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Abstract

This study analyzes the dominant modes of interannual variability of surface air temperature (SAT) during boreal autumn
over the mid-high latitudes of Eurasia and investigates their associations with snow cover, atmospheric circulation and sea
surface temperature (SST). The first, second and third empirical orthogonal function (EOF) mode of autumn SAT anomalies
displays same-sign distribution, an east-west dipole pattern and a south—north dipole pattern, respectively. Analysis of surface
heat fluxes indicates that snow changes explain only small patches of SAT anomalies related to the first two EOFs via alter-
ing surface shortwave radiation. Atmospheric circulation anomalies have important contributions to the formation of SAT
anomalies. Southerly (northerly) wind anomalies generally favor positive (negative) SAT anomalies via bringing warmer
(colder) air from lower (higher) latitudes. The atmospheric circulation anomalies related to the first EOF mode are attributed
to a combination of the Arctic Oscillation (AO) and the Scandinavia pattern and those related to the second EOF mode have
a close relation with the East Atlantic/West Russian (EAWR) and circumglobal teleconnection (CGT) patterns. Formation
of the atmospheric circulation anomalies related to the third EOF mode is partly related to the Arctic sea ice change around
the Barents—Kara Seas. SST anomalies have little contribution to the atmospheric circulation anomalies associated with the
first three EOF modes of Eurasian autumn SAT interannual variations. Hindcast skill of the SAT anomalies related to the
first (second) EOF mode is improved when taking both the AO and Scandinavia (EAWR and CGT) patterns into account.
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1 Introduction

Surface air temperature (SAT) is one of the most important
variables in global climate variability and change (IPCC
2013). Changes in SAT may exert considerable influences
on climate, ecosystem, marine, fisheries, crop growth, and
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human health (Yao 1995; Stott et al. 2004; Feudale and
Shukla 2010; Ye et al. 2013; Caloiero 2017). For example,
the crop yield over northeastern China was notably sensi-
tive to local SAT change (Yao 1995). The high SAT and the
accompanying strong heat waves over Europe in summer of
2003 led to extensive forest fire and resulted in considerable
human death and economic loss (Stott et al. 2004; Feudale
and Shukla 2010). The extremely cold winter during 2009
and the extremely warm summer during 2010 over most
parts of the Eurasia had substantial impacts on agriculture,
fishery, electricity supply and people’s daily activity (Bar-
riopedro et al. 2011; Matsueda 2011; Otomi et al. 2013).
Studies demonstrated that SAT anomalies can modulate the
soil moisture and subsequently alter the energy exchange
between the low-level atmosphere and land and lead to
change in the overlying atmospheric circulation (Henderson-
Sellers 1996; Labat et al. 2004). SAT variations over Eurasia
also have a significant modulation on the Asian monsoon
activity via changing the thermal contrast between the Eur-
asian continent and surrounding oceans (e.g. Lau and Li
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1984; Liu and Yanai 2001; D’Arrigo et al. 2006). Due to sub-
stantial impacts of Eurasian SAT variations, it is important
to identify the dominant modes of Eurasian SAT variability
and unravel the factors and the underlying processes.

Several previous studies have examined spatial patterns
of the SAT interannual variability over Eurasia during boreal
winter and spring. Miyazaki and Yasunari (2008) demon-
strated that the first empirical orthogonal function (EOF)
mode of winter SAT variability over Asia and the surround-
ing oceans displays a north—south dipole pattern and has a
close relation with the Arctic Oscillation (AQO). Chen et al.
(2016b) revealed that the first EOF of spring SAT variations
over Eurasia displays consistent anomalies, and the spring
AO-related atmospheric anomalies play important roles for
SAT anomalies related to the first EOF. Several studies have
examined the dominant modes of boreal summer SAT anom-
alies over Eurasia, albeit mainly focusing on sub-regions of
Eurasia (e.g. Chen et al. 2016a). However, few studies have
been conducted about the interannual variability of boreal
autumn SAT over the mid-high latitudes of Eurasia. Hence,
one goal of the current study is to identify the leading modes
of interannual variability of boreal autumn SAT over the
mid-high latitudes of Eurasia. Understanding the autumn
SAT variations over Eurasia is important for improving
knowledge of related surface condition (e.g. snow cover)
changes that may influence following winter climate (Jhun
and Lee 2004; Wang et al. 2010; Luo and Wang 2018; King
et al. 2018).

Interannual variations of Eurasian SAT are impacted by
several factors, such as sea surface temperature (SST) (Wu
et al. 2009, 2011; Wu and Chen 2016), Arctic sea ice (Liu
et al. 2012; Cohen et al. 2012, 2014; Chen et al. 2014; Sun
et al. 2016; Chen and Wu 2018; Chen and Song 2018), Eura-
sian snow cover (Ye et al. 2015; Chen et al. 2016b), and
atmospheric circulation patterns (Thompson and Wallace
2000; Gong et al. 2001; Wu and Wang 2002; Cheung et al.
2012; Cheung and Zhou 2015; Otomi et al. 2013; Park and
Ahn 2016). Wu et al. (2011) and Chen et al. (2016b) indi-
cated that spring North Atlantic SST anomalies may induce
an atmospheric wave train propagating from the North
Atlantic to Eurasia. The resultant atmospheric circulation
anomalies further lead to Eurasian SAT changes during
boreal spring and summer. Studies indicated that Eurasian
snow cover changes during boreal winter and spring have
a contribution to the interannual variation of SAT anoma-
lies via modulating surface shortwave radiation (Ye et al.
2015; Chen et al. 2016b; Wu and Chen 2016). The preceding
autumn Arctic sea ice change may contribute to the follow-
ing Eurasian winter and spring SAT change (Wu et al. 2011;
Chen et al. 2014; Sun et al. 2016).

