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1 | INTRODUCTION

Summer SAT anomalies over Eurasia have an important
influence on the economic and social development and
lives of people in the region. For instance, extremely high
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Abstract

This study investigates the variability of summer surface air temperature
(SAT) over northern Eurasia and its precursory signals in the tropical Atlantic
and northern Asian land. The leading mode of summer SAT variations fea-
tures a northern Eurasian SAT tripole (NEST) pattern, with two same-sign
SAT anomaly regions over eastern Europe-western Siberia and the Far East
region and an opposite-sign SAT anomaly region around the Baikal Lake. It is
found that sea surface temperature (SST) or SAT anomalies in the tropical
Atlantic and rainfall-soil moisture anomalies around the Baikal Lake during
May can modulate the NEST pattern. The SST anomalies in the tropical Atlan-
tic persist from May to summer and induce a downstream zonal wave train
across northern Eurasia, consequently causing the variation in the summer
NEST pattern. May rainfall anomalies around the Baikal Lake affect the over-
lying atmospheric circulation during summer through the ‘memory’ effect of
soil moisture and the soil moisture-rainfall interaction, correspondingly modu-
lating the downstream wave train and the associated NEST pattern. Based on
the above results, a statistical prediction model is established using the two
precursory signals, that is, SAT in the tropical Atlantic and rainfall around the
Baikal Lake during May. The leave-three-out cross-validation shows that the
model has a high skill in predicting the summer NEST pattern, with a correla-
tion coefficient of 0.51 (significant at the 99.8% confidence level) between
observation and prediction during the period 1980-2016.
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SAT anomalies in western and central Europe caused
wildfires and severe economic losses during the summer
of 2003 (Beniston, 2004; Stott et al., 2004). An unprece-
dented high SAT event (heatwave) struck Russia and
resulted in severe forest fires and crop failures during the
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summer of 2010 (Barriopedra et al., 2011; Sedlacek
et al., 2011). Low SAT anomalies during the warm season
can also damage crops at high latitudes (Ma et al., 2003;
Fang et al., 2005). In addition to these local and direct
impacts, the SAT anomalies may also change the land-
sea thermal contrast between Eurasian and the Pacific
and therefore affect the variability of the Asian summer
monsoon (Liu and Yanai, 2001; D'Arrigo et al., 2006).
Thus, it is of great importance to explore the variability of
summer SAT over Eurasia and its precursory factors and
to understand associated physical mechanisms. This may
favour the socioeconomic development over both local
regions and broader Asian monsoon areas.

Land and oceanic conditions are considered as crucial
factors affecting Eurasian SAT. Local soil-atmosphere
feedbacks play important roles in driving regional tem-
perature extremes over Europe (Fischer et al., 2012; Boé
and Terray, 2014; Miralles et al., 2014; Whan et al., 2015).
Also, the soil moisture feedbacks can affect summer SAT
over various areas of East Asia (Zhang and Dong, 2010).
A west-east dipole pattern of spring snow cover varia-
tions over Eurasia, which may affect soil moisture during
the following season, pronouncedly modulates Eurasian
SAT and precipitation anomalies during spring and the
subsequent summer (Wu et al., 2014). In addition to the
abovementioned effects of land surface forcing, sea sur-
face temperature anomalies (SSTAs) in different oceanic
regions contribute to SAT anomalies over Eurasia. Obser-
vations and numerical simulations reveal that SSTAs in
the tropical Atlantic Ocean, the Mediterranean Basin, the
North Sea, and further north toward the Arctic Circle,
contribute to SAT anomalies in Europe (Cassou et al.,
2005; Sutton and Hodson, 2005; Feudale and Shukla,
2011a, 2011b). The El Nino-Southern Oscillation (ENSO)
and related anomalous heating over the tropical Pacific
and Atlantic can affect summer SAT over western Russia
through exciting a Rossby wave extending northwestward
to western Russia (Sun et al., 2016). The North Atlantic
SSTAs play an important role in inducing persisting
atmospheric circulation pattern over Eurasia and in the
maintenance of Eurasian SAT anomaly pattern from win-
ter to spring (Wu and Chen, 2020).

