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Fig.1 9%& Spatial pattern and %b& temporal variation %black line& of the leading Empirical Orthogonal Function EOF& of

summer surface air temperature ¥8AT& fields over Eurasia based on observations. Also shown in %b& are the Atlantic
Multidecadal Oscillation YAMO" gray dashed line& and the Silk Road Pattern “SRP" gray solid line& indices.%c& Same as
% &"but for the estimated internal variability 4V & in the observations" with its principal component %PC& represented by
the blue line in %b&.%l& Regionally averaged time series of SAT anomalies over Europe-West Asia%black box 1 area in
Figure a& The gray line in %l& represents the linearly detrended and smoothed ambient AOD %erosol optical depth& at
1 =550 nm"derived from CMIP6 AA forcing-only simulations.%& Same as %m&" but for the estimated externally forced
signal YEX& in the observations.%f& Same as %@d&"but for East Asia %black box 2 area in Figure a& SAT data were ob-
tained from the Climatic Research Unit TS" while wind data were sourced from ERAS5.The CMIP6 model datasets used in
this study correspond to those employed by Hua et al.%2021&.The SRP index is defined as the principal component of the
leading mode ¥PC1& for 200 hPa meridional wind anomalies over Eurasia %9°, 150°E"20°, 60°N&.The AMO index is
defined as the SST anomalies averaged over the North Atlantic %80°W, 0°"0°, 60°N&.To estimate the contributions of
internal variability and external forcing and to remove variations induced by greenhouse gas forcing” we follow the meth-

odologies of Hua et al.%2021& and Qin et al.%2020b&.All data have been low-pass filtered with a 13-year cutoff period
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Fig.2 Diagram of non-uniform summer warming over Eurasia ( AMV reprents the Atlantic multidecadal variability.and AMOC

reprents the Atlantic meridional overturning circulation)
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- ARTICLE -
Summer non-uniform temperature variations over Eurasia; mechanisms
and implications

HUA Wenjian'">,WANG Xi'> /HU Yuhan'? ,FENG Huiting'* ,ZHOU Lu'"’

!State Key Laboratory of Climate System Prediction and Risk Management ( CPRM) /Key Laboratory of Meteorological Disaster ,Ministry of Education
(KLME) / Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters ( CIC-FEMD)) ,Nanjing University of Information
Science and Technology ,Nanjing 210044 , China;

2School of Atmospheric Sciences,Nanjing University of Information Science and Technology ,Nanjing 210044 , China

Abstract Surface temperatures have risen in decades, with an increasing frequency of summer heat waves over
most land areas, particularly across Eurasia.This rapid warming and the intensification of extreme temperatures
have significant environmental, economic, and societal impacts, making it crucial to understand the underlying
causes.Observational data indicate that since the mid-1990s, summer warming has been remarkably amplified over
Europe and East Asia, revealing non-uniform decadal warming rates across Eurasia.This heterogenous warming
pattern may result from internal multidecadal variability—such as the Atlantic Multidecadal Oscillation
(AMO)—as well as changes in anthropogenic greenhouse gases ( GHGs) and aerosols. However, the relative
contributions of these factors to Eurasia’s summer warming patterns remain unclear.A more precise quantification
of the roles played by the AMO,decadal variations in aerosol,and other external forcing mechanisms could im-
prove our understanding of recent non-uniform warming trends.Results indicate that GHG-induced surface air
temperature (SAT) increases are most pronounced over the driest regions of Eurasia and North Africa, though
decadal variations in GHG-induced SAT changes are minimal.To isolate external forcing effects unrelated to the
steady rise in GHGs, this study removes the GHG-induced SAT component from observations and applies an em-
pirical orthogonal function analysis to the residuals ( referred to as GHG-detrended SAT ), identifying the
dominant spatial and temporal characteristics of Eurasian SAT variability. The GHG-detrended SAT exhibits
strong multidecadal fluctuations, with negative anomalies from the 1960s to the mid-1990s and positive anomalies
during the 1950s, early 1960s and post-1990s.Between 1984 and 2014, significant warming occurred over Europe-
West Asia and Central East Asia, whereas 1953—1984 saw widespread cooling. Central Asia, however,
experienced only weak out-of-phase variations.The estimated internal variability component reveals a similar tri-
pole pattern,with a pronounced negative center over Central Asia, closely correlated with GHG-detrended SAT
variations. These findings confirm that the AMO is the dominant driver of multidecadal SAT variability over Eura-
sia.Meanwhile , the estimated externally forced component exhibits comparable multidecadal fluctuations but with
consistent spatial coefficients across Eurasia.Over the period 1950—2014,externally forced changes accounted for
approximately 55% of the GHG-detrended multidecadal SAT variations over Europe-West Asia and ~51% over
East Asia,with the remainder attributed to internal variability. These results suggest that, contrary to previous as-
sumptions, more than half of Eurasia’s multidecadal SAT variability since 1950 has been externally forced rather
than predominantly driven by internal variability.Furthermore , the primary driver of externally forced non-uniform
multidecadal SAT variations is identified as anthropogenic aerosols. This study demonstrates that both external
forcing and internally driven variability originating from the Atlantic Ocean have contributed to Eurasia’s multid-
ecadal SAT variations since 1950.Looking ahead, continued reductions in aerosol concentrations, the likely persist-
ence of the AMO in its positive phase,and ongoing increases in GHGs are expected to future intensify warm-sea-
son temperatures across Europe-West Asia and East Asia in the coming decade.

Keywords Eurasian non-uniform warming;external forcing;internal variability of the climate system; Atlantic
multidecadal variability ; the Silk Road Pattern
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