Previous studies showed that the atmospheric telecon-
nection patterns, such as the AO, North Atlantic Oscilla-
tion (NAO), western Pacific (WP), Pacific North American
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(PNA), East Atlantic (EA), East Atlantic/Western Russia
(EAWR), and Scandinavia (SCAND) teleconnection pat-
terns, etc., may have a significant impact on the Eurasian
SAT anomalies (Barnston and Livezey 1987; Chen et al.
2016b, 2018a). In particular, AO is the leading EOF pat-
tern of interannual variability of atmospheric anomalies over
extratropical Northern Hemisphere (NH) (Thompson and
Wallace 2000). The NAO is the first EOF pattern of atmos-
pheric variability over the North Atlantic Ocean (Hurrell
and van Loon 1997). It may be a regional manifestation of
the AO over the North Atlantic Ocean and the AO includes
most of the features related to the NAO (Thompson and Wal-
lace 2000). The PNA is an important pattern of the atmos-
pheric variability over the North Pacific—-North American
regions (Wallace and Gutzler 1981; Barnston and Livezey
1987). The WP pattern is a south-north dipole mode with
one center of anomalies over the subtropical western North
Pacific and the other center of opposite sign over the Kam-
chatka Peninsula (Linkin and Nigam 2008). The EA pattern
is another mode of the North Atlantic atmospheric variabil-
ity (Barnston and Livezey 1987). The EAWR pattern has
four primary centers, with same-sign geopotential height
anomalies over Europe and north China, and geopotential
height anomalies with opposite sign over the central North
Atlantic and north of the Caspian Sea (Barnston and Livezey
1987). Furthermore, the SCAND pattern has a dominant
center of anomalies around the Scandinavia and weaker
anomalies of opposite sign over the eastern Russian—western
Mongolia and west Europe (Barnston and Livezey 1987).

At present, it is still unclear what are the main factors
contributing to interannual variability of boreal autumn SAT
over the mid-high latitudes of Eurasia. Hence, the second
goal of this study is to examine the factors for the Eurasia
SAT variations during boreal autumn and the underlying
physical processes. This may help to understand the source
of predictability of SAT variations over the mid-high lati-
tudes of Eurasia. The structure of this paper is as follows.
Section 2 describes the data and methods. Section 3 analyzes
the dominant modes of the Eurasian autumn SAT interan-
nual variation. Section 4 investigates the possible roles of
snow cover change in the SAT anomalies via analysis of
surface heat fluxes. Section 5 examines roles of SST, atmos-
pheric circulation and Arctic sea ice anomalies in the inter-
annual variation of Eurasian autumn SAT. Section 6 pro-
vides a summary.

2 Data and methods

The present study employs monthly mean geopotential height,
horizontal winds, total cloud cover (TCC), surface winds, sur-
face longwave and shortwave radiations, surface latent and sen-
sible heat fluxes from the National Centers for Environmental
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Prediction-National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Kalnay et al. 1996; ftp://ftp.cdc.noaa.gov/
Datasets/ncep.reanalysis.derived/). The NCEP-NCAR reanaly-
sis data are available from 1948 to the present. Geopotential
height and horizontal winds at pressure levels are on 2.5° lati-
tude—longitude grids. Surface winds, TCC, and surface heat
fluxes are on T62 Gaussian grids.

The monthly mean SAT data are extracted from the Univer-
sity of Delaware from 1900 to 2014, which have a horizontal
resolution of 0.5°%0.5° (Matsuura and Willmott 2009; https
://[www.esrl.noaa.gov/psd/data/gridded/). This study employs
monthly mean SST from the National Oceanic and Atmos-
pheric Administration (NOAA) Extended Reconstructed SST,
version 3b (Smith et al. 2008; http://www.esrl.noaa.gov/psd/
data/gridded/). The ERSSTv3b SST data are available from
1854 to the present and have a horizontal resolution of 2°x2°.
Monthly sea ice concentration (SIC) data are obtained from
the Hadley Centre Sea Ice and Sea Surface Temperature data-
set (HadISST) (Rayner et al. 2003; http://www.metoffice.gov.
uk/hadobs/hadisst). The HadISST SIC data have a resolution
of 1°x 1° and are available from 1870 to the present. The
present study also uses the boreal autumn (September—Octo-
ber—November-averaged, SON) mean snow cover extent
(SCE) data from the Northern Hemisphere 25 km Equal-Area
Scalable Earth Grid (EASE-Grid) weekly Snow Cover and
Sea Ice Extent, version 3, product (Brodzik and Armstrong
2013; ftp://sidads.colorado.edu/pub/DATASETS). The raw
weekly SCE has been converted to monthly mean on a regular
horizontal resolution of 1° X 1°. The EASE-Grid SCE data are
available after October 1966. The monthly mean snow depth
(SD) data since 1979 was obtained from the ERA-Interim with
a horizontal resolution of 1°x 1° (Dee et al. 2011; available at
Website of http://apps.ecmwf.int/datasets/).

Climate indices of AO, NAO, WP, PNA, EA, EAWR, and
SCAND are provided by the National Oceanic and Atmos-
pheric Administration (NOAA) Climate Prediction Center
(CPC) (https://www.esrl.noaa.gov/psd/data/climateindices/).
These climate indices are available from 1950 to the present.
As in Ding and Wang (2005), CGT index is calculated as the
region-averaged 200 hPa geopotential height anomalies over
35°—-40°N and 60°-70°E. This study employed the stationary
wave activity flux (WAF) in Takaya and Nakamura (2001) to
describe propagation of atmospheric stationary Rossby wave.
Equation of the WAF is written as follows (Takaya and Naka-
mura et al. 2001):

UW? —y'v' )+ V=V + ')
P} y—uv + ')+ V't + y'u' )

2|U | ICOZ—I;;J[U(V’T’ —y'T' )+ V(=T —y'T )]

w

where U = U, V),y',and V' = (u’,V") represent the mean
winds, perturbed geostrophic stream function and winds,

respectively. N, f,, T, H,, R, and p denote the Brunt—Vais-
ala frequency, the Coriolis parameter at 45°N, perturbed air
temperature, the scale height, gas constant related to the dry
air, and pressure normalized by 1000 hPa, respectively. The
subscript x (y) denotes derivative in the zonal (meridional)
direction. Climatological means are calculated based on
the period over 1950-2014. Perturbed geostrophic stream
function and winds correspond to the anomalies obtained
by regression against an involved time series.