Specifically, the SSTAs in the Atlantic Ocean not only
influence climate anomalies in adjacent Europe (Cassou
et al., 2005; Sutton and Hodson, 2005, 2007; Feudale and
Shukla, 2011a, 2011b; Sutton and Dong, 2012; Saeed
et al., 2014), but also remotely adjust, to some extent,
Asian circulation and associated climate variability on
different timescales (Goswami et al., 2006; Lu et al., 2006;
Li et al., 2008, 2015; Wu et al., 2009; Wu et al., 2010,
2011; Zuo et al., 2013; Sun, 2014; Krishnamurthy and
Krishnamurthy, 2016; Wang et al., 2017). Therefore,
attention should be paid to the contribution of the SSTAs

in the Atlantic Ocean when investigating integral struc-
tures of climate anomalies over Eurasia. For example, a
tripole SSTA pattern in the North Atlantic can modulate
summer SAT over Northeast China (Wu et al., 2010,
2011). The tripole SSTA pattern in the North Atlantic
contributes largely to SAT anomalies over mid- to high-
latitude Eurasia during spring (Chen and Wu, 2017). A
horseshoe-shaped SSTA pattern in the North Atlantic can
stimulate wave-train-like atmospheric circulation anoma-
lies over the North Atlantic through Eurasia, therefore
contributing to a tripole anomaly pattern of SAT over
Eurasia during spring (Chen et al., 2016). Recent studies
further revealed the impact of the Atlantic SSTAs on SAT
over the Middle East and Arabian Peninsula during sum-
mer time (Ehsan et al., 2019, 2020).

Given the importance of oceanic thermal and land
soil moisture anomalies in modulating SAT over Eurasia,
we explore precursory signals of the summer SAT anom-
alies over Eurasia from the underlying surface condi-
tions, in particular, those in the Atlantic Ocean and
Eurasian land. The rest of the paper is organized as fol-
lows. In Section 2, the data and methods are described.
The characteristics of the variability of summer SAT over
northern Eurasia and associated atmospheric circulation
anomalies are presented in Section 3. Section 4 explores
the simultaneous and preceding underlying surface con-
ditions that are responsible for the summer SAT anoma-
lies over northern Eurasia. The associated physical
processes linking the preceding oceanic and land signals
and summer Eurasian SAT anomalies are proposed in
Section 4. Finally, a summary and discussion are given in
Section 5.

2 | DATA AND METHODS

The SAT connecting with heatwaves and cold damages
generally refers to that in thermometer screen at 1.5 m.
Thus, this study used monthly mean air temperature at a
close level (i.e., 2 m) to indicate the high-impact SAT.
The 2 m air temperature, pressure-level geopotential
height, U- and V-wind, and vertical velocity (omega)
data, which are obtained from the National Centers for
Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis 1 (Kalnay
et al, 1996). The monthly mean precipitation on
2.5° x 2.5° grids was obtained from the Climate predic-
tion centre (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin, 1997). We also used monthly
mean soil moisture on 0.75° X 0.75° grids of ERA-Interim
reanalysis (Dee et al., 2011) of the European Center for
Medium-Range Weather Forecasts. The National Oceanic
and Atmospheric Administration (NOAA) extended
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reconstructed SST version 4 (Huang et al., 2015) was also
used. The monthly mean air temperature at 2 m and
pressure-level geopotential height on 0.75° x 0.75° grids
of ERA-Interim reanalysis (Berrisford et al., 2011) were
also used to verify the results. The above data are all
extracted from 1980 to 2016.

During the period 1980-2016, there are significant
increasing trends in summer SAT over most regions of
Eurasia (not shown), which may reflect the concurrent
responses to global warming, rather than realistic intrin-
sic relationships. To investigate the interannual and
interdecadal variability of summer SAT over Eurasia and
its potential reasons, rather than the linear trend, we
removed linear trends from all data used in this study.

