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Abstract

The intraseasonal propagating oscillation in air temperature over Eurasia during boreal
summer can cause extreme meteorological events such as heatwaves (HWs), which pose
widespread and substantial risks on human livelihoods. Previous studies mainly focused on the
quasi-stationary nature of the Eurasian intraseasonal oscillations and their effects on the HWs.
However, the understanding of their propagating properties and connection with summer HWs
over Eurasia still remains elusive. Therefore, in this study, we aim to investigate the characteristics
and mechanisms of the propagating oscillations in air temperature in the lower troposphere over
Eurasia during boreal summer and establish its linkage with HWs. First, we examine eastward
propagation signals using complex empirical orthogonal function (CEOF) method. The summer
air temperature anomalies over Eurasia propagates eastward. The upper-tropospheric geopotential
height and meridional wind anomalies are closely associated with the lower-level air temperature
anomaly and both anomalies propagate eastward. This indicates that the low-level temperature
eastward propagation may be attributed to the upper-tropospheric forcing. According to the
temperature budget analysis, it is found that the horizontal temperature advection plays a critical
role in driving this eastward propagation, while the diabatic heating rate provides partial
compensation. Further decomposition results show that the meridional temperature advection
playing a key role in the eastward propagation. The vertical components in the adiabatic process
also play a significant role contributing to temperature eastward propagating oscillation.
Subsequently, by employing a metric designed to quantify the intensity of propagation signals, a
total of nine years which exhibits the strongest propagating signals are identified. A close
association between the eastward propagating HWs and reconstructed air temperature anomalies

of CEOF mode 1 can be observed in the years with strong values of the amplitude metric, which



indicates a robust linkage. Our results can reinforce the understanding of summer intraseasonal
oscillations over Eurasia, and it may also contribute to future monitoring and forecasting

capabilities.
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1. Introduction

The atmospheric intraseasonal oscillations (ISOs) are generally defined as large-scale
atmospheric fluctuations with periods ranging from 10 to 90 days. The ISOs are acknowledged to
be important atmospheric phenomena and have been extensively studied over the tropical region
featured with a 30-60-day eastward propagation, known as the Madden-Julian oscillation (Madden
and Julian, 1972).

The ISO also exists in the mid-high latitudes, especially over the Eurasian continent (Ding
and Wang, 2007; Kikuchi and Wang, 2009). Since their recognition in the 1950s, Eurasian ISOs
have been extensively studied, particularly in winter, when the dominant mode exhibits eastward
propagation with a 10-30-day timescale (Namias, 1950; Rex, 1950; Yao et al., 2016; Xiu et al.,
2022). Recently, the summer Eurasian [SOs have attracted increasing attentions, which can serve
as an effective source for subseasonal predictions of climate variability, benefiting areas vulnerable
to the climate change (Vitart and Robertson, 2018; Qi and Yang, 2019).

The summer Eurasian ISOs exhibit diverse characteristics in terms of propagation and
periodicity over the mid-high latitudes of the Eurasian continent, where the ISOs feature zonally
wave-train structures are trapped along the polar front jet (Iwao and Takahashi, 2008; Huang et al.,
2014). The summer ISOs along the polar front jet, which emanate eastward from near Scandinavia
and extend across the Ural Mountains and farther toward East Asia, are distinct from the ISOs
along the subtropical westerly jet that propagate from the north Atlantic and pass through central
Asia to Southeast Asia (Fujinami and Yasunari, 2004; Ding and Wang, 2007). Along the polar front
jet, a dominant Eurasian summer ISO mode exhibits eastward propagation with a 10-30-day
timescale (Fukutomi et al., 2012; Zhu and Yang, 2021). Besides, a westward-propagating ISO

mode is also recognized along the polar front jet varies at a period of 10-50 days (Yang et al., 2013,



2022; Zhao et al., 2017). In addition to the propagating ISOs, observations also revealed ISOs that
show geographically stationary characteristics, which are referred to as standing ISOs (Watanabe
et al., 2004; Xu et al., 2020). Here we focus on the eastward-propagating ISO along the polar front
jet with a 10-30-day timescale as it is a major contributor to the total 10-90-day intraseasonal
variability, contributing to downstream atmospheric fluctuations and providing a precursor signal
for the potential predictability of extreme weather events (Vitart and Robertson, 2018; Wang et al.,
2023).

The summer propagating Eurasian ISOs along the polar front jet play an essential role in
regulating the intraseasonal climate variability over Eurasia. Previous studies have been shown
their influence on precipitation, sea ice, and blockings over the mid-high latitudes of Eurasia
(Fukutomi et al., 2012; Yang et al., 2013; Fan and Yang, 2023; Zhu et al., 2023). Over the northern
Eurasia, extending from the east of Lake Baikal to the Far East Asian coast along 50-60°N, the
summer precipitation variability is influenced by eastward-propagating ISOs trapped in the polar
front jet with periods of 9, 15, and 45 days (Fukutomi et al., 2012). Additionally, the ISOs along
the subtropical westerly jet, which influence lower-latitude climate variability including monsoon
over South Asia and rainfall variability over East Asia (Ding and Wang, 2007; Jiang and Lau, 2008;
Li and Mao, 2019; Liu et al., 2020), coexist with the ISOs along the polar front jet and jointly
contribute to the precipitation intraseasonal variability over North Asia and Siberia (Iwao and
Takahashi, 2008). Compared to the precipitation, the intraseasonal variability of summer air
temperature has received less attention. Several studies focus on the impacts of the eastward-
propagating ISO along the polar front jet with a period of 10-30 days on the summer air
temperature intraseasonal variability in northeast China (Liang et al., 2018; Wang et al., 2023),

while the air temperature variability in the mid-to-high latitudes of the Eurasian continent remains



less explored. Moreover, the underlying mechanisms of ISO-related climate variability are not yet
fully understood.