Statistically significance levels of the correlation and
regression coefficients are estimated based on the two-
tailed Student’s ¢ test. This study focuses on analyzing the
variations on the interannual timescales. Hence, all the
original variables and indices are subjected to a 9-year high
pass Lanczos filter to obtain their interannual components
(Duchon 1979). We have calculated the percent of SAT vari-
ance explained by the interannual variability during autumn
over the mid-high latitudes of Eurasia (Fig. 1). The percent
variance is above 60% over most parts of Eurasia north of
40°N (Fig. 1).

3 Dominant patterns of boreal autumn SAT
anomalies

We extract the dominant patterns of boreal autumn (SON)
SAT anomalies over the mid-high latitudes of Eurasia
(40°=70°N and 0°-140°E) via the EOF analysis method.
SAT anomaly fields are weighted by the cosine of the lati-
tude to account for decrease of the area with the increase
in the latitude (North et al. 1982a). The first three EOF
modes explain 43.7%, 16.3%, and 12.6% of the total vari-
ance, respectively. These EOF modes are well separated
from each other and from the other EOF modes according
to the method of North et al. (1982b). This study focuses on

120E 180
I
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Fig. 1 Percentage of variance of the boreal autumn (SON) SAT vari-
ation over the mid-high latitudes of Eurasia explained by its interan-
nual component during 1948-2014. Unit is %
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analyzing the first three EOF modes (i.e., EOF1, EOF2, and
EOF3) as the percentage variances of other EOF modes are
relatively small.

The EOF1 is featured by same-sign SAT anomalies over
most parts of the mid-high latitudes of Eurasia (north of
40°N), with a maximum center around the central Siberia
(Fig. 2a). Opposite SAT anomalies with much smaller ampli-
tude are seen around the Balkan Peninsula (Fig. 2a). The
EOF?2 is characterized by an east—west dipole pattern, with
one center of SAT anomalies over the East European Plain
and the other center of opposite sign north of the Lake Bai-
kal (Fig. 2¢). The EOF3 is featured by a meridional dipole
pattern, with large SAT anomalies over the north coast of
the Eurasia between 20°E and 120°E and opposite sign SAT
anomalies around 30°-50°N and 50°-120°E (Fig. 2e). The
corresponding PC time series show clear interannual varia-
tions during 1948-2014 (Fig. 2b, d, f).

In the following sections, we analyze the factors respon-
sible for the formation of the SAT anomalies related to the
above three EOF modes. We first discuss contribution of
the Eurasian snow cover change. Then, we examine roles of
atmospheric circulation anomalies.

Fig.2 Boreal autumn SAT

(unit: °C) anomalies obtained 80N

4 Roles of snow cover changes in the SAT
anomalies

This section investigates the potential connection of autumn
SAT anomalies with the snow changes. Studies have demon-
strated that snow cover change can influence SAT anomalies
via the snow-albedo effect and the snow hydrological effect
(Barnett et al. 1989; Yasunari et al. 1991). For the snow-
albedo effect, snow cover anomalies impact SAT through
change in surface shortwave radiation (SWR) (Yasunari et al.
1991). The snow-hydrological effect involves consumption
of heat for snow melting and increase in the moisture of the
land surface after the snow melting (Yasunari et al. 1991).
Before investigating connection of the autumn SAT anoma-
lies with snow changes, we first examine the climatology
and standard deviation of SCE and SD. Climatological mean
SCE and SD display similar spatial distribution over Eurasia,
with larger values over higher latitudes (Fig. 3a, c). Rela-
tively large interannual variability of the autumn SCE is pre-
sent over the Tibetan Plateau, north Europe, and East Siberia
(Fig. 3b). For the SD, spatial distribution of the standard
deviation (Fig. 3d) resembles well that of climatological
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ardized principal component
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ing to a EOF1, ¢ EOF2, and

e EOF3 of the SAT anoma-
lies over Eurasian mid-high
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regions in a, ¢, e indicates SAT
anomalies significant at the 95%
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Fig. 3 Climatology of autumn
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mean (Fig. 3¢). The areas with larger climatological mean
tend to have larger interannual variability of SD (Fig. 3c, d).
In the following, we further examined the SCE and SD
anomalies associated with the first three EOF modes. To
a large extent, spatial distributions of the autumn SCE
anomalies related to the first three EOF modes over Eur-
asia (Fig. 4a—c) are similar to those of the SD anomalies
(Fig. 4d—f) though the regions with significant SCE anoma-
lies are slightly larger. For the first EOF mode, decreases in
the SCE and SD anomalies are observed around 40°-70°N
and 60°-120°E (Fig. 4a, d) corresponding to positive SAT
anomalies there (Fig. 2a). This implies a possible contri-
bution of the snow change to the SAT anomalies. This is
because decrease in the snow cover may lead to decrease
in surface albedo, which results in more SWR absorbed by
the surface and contributes to SAT increase. For the second
EOF mode, increases in SCE and SD are seen around the
East European Plain and the Russian Far East (Fig. 4b, e)
corresponding to negative SAT anomalies (Fig. 2¢). In addi-
tion, negative SCE and SD anomalies are present around
the Lake Baikal. For the third EOF mode, the SCE and SD
anomalies display a south—north dipole pattern, with posi-
tive (negative) values south (north) of 45°N (Fig. 4c, f). The
correspondence between the SAT and snow anomalies over
several regions of Eurasia implies that formation of the SAT
anomalies may be partly related to the snow cover change.
The snow and SAT changes may involve one way effect
or two-way interactions. On one hand, snow anomalies may
lead to SAT changes via the snow-hydrological effect and
the snow-albedo effect (Barnett et al. 1989; Yasunari et al.

