-
September) and years (1980-2019) in ERAS. To consider only extremes, we select variances within months with observed heat
waves and then average for every mode separately. The result is presented in Fig. 8. Submonthly variance reduces in k = 3
along with the increase in £ = 7, 8. The change is consistent with the idea of circulation blocking during the extreme heat events
on submonthly time scales. These results complement the statistical analysis in previous sections that showed significant energy
growth on planetary scales in normalized energy anomalies. The two statistical metrics describe different dynamics, spatial and

temporal variance that are coupled through the properties of the mean state (Zagar et al., 2020).

—— climatology
—— extremes
103 J
=
V4
=
o 51 - Yoo~V Y % 100
s
T
> x 0
102 J
_5 4
10 15
1 2 3 5 10 15

Zonal wavenumber

Figure 8. Time-averaged submonthly variance spectra of Rossby waves as a function of the zonal wavenumber k£ with n =2 — 50 and
m = 1 — 5. Averaging is performed over a 40-year period 1980-2019 (blue line) only May-Sep with ERAS used as input data. The magenta
line depicts energy and variance averaged only during heat waves (listed in Table 1). The embedded figures include percentage of relative

change.
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4 Conclusions

Extreme events like heat waves at the surface are accompanied by changes in atmospheric circulation across scales. Our study
shows that extremes create a fingerprint in the global circulation. Evidence for the changes in global statistics of the Rossby
wave variance is searched in the four modern reanalyses, the ERAS, ERA-Interim, JRA-55, and MERRA datasets. The Rossby
waves are identified by a multivariate projection of the global horizontal winds and pseudo-geopotential height on the normal-
mode functions on the terrain-following levels. A complete projection basis provides Rossby waves as a function of the zonal
wavenumber, meridional mode index and the vertical mode index associated with the vertical structure functions spanning the
troposphere and the stratosphere. Scale-selective Rossby wave filtering in physical space is seen as an advantage compared to
univariate filtering using the Fourier series along the latitude circles. The reconstructed circulation during heat waves in Eurasia
is dominated by the anticyclonic circulation system over northeastern Europe with zonal wavenumbers 2 and 3, which is in
agreement with previous studies.

The analysis is carried out on the complex time series of the Hough expansion coefficients representing Rossby modes with
the barotropic tropospheric structures. The statistics is performed on the normalized energy anomalies for the total balanced
(or Rossby-mode) circulation, for the zonal mean state, and for planetary- and synoptic-scale waves. We show that the single-
mode energies follow y2-distributions (as sums of squares of independent Gaussian real and imaginary parts). The energy
distributions of the zonal mean flow and the planetary circulation are more skewed than other components, with extended right
tails. During the surface heat waves, the skewness in planetary waves grows while the opposite occurs in the zonal mean flow,
confirming the mechanism of weakening zonal flow and amplification of planetary waves. The symmetric and asymmetric
components of the circulation contribute equally to the changes during heat waves over Eurasia.

Our main result is an increase in the skewness of the planetary wave energy anomalies during surface extremes. The increase
in skewness can be linked with a decrease in the number of active degrees of freedom in state space during heat waves. A
simple estimate based on the x2-skewness shows a reduction of the order of 1/4. This reduction yields a quantitative estimate
for the well-known coarse structure of blocking events.

We also discussed changes in time-averaged submonthly variance spectra in the zonal wavenumber domain. We find that
the variance decreases for planetary scales and increases for synoptic scales, consistent with the prevalence of atmospheric
blocking regime during surface heat waves.

Our analysis of fingerprints of heat waves in the global balanced circulation can be applied to other extreme events as well

as to the unbalanced component of the circulation.
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