The role of propagating Eurasian summer [SOs along the polar front jet in extreme weather
events, such as heatwaves (HWs), has rarely been explored based on individual events, while
previous studies have primarily focused on the influence of standing ISOs on HWs. For instance,
the Eurasian summer standing ISOs, which exhibit geographically stationary characteristics, have
impacts on regional persistent HWs including their occurrences, formation, and maintenance (Teng
et al., 2013; Kornhuber et al. 2019; White et al., 2022). On the other hand, Minobe et al. (2022)
found that, in 2021, a quasi-biweekly propagating oscillation over Eurasia is related to an
unprecedented eastward propagating HW around northern Japan and Eurasia from mid-July to
early August. This propagation oscillation is found to exhibit similar periods, propagation speeds,
and regions to the 15-day Eurasian summer ISO mode reported by Fukutomi et al. (2012), which
focus on the intraseasonal precipitation variability.

The connection between propagation signals of Eurasian summer ISO and propagating HWs
was explored based on individual events. However, whether this connection remains robust across
different years has yet to be investigated. Moreover, the dominant ISO mode that captures the most
significant pattern in summer air temperature variability over the entire Eurasia still requires
comprehensive investigation. Furthermore, the relative contributions of atmospheric circulation
and thermodynamic processes to the propagation of intraseasonal air temperature variability are
not fully addressed. To address these gaps, this study aims to identify the dominant propagating
mode of summer air temperature intraseasonal variability over Eurasia and examine the possible
mechanisms governing its propagation. Therefore, a Complex Empirical Orthogonal Function

(CEOF; Dommenget and Latif, 2002; O'Kane et al., 2014) analysis is performed. This method



allows for efficient detection of propagating features on the boreal summer air temperature
intraseasonal variability. The mechanisms underlying this propagation are then examined through
a heat budget analysis. Additionally, the potential linkage to the propagating HWs is also
investigated.

The remaining sections are structured as below. In Section 2, data and methods are presented.
Our main results are shown in Section 3. Specifically, the features of intraseasonal propagating
signals of air temperature are investigated in Section 3.1, and its mechanisms are explored in
Section 3.2. In Section 3.3, we establish a metric to measure the propagation intensity. Section 3.4
demonstrate the connection between intraseasonal propagating oscillations and HWs. Finally, the

conclusions and discussion are provided in Section 4.



2. Data and Methods

2.1 Data

We utilize 6-hourly atmospheric dataset of the Japanese 55-year Reanalysis product (JRA-55;
Kobayashi et al., 2015; Harada et al., 2016), including the air temperature, zonal and meridional
wind, geopotential height, large-scale condensation heating rate, convective heating rate, vertical
diffusion heating rate, solar radiative heating rate, and longwave radiative heating rate covering
the period from 1979 to 2021. These variables mentioned above are provided with a horizontal
resolution of 1.25° X 1.25°. The JRA-55 dataset was chosen for its good representation of
atmospheric ISO in mid-high latitudes (Kikuchi, 2020). To examine the robustness of the analyses,
we also examined the Fifth Generation ECMWF Reanalysis dataset (ERAS; Hersbach et al., 2020)
with a horizontal resolution of 0.25° X 0.25° for the same period as the JRA-55 data.

To investigate the characteristics of HWs, daily maximum surface air temperature obtained
from the Climate Prediction Center (CPC) for the same period with a 0.5° X 0.5° spatial resolution
is employed. The gridded temperature data from CPC have key advantages, such as considering
the orographic effects, displaying less bias in representing extreme values compared to other
gridded data products (Behnke et al., 2016), and having consistent quantity and improved quality

(Sun et al., 2018).

2.2 Methods

2.2.1 Data processing

In JRA-55, we first obtained daily mean fields by averaging the 6-hourly data at 00, 06, 12,
and 18 UTC. Then, for all the daily temperature datasets, we remove the linear trend grid-by-grid

to exclude disturbances of global warming. After that, we calculated the anomalies at each grid



point by subtracting the climatology, which was determined as the sum of the long-term mean and
the first three harmonics of the seasonal cycle using harmonic analysis (Kirkyla and Hameed,

1989).

2.2.2 Complex EOF

Complex Empirical Orthogonal Function (CEOF) is widely used for analyzing propagating
waves (Rasmusson et al., 1981; Barnett, 1983; Horel, 1984; Navarra and Simoncini, 2010). This
method extends the conventional EOF to the complex domain using Hilbert transform (Brillinger,
1981). In contrast to the conventional EOF analysis, which can only be used for detecting standing
waves, the CEOF method is capable of revealing both phase changes and spatial propagation
features (Rasmusson et al., 1981; Enfield and Mestas-Nuiiez, 1999; Hannachi et al., 2007).

In this study, the Hilbert transform is conducted first for the daily anomalous air temperature
data metric x(¢t,s) (t = 1, ...n, t denotes time and s = 1, ...p, s is the spatial position) between
May 1st and September 30th from 1979 to 2021 as we focus on the air temperature variability
during boreal summer. The transformation into a complex data matrix X(t, s) can be written as:

X(t,s) = x(t,s) + ix(t,s), (1)
where 1 is imaginary unit, the real part represents the original data array, while the imaginary part
(X(t,s)) is the Hilbert transform of x(t,s). In this transform, the phase of each component is
shifted by /2 and the amplitude remains unchanged (Horel, 1984). Then, the output data are
trimmed to June-August (JJA) in order to eliminate the edge effects in the time domain.

Similar to conventional EOF analysis, CEOF also solves the eigenfunctions of the covariance

matrix:

€ =150, X(t,5) X(t,9)", 2)
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where * is the complex conjugate operator and T denotes the transpose operator. The data is
weighted prior to decomposition by the square root of the cosine of latitudes to ensure equal area
weighting. The cosine factor was multiplied back in prior to plotting the spatial patterns. The
complex eigenvectors and associated complex principal components obtained from C are referred
to as CEOFs (CEOF;) and CPCs (CPC;) respectively, where j denotes the mode number. The CPCs
are normalized to unit variance. Then the spatial patterns of the CEOFs are presented by regressing
the anomalous temperature data onto the normalized CPCs.