60E 120E 180

-
1234567829

1991). On the other hand, SAT anomalies may lead to snow
cover changes (Ye et al. 2015; Chen et al. 2016b). Increases
(decreases) in SAT are favorable for consumption (accumu-
lation) of snow. Hence, it is hard to separate the effect of
snow on the SAT variation only through comparison of the
spatial distributions of the SCE and SAT anomalies.
Following previous studies (Ye et al. 2015; Chen et al.
2016b), surface heat flux changes are examined to help
understand the effect of the snow cover change on the SAT
anomalies. The effect of snow cover changes on the SAT
anomalies can be captured by surface heat flux anomalies
(Barnett et al. 1989; Yasunari et al. 1991; Ye et al. 2015;
Chen et al. 2016b). Specifically, snow cover anomalies may
change surface heat fluxes in several ways. Snow changes
affect SWR via modulating surface albedo. Decreases
(increases) in snow cover result in more (less) SWR
absorbed by the surface, which contributes to increases
(decreases) in SAT (Ye et al. 2015; Chen et al. 2016b).
Increase in snow amount leads to consumption of more heat
energy for the snow melting. As a result, less heat energy is
available to warm surface air, which results in SAT decrease.
This process may be captured by surface sensible heat flux
(SHF) change through the temperature contrast between the
ground surface and surface air. It can also be captured by
surface upward longwave radiation change (LWR) because
change in LWR is related to surface temperature change.
Specifically, increase in snow is associated with decrease in
upward SHF because of the decrease in difference between
the land surface and air temperature. Increase in snow is also
related to the decrease in upward LWR due to the ground
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Fig.4 Anomalies of autumn d
(left column) SCE (unit: %) and 80N (a) EOF1 (SCE) 80N ( ) EOF1 (SD)

(right column) SD (mm of water
equivalent) obtained by regres-
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PC time series corresponding to
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temperature decrease. Furthermore, increase in snow may
lead to increase in soil moisture when snow melts. This
results in more upward surface latent heat flux (LHF) as the
land—air humidity difference may increase. Note that change
in SWR and LWR may also be impacted by total cloud cover
(TCC). Hence, the TCC changes are also examined to under-
stand generation of surface heat flux anomalies. Here, we
examine anomalies of autumn surface net heat flux (NHF),
SWR, LWR, SHF, LHF and TCC corresponding to the first
three EOF modes. Surface heat flux anomalies are taken
to be positive when their directions are downward, which
contribute to surface warming.

Corresponding to the EOF1, positive NHF anomalies
are seen around 60°-70° and 50°-140°E (Fig. 5a), which
is mainly due to SHF increase (Fig. 5j). NHF anomalies are
weak south of 60°N (Fig. 5a) due to cancellation among
different components (Fig. 5d, g, j, m). Comparison of
Fig. 4a, d with 5j indicates that SHF increase around 60°N
cannot be explained by snow cover decrease there as snow
cover decrease is expected to lead to SHF decrease (Ye
et al. 2015; Chen et al. 2016b). SHF decrease around 50°N
and 80°E may be partly due to snow decrease (Figs. 4a, d,
5j). SWR increase west of the Lake Baikal is attributed to

@ Springer

a combination of snow cover and TCC decreases (Fig. 4a,
d, 5d, and 6a).

Corresponding to the EOF2, negative NHF anoma-
lies extend from the East European Plain to north Europe
(Fig. 5b). NHF anomalies are weak and insignificant east of
the Lake Baikal where positive SAT anomalies are observed
(Figs. 2c, 5b). SWR and LHF (LWR and SHF) have a nega-
tive (positive) contribution to the NHF increase over the
north coast of Europe (Fig. 5b, e, h, k, n). NHF decrease
north of the Caspian Sea and the Black Sea is mainly
attributed to SWR and LHF (Fig. 5b, e, n). LWR and SHF
increases have a negative contribution to the NHF decrease
in those regions (Fig. 5b, h, k). SWR and LHF decreases as
well as LWR and SHF increases north of the Caspian Sea
and over the Black Sea may be related to the increase in SCE
and SD (Figs. 4b, e, Se, h, k, n). SWR and LWR changes
north of the Caspian Sea and over the Black Sea cannot be
explained by small TCC anomalies there (Fig. 6b). By con-
trast, SWR increase and LWR decrease over the north coast
of Europe (Fig. Se, h) cannot be explained by SCE increase
(Fig. 4b, e), but may be attributed to TCC decrease (Fig. 6b).
SHF decrease and LHF increase are not related to the snow
changes over north coast of Europe (Figs. 4b, e, 5k, n).
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Fig.5 Anomalies (unit: W m~?) of autumn surface a—c net heat flux,
d-f shortwave radiation, g-i longwave radiation, j-1 sensible heat
flux, and m—o latent heat flux obtained by regression against the
standardized PC time series corresponding to (left column) EOF1,

Corresponding to the EOF3, the spatial distribution of
the NHF anomalies (Fig. 5c) displays notable difference
from that of the SAT anomalies (Fig. 2e). This indicates
that NHF change cannot explain the formation of the SAT
anomalies. SWR decrease and LWR increase northeast of
the Caspian Sea cannot be explained by weak SCE and
SD anomalies. SWR and LWR changes around 70°E seem
to be related well to TCC change (Figs. 5f, i, 6¢). In par-
ticular, TCC increase (decrease) generally corresponds to
LWR increase (decrease) and SWR decrease (increase).
The SHF increase around the 50°N and 80°E may be partly
related to the increase in SCE and SD (Figs. 4c, f, 51).