An empirical orthogonal function (EOF) (Obukhov,
1947; Kundu and Allen, 1976) was used to acquire the
dominant mode of summer SAT variation over northern
Eurasia (35°-70°N, 20°-160°E). In addition, wave-activity
flux was used to diagnose the propagation of stationary
waves. The wave activity flux W is expressed as follows:

UV =y") +V (= +y'ut,)

__p U(—u’v’+l;/u;)+V(u’2+1//u;)
21U

U foR,

N’H,

(T =y +v(-uT-y'T;) |

where y'denotes perturbation geostrophic stream func-
tion, u = (u, v) perturbation geostrophic wind velocities,
U = (U, V) a horizontal basic flow velocity, p pressure
normalized by 1,000 mb, R, the gas constant of dry air,
H, the constant scale height, f, the coriolis force constant
at the middle latitude of 50°N, N* the Brunt-Viisili fre-
quency and T the temperature (Takaya and Nakamura,
1997, 2001; Bueh and Nakamura, 2007). Several studies
indicated that this flux can successfully capture the
downstream propagation of Rossby wave energy stimu-
lated by the Atlantic thermal anomalies (Liu et al., 2012;
Wang et al., 2017; Yue et al., 2020).

A linear fitting method was applied to show the inde-
pendent effect of one factor after removing the variation
of the other factor (Hu et al., 2012). For the two time
series X1 and X2, the X2-related variation (called X1') of
X1 can be obtained through a linear fitting method, in
which the variation of X1 is regarded as a dependent vari-
able and the variation of X2 as an independent variable.
The residual of the linear fitting (i.e., the difference
X1 minus X1’) can be used to reflect the individual varia-
tion of X1 independent of X2 (Yue et al., 2020).

Eight-year high-/low-pass Lanczos filtering was used
to extract interannual/interdecadal components from a
raw variable (Duchon, 1979). Correlation, composite, and
regression methods were used in this study. Unless
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otherwise stated, the statistical significance was evaluated
using the Student's ¢ test.

Because the degrees of freedom are reduced after
filtering or removing linear trends, we assessed the sta-
tistical significance using a Monte Carlo test (Besag
and Clifford, 1989; Tippett, 2004; Ehsan et al., 2017).
For the Monte Carlo test of an EOF analysis, we ran-
domly scrambled the order of SAT during the period
1980-2016 for 1,000 times. After removing the linear
trends of SAT, the EOF analyses of random summer
SAT anomalies over northern Eurasia were repeated
1,000 times. The 95th (99th) percentile value of the
sorted explained variance of the leading EOF mode is
considered as the threshold value of 95% (99%) confi-
dence level. Similarly, for the Monte Carlo test of cor-
relation  between the interdecadal components
(obtained using low-pass Lanczos filtering) of two time
series, the order of time series was randomly scrambled
and then filtered. The process was repeated 10,000
times, and the threshold for statistical significance is
the 95th percentile.

We used binary linear regressions to construct a sta-
tistical prediction model of the dominant mode of sum-
mer SAT anomalies over northern Eurasia. Referring to
Gao et al. (2018), the correlation coefficients between the
observation and prediction were used to represent the
skills of statistical prediction models. The skills can be
tested using the method of leave-three-out cross-
validation (Michaelsen, 1987).

3 | TRIPOLE PATTERN OF
SUMMER SAT ANOMALIES OVER
NORTHERN EURASIA AND
ASSOCIATED ATMOSPHERIC
CIRCULATION ANOMALIES

We performed an EOF analysis of summer SAT anoma-
lies over northern Eurasia during the period 1980-2016
(not shown). The leading EOF mode (EOF1) accounts for
19% of the total variance, which is significant at the 99%
confidence level based on 1,000-time Monte Carlo simu-
lation (Besag and Clifford, 1989). The summer SAT
anomalies regressed upon the standardized principal
component (PC1) of EOF1 reveal a tripole pattern over
northern Eurasia, with same-sign SAT anomalies over
the eastern Europe-western Siberia region and the Far
East region and opposite-sign SAT anomalies over the
Baikal Lake region (Figure 1a).