To better understand a propagating wave pattern, the spatial and temporal amplitudes and
phases obtained by the real and imaginary parts of the CEOFs and CPCs are necessary components.
The spatial amplitude is estimated as the square root of the squares of real and imaginary CEOFs,
and the temporal amplitude is similarly calculated as the square root of the CPC components. The
spatial (®;(s)) and temporal (6;(t)) phases are estimated as:

(CEOF))

®;(s) = arctan [R (CEoF, )] (3)

6;(t) = arctan [ (CPC’)] 4)

Re(cpCj))’
where Re() and Im() represent respectively the real and imaginary parts. From the definition, we
can see that the temporal and spatial phases range between —m and . Therefore, in order to avoid
inconvenient jumps of 21 and have smooth spatial or temporal variations, the phase unwrapping
process is applied (Terradas et al., 2004). This can be achieved by detecting the existence of a wrap
where the difference between successive phase values exceeds m and then adjusting these

differences by adding or subtracting an appropriate multiple of 2.

2.2.3 Atmospheric temperature budget equation

The atmospheric air temperature budget equation can be expressed as:
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= —V-VT +

RT  oT
" p) + Qaia- (5)

pCy  Op
T . ) ) .
where S, fepresents the temperature changing rate (TCR) in unit K day’'. Here we estimate the

change in air temperature at 850 hPa over time by applying a central difference approximation (g—: ~

T(t+At)-T(t—At)

e , where At = 1 day). V'is the horizontal wind vector, p denotes the pressure, C), (=

1004.68 J/kg/K) is the specific heat at constant pressure, R (= 287 J/kg/K) is the gas constant

of dry air, and o is the vertical velocity. —V - VT is the horizontal temperature advection (HTADV)

RT aT . . . .
and a)(pT - %) represents the vertical components (vertical thermal advection and compression
p

heating; VADHR) in adiabatic heating process. The components we calculated are using daily
averaged variables.

Qg4iq 1s the diabatic heating rate (DHR) at 850 hPa which is obtained by adding the vertical
diffusion heating rate (VDFHR), convective heating rate (CNVHR), large-scale condensation
heating rate (LRGHR), longwave radiative heating rate (LWHR), and solar radiative heating rate
(SWHR) directly provided by JRA-55 dataset as follows:

Q4ia = VDFHR + LWHR + SWHR + CNVHR + LRGHR, (6)
where the VDFHR is related to sensible heating represents the energy transfer without phase
change. The latent heating rate (LHR) includes the CNVHR and LRGHR. It is directly related to
the total amount of condensation of water vapor and is closely related to the precipitation.

The temporal amplitude based on the first mode of complex principal component (CPC-1) of
summer air temperature reflects the intensity of the eastward propagation oscillation across the
Eurasian continent over time. Therefore, the metric that represents the variability of the
propagating signals during summer can be obtained as the time-averaged absolute amplitude of

CPC-1 for each year as given by:

12



1 1=j215 .
POyr) =52l om DL ()
where T; is the temporal amplitude calculated as the square root of real and imaginary CPC-1 of

850 hPa air temperature, j is the Julian day with j/ and j2 corresponding June 1st and August 31st,

and J is the number of days during the period (92 days).

2.2.4 Heatwave definition

HWs are defined in many different ways, mainly in the metrics, the thresholds of exceedance,
and the duration of a HW event (Robinson, 2001; Fischer and Schér, 2010; Perkins and Alexander,
2013). We selected a minimum number of two consecutive days of daily maximum air temperature
to define a heatwave event following prior studies (Anderson and Bell, 2011; Meehl and Tebaldi
2004). The manner in which thresholds of exceedance definition can either be a fixed absolute
threshold (physiologically based) or a relative threshold (temperature percentile depends on the
local climate; Robinson, 2001). This study adopted a relative threshold (Alexander et al., 2006;
Perkins et al., 2012) instead of an absolute threshold to preserve the physical extremes of locations
having completely different climatological settings.

Here we define a HW event for each grid point as a spell of at least three consecutive days
with daily maximum 2-m air temperature exceeding the 95th percentile threshold. To avoid the
influence from high-frequency signals, and also to increase the sampling size, we set a 21-day
window to define a threshold (Stefanon et al., 2012; Wang et al., 2017) for each calendar day in
JJA (for 43 years from 1979 to 2021, the 21-day window gives a sample size of 903 days).

The time-area integration of HW occurrences between 40°-70°N, 0°-130°E and here we call

this indicator as HW area-day. The HW area-day (/) is defined as:

I(yr) =Y X4 D(yr, t, lat,lon)A (lat, lon), (8)
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where D(yr, t, lat, lon) is the heatwave occurrence (1 if a HW event occurs, 0 otherwise), ¢
represents 92 days in JJA. A (= R*cos(lat) - Alat - Alon, R is the Earth’s radius in km) denotes the

grid cell area in the unit km?.

2.2.5 Statistical analysis

The statistical significance for linear regression analyses is assessed using the two-sided

Student’s t-test. The effective degrees of freedom are calculated below (Bretherton et al., 1999):

Neff - N (1—1‘17’2)’ (9)

147475
where N, is the effective degrees of freedom, N denotes the data length, ; and r, represent the
lag-1 autocorrelation coefficients.

The phase composite analysis results are compared with the whole boreal summer for
significance estimation. The two-sided Student’s t-test is applied to judge the statistical

significance. The effective degrees of freedom k are estimated by:

_ (Szz,/np2+532,/ny)22, (10)

(sp/mp)” , (3/ny)
np-1 | ny-1

where S, is the standard deviation of the anomaly field composed for different phases, S,, is the

standard deviation of the anomaly field composed for the whole boreal summer, and n represents

the sample size (Satterthwaite, 1946; Welch, 1947).
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3. Results

3.1 Propagating oscillations in summer air temperature over Eurasia

To investigate the propagation features of intraseasonal oscillations in air temperature at 850
hPa during boreal summer, the CEOF analysis is employed over the Eurasian region (30°-70°N,
0°-130°E). This domain is selected to focus on the mid-to-high latitudes where large-scale
intraseasonal oscillations associated with the polar front jet are pronounced. The CEOF mode 1
(CEOF-1) real and imaginary spatial patterns explain 15.7% variability of air temperature (Fig.
1d), and is statistically distinguishable from the rest of the modes, according to the calculation of
the error range of eigenvalue proposed by North et al. (1982). The real component of CEOF-1 (Fig.
la) exhibits a zonal wave-like pattern with alternating positive and negative anomalies from east
European plain to the East Asia coastal region. This pattern represents the leading mode of air
temperature intraseasonal variations during boreal summer over Eurasia. A similar pattern seen in
the imaginary component of CEOF-1 (Fig. 1b), suggesting a zonal wave-like pattern with one
wavelength that spans around 3,500 km over Eurasia. With a phase-shifted of 7/2 in the time
evolution relative to the real component, the spatial structure of CEOF-1 real component switches
signs in the imaginary component, representing paired patterns in quadrature.

