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Abstract

1 The eastern European (EE) region has experienced record-breaking heatwave events in
» recent years, and such events are expected to increase in future with global warming.
3 Early warning systems are an important step towards mitigating their impacts. Here we
s+ seek to further clarify the effect of Atlantic Meridional Mode (AMM) on the EE region
s temperature variability. Using observations and climate model experiments, we show a
¢ significant association between the AMM and temperature variability across the region.
7 The positive phase of AMM leads to a significant increase in EE temperature of 0.9°C, p-
s value < 0.1, for a one standard deviation AMM anomaly, and vice-versa. The mechanism
o through which the AMM can modulate the EE temperature arises through a persistent
10 planetary-scale Rossby wave which causes an anomalous anticyclone circulation leading to
u a positive temperature anomaly. This relationship, along with the mutually exclusive and

1> independent large-scale climatic modes such as the El Nino—Southern Oscillation (ENSO)
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and North Atlantic Oscillation (NAO), have important implications for improving the

prediction of EE heatwaves.

Key words: FEastern Europe, Heatwave, Atlantic Meridional Mode, Climate model

experiments.

1. Introduction

Since the beginning of the century, there has been a significant increase in the num-
ber of summer heatwaves in Europe [Robine et al., 2008; Otto et al., 2012; Meehl and
Tebaldi, 2004; Zhang et al., 2020] — which have had major impacts on local communities
[Alexander, 2011]. Some of the notable impacts due to such high temperatures include
air-quality degradation, forest fires [Earl and Simmonds, 2018], substantial crop yield loss
[Barriopedro et al., 2011], human mortality [Hari et al., 2022], and degradation of bio-
diversity [Welbergen et al., 2008]. The extreme heatwaves during the summers of 2003
and 2010, for example, were associated with premature deaths of nearly 70000 people in
Europe [Robine et al., 2008] and 50 000 people in Russia [Otto et al., 2012], respectively.
Extreme temperatures associated with heatwaves over Europe are projected to increase
in the future at a the faster rate than the global mean temperature [Russo et al., 2015].
Therefore, the understanding of underlying physical triggers of such high impact events —
specifically over the Eastern European (EE) region — will significantly aid in adaptation
to extreme events.

A number of studies have identified physical mechanisms that trigger European heat-

waves [Garcia-Herrera et al., 2010; Lhotka et al., 2018; Miralles et al., 2014; Schumacher
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et al., 2019]. These studies indicate that land-atmosphere feedback mechanisms are impor-
tant aspects during these heatwaves. However, even though the major heatwaves — such
as 2003 at central European [Fischer et al., 2007] and 2010 event in the EE region [Mi-
ralles et al., 2019] — were strengthened due to land-atmosphere coupling, these events were
initiated by anomalous large-scale atmospheric circulations [Liu et al., 2020]. Typically, a
persistent anticyclonic circulation — favouring clear skies, air subsidence, and surface solar
heating [Liu et al., 2020; Li et al., 2020], that simultaneously reduces the zonal flow and
advection of warm air away from the region [Lhotka et al., 2018] — are the main features
associated with heatwaves over Europe [Brunner et al., 2018]. During the summer, the
EE region has a tendency towards the occurrence of these kinds of anticyclonic circulation
events [Tyrlis and Hoskins, 2008], and it is reported that many of the recent heatwaves over
the region were associated with such blocking conditions [Dole et al., 2011]. Moreover, it
is found that these long-lasting blocking conditions are related to quasi-stationary Rossby
waves [Dole et al., 2011; Di Capua et al., 2021; Strigunova et al., 2022]. Studies argue
that such mechanisms which trigger these stationary Rossby waves leading to heatwave
are connected to some of the known large-scale features such as, El Nino—Southern Os-
cillation (ENSO; Brénnimann [2007], Sun et al. [2016]), the North Atlantic ocean (NAO;
Hurrell [1995]; Kriiger et al. [2020], Bierkens and Van Beek [2009], Cassou et al. [2005],
Della-Marta et al. [2007], Schubert et al. [2014]), Scandinavian pattern (Chen et al. [2019)])
and also East Atlantic/Western Russia teleconnection (EAWR; Zhao et al. [2020]).
European climate is, in general, influenced by several important climatic modes — viz.,