For convenience, a northern Eurasian SAT tripole
(NEST) index (Ingst) Was defined to represent the varia-
tion of this pattern. The NEST index is calculated using
the following formula:
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FIGURE 1
upon the standardized time series of principal component (PC1) of
EOF1. Shadings denote SAT anomalies significant at the 95% and

99% confidence levels as shown by the colour bars. The three black

(a) Summer SAT anomalies (units: °C) regressed

boxes from left to right represent the eastern Europe-western
Siberia (43°-67°N, 40°-80°E), Baikal Lake (48°-60°N, 97°~115°F)
and the Far East (58°-68°N, 130°-160°E and 47°-58°N, 130°-
138°E) regions, respectively. (b) Standardized time series of the
summer NEST (red line) and PC1 (blue line) indices [Colour figure
can be viewed at wileyonlinelibrary.com]

Ingst=TgEws—TpL+ TFE,

in which Tggws, Ty and Tgg indicate the area-mean
summer SAT anomalies over the regions of eastern
Europe-western Siberia (EEWS; 43°-67°N, 40°-80°E),
Baikal Lake (BL; 48°-60°N, 97°-115°E) and Far East (FE;
58°-68°N, 130°-160°E and 47°-58°N, 130°-138°E),
respectively (see the black boxes in Figure 1a). The Tggws
has a correlation coefficient of —0.38 (0.44) with Ty
(Trg), significant at the 95% confidence level. The signifi-
cant correlations imply that the variations of summer SAT
over the three regions have an intrinsic connection, lead-
ing to the tripole pattern of SAT anomalies over northern
Eurasia during summer. The Iygsr is highly consistent
with the PC1, with a correlation coefficient of 0.84, signifi-
cant at the 99.9% confidence level (Figure 1b). Thus, the
Iygst can be used to measure the summer NEST pattern.
Summer 200-hPa geopotential height anomalies
obtained by regression upon the summer NEST index
(Figure 2a) show that corresponding to a higher NEST
index, significant positive anomalies appear over the
EEWS region and over the FE region and its adjacent
Okhotsk Sea, while negative anomalies appear over the
BL region. This forms a positive-negative—positive pat-
tern. The NEST-related positive-negative—positive pat-
tern is also observed in summer 500- and 850-hPa
geopotential height anomalies (not shown), indicative of
a barotropic vertical structure of geopotential height

80°N
70°N
60°N

50°N ==
40°N
30°N
20°N /.\ T T T T T T T TR T T

60°W 40°W 20°W 0 20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E 180

8

99%
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600 { 8
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60°W 40°W 20°W 0

FIGURE 2 (a) Summer 200-hPa geopotential height anomalies
(units: gpm) obtained by regression on the summer NEST index for
the period 1980-2016. (b) As in (a) but for the zonal-vertical cross
section along 55°N. Contours are drawn every 4 gpm. Shadings
denote geopotential height anomalies significant at the 95% and
99% confidence levels as shown by the colour bars [Colour figure
can be viewed at wileyonlinelibrary.com|

anomalies over northern Eurasia. This can also be clearly
identified in geopotential height anomalies regressed
upon the summer NEST index along 55°N (Figure 2b).
There are deep high-pressure anomalies around 40°-
80°E (the EEWS region) and 130°-160°E (the FE region),
and deep low-pressure anomalies around 95°-120°E (the
BL region). The deep high-pressure anomalies can reduce
upward motion/rainfall, and hence increase downward
solar radiation reaching the surface of the Earth, causing
higher SAT over the EEWS and FE regions. In contrast,
the low-pressure anomalies can lead to lower SAT over
the BL region through enhancing upward motion/rain-
fall, and therefore decreasing downward solar radiation
reaching the surface. Such a positive-negative—positive
pattern of geopotential height anomalies induces the
NEST pattern.

Figure 2a also shows that the positive-negative-
positive pattern of geopotential height anomalies over
northern Eurasia can be traced to the upstream mid- to
high-latitude North Atlantic, signifying a zonal wave
train extending from the Atlantic to Eurasia. Rossby
wave trains from the Atlantic to Eurasia can be stimu-
lated by SST and related SAT anomalies in the Atlantic
Ocean and affect downstream climate variability over the
Eurasian continent (Wu et al., 2010, 2011; Wang et al.,
2017). The above results imply a potential contribution of
the Atlantic thermal anomalies to the NEST pattern.
Therefore, we investigate the effect of summer SST and
associated SAT anomalies in the Atlantic Ocean in the
following section.
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4 | OCEANIC AND LAND SIGNALS
CONTRIBUTING TO THE NEST
ANOMALIES