The information of spatial amplitudes and phases of the CEOF-1 are used to understand the
propagating nature of the presented air temperature zonal wave-like pattern. The spatial amplitudes
of CEOF-1 are characterized by a zonal band with large values between 40° and 70°N extends
from 30° to 110°E (shadings in Fig. Ic). The region with high amplitude values represents the
activity hotspot, where the intensity of intraseasonal air temperature oscillations reaches its peak.
The spatial phases of CEOF-1 undergo nearly a complete cycle across the peak amplitude region

(contours in Fig. 1c). The variation of the spatial phases with position is a consequence of the

15



traveling character of the wave. The spatial amplitudes and phases suggest that the intraseasonal
oscillation of air temperature exhibits zonal propagation characteristics over Eurasia.

Since the propagating signals of 850 hPa air temperature CEOF-1 are identified, we further
calculate its spatial and temporal phases to determine the directions of the propagation signals. It
can be observed that the region having large amplitude values occurs between 40° and 70°N while
the spatial phase varies linearly with distance from 30° to 110°E (Fig. 1¢). Therefore, we calculate
the 10-degree latitudinal averaged spatial phases along 40° to 70°N, as shown in Figs. 2a-c. The
temporal phase is displayed in Fig. 2d, and the temporal phase varies linearly in time. According
to previous studies, the derivative of spatial phases provides a measurement of the local
wavenumber k and the time derivative of the temporal phase represents the angular frequency ®
(Susanto et al., 1998; Terradas et al., 2004; Hannachi et al., 2007; Majumder et al., 2019). The
CEOF-1 of summer air temperature over Eurasia has local wavenumbers around 4 to 5 within 40°-
70°N (Figs. 2a-c), respectively. Estimation of the period, computed from a linear least-squares fit
to the phases, gives the value of 19.81 as the angular frequency of CEOF-1 (Fig. 2d). The phase
speed can be obtained using the relation ¢ = w/k from the values of the local wavenumber and
angular frequency. The average phase speed along 40° and 70°N is 5.6 m/s. The positive value of
phase speed suggests the Eurasian summer air temperature intraseasonal oscillation propagates
eastward.

We further examine the variations of surface air temperature to understand the association
between surface and lower-level air temperature. Figure 3 shows the spatial patterns of 2-m surface
air mean temperature anomalies for JJA from 1979 to 2021 from the JRA-55 dataset. The CEOF
results of the 2-m air mean temperature anomalies (Fig. 3) resemble that of the 850 hPa air mean

temperature anomalies (Fig. 1). All characteristics of the results in the 2-m air temperature are
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consistent with those using 2-m surface air temperature obtained from ERAS dataset (not shown
here), inferring that our results are not affected by the dataset we used. This also indicates that the
air temperature intraseasonal propagating oscillations can occur at the surface, further influencing
temperature changes and may potentially modulating the local HWs. Here we mainly show the
results of 850 hPa air mean temperature anomalies in this study.

To clarify the propagating features of this propagating oscillation, we perform a composite
life cycle of 850 hPa air temperature and geopotential height anomalies at 200 hPa based on the
real and imaginary CPC-1. In the composite analysis, eight phases are identified using the real and
imaginary components of CPC-1 to clearly characterize the evolution of the eastward-propagating
oscillation. The angle between the real and imaginary components of CPC-1 varies from 0° to 360°
over a complete cycle. Then, the phase space can be divided into eight phases by an angle interval
of 45°. Also, the values of amplitude (the square root of the squares of real and imaginary CPC-1)
larger than one standard deviation are selected for phase composite. The phase composite of air
temperature anomaly at 850 hPa (shadings) and geopotential height anomaly at 200 hPa (contours)
during eight phases is displayed in Fig. 4. After phase division, each phase has its circulation
characteristics, and different phases can refer to distinctive locations of positive and negative
temperature (geopotential height) anomaly centers over mid-high-latitude Eurasia. We show that
the whole cycle of the temperature fields using CEOF-1 exhibits eastward propagation, consistent
with the upper-tropospheric geopotential height propagation. In Fig. 4, phase 7 and phase 1
represent the real and imaginary CEOF-1 respectively, indicating that the wave patterns of real and
imaginary CEOF-1 may be two different phases of the same wave train. In phase 1, the positive
air temperature anomalies, accompanied by positive upper-level geopotential height anomalies at

200 hPa, occur around 50°N, 30°E. The positive anomalies propagate eastward, reaching

17



approximately 50°N, 100°E by phase 8. The composite evolution of upper-level geopotential
height anomalies was examined to elucidate the large-scale circulation patterns associated with the
life cycle of the air temperature intraseasonal oscillations. The circulation anomalies exhibit an
eastward propagating wave train.

To find the maximum variability center in summer, the zonal-vertical distribution of the
atmospheric variables in the troposphere averaged over 40°-70°N are also investigated. We regressed
the air temperature, meridional wind, and geopotential height anomalies from 1000 hPa to 200 hPa
averaged over 40°-70°N onto the real and imaginary CPC-1. A statistically significant propagation
signal, which can be linearly explained by CPC-1, is discernible in the projections of the real and
imaginary parts of CPC-1 onto the entire layer of air temperature anomaly fields in the troposphere,
as evidenced by Figs. 5a and 5d. Not only the temperature signals but also the geopotential height
anomalies show similar movement related to the hydrostatic relationship, which can be seen from
the vertical cross-sections of the geopotential height fields (Figs. 5b and 5e¢). The results of the upper-
level meridional wind anomalies (Figs. 5c and 5f) follow well with that of the geopotential height
anomalies through a geostrophic balance relationship. The maximum amplitudes of the meridional
wind and geopotential height anomalies are located around 300 hPa. The observational results show
that the lower-level intraseasonal temperature propagating signals are closely coupled with upper-
tropospheric height anomalies, as well as upper-level wind changes, indicating the low-level

temperature eastward propagation may be attributed to the upper-tropospheric forcing.