ENSO and North Atlantic Oscillation (NAO; Hurrell [1995]; Kriiger et al. [2020], Bierkens
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and Van Beek [2009] Kautz et al. [2022]) and the atmospheric response of both of these cli-
matic modes to European climate closely resembles Toniazzo and Scaife [2006]. However,
the influence of both these dominant climate modes (ENSO and NAO) on the variability
of European climate is more pronounced during the winter season [Hurrell, 1995], and per-
haps their influence on the summer season is limited [Folland et al., 2009]. Nonetheless, a
recent study [Sun et al., 2016] showed that the influence of ENSO on the summer Euro-
pean Climate — specifically over the EE region — has strengthened significantly post-1980.
The theoretical linear baroclinic model suggests that the increasingly strong teleconnec-
tion between the summer ENSO and the EE region may be related to a change in the
tropical thermal forcing over the Pacific — which can excite an eastward propagation of the
Rossby wave reaching the EE region, causing the climatological changes [Sun et al., 2016].
Thus, these studies show that the ENSO and NAO profoundly influence EE temperature
variability. Nonetheless, apart from these climatic modes, disjoint studies [Trenberth and
Fasullo, 2012; Cassou et al., 2005] suggest that the anomalous diabatic heating over the
tropical Atlantic Ocean caused a heatwave over the EE region by forcing a quasi-stationary
Rossby wave during the summers of 2010 — and in general heatwave and droughts over
the Eurasian region [Schubert et al., 2014]. Having mentioned this, the effect of Atlantic
Meridional Mode (AMM) — a dominant climatic mode over the tropical Atlantic Ocean
[Chiang and Vimont, 2004] — has not been explored in existing literature. In addition,
Simmonds Simmonds [2018] noted that the impact of the thermodynamics is fairly well
understood from the basic physics, whereas the part played by the atmospheric dynamics

is much more complex and ambiguous. Therefore, this study aims to understand the phys-
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ical mechanisms which cause summer EE heatwaves — specifically focusing on the AMM
— using a combination of observational data and climate model perturbation experiments.

Here, using observations and climate model experiments, we aim to understand the in-
fluence of a teleconnection pattern — which is associated with the AMM- on the heatwaves
over the EE region (50°E-70°E and 45°N-60°N; Figure 1) during boreal summer (June-
August). The AMM, which results from the coupled ocean and atmospheric variability over
the Atlantic basin [7T5°E-15°W, 21°S-32°N], triggers a persistent planetary-scale Rossby
wave train in the upper-levels of the atmosphere in the northern hemisphere. This wave
train features anticyclonic circulation/blocking patterns leading to an increased tempera-
ture over the EE region. Further, with the use of climate model perturbation experiments
and control simulations (detailed in the section below), we investigate the underlying mech-
anism through which the AMM modulates the EE summer heatwaves. In addition, we
show that the influence of AMM on EE temperature is independent of the other promi-
nent teleconnection patterns on inter-annual timescales, such as the El Nino-Southern
Oscillation (ENSO) and NAO, among other well-established drivers of mid-latitudinal cli-
mate. Finally, we demonstrate that, along with other dominant climate modes, AMM can

significantly improve the predictability of EE summer temperature.

2. Data and Methods

The assessment of temperature characteristics during summer over EE from 1980-
2019 is performed using the fifth generation ECMWF atmospheric reanalysis (ERA5)

data [Hersbach et al., 2020] as it is capable enough to capture observed temperature
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variability and extremes over the region of interest [Velikou et al., 2022]. SST data is
obtained from the sea ice and sea surface temperature reconstruction (HadISST), produced
by the Met Office Hadley Centre [Rayner et al., 2003]. Monthly estimates of the AMM
index are obtained from the NOAA Earth System Research Library, available at https://
www.esrl.noaa.gov/psd/data/timeseries/monthly/AMM/ for the period 1948-present.
The large-scale atmospheric variables such as geopotential height and winds at different
pressure levels are obtained from the National Centers for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR) reanalysis [Kalnay et al., 1996].