180

0.2 0.5 0.8

(center column) EOF2, and (right column) EOF3 of autumn Eurasian
SAT anomalies. Stippling regions indicate anomalies significant at
the 95% confidence level

Above analysis of surface heat flux changes suggests that
snow cover changes over many regions cannot explain the
formation of SAT anomalies related to the first three EOF
modes. This implies that the atmospheric anomalies may play
important roles in the interannual variability of SAT anomalies
over Eurasia. Roles of the atmospheric anomalies in the SAT
changes are examined in the following section.
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Fig.6 Anomalies of autumn TCC (unit: %) obtained by regression
against the standardized PC time series corresponding to a EOF1,
b EOF2, and ¢ EOF3 of autumn Eurasian SAT anomalies. Stippling
regions indicate anomalies significant at the 95% confidence level

5 Contributions of atmospheric circulation
anomalies

The spatial distributions of the SAT anomalies for the first
three EOF modes match well with those of surface wind
anomalies (Figs. 2a, c, e and 7a—c). Corresponding to the
EOF]1, strong cyclonic wind anomalies are observed over
the north coast of Eurasia and Barents—Kara seas, and anti-
cyclonic anomalies are observed over west Europe and the
Lake Baikal (Fig. 7a). Accordingly, southwesterly wind
anomalies appear over the mid-high latitudes of Eurasia,
and northerly wind anomalies occur over the Mediterranean.

@ Springer

Fig.7 Anomalies (unit: m s™') of autumn surface (10 m) winds
obtained by regression against the standardized PC time series of
a EOF1, b EOF2, and ¢ EOF3 of autumn Eurasian SAT anomalies.
Shading regions indicates either component of the wind anomalies
that are significantly different from zero at the 95% confidence level.
Wind anomalies in both directions less than 0.08 m s™' are masked

The southwesterly wind anomalies contribute to the posi-
tive SAT anomalies over the mid-high latitudes of Eurasia
via bringing warmer air from lower latitudes (Figs. 2a, 7a).
The negative SAT anomalies around the Balkan Peninsula
are due to the northerly wind anomalies there, which bring
colder air from higher latitudes (Figs. 2a, 7a). The anticy-
clonic anomaly over the Lake Baikal leads to less TCC and
results in more SWR reaching the surface, contributing to
positive SAT anomalies there (Figs. 2a, 5a, 7a).
Corresponding to the EOF2, anticyclonic wind anomalies
are observed over North Europe and cyclonic wind anom-
alies are seen over West Siberia (Fig. 7b). An anomalous
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anticyclone, but with smaller amplitude, can also be
observed around the Lake Baikal. In correspondence, north-
erly wind anomalies are seen over the East European Plain
and southerly wind anomalies extend from north of the Cas-
pian Sea to north of the Lake Baikal. The northerly wind
anomalies over the East European Plain bring colder air
from higher latitudes, leading to negative SAT anomalies
there (Figs. 2c, 7b). By contrast, positive SAT anomalies
north of the Lake Baikal are attributable to southerly wind
anomalies.

Corresponding to the EOF3, an anomalous anticyclone is
present over north part of the Eurasia, inducing southwest-
erly wind anomalies over the north coast of the Eurasia and
northeasterly wind anomalies over central Siberia (Fig. 7¢).
The southwesterly wind anomalies contribute to positive
SAT anomalies over the north coast of the Eurasia (Figs. 2e,
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Fig.8 Anomalies (unit: m s71 of (left column) 850 hPa and (right
column) 200 hPa wind anomalies obtained by regression against the
standardized PC time series corresponding to a, b EOF1, ¢, d EOF2,
and e, f EOF3 of autumn Eurasian SAT anomalies. Shading regions

7c). Negative SAT anomalies over the central Siberia are
related to northeasterly wind anomalies there (Figs. 2e, 7¢).

Above results imply that atmospheric anomalies are
crucial for interannual variability of autumn SAT over the
mid-high latitudes of Eurasia. In general, southerly (north-
erly) wind anomalies bring warmer (colder) air from lower
(higher) latitudes and result in positive (negative) SAT
anomalies. In the following, we further discuss the plausi-
ble factors for the formation of the atmospheric anomalies
related to the first three EOF modes of the Eurasian autumn
SAT interannual variations. The atmospheric anomalies over
Eurasia may be associated with large-scale atmospheric vari-
ability beyond Eurasia.

Atmospheric anomalies related to the first three EOF
modes all display a barotropic vertical structure (Fig. 8). For
the EOF1 mode, a cyclonic anomaly appears over Eurasian
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indicates either component of the wind anomalies that are signifi-
cantly different from zero at the 95% confidence level. Wind anoma-
lies at 850 hPa (200 hPa) in both directions less than 0.1 (0.2) m s~
are masked
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Arctic region and two anticyclonic anomalies occur over
west Europe and around the Lake Baikal regions, respec-
tively (Fig. 8a, b). Correspondingly, southwesterly wind
anomalies are seen over the mid-high latitudes of Eurasia
and northerly wind anomalies are present over east coast
of East Asia and around the Mediterranean Sea. For the
EOF2 mode, a clear atmospheric wave train is observed
to extend from the mid-latitudes of the North Atlantic to
the high-latitudes of the North Atlantic and north Europe,
and then eastward to East Asia (Fig. 8c, d). For the EOF3
mode, a pronounced anticyclonic anomaly dominates over
the high latitudes of Eurasia and around the Barents—Kara
seas (Fig. 8e, f).