3.2 Thermodynamic features based on temperature budget analysis

The temperature budget analysis can elucidate the contributions of the atmospheric heating
processes including adiabatic and diabatic heating processes (Holton, 2004), which may relate to

the intraseasonal air temperature eastward propagating oscillation over the Eurasian continent. To
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access the physical mechanism for the intraseasonal air temperature eastward propagating
oscillation using atmospheric heat budget, it is necessary to first address whether a reasonable
closure of the heat budget is maintained. The latitudinal averaged values for the anomalous
temperature changing rate (TCR), horizontal temperature advection (HTADV), vertical
components due to adiabatic heating rate (VADHR), and diabatic heating rate (DHR) between 40°
and 70°N for real and imaginary CPC-1 are displayed in Fig. 6. The sum of the values of HTADYV,
VADHR, and DHR is close to that of TCR, indicating the closure of the atmospheric heat budget.
Besides, both HTADV and VADHR resemble the variations of TCR, but DHR shows an opposite
signal to TCR. The amplitudes of HTADV are higher than that of VADHR. The results indicated
in Fig. 6 further provide evidence that the largest contribution comes from the HTADV, while the
role of VADHR in contributing to TCR is relatively smaller. While DHR partially compensates for
temperature changes.

The spatial patterns for each component associated with the propagating signals are further
examined over Eurasia (Fig. 7). Spatial regression patterns of TCR exhibit statistically significant
zonal wavelike patterns (Figs. 7a and 7¢). These regression patterns, linearly explained by CPC-1,
closely correspond to the spatial patterns of air temperature of CEOF-1. The results for the HTADV
exhibit similar structures to those of the TCR, as evidenced by Figs. 7b and 7f. The alignment
between the TCR and HTADV indicates that the horizontal temperature advection largely
contributes to temperature changes associated with the summer air temperature intraseasonal
propagating oscillations. In contrast, the regression patterns of the VADHR exhibit a relatively
weak propagating signal with a slight eastward shift (Figs. 7c and 7g). This suggests that the
VADHR partially contributes to temperature changes. Furthermore, DHR display nearly opposite

polarity to TCR (Figs. 7d and 7h), suggesting that DHR acts to counterbalance the temperature
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changes. These results observed in Fig. 7 imply that the horizontal temperature advection is the
dominant driver of Eurasian summer air temperature eastward propagating oscillation,
accompanied by temperature changes. The contribution role of VADHR is smaller, while the DHR
provides partial compensation.

The diabatic heating processes are acknowledged to have effects on the occurrences and
maintenance of HW events (Shi et al., 2023). Here we find that DHR compensates for the
propagating oscillation. We further conducted regression analysis on the components of the DHR
to examine their respective contributions to the eastward propagation of summer air temperature
oscillations (Fig. 8). Spatial regression patterns of the latent heating rate, which is associated with
the total amount of condensation of water vapor, exhibit statistically significant zonal wavelike
patterns similar to those of the DHR (Figs. 8a and 8e). The spatial distributions of the regression
coefficients for vertical diffusion heating rate (Figs. 8d and 8h) and longwave radiative heating
rate (Figs. 8c and 8g) also exhibit opposite responses to the TCR. Their magnitudes are smaller
compared to those of the latent heating rate over the area of wave form pattern are seen. This
suggests that the latent heating rate is the main contributor to the compensatory role of the DHR
in the temperature changes.

Although the horizontal temperature advection is found to be the critical driver for this
eastward propagation, a deeper understanding of whether the zonal or meridional component plays
a more significant role remains unclear. The HTADV is further decomposed into zonal and
meridional terms to understand their respective contributions. Figure 9 presents the regression
maps for anomalous zonal and meridional air temperature advection at 850 hPa regressed on the
real and imaginary parts of CPC-1. Significant propagating signals can be seen on both zonal and

meridional air temperature advection evidenced by Fig. 9. The zonal air temperature advection
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(Figs. 9b and 9¢) and the meridional air temperature advection anomalies (Figs. 9a and 9c) exhibit
nearly opposite signs and similar amplitudes in response to CPC-1. The propagating signals of the
meridional air temperature advection anomalies concentrate between 50° and 70°N, displaying a
similar pattern HTADV (Figs. 7b and 7f). The signals of the zonal air temperature advection
between 40° and 50°N resemble those of the HTADV over the same area. Over the region where
the maximum amplitudes of the intraseasonal air temperature eastward propagating oscillation
occur, the horizonal temperature advection are mainly attributed to the meridional component.
These results indicate that HTADV plays an important role in air temperature propagating
oscillation, while the relative contributions of zonal and meridional temperature advection require
further examination.

A further examination of the relative contributions from zonal and meridional temperature
advections is necessary to refine our understanding of the adiabatic processes driving the eastward
propagating oscillation. To quantify these contributions, Fig.10 exhibits the latitudinal averaged
values for the anomalous TCR, zonal and meridional temperature advection, and VADHR between
40° and 70°N for real and imaginary CPC-1. The amplitude of meridional temperature advection
is slightly larger than the VADHR. Both variations of meridional temperature advection and
VADHR are consistent with the TCR variability. On the other hand, the zonal temperature
advection show similar amplitude to that of TCR, but not in phase. This indicates that the
meridional temperature advection playing a key role in the propagating oscillation of air
temperature. The vertical components in the adiabatic process also remain an important factor in

air temperature propagating oscillation.
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3.3 Amplitude metric for measuring the intensity of propagating signals

We have identified the eastward propagating characteristics of intraseasonal air temperature
oscillation during boreal summer over Eurasia. The intensity of this eastward propagation might
vary across different years. Therefore, it is useful to first establish a metric that can measure the
variations in the intensity of the propagating signals for each summer season.