The AMM is the leading mode of coupled atmospheric and ocean variability in the
Atlantic Ocean basin [Chiang and Vimont, 2004]. It can be estimated by applying the
maximum covariance analysis (MCA) to the tropical Atlantic basin, assessing the co-
variability of SSTs and 10m surface winds. It is worth mentioning that while estimating
the AMM index, the effect of the El Nino Southern Oscillation (ENSO) is removed[Chiang
and Vimont, 2004]. The positive feedback between surface winds, evaporation, and SST
— the wind-evaporation-SST (WES) feedback — is the main cause of the meridional modes
[Xie et al., 2005; Chiang and Vimont, 2004]. AMM is an important driver of the climate
variability in several regions e.g., the Indian monsoon [Vittal et al., 2020a], western North
Pacific tropical cyclones [Zhang et al., 2017], and Atlantic tropical cyclones [Vimont and
Kossin, 2007; Patricola et al., 2014]. Nonetheless, knowledge of the influence of AMM on
European summer climatology is limited and as such disentangling their role along with
other prominent climate modes (NAO, ENSO) is the main focus of this study.

Given the strong influence exerted by the ENSO on the surrounding areas, particularly


https://www.esrl.noaa.gov/psd/data/timeseries/monthly/AMM/
https://www.esrl.noaa.gov/psd/data/timeseries/monthly/AMM/
https://www.esrl.noaa.gov/psd/data/timeseries/monthly/AMM/

o over the Atlantic Ocean , we therefore try to isolate the ENSO signal. The ENSO signal

1

=

120 here is removed by calculating the residual time series [Kucharski et al., 2009]:

N

SSTr(t) = SST(t) — SSTgnso(t) (1)

121 where
SSTenso(t) = b NINO34(t) (2)
122 where b is calculated using the linear regression between SST at a respective grid and

s Nino3.4 index.

1

N

124 The wave activity flux (WAF) is implemented to understand the energy propagation

125 pathways originating from the AMM and their influence on EE heatwaves. It is considered

N
4]

s as a diagnostic tool for highlighting the propagation, source and sink of a packet of sta-

17 tionary or migratory quasi-geostrophic wave [Takaya and Nakamura, 2001]. It is usually

N

s estimated using information at 250 hPa pressure level, following the expression equation

N

129 [Takaya and Nakamura, 2001]:
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130 where W denotes the WAF, p is pressure, v is the streamfunction, U = (U,V) is

1 horizontal wind vector, with U and V' denoting the zonal and meridional wind components,
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respectively; A and ¢ are longitude and latitude, respectively; fy is the Coriolis parameter;
N is the Brunt-Vaisala frequency; a is Earth’s radius and the prime represents the anomaly

with respect to the climatological mean from 1951-2019.

2.1. Climate model perturbation experiment

To ascertain the role of the tropical Atlantic Ocean SST variability and the EE region
heatwaves and the associated large-scale circulation, we perform a climate model pertur-
bation experiment which is integrated over 25 years. Here, we use the atmospheric general
circulation model developed by the International Centre for Theoretical Physics (ICTP
AGCM) [Molteni, 2003; Kucharski et al., 2013], following the two sets of complementary
simulations. The first set of the simulation considers prescribing the seasonal climatol-
ogy of SST based on ECMWF reanalysis (CLIM; averaged from 1979 to 2008). Next, in
the second simulation, to evaluate the response of EE heatwaves, the observed composite
anomaly of SST during the positive phase of AMM over the AMM region for the sum-
mer season (June—August) is superimposed on the monthly climatology, keeping the SST
identical to the CLIM simulation for other months. The subtraction of the CLIM simu-
lation with the SST anomaly-forced simulation then provides the response of large-scale

atmospheric circulation to the AMM.

2.2. Control climate model experiment

In addition to the observational /reanalysis data that we use to understand the associa-
tion between AMM and EE heatwaves, we also use a fully-coupled long-term Geophysical