For the EOF1, negative 500 hPa geopotential height
anomalies appear over the Arctic region (Fig. 9a). This
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Fig.9 Anomalies of autumn 500 hPa geopotential height (shadings;
unit: gpm) and wave activity fluxes (vectors; unit: m? s~2) obtained
by regression against the standardized PC time series of a EOF1, b
EOF2, and ¢ EOF3 of autumn Eurasian SAT anomalies. Stippling
regions indicates geopotential height anomalies that are significantly
different from zero at the 95% confidence level. Wave activity flux
anomalies in both directions less than 0.05 m? s~2 are masked
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structure is reminiscent of the AO (Thompson and Wallace
2000). The correlation coefficient between the autumn AO
index and the PC time series of the EOF1 reaches 0.61 dur-
ing 1948-2014, significant at the 99.9% confidence level.
This suggests that the AO related atmospheric circulation
anomalies play an important role in modulating the SAT
anomalies related to the first EOF mode. Correlation of
the EOF1 with the NAO is much weaker than that with the
AO (Table 1). Furthermore, an atmospheric wave train is
observed over west Europe through the Scandinavian Pen-
insula and then southeastward to the region around the Lake
Baikal (Fig. 9a). This atmospheric wave train resembles
closely the SCAND teleconnection pattern (Barnston and
Livezey 1987; Chen et al. 2018a). The correlation coeffi-
cient between the SCAND pattern index and the PC1 time
series reaches —0.63, slightly larger than that related to
the autumn AO (r=0.61) (Table 1). This indicates that the
SCAND teleconnection pattern is another important factor
for the interannual variation of the autumn SAT anomalies
over the mid-high latitudes of Eurasia. Correlations of the
other atmospheric teleconnection patterns (such as EA,
EAWR, PNA, WP and CGT) with the first EOF mode are
weak (Table 1).

To further confirm roles of the AO and SCAND pattern
in the interannual variation of Eurasian SAT, we present
autumn SAT and 850 hPa wind anomalies related to autumn
AO and SCAND pattern indices in Fig. 10. Positive SAT
anomalies are seen over most regions of Eurasia north of
40°N during positive phases of the autumn AO and negative
phase of the SCAND pattern (Fig. 10a, b). This is attrib-
uted to southwesterly wind anomalies related to the autumn
AO and SCAND pattern (Fig. 10c, d). In comparison, the
positive SAT anomalies related to the AO shift relatively
northward compared to those related to the SCAND pattern.
Differences in the SAT anomalies over Eurasia (Fig. 10a, b)
are associated with the structure of atmospheric circulation
anomalies related to the AO and SCAND pattern (Fig. 10c,

Table 1 Correlation coefficients of PC1, PC2, and PC3 time series of
autumn Eurasian SAT interannual variations with different telecon-
nection indices at simultaneous autumn

PCl1 PC2 PC3

AO 0.61%* 0.017 0.09
NAO 0.30* 0.034 0.24
EA -0.13 -0.03 0.02
EAWR 0.07 0.72%* -0.19
PNA -0.03 0.11 —-0.02
SCAND —0.63* 0.16 0.17
WP -0.19 0.03 -0.16
CGT 0.19 0.40* -02

“#” and “**” indicate correlation coefficient significant at the 95%
and 99% confidence level, respectively
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Fig. 10 Anomalies of autumn a, b SAT (unit: °C), and ¢, d winds
(unit: m s™!) at 850 hPa obtained by regression against the stand-
ardized autumn (left column) AO index and (right column) minus
one SCAND teleconnection index, respectively. Stippling regions in
a, b indicate SAT anomalies that are significantly different from zero

d). Overall, above evidences verify that autumn AO and
SCAND related atmospheric anomalies are two important
factors for the SAT anomalies over mid-high latitudes of
Eurasia related to the EOF1.

For the EOF2, a clear atmospheric wave train extends
from the North Atlantic to East Asia (Fig. 9b). This atmos-
pheric wave train bears a close resemblance to the EAWR
pattern (Barnston and Livezey 1987). The correlation coef-
ficient between the PC2 time series and the EAWR index is
as high as 0.72 during 1948-2014, significant at the 99.9%
confidence level (Table 1). This implies that EAWR-related
atmospheric anomalies play a key role in modulating the
SAT anomalies related to the EOF2. In addition, the CGT
pattern has a correlation coefficient of 0.4 with the PC2 time
series (Table 1), significant at the 95% confidence level. This
indicates that the CGT pattern may also play a role in modu-
lating the autumn SAT anomalies over the mid-high latitudes
of Eurasia related to the EOF2. Figure 11 shows autumn
SAT and 850 hPa wind anomalies obtained by regression
against the standardized autumn EAWR and CGT indices,
respectively. The EAWR and CGT pattern related autumn
SAT anomalies both display an east—west dipole pattern over
the mid-high latitudes of Eurasia (Fig. 11a, b), similar to the
structure of the SAT anomalies related to the EOF2 (Fig. 2c).

(b) SCAND sat
60N
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60W 0 60E 120E 180
<<{lHm | | g

-06 -04 -02 01 03 05 07

winds(850hPa)

at the 95% confidence level. Shading regions in ¢, b indicates either
component of the wind anomalies that are significantly different from
zero at the 95% confidence level. Wind anomalies in both directions
less than 0.1 m s~ ! are masked

The positive SAT anomalies over East Siberia related to the
EAWR and CGT pattern are attributed to southerly wind
anomalies there (Fig. 11a, d). By contrast, negative SAT
anomalies over the west Siberia are resulted from north-
erly wind anomalies related to the EAWR and CGT pattern.
Above results confirm that the EAWR and the CGT patterns
play important roles in the formation of the SAT anomalies
related to the EOF2.

For the EOF3, correlations of the atmospheric telecon-
nection patterns with the PC3 time series are weak and
insignificant (Table 1). An atmospheric wave train origi-
nates from Eurasian Arctic and extends southeastward to
East Asia (Fig. 9¢). This result implies that the formation
of the atmospheric anomalies over Eurasia related to the
EOF3 may be partly attributed to the Arctic sea ice change.
Actually, the spatial structure of the atmospheric anomalies
over Eurasia related to the EOF3 bear a close resemblance
to that related to decrease in the Arctic sea ice around the
Barents—Kara Sea as identified in Wu et al. (2016). Wu
et al. (2016) demonstrated that decrease in the Arctic sea
ice concentration around the Barents—Kara Sea can induce
an atmospheric wave train from Eurasian Arctic to East Asia,
with a significant anticyclone around the high latitudes of
the Eurasia (see their Fig. 3). To check the possible role