The yearly averaged absolute amplitude metrics constructed by CPC-1 of air temperature at
850 hPa using two different datasets are displayed in Fig. 11. The values of the amplitude metrics
from two datasets almost same. Therefore, in this study we mainly show the amplitude metric
using JRASS dataset. This metric exhibits interannual variability in the intensity of the propagation
signals with a range between 0.6 and 1.3. We then take the values that are greater than plus one
standard deviation relative to the mean value as strong values of the yearly absolute amplitude
metric. A total of nine years (1983, 1987, 1989, 1999, 2006, 2010, 2014, 2015, and 2021) with
strong propagating signals are selected as strong events. The values in the nine strong events show
magnitudes almost double those in the weak events. However, this does not directly imply that
eastward propagation features are necessarily stronger in these years. Further analysis is needed to
determine whether eastward propagation signals are more pronounced in years with strong values

compared to those with weak values.

3.4 The association between propagating oscillations and HWs

In order to investigate the relationship between the eastward propagating features in air
temperature intraseasonal oscillation and HW events over Eurasia, we first show the time series of
amplitude metric based on CPC-1 of air temperature at 850 hPa and time-area integration of HW
occurrences during a particular summer season over Eurasia (40-70°N, 0-130°E) from 1979 to 2021

(Fig. 12). The values of the amplitude metric (black line in Fig. 12) indicate the intensity of the
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propagating signals. The correlation coefficient between the amplitude metric and the HW area-day
index is 0.492 (blue line in Fig. 12; p <0.001 and the effective p-value is computed by replacing the
sample size N in the t-statistic with the effective sample size N,z which is computed via the lag-1
autocorrelation coefficients), which is statistically significant. The correlation coefficient indicates
that approximately 24% of the variance in HW frequency can be explained by the intensity of
propagating signals in summer air temperature intraseasonal variability. This indicates that
propagating signal of air-temperature is not a dominant controlling factor for the year-to-year HW
occurrences, still it plays an important role in HW variability. Consistent with the moderate
correlation between the HW area-day index and the temperature propagation metric, the years in
which both metrics exhibit exceptionally high values generally do not always coincide. For instance,
in 1988, 1998, 2002, and 2007, the HW area-day index exhibits high values, yet the CEOF amplitude
metric remains relatively weak. In the year 2003, a severe European HW event with devastating
impacts stands out as an anomalous climatic event. However, it appears moderate when considered
at the scale of the entire Eurasian continent, and its propagation signal is relatively weak. In addition,
both metrics show consistently strong values in 2010 and 2021. The HW area-day index indicates
the strongest peak in 2010, consistent with the wide-spread exceptional HWs. The CEOF amplitude
metric also exhibits the peak, but as will be discussed, certain portion of this peak is likely to be
related to stationary HWs prevailing. The results suggest that the relationship between Eurasian air
temperature intraseasonal eastward propagating oscillation and HW events needs further analysis.
We then first examine the spatiotemporal variations of the propagation signals by
reconstructing the 850 hPa air temperature anomalies based on the CEOF-1. This reconstruction
captures the spatiotemporal characteristics of the air temperature intraseasonal oscillation,

emphasizing its dominant eastward propagation pattern. The reconstructed air temperature
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anomalies of CEOF-1 at 850 hPa, averaged between 40°-70°N, are shown as contours in Fig. 13.
The values displayed in Fig. 13 reflect the intensity of the eastward propagating signals in air
temperature intraseasonal oscillation across Eurasia during summer. The propagating signals are
confined to the FEurasian continent and lack the spatial characteristics associated with the
circumglobal waves. The reconstructed air temperature anomalies exhibit eastward propagation,
which are more pronounced in years with strong values of the amplitude metric than that in years
with weak values of the amplitude metric (Fig. 14). The results suggest that the amplitude metric is
useful for quantifying the variations in the intensity of intraseasonal air temperature eastward
propagating oscillation over Eurasia during boreal summer.

The variations of eastward propagation of air temperature may potentially modulate the HWs.
Therefore, we further analyze the daily 2-m maximum air temperature anomalies that satisfy the
HW definition averaged between 40-70°N (shadings in Fig. 13) and overlay them onto the
reconstruction field (contours in Fig. 13). The eastward propagation signals in Eurasian HWs can
be observed in Fig. 13, accompanied by the reconstructed air temperature anomalies of CEOF-1,
although the connection remains limited to some extent. In the years 1983, 1987, and 1989, HWs
are less frequent compared to other years but still exhibit eastward propagation characteristics for
mid-August in 1983 (Fig. 13a), early-August in 1987 (Fig. 13b), and early-July in 1989 (Fig. 13c¢).
In 2010, when quasi-stationary HWs were dominant, the HW events occurring in June exhibited
an eastward propagation characteristic (Fig. 13f). The eastward propagating signals in HWs can
also be found for early-July in 1999 (Fig. 13d) and 2006 (Fig. 13e), early-August in 2014 (Fig.
13g), early-June in 2015 (Fig. 13h), and mid-June in 2021 (Fig. 13i). The frequency of the
occurrences of propagating HWs in years with weak values of the amplitude metric is much less

than that in years with the strongest values (Fig. 14). These results provide evidences that the
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eastward propagation of air temperature intraseasonal oscillation during summer is associated with
the propagation characteristics of HWs.

Figure 14 is similar to Fig. 13 but for nine years with the weakest values of the amplitude
metric. The occurrences of reconstructed air temperature anomalies exhibiting eastward
propagation are much fewer in years with weak values of the amplitude metric than in years with
strong values. The frequency of propagating HWs also shows similar results. The eastward
propagating HWs can only be found in early-August 2000 (Fig. 14e) and mid-July 2012 (Fig. 14g).
In 1985, HWs can hardly be observed (Fig. 14a). For other years, HWs that can be found in August
1997 (Fig. 14d), mid-July 1990 (Fig. 14b), 1993 (Fig. 14c), 2013 (Fig. 14h), and 2018 (Fig. 141)
show no propagating signals. Therefore, we can conclude that the eastward propagating signals are
more pronounced in years with strong values of the amplitude metric than that in years with weak
values of the amplitude metric.