Fluid Dynamics Laboratory (GFDL) Forecast-Oriented Low Ocean Resolution (FLOR)
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coupled climate model control experiments [Vecchi et al., 2014; Zhang et al., 2016; Hari
et al., 2022]. The radiative forcing and land use are specified at 1860 levels and thus
referred to as pre-industrial experiments. The atmosphere and land components of FLOR
have the horizontal resolution of ~0.5°with 32 vertical levels. FLOR has an updated pa-
rameterization for mesoscale eddies and a parameterization for submesoscale mixed layer
eddies [Wittenberg et al., 2018]. Moreover, this model has an enhanced capability in cap-
turing the near-surface equatorial upwelling compared to their predecessors. A detailed
information regarding the GFDL FLOR model is reported in Vecchi et al [Vecchi et al.,
2014]. We use these simulations to test if the established relation between AMM-EE
heatwave variability also occurs in the GFDL-FLOR long-term control simulations, which
would impart a dynamical framework — mainly to understand the causation of this rela-
tionship [Zhang et al., 2016]. The control experiments are performed for a total of 2500
years, however, here we focus on 300 years — later part of the first 1000 years — to analyse
AMM and EE heatwaves. The AMM index in this experiment is estimated — as proposed
by [Chiang and Vimont, 2004] — through the MCA approach based on the corresponding
SSTs and surface wind fields.

For the estimation of the AMM index, we first remove the seasonal cycle from monthly
fields, detrend both the SST and wind data and then apply a three-month running mean
for both variables. Further, to remove the influence of ENSO on both SST and winds (refer
Eq. 1 and 2), we remove the equatorial Pacific Cold Tongue (SST averaged over 180°W-—
90°W, 6°S—6°N) from all the grid points for both the variables [Chiang and Vimont, 2004].

Once this pre-processing is done, we finally apply the MCA by formulating the covariance
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matrix between SST and surface winds. This matrix is decomposed through Singular
Value Decomposition (SVD). The leading statistical mode from this decomposition forms

an AMM index for the model [Chiang and Vimont, 2004].

2.8. Statistical PCMCI causal analysis

To complement the above analysis of the climate model experiments — linking AMM
to EE heatwaves — we further perform a robust statistical causal analysis based on Peter
and Clark momentary conditional independence (PCMCI) algorithm [Runge et al., 2019].
The PCMCI is a two-step algorithm, wherein in the first step, the relevant conditions for
each considered variable (both, EE temperature and other climatic modes) are identified
by iterative independence testing. The second step, however, is to test the link between
the two variables is causal. Here, to correct the unreasonable p-values — due to multiple
significance testing Di Capua et al. [2020] — a false discovery rate approach [Benjamini and
Hochberg, 1995] is implemented. A detailed methodology underlying the PCMI method
is provided by Runge et al. [2019] and Di Capua et al. [2020]. Here along with AMM,
we also consider North Atlantic Oscillation (NAO, Wunsch [1999]), El Nino—Southern
Oscillation (ENSO, Schneidereit et al. [2012]) and Arctic Amplification (AA Cohen et al.
[2014]). The AA is measured as the change in surface air temperature over the Arctic
(7T0°N-90°N) relative to mid-latitudes (30°N-60°N; Ionita et al. [2020]). We selected these
climate modes because of their controls on the European climate variability — specifically

during the summer season [Sun et al., 2016; Cohen et al., 2014].

10
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3. Results and Discussion

3.1. Observational analysis

We start our analysis by exploring the 2010 Eastern European (EE) heatwave event —
which is one of the hottest events ever recorded in the region [Rasmijn et al., 2018] — and
the large-scale air-sea interaction patterns, including SST and near-surface wind anoma-
lies corresponding to this event. It is evident from Figure 1 that temperature anomalies
during the summer of 2010 over Europe — specifically over EE — were substantially warmer
than usual (> 2 °C higher compared to the respective climatology over the EE region).
It is reported that this particular event shattered heatwave records both in terms of the
intensity and the impacts [Barriopedro et al., 2011] and demonstrated the societal vulner-
ability to such persistent extreme weather [Rasmijn et al., 2018]. Thus, understanding the
physical mechanism responsible for such persistent events forms an important step towards
climate adaptation, as much as it is in investigating the impacts of global warming on the
occurrence and severity of these extreme temperature events [Marotzke et al., 2017].

We extend the analysis beyond the 2010 event and observe that there are several
hot summers over the EE region in the historical record — based on spatially averaged
temperature over the EE region during summer (June-August). However, the 2010 event
was exceptional in terms of intensity (Figure 1b). We proceed to analyse the large-scale air-
sea interaction patterns during these warm summers (Figure 1c¢) and notice a predominant
pattern of positive SST anomalies over the northern part of the tropical Atlantic region and

negative anomalies in the southern part — with the influence of ENSO is removed (refer Eq.