@ Springer
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Fig. 11 Anomalies of autumn a, b SAT (°C), and ¢, d winds (m s7h
at 850 hPa obtained by regression against the standardized autumn
(left column) EAWR and (right column) CGT teleconnection indices,
respectively. Stippling regions in a, b indicate SAT anomalies that are
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Fig. 12 Anomalies of autumn Arctic sea ice cover (SIC; unit: %)
obtained by regression against the PC time series of EOF3 of autumn
Eurasian SAT anomalies. Stippling regions indicate SIC anomalies
significant at the 95% confidence level

of the Arctic sea ice change in the formation of the atmos-
pheric anomalies related to the EOF3, we show Arctic sea
ice anomalies related to the PC3 time series in Fig. 12. Sig-
nificant decrease in the Arctic sea ice is seen around the Bar-
ents—Kara Seas related to the EOF3. Based on the results in
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significantly different from zero at the 95% confidence level. Shad-
ing regions in ¢, b indicates either component of the wind anomalies
that are significantly different from zero at the 95% confidence level.
Wind anomalies in both directions less than 0.1 m s~ ! are masked

Fig. 12, an Arctic sea ice index (ASI) is defined using area-
averaged sea ice concentration anomalies over 70°~79°N
and 30°-80°E (Fig. 13). The original autumn ASI shows
a significant decreasing trend during 1948-2014 (Fig. 13),
consistent with previous studies (Liu et al. 2012; Wu et al.
2016). The correlation coefficient between interannual vari-
ation of the autumn ASI and the PC3 time series reaches
—0.46 during 1948-2014, significant at the 99% confidence
level. It is noted that a significant correlation (r=—0.51) is
still observed for the period 1979-2014 between the autumn
ASI and the PC3.

We further examine anomalies of autumn SAT and
850 hPa winds anomalies related to the standardized minus
one ASI index. An anticyclonic anomaly occurs over the
high latitudes of Eurasia related to decrease in the ASI
(Fig. 14b), consistent with Wu et al. (2016). The SAT anom-
alies related to the ASI index display a south—north dipole
pattern (Fig. 14a), similar to the SAT anomalies related
to the EOF3. Hence, change in the ASI around the Bar-
ents—Kara Seas may partly contribute to the SAT anomalies
related to the EOF3. Nevertheless, other factors may also
play an important role in the SAT anomalies related to the
EOF3, which remain to be explored.

SST anomalies in the North Atlantic Ocean may modulate
Eurasian SAT anomalies during boreal spring and summer
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Fig. 13 Normalized time series 3 " " 1

of the original autumn Arctic
sea ice index (ASI) (blue line)
and its interannual component
(red line) during 1948-2014.
The autumn ASI is defined as 1
area-mean SIC anomalies over
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Fig. 14 Anomalies of autumn a SAT (unit: °C), and b winds (unit:
m s~!) at 850 hPa obtained by regression against the standardized
interannual variation of the autumn ASI. Stippling regions in a indi-
cate SAT anomalies that are significantly different from zero at the
95% confidence level. Shading regions in b indicates either compo-
nent of the wind anomalies that are significantly different from zero
at the 95% confidence level. Wind anomalies in both directions less
than 0.1 m s~! are masked. Definition of the Autumn SIC index is
provided in the text

via triggering an atmospheric wave train (Wu et al. 2009,
2011; Chen et al. 2016b, 2018b, c). Hence, a question is:
Do SST anomalies have a role in the generation of the

1980 2000

atmospheric circulation anomalies related to the first three
EOF modes of the autumn SAT anomalies over the mid-high
latitudes of Eurasia? To address this issue, we display SST
anomalies obtained by regression upon the PC time series
of the first three EOF modes in Fig. 15. The obtained SST
anomalies are generally weak in the North Atlantic, Indian
Ocean and North Pacific except for small patch of signifi-
cant anomalies south of Japan (Fig. 15). This indicates that
atmospheric circulation anomalies related to the first three
EOF modes of autumn Eurasian SAT may not be related to
the SST anomalies.

6 Empirical model of autumn Eurasian SAT
anomalies

Above results indicate that the AO and SCAND teleconnec-
tion patterns both play important roles in autumn Eurasian
SAT anomalies related to the EOF1. In addition, autumn
Eurasian SAT anomalies related to EOF2 are impacted by
the EAWR and CGT patterns. In the following, we establish
empirical models to hindcast the PC1 (PC2) time series of
autumn Eurasian SAT variations based on both the AO and
SCAND indices (EAWR and CGT indices), respectively.
The empirical models are presented as follows:

PCI1(t) = al x AO_res(t) + bl x SCAND_res(t), (1)

PC2(t) = a2 x EAWR _res(t) + b2 x CGT_res(t), )
where t denotes time in years. PC1(t) and PC2(t) represent
PC1 and PC2 time series of autumn Eurasian SAT, respec-
tively. AO_res (SCAND_res) denotes the part of autumn
AO (SCAND) index that is linearly unrelated to the autumn
SCAND (AO) index. In addition, EAWR_res (CGT_res)
indicates the part of autumn EAWR (CGT) index that is
linearly unrelated to the autumn CGT (EAWR) index. The
hindcast skills of these empirical models are cross validated
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Fig. 15 Anomalies of autumn SST (unit: °C) obtained by regression
against the standardized PC time series of a EOF1, b EOF2, and ¢
EOF3 of Autumn Eurasian SAT anomalies, respectively. Stippling
regions indicate SST anomalies significant at the 95% confidence
level

via a leave-one-out scheme (i.e., excluding 1 year from the
period 1950-2014, determining the regression coefficient
via remaining indices and then hindcasting the value for the
excluded year) (Ham et al. 2013; Chen et al. 2018b). The
results are shown in Fig. 16.