Furthermore, our results are not sensitive to the definitions of HWs (Fig. 15). In Fig. 15, the
HW is defined as at least six consecutive days with 2-m mean air temperature exceeding the 90th
percentile threshold. The results are similar to that of Fig. 13, providing evidence that there is a
close association between propagating HWs and reconstructed air temperature anomalies over
Eurasia in the years with strong intensity propagation signals based on the amplitude metric,
indicating a robust linkage between the propagating HWs and the intraseasonal air temperature

eastward propagating oscillation.
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4. Conclusions and discussion

4.1 Conclusions

The structure and propagation features of intraseasonal air temperature oscillation at 850 hPa
over Eurasia during the boreal summer are investigated using JRASS5 reanalysis data. Based on
CEQF, linear correlation, and composite analysis, we found that the intraseasonal air temperature
anomaly over Eurasia exhibits an eastward propagation. The temperature signal propagates
eastward at an averaged zonal speed phase of 5.6 m/s, which is around 4.4° longitude per day.
Associated with the southeastward propagation of the intraseasonal surface temperature signal, the
geopotential height anomaly also propagates eastward. The lower-level air temperature and upper-
level geopotential height and meridional wind anomalies are closely coupled, indicating the low-
level temperature eastward propagation may be attributed to the upper-tropospheric forcing.

To understand the possible mechanisms of eastward propagating oscillation, we conducted an
atmospheric temperature budget analysis at lower-level. By regressing each component onto the
CPC-1, it is found that the horizontal temperature advection is crucial in driving this eastward
propagating oscillation. Further decomposition of horizontal temperature advection show that the
meridional temperature advection playing a key role in the propagating oscillation of air
temperature over the region where the maximum amplitudes of propagation signals occur. In
addition, our results show that the upper-level geopotential height and meridional wind anomalies
reveal eastward propagating wave-like structures, which are coupled with the eastward
propagation of lower-level air temperature. The variations of the upper-level geopotential height
and meridional wind fields lead to changes in the low-level temperature gradient and hence the
meridional temperature advection, resulting in the eastward propagation of the anomalous air

temperature. The vertical components in the adiabatic process also remains a significant part
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contributing to propagating oscillation. While the diabatic heating rate provides partial
compensation role. While not the primary focus of this study, potential vorticity conservation may
provide a complementary dynamical perspective, particularly since air temperature is not a
conserved quantity at a specific level.

An amplitude metric was established to measure the intensity of propagating signals based
on the CPC-1. Further examination on the spatiotemporal variations of the reconstructed the 850
hPa air temperature anomalies of CEOF-1 and HWs was conducted to explore the linkage between
air temperature intraseasonal eastward propagating oscillation and HWs during summer over
Eurasia. We selected nine years in total with strong intensity of propagating signals, where we also
identified the eastward propagating HW events. The amplitude metric is useful for quantifying the
variations in the intensity of intraseasonal air temperature eastward propagating oscillation.
Additionally, a close relationship between reconstructed air temperature anomalies of CEOF-1 and
eastward propagating HWs over Eurasia can be observed, particularly in the years with strong

values of the amplitude metric, suggesting a robust linkage.

4.2 Discussion

Several points should be further considered. Firstly, the propagating signal speed obtained
from CEOF analysis are likely linked to the Rossby waves. Since Hilbert transform in the CEOF
analysis is applied along the time dimension, the resulting propagation characteristics represent
the phase speed of the wave pattern. To estimate the theoretical Rossby wave phase speed, we use
the climatological summer-mean (JJA) zonal wind at 300 hPa, averaged over the Eurasian
continent. This level is typically where Rossby waves are pronounced. The resulting mean
background wind speed is approximately 10 m/s during JJA averaged over Eurasia (Orsolini and

Sorteberg, 2009; Dong et al., 2022). Assuming an estimated zonal wavelength of 3500-4000 km,
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we obtain a theoretical zonal phase speed of approximately 5-6 m/s, which is in close agreement
with the propagation speed derived from CEOF analysis.

Secondly, in 2003, when a severe European HW persisted from June to August with devastating
impacts stands out as an anomalous climatic event (Bastos et al., 2003). This HW event is confined
to the western part of the Eurasian continent and its propagation feature do not stand out over the
Eurasia continent. The severe 2003 European summer HW also found to be affected by the
atmospheric stationary wave (Shi et al., 2024). Besides, in 2010, although the HW events occurred
in June show eastward propagation characteristics (Fig. 16), the HW event that persisted from July
to mid-August over Eurasia is quasi-stationary. The maximum value of the metric in 2010 is likely
to be affected by this stationary variability due to the intrinsic limitation of the present method.
The amplitude metric effectively captures the year when strong propagating variability occurs but
can be influenced by stationary variability. This is an intrinsic limitation from the fact that the
standing oscillation of a unit amplitude can also be expressed by the superposition of the two
propagating oscillations into opposite directions with half amplitudes. To evaluate the connection
between propagating signals of intraseasonal air temperature oscillation and propagating HWs, a
quantitative skill metric is needed. Finally, HWs and droughts often occur together, and their
combined effects, recently noted as compound drought and HWs, have drawn increasing attention
(Miralles et al., 2014; Mukherjee et al., 2020). Such events have also been identified over Eurasia
(Schubert et al., 2014). In addition, the CEOF analysis is also employed to understand the evolution
of the spatiotemporal characteristics of droughts over East Asia (Zhou et al., 2021). Furthermore,
the latent heating rate, which is directly related to the total amount of condensation of water vapor
and is closely related to the precipitation, plays a compensatory role in the air temperature eastward

propagating oscillation (Figs. 8a and 8e). This suggests that we need to consider the propagating
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signals of both air temperature and precipitation over Eurasia. A more thorough analysis could
provide deeper insights and improve our understanding of how such extreme events evolve and

interact.
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Data Availability Statement
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Figure 1 | The spatial patterns of (a) the real part, (b) imaginary part, and (c) the spatial amplitude
(shading; unit: K) and phase (contours) of the CEOF-1 of the 850 hPa air mean temperature
anomalies for JJA from 1979 to 2021 using JRA-55 dataset. (d) Percentage variance (unit: %)