11
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1 and 2). This pattern resembles strongly the spatial pattern of the Atlantic Meridional
Mode (AMM) [Chiang and Vimont, 2004] (rectangular box; 75°E-15°W, 21°S-32°N; in
Fig. 1c) or the northern tropical Atlantic (NTA) mode [Chen et al., 2015]. The spatial
patterns of these two modes, i.e., AMM and NTA, are exactly similar; their correlation is
0.86. The wind patterns i.e., movement from the cooler region to the warmer ones over
the tropical Atlantic — further corroborate the prominence of AMM [Chiang and Vimont,
2004] during the warmer summers over the EE region.

To uncover the association of AMM with the inter-annual variability of summer tem-
perature across the EE region, we relate the observed summer temperature anomalies with
the AMM index over the period 1980-2019. A dipole behaviour is noticed over the Euro-
pean region (Figure 1d) — with the majority of the Central and Northern European region
having a negative association and the Eastern region having a positive association of their
respective temperature anomalies with AMM index. Moreover, the strongest signal is
apparent over the EE region (Figure 1d), with temperature anomalies being significantly
warmer during the 2010 summer (Figure 1a). Similar results were obtained when we per-
formed the analysis over a longer duration (1951 —2019) using the NCEP-NCAR reanalysis
temperature dataset (not shown here). Overall, this indicates that a strong positive phase
of AMM may enforce the prominent warmer conditions over EE — also corroborated with
the composite analysis results from the winds and SSTs patterns over the AMM region
(Figure 1c). Significant differences in the EE temperature are observed between the years
with the strong positive and negative phases of AMM (Figure le; mean difference of 0.9°C

with p-value < 0.1 based on a non-parametric bootstrap sampling technique [Wilks, 2011;

12
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Hari et al., 2022]).

The above analysis shows a significant positive association of the EE summer temper-
ature with the AMM index. Next, we investigate underlying large-scale processes through
which the AMM could be possibly linked to the EE summer temperature variability. We
start by examining the 500 hPa geopotential height patterns — as the AMM is reported
to cause changes in the tropospheric circulation [Zhang et al., 2017; Vittal et al., 2020a].
Figure 2a shows the association of 500 hPa geopotential height with the summer AMM
index over the period 1951 — 2019. Apparent is the higher geopotential height with a
prominent anticyclonic circulation over the EE region. This synoptic situation reduces
the advection of warm air away from the region, and simultaneously reduces cloudiness,
which further intensifies the heatwave conditions [Rasmijn et al., 2018]. In addition, the
favourable conditions for a blocking high can lead to a persistent flow pattern Chatterjee
et al. [2021] in response to the positive phase of the AMM (Figure 2b). Disturbance of SST
anomalies over the tropical Atlantic region and their linkage to stationary Rossby wave
trains — which propagate eastward and poleward — have also been identified in previous
studies [Li et al., 2014, 2015, 2016; Ren et al., 2022].

The AMM usually shifts the inter-tropical convergence zone towards the anomalously
warmer region over the tropical Atlantic basin, through a shift in deep convection [Chiang
and Vimont, 2004]. This further increases rainfall over the warmer region of the tropi-
cal Atlantic Ocean[Foltz et al., 2012]. Accompanying with the convection process is an
anomalous divergence of the atmospheric flow at the planetary scale [Jin and Hoskins,

1995]. When this divergence coincides with a favourable background vorticity gradient,