When both the AO and SCAND indices are used to hindcast
the PC1 time series, the cross validated correlation coefficient
is 0.72, which is much higher than that only using the autumn
AO (R=0.35) or SCAND (R=0.37) to predict the PC1 time
series. In particular, extreme values of the PC1 time series
in most of the years are better hindcasted by the empirical
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Fig. 16 a Standardized PC1 time series of autumn Eurasian SAT dur-
ing 1950-2014 (black bars), and the cross-validated hindcasts of the
PC1 time series by empirical models using the autumn AO_res index
alone (red line), using the autumn SCAND_res index alone (blue
line), and using both the Autumn AO_res and SCAND_res indices
(green line). b Standardized PC2 time series of autumn Eurasian SAT
(black bars), and the cross-validated hindcasts of the PC2 time series
by empirical models using the autumn EAWR_res index alone (red
line), using the autumn CGT_res index alone (blue line), and using
both the autumn EAWR _res and CGT _res indices (green line)

model when both the AO and SCAND are taken into account
(Fig. 16a). The cross validated correlation coefficient is 0.75
when both the EAWR and CGT indices are employed to hind-
cast the PC2 time series. This is also higher than that only
using EAWR (R=0.60) or CGT (R=0.18) to predict the PC2
time series. In addition, amplitudes of the PC2 time series in
many years are better reproduced by the empirical model when
using both the EAWR and CGT indices (Fig. 16b). Therefore,
above results show that the hindcast skill of autumn Eurasian
SAT anomalies related to the EOF1 (EOF2) may be improved
when both the AO and SCAND (EAWR and CGT) indices
are considered.
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7 Summary

This study analyzed boreal autumn SAT variations over the
mid-high latitudes of Eurasia on the interannual timescale
during 1948-2014 and the plausible factors. An EOF tech-
nique was first employed to obtain the dominant modes
of the autumn Eurasian SAT interannual variations. The
first EOF mode is characterized by same-sign SAT anoma-
lies over the mid-high latitudes of Eurasia. The second
EOF mode is featured by an east—west dipole anomaly
pattern, with one center of SAT anomalies over the East
Europe Plain and the other center of opposite sign located
north of the Lake Baikal. The third EOF mode displays a
south—north dipole pattern, with large SAT anomalies over
the north coast of the Eurasia and anomalies with opposite
sign over the central Siberia.

Then, we analyzed the possible contribution of the snow
cover change to the SAT anomalies via analysis of the sur-
face heat fluxes. For the first EOF mode, snow changes can
partly contribute to SAT anomalies around the central Sibe-
ria via modulating surface shortwave radiation. Formation of
the SAT anomalies in other regions is not related to the snow
changes. For the second EOF mode, negative SAT anomalies
over the East Europe Plain may be partly attributed to the
pronounced increase in snow cover. Increase in snow cover
leads to increase in surface albedo and results in decrease in
downward SWR, which further contributes to negative SAT
anomalies. Snow anomalies related to the EOF2 are weak
around the Lake Baikal. Hence, the positive SAT anomalies
related to the EOF2 around the Lake Baikal are not due to
the snow changes. For the EOF3, surface heat flux anomalies
are weak. This implies that snow changes may play little role
in the SAT anomalies related to the EOF3.

Further analyses show that atmospheric circulation
anomalies play an important role in the SAT anomalies
related to the dominant modes of the autumn Eurasian
SAT interannual variations. For the EOF1, positive SAT
anomalies over most regions of the Eurasia are related to
southwesterly wind anomalies, which bring warmer air
from lower latitudes. For the EOF2, negative SAT anoma-
lies over the East Europe Plain are attributed to north-
erly wind anomalies. The northerly wind anomalies carry
colder air from higher latitudes and lead to negative SAT
anomalies. By contrast, positive SAT anomalies around the
Lake Baikal are related to southerly wind anomalies that
transport warmer air from lower latitudes. For the EOF3,
positive SAT anomalies over the north coast of Eurasia are
associated with southwesterly wind anomalies, and nega-
tive SAT anomalies over the central Siberia are related to
northeasterly winds anomalies there.

We further investigate the factors for the formations
of the atmospheric circulation anomalies related to the

first three EOF modes. For the EOF1 mode, the atmos-
pheric circulation over Eurasia has a close relationship
with the AO and SCAND teleconnection patterns. This
implies that the AO and SCAND patterns collectively
contribute to the continent-scale same-sign SAT anoma-
lies over the mid-high latitudes of Eurasia. For the EOF2
mode, atmospheric anomalies display a clear wave train
over the North Atlantic through Eurasia, with anticyclonic
anomalies over west Europe and East Asia and cyclonic
anomalies over the mid-latitudes of the North Atlantic and
over the west Siberia. The EAWR and CGT patterns have
an important contribution to the atmospheric circulation
anomalies related to the EOF2 mode. This indicates that
the EAWR and CGT patterns play an important role in
the formation of the east—west dipole SAT anomalies over
the mid-high latitudes of Eurasia during boreal autumn.
For the EOF3 mode, anticyclonic anomaly over the high
latitudes of the Eurasia, which may be partly attributed
to the Arctic sea changes, plays a key role in the genera-
tion of the south—north dipole SAT anomalies. In addition,
atmospheric circulation anomalies related to the first three
EOF modes do not have a clear relationship with the SST
anomalies.

Furthermore, we have developed empirical models to
hindcast PC1 (PC2) time series of the Eurasian autumn SAT
variations via employing a combination of the autumn AO
and SCAND (EAWR and CGT) indices. The results show
that the cross validated correlation coefficients of the empiri-
cal model are much higher than those employing only the
autumn AO or SCAND index to forecast the EOF1 mode of
the Eurasian autumn SAT variation. The cross validated cor-
relation coefficients of the empirical model are also higher
than those employing only the autumn EAWR or CGT index
to forecast the EOF2 mode of the Eurasian autumn SAT vari-
ation. This indicates that the AO and SCAND patterns are
both important for the prediction of continent-wide same-
sign SAT anomalies over the mid-high latitudes of Eurasia
during boreal autumn. Furthermore, the EAWR and CGT
are both crucial for the prediction of the autumn east—west
dipole SAT anomalies.
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