explained by the first 10 CEOF modes and the associated error ranges (bars).
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Figure 2 | (a-c) The spatial phases of the CEOF-1 (black dotted lines) with latitudinal averaged at
40-50°N, 50-60°N, and 60-70°N. (d) The temporal phases of the CPC-1. The unit of the
wavenumber k in (a-c) is deg (° longitude)!. The blue dashed lines are their linear fits calculated

by linear regressions.
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Figure 3 | Similar to Fig. 1 but for 2-m air mean temperature.
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Figure 4 | Composite analysis of air temperature at 850 hPa (shading; unit: K) and geopotential
heights at 200 hPa (contours, unit: gpm) from phase 1 to 8. The red (blue) contours are the positive
(negative) values. Only the 200 hPa geopotential height anomaly above the 99% confidence level
is given. The dots indicate the regions where air temperature anomaly are significance at the 99%

confidence level.
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Figure 5 | Regression maps of the 850 hPa (a) air temperature (unit: K), (b) geopotential height (unit:
gdm), and (c) meridional wind (unit: m s’') anomalies on the normalized real and imaginary
components of CPC-1 of 850 hPa air temperature anomalies during JJA from 1979 to 2021. The dots

indicate significance at the 99% confidence level.
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Figure 6 | The latitudinal averaged values for air temperature changing rate (TCR; black line),
horizontal temperature advection (HTADV; green line), vertical component in adiabatic heating rate
(VADHR; blue line), and diabatic heating rate anomalies (DHR; purple line) at 850 hPa (units: K
day!) between 40-70°N for CPC-1 (a) Real and (b) Imaginary amplitudes. The gray dashed line is
the sum of values of horizontal temperature advection, vertical component in adiabatic heating rate ,

and diabatic heating rate anomalies.
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Figure 7 | Regression maps of the (a) air temperature changing rate (TCR), (b) horizontal
temperature advection (HTADV), (¢) vertical component in adiabatic heating rate (VADHR), and (d)
diabatic heating rate anomalies (DHR) at 850 hPa (units: K day™') on the normalized real (left) and
imaginary (right) CPC-1 of 850 hPa air temperature anomalies during JJA from 1979 to 2021. The

dots indicate significance at the 99% confidence level.
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Figure 8 | Similar to Fig. 7 but for (a) latent heating rate, (b) solar radiative heating rate, (c) longwave

radiative heating rate, and (d) vertical diffusion heating rate anomalies at 850 hPa (units: K day™).
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Figure 9 | Similar to Fig. 7 but for (a) meridional temperature advection and (b) zonal temperature

advection anomalies at 850 hPa (units: K day™).
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Figure 10 | Similar to Fig. 6 but for temperature changing rate (black line), meridional temperature
advection (blue line), zonal temperature advection (green line), vertical component in adiabatic

heating rate (purple line) anomalies at 850 hPa (units: K day!).
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Figure 11 | The absolute amplitude of CPC-1 averaged for each summer (black line for JRASS and
blue line for ERAS). Red dots indicate values exceeding one standard deviation above the average

of the amplitude metric derived from JRA-55.
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Figure 12 | The absolute amplitude of CPC-1 averaged for each summer (black line). Time series of
area-weighted time-area integrated accumulated HW days (blue line; unit: day km?) over 40-70°N,
0-130°E computed by taking an area sum after weighting each grid-cell area by the cosine of its
latitude. Red dashed line indicates that one standard deviation above the average of the amplitude

metric, and red dots indicate values exceeding this threshold.
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Figure 13 | Time-longitude section of the daily 2-m maximum temperature anomalies (unit: K)
that satisfy the HW condition and reconstructed 850 hPa air temperature anomalies of CEOF-1
(contours with value 2 K) averaged from 40-70°N for years (a) 1983, (b) 1987, (c) 1989, (d) 1999,

(e) 2006, (f) 2010, (g) 2014, (h) 2015, and (1) 2021. The values displayed here are the values of the

amplitude metric in Fig. 11.
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Figure 14 | Similar to Fig. 13 but for years (a) 1985, (b) 1990, (¢) 1993, (d) 1997, (e) 2000, (f)

2009, (g) 2012, (h) 2013, and (i) 2018.

52



Aug31 211983 Aug31 (221987 112 03, €)1 1989
Aug15 —_— Aug15 _ Aug15
Aug01 A Aug01 4 f Aug01 A
Jul1s - Julls o Julls 4 g
g 8
Julot 4 Julot i Julol o
Jun15 A Junl5 4 { Junl5 4
Juno1 Juno1 — Juno1
0°E 30°E 0°E 30°E  60°E  90°E  120°E 0°E 30°E
Aug31 91999 Aug31 ) 2006 121 ) g3 12010
Aug15 — Aug15 1 Aug15 -
Aug01 A Aug01 1 — Aug01 A
Jul1s - e Julls - Juiis 4
Julol 4 Julol 7 — Julol
Jun1s 4 Junis i, ] }— Jun1s -
Juno1 : . /:7 Jun01 — - . T Jun01 T : T T
0°E 30°E  60°E  90°E  120°E 0°E 30°E  60°E  90°E  120°E 0°E 30°E  60°E  90°E  120°E
Aug31 92014 115 ) 31 (02015 124 ) g3 02021 1.15
== — R
Aug15 e g Aug15 & Aug15
| g C: :; ®
AugO1 - Pesmm -— AugO01 + Aug01 - L =
- —_—
Jul15 7 — Jul1s —_— Jul1s |
Julo1 1 —_— Julon ¥ s oLy b
n15 n1s = n1s 4" _éﬂ%
ni> us QJ y = u v
Jun01 T T T T Jun01 T T T T Jun01 T T T T
0°E 30°E 60°E  90°E  120°E 0°E 30°E  60°E  90°E  120°E 0°E 30°E  60°E  90°E  120°E
0 2 4 6 8 10 12 14 16

Figure 15 | Similar to Fig. 13 but for different HW condition defined as at least six consecutive

days with 2-m mean air temperature exceeding the 90th percentile threshold.
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Figure 16 | The spatial patterns of surface air temperature anomalies (units: K) that satisfy HW

condition in 2010 from 10th June to 20th August.
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