13
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the Rossby waves are generated [Sardeshmukh and Hoskins, 1988; Luo et al., 2019; Rudeva
and Simmonds, 2021]. We can see a Rossby wave train propagating eastward from the
Atlantic basin to the EE region during the positive phase of AMM (Figure 2¢). Along with
the Rossby wave train pathway, we notice an association with the eddy streamfunctions
patterns (Figure 2c; represented with the shading) which greatly resembles the geopoten-
tial height patterns as observed in Figure 2a. Further, we observe an alternate positive and
negative Rossby wave sources along the atmospheric wave train (Figure 3a). The largest
negative Rossby wave source is found over the tropical Atlantic around 10°-20°N (Fig-
ure 3a) where strong upward motion located (Figure 3b) and large positive precipitation
(Figure 3c) are noticed. Thus with positive precipitation and upward motion (Figure 3b-c)
play a crucial role in the formation of the strong negative Rossby wave source over the
tropical Atlantic (Figure 3a) — which indicates the atmospheric wave originating from the
tropical Atlantic [Chen et al., 2020, 2021]. Overall, these observational analyses reveal
a possible mechanism through which the AMM can affect the inter-annual variability of
summer temperatures over the EE region. The positive phase of AMM during summer —
induced via the deep convection process — causes an eastward propagation of the Rossby
wave train which triggers a blocking high over the EE region leading to hotter conditions

with positive temperature anomalies over the region.

3.2. Climate model control and perturbation analysis

To further ascertain the above findings and moving from the correlation/regression

analysis to causation, we next performed a controlled climate model perturbation exper-
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iment with the ICTP AGCM model [Molteni, 2003; Kucharski et al., 2013; Vittal et al.,
2020b]. Results of the perturbation experiment are in good accord with the AMM-EE
response noted above in the observational analysis (Figure 4a). As with the observations,
here also, we find an increased geopotential height with a prominent anticyclonic circula-
tion over the EE region, which further causes an increased temperature over the EE region
(Figure 4b). Moreover, in this case, we observe high and low centres of geopotential height
mimicking a Rossby wave-like pattern — similar to the observations. Additionally, we see
the eastward Rossby wave train propagation from the Atlantic basin to the EE region
during the positive phase of AMM (Figure 4c and d). The eddy streamfunction patterns
also resemble the results of observational analysis quite well (Figure 4d), and thereby
supporting the possible role of AMM in the eastward propagation of the Rossby wave.
Here, using this long-term control experiment, we complement the observational and
perturbation analysis results — under control conditions of radiative forcings and landuse
configurations (Vecchi et al. [2014]). The reason for using this is to test if the established
relation between AMM-EE summer temperature variability is robust given the long-term
climate simulations under the fixed boundary conditions. This further assists in providing
a mechanistic framework to understand the causation of the AMM vs. EE temperature
relationship [Zhang et al., 2016; Hari et al., 2022]. The long-term control simulation
could able to represent the meridional pattern reasonably well (Figure 5a). Further, we
also find that the long-term control simulations are in good accord with the AMM-EE
response as observed before in both observational and climate perturbation experiment

results (Figure 5b). As with the observational analysis, here also, we find an increased
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geopotential height with a prominent anticyclonic circulation over the EE region during
the positive phase of the AMM. This further causes an increased temperature anomaly
over the EE region (Figure 5¢). Although we notice an overall similarity between observed
and modelled responses to AMM, we do notice some biases in the model, which among
other things could be due to imprints of anthropogenic warming conditions [Diffenbaugh
et al., 2015; Williams et al., 2020; Bonfils et al., 2020; Dai, 2013] in observational datasets,
inability to represent key ocean/atmosphere feedback [Peings and Magnusdottir, 2015],

differences in spatial resolutions and, more importantly, the different forcing conditions.

3.3. Causal analysis

The aforementioned analysis establishes a relationship with a potential linkage between
the AMM and the summer EE temperature variability. Herein, we further extend our
research to understand the implications of this established linkage to the predictability of
EE temperature, considering other important large-scale climatic modes — such as ENSO,
NAO and AA along with AMM during the summer months. The ENSO is related to the
EE climate by forcing an eastward propagation of Rossby wave reaching the EE region [Sun
et al., 2016] — resembles the pattern partly during the positive phase of AMM. However, the
partial correlation analysis results suggest a persistent relationship between AMM and EE
temperature even while accounting for the effect of ENSO (Figure 6a). This relationship
(AMM vs. EE temperature) was robust even in the presence of other important climatic
modes such as NAO and AA (Figure 6a). To further strengthen the evidence of this

robustness, we carry out a detailed statistical causal analysis using the PCMCI causal
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discovery framework [Runge et al., 2019]. Results of the PCMCI analysis confirm that the
AMM positively drives the EE summer temperature variability (Figure 6¢) — in line with
the above results. As with some of the previous studies [Trenberth and Fasullo, 2012;
Sun et al., 2016], we also notice that the ENSO and NAO negatively influence the EE
temperature variability, and AA does not have a casual relationship with the inter-annual
variability of EE temperature (Figure 6¢). Moreover, the important aspect here is that
AMM, ENSO and NAO are influencing the EE temperature variability (Figure 6b) in
a mutually exclusive and independent way — in line with the partial correlation analysis

(Figure 5a).