4.1 | The effect of summer thermal
anomalies in the tropical Atlantic

The correlation between the summer NEST index and
simultaneous SAT/SST over the Atlantic Ocean is pres-
ented in Figure 3. Significant positive correlations appear
over the tropical Atlantic and mid-latitude North Atlantic
regions. Vertically superposed SST and SAT anomalies
over the tropical Atlantic are significantly correlated with
the NEST index, which implies that the SST and SAT
anomalies related to the summer NEST are tightly
coupled. The area-mean SAT/SST averaged over the trop-
ical Atlantic region (0°-20°N, 80°-25°W and 0°-10°N,
25°-5°W and 35°-5°W, 10°S-0°) is referred to as the trop-
ical Atlantic SAT/SST index. The summer tropical Atlan-
tic SAT and SST indices are closely related to the
simultaneous NEST index, with correlation coefficients
of 0.59 and 0.53, respectively, both significant at the
99.9% confidence level. The two correlation coefficients
also indicate that the SAT has a higher correlation with
the summer NEST index over the tropical Atlantic Ocean

of Climatology

As such, the tropical Atlantic SAT is a better choice for
investigating the SST-SAT coupled thermal effect on the
summer NEST.

The summer area-mean SAT/SST averaged over the
mid-latitude North Atlantic region (45°-25°W, 33°-50°N)
is defined as the summer mid-latitude North Atlantic
SAT/SST index, which is also significantly correlated
with the summer NEST index, with a correlation coeffi-
cient of 0.58/0.48. Similarly, hereinafter we used the mid-
latitude North Atlantic SAT index to represent the SST-
SAT coupled thermal anomalies over this region.

Further analyses indicate that surface thermal
(SST/SAT) anomalies in the tropical Atlantic, rather than
those in the mid-latitude North Atlantic region, seem to
excite local atmospheric circulation anomalies and may,
therefore, modulate downstream circulation and related
SAT anomalies over northern Eurasia. The correlation
between the summer tropical Atlantic SAT index and
concurrent 1,000-hPa geopotential heights (Figure 4a) is
significantly negative over the tropical Atlantic Ocean.
This implies that warmer (cooler) surface thermal anom-
alies lead to low-level lower (higher) pressure over the
tropical Atlantic region. This is consistent with the
response of the ‘warm SST-low pressure’ type revealed
by Sutton and Hodson (2005). The correlation between

70°N 70°N
60°N 60°N
50°N 50°N
40°N 40°N
30°N 30°N
20°N 20°N
10°N 10°N
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FIGURE 3 Distribution of correlation coefficients between the summer NEST index and simultaneous (a) SAT and (b) SST during the

period 1980-2016. The blue boxes, from top to bottom, indicate the mid-latitude North Atlantic (45°-25°W, 33°-50°N) and tropical Atlantic
(0°-20°N, 80°-25°W and 0°-10°N, 25°-5°W and 35°-5°W, 10°S-0°) regions, respectively. To focus on the characteristics of SAT over sea, the
SAT over land has been removed in (a). Contours are drawn every 0.1. Shadings denote correlations significant at the 95% and 99%

confidence levels as shown by the colour bars [Colour figure can be viewed at wileyonlinelibrary.com]
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Correlation of summer 1,000-hPa geopotential heights with the summer (a) tropical Atlantic and (b) mid-latitude North

Atlantic SAT indices during the period 1980-2016. (c) Correlation of summer geopotential heights with the summer tropical SAT index on a
zonal-vertical cross section along 5°N [red line in (a)]. (d) As in (c) but for the correlation with the summer mid-latitude North Atlantic SAT
index along 45°N [red line in (b)]. Contours are drawn every 0.1. Shadings denote correlations significant at the 95% and 99% confidence
levels as shown by the colour bars. The two green lines cover a zone 40°-15°W, which is selected to draw Figure 5a [Colour figure can be

viewed at wileyonlinelibrary.com|

the summer tropical Atlantic SAT index and simulta-
neous geopotential heights on a zonal-vertical cross
section along 5°N (Figure 4c) further indicates that
corresponding to warmer SAT over the tropical Atlantic
region, surface low-pressure anomalies occur in the lower
troposphere, while high-pressure anomalies appear in
the upper troposphere. This baroclinic structure reflects
deep convective activities, which are generally attributed
to surface thermal forcing. This confirms the effect of

thermal anomalies over the tropical Atlantic region on
the overlying atmospheric circulation anomalies, which
is a prerequisite for the formation of the downstream
wave train over Eurasia.