4. Conclusions

Heatwaves are predicted to increase both in their frequency and intensity in the future
along with an increase in the global mean temperature — over the northern Hemisphere
[Barriopedro et al., 2011], and Europe in particular [Rasmijn et al., 2018]. Nonetheless,
for proper mitigation and adaptation strategies, policy-makers would need a reliable pre-
diction of these hydroclimatic extremes and for this, the information pertaining to the
causation of such events is important [Bellprat et al., 2019]. To this end, there have been
many studies exist to understand the physical mechanism responsible for such events over
the EE region. However, the role of tropical Atlantic ocean on the EE temperature vari-
ability is not well addressed — specifically the influence of AMM, one of the dominant
climatic modes in the tropical Atlantic Ocean, on the EE temperature variability. To this

end, we have investigated the role of the AMM on the EE summer temperature variability

17



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

— the consistency and the robustness of which are confirmed both by the observations and
climate model perturbation experiments as well with robust (causal) statistical methods.
The mechanism with which it influences the EE region temperature variability is through
the eastward propagation of Rossby wave trains — which, in turn, cause an anomalous
anticyclonic circulation over the region and lead to higher anomalous temperature over
the EE region.

Previous studies do show that the EE summer temperature variability are influenced by
some of the important large-scale climatic modes — such as ENSO [Bronnimann, 2007; Sun
et al., 2016] and NAO [Hurrell, 1995; Kriiger et al., 2020; Bierkens and Van Beek, 2009; Li
et al., 2020]. In this study, we found that both these climatic modes, along with the AMM
do play an important role in explaining the temperature variability over EE (Figure 6b).
The relative importance analysis further reveals that the primary climatic mode — ENSO
— has the highest importance, followed by AMM and NAO. However, all these climatic
modes have a significant influence on the EE temperature variability and moreover, they
are mutually exclusive in explaining the variability — as seen in the causal analysis (Figure
6¢c). It is also observed that these climatic modes have a significant relation with EE
temperature variability only during the summer. However, the preceding winter months
of ENSO and NAO do show a significant association with the summer AMM (Figure
6¢). A study by Lopez-Parages and Terray [2022] specifically mentioned that ENSO —
one of its most robust remote impacts is that they affect the tropical Atlantic SST, i.e.,
AMM, especially during the preceding months to summer. The telecommunication can

be explained through different mechanisms, such as (i) Rossby wave trains propagation
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[Enfield and Mayer, 1997], (ii) changes in the zonal (Walker) and meridional (Hadley)
cells [Wang, 2004] and and (iii) a secondary Gill-type structure in the tropical Atlantic
[Doblas-Reyes et al., 2017]. Nonetheless, we believe a complete understanding of these
aspects is beyond the scope of the present study and can be considered a potential future
research. In summary, our results add to previous efforts in associating the EE temperature
variability to large-scale climate modes reliably and thereby provide a pathway to predict

such extreme events more accurately.
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Data Avilability

Data used here — temperature and large-scale atmoshpheric variabiles — can be down-
loaded from: ERAD (https://www.ecnwf.int/en/forecasts/datasets/reanalysis-datasets/
erab), NCEP-NCAR reanalysis data (https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html). The climate indicators used in the present study can be procured
from: AMM (https://www.esrl.noaa.gov/psd/data/timeseries/monthly/AMM/), NAO
(https://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml) and ENSO (https://origin.

cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php).
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(a) 2010 Temperature anomaly (b) JJA temperature anomaly over EE
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Figure 1: Summer temperature variability (June—August) across the eastern Euro-
pean region and corresponding large-scale atmospheric and sea surface dynamics (a)
Surface temperature anomaly over the European region during the summer of 2010 — which is
one of the most severe heatwave summers in the eastern European region. (b) Inter-annual vari-
ability of summer temperature anomalies (anomalies with respect to the climatological mean)
over the eastern European region (50°E-70°E and 45°N—60°N; shown in rectangular box in d).
The positive (negative) anomalies are represented by blue (red) color. The positive one standard
deviation value is indicated by the red dashed line. (c) Composites of the SST (°C) and surface
wind anomalies corresponding to the major heatwave years over eastern European region (red
dots in the panel b). The black rectangular box in panel (c) over the tropical Atlantic Ocean
(75°E-15°E and 21°S-32°N) represents the core Atlantic Meridional Mode (AMM) region. The
spatial pattern of both SST and wind in this region reveal the dominant positive phase of the
AMM. (d) Regression of summer temperature over Europe onto leading AMM index during the
period 1980-2019. The hatched areas represent the locations where the slopes are significant
at the 5% level. (e) Box plot showing the differences in temperature in the eastern European
temperature between the positive and negative phases of AMM.
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(a) Regression of 500 hpa geopotential height [m] and wind [m/s] on to AMM from observations
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Figure 2: Large-scale controls of AMM on the eastern European summer (June—
August) heatwave variability from observations. (a) Large-scale atmospheric circulation
pattern associated with the AMM in terms of the regression of 500 hPa geopotential height
(shading) and winds (vectors) from NCEP reanalysis during 1951-2020. (b) The meridional
wind response to the AMM during the summers from 1951-2020. (c) Same as (b) but for
streamfunction and wave activity flux (WAF). We present the averaged WAF for those summers
with increased (positive phase) AMM summers.
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(a) Rossby wave source relationship with AMM
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(b) Precipitation relationship with AMM
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Figure 3: Correlation maps of (a) Summer Rossby wave source at 200 hPa level (b) summer 500
hPa omega and summer precipitation (¢) with the summer AMM index from 1951-2019.
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(a) ICTP pertubation experiments : Response of 500 hpa geopotential height [m] and wind [m/s] to AMM (b) Response of temperature to AMM
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Figure 4: Representation of AMM forcing mechanisms on the eastern European tem-
perature variability in a perturbation climate model experiment. (a) large-scale at-
mospheric circulation response to the AMM based on an ICTP climate model perturbation
experiment (25 yr of simulation). (b) Temperature response over Europe to the AMM based on
ICTP climate model perturbation experiment. (¢) The meridional wind response to the AMM
during the summers from the ICTP experiment. (d) Same as (c) but for streamfunction and
wave activity flux (WAF). We present the averaged WAF for the perturbed experiment only
whereas the streamfunction is the difference between the perturbed and CLIM experiments (See
method for more details).
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(a) SST expansion

(b) Temperature anomaly during AMMT
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Figure 5: Representation of AMM forcing mechanisms on the EE temperature variability in
a climate model control experiment. (a) The GFDL FLOR control model is able to represent the
SST expansion mode of the AMM. (b) Temperature response over Europe to the AMM based on climate
model control experiment. (c) Large-scale atmospheric circulation response to the AMM based on GFDL

FLOR climate model control experiment (300 yr of simulation).
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Figure 6: Relation of EE temperature with other important climate modes during
summer. (a) Inter-annual variability of the leading AMM index and temperature over the
EE region (represented with the bar plot) during summer, with variability being represented
in terms of their standardized scores. Along with AMM, we also represent other important
climatic modes, such as NAO, ENSO and AA — all these being represented with standardized
values. We notice that the identified linkages between the AMM and EE temperature variability
are robust even in the presence of these large-scale climate modes — represented with partial
correlation analysis (provided in the inset of the figure wherein the p-value < 0.05 is represented
with “«” symbol). (b) Relative importance analysis of the large-scale climatic modes on the
EE temperature variability. (c1) Causal links between the EE temperature variability and the
summer AMM with the presence of some other important drivers (during the summer months)
using the PCMCI+ causal inference framework at 95% alpha level. (¢2) We also considered the
SST modes during the preceding winter season (represented with W, for example, the winter
AMM is represented with WAMM and for the summer, it is with SAMM. Similar for other
considered climatic modes) and their effect on the summer EE temperature variability along
with the summer season. The correlation between SAMM and WENSO is 0.28 and SAMM and
WNAO is -0.27 and these are significant at 5% level
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