When warmer (cooler) SAT occur in the mid-latitude
North Atlantic region, low-level higher (lower) pressure
anomalies appear in situ (Figure 4b). Meanwhile, a deep
high-pressure ridge appears corresponding to higher
SAT over the mid-latitude North Atlantic region. This
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correspondence can be clearly detected in the correlation
between the summer mid-latitude North Atlantic SAT
index and simultaneous geopotential heights on a zonal-
vertical cross section along 45°N (Figure 4d). The ‘warm
SST-ridge’ relationship over the extratropical Atlantic
reflects the impact of atmosphere on the ocean (Zhao
et al., 2012). In short, the surface thermal anomalies over
the mid-latitude North Atlantic region are merely a pas-
sive response to the overlying atmospheric circulation
anomalies.

Additionally, the anomaly of net surface heat flux
regressed upon the tropical (mid-latitude North) Atlan-
tic SST index is 1.59 (—0.62) W-m™2. This indicates that
higher SST tends to supply (obtain) heat to (from) the
atmosphere in the tropical (mid-latitude North) Atlantic
region. This result also supports that the tropical Atlan-
tic affects the overlying atmosphere through heating,
but the mid-latitude North Atlantic does not. Therefore,
this paper focuses on the effect of the thermal anoma-
lies in the tropical Atlantic region on the summer
NEST pattern.

of Climatology

Figure 5a presents anomalous vertical circulation and
geopotential heights regressed upon the summer tropical
Atlantic SAT index along a 40°W-15°W mean longitude-
vertical cross section. The warmer tropical Atlantic stim-
ulates an anomalous vertical circulation between the tro-
pics and the mid- to high-latitude North Atlantic (Figure
5a). Specifically, air ascends over the tropical Atlantic
(around 10°S-20°N), and then flows northwards in the
upper troposphere, and finally descends and therefore
leads to a deep high-pressure anomaly over the mid- to
high-latitude North Atlantic (around 40°-60°N). This
high-pressure anomaly may be responsible for warmer
SST/SAT in the mid-latitude North Atlantic (Figure 3)
through reducing upward motion/rainfall and increasing
downward solar radiation reaching the Earth's surface.
Meanwhile, this high-pressure anomaly can also be
clearly seen in the upper troposphere over the mid- to
high-latitude North Atlantic, featuring a downstream
wave-like pattern over northern Eurasia (Figure 5b). Cor-
respondingly, a positive-negative—positive wave train pat-
tern of deep high-/low-pressure anomalies appears over
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northern Eurasia (Figure 5¢), which is in good agreement
with the NEST-related circulation pattern (Figure 2b).
The impact of the summer thermal anomalies in the
tropical Atlantic region on the simultaneous wave train
pattern can be further demonstrated through the composite
difference of the 200-hPa wave-activity fluxes between the
years of the higher (1987, 1988, 1998, 2008, and 2010) and
lower (1992, 1994, 1997, 2000, and 2004) tropical Atlantic
SAT indices (Figure 6). Anomalous Rossby wave-activity
fluxes (red arrows) propagate from the mid- to high-latitude
North Atlantic to the FE region, accompanying anomalous
wave-energy divergences (light shading) and convergences
(dark shading) across the Eurasian continent along the
path of Rossby wave propagation (Figure 6). The anoma-
lous Rossby wave-activity fluxes at the 500-hPa level show
a similar path (not shown). This path is also in good agree-
ment with the Atlantic-Eurasian wave train pattern of geo-
potential height anomalies (Figure 5b,c). This further
confirms that the summer SAT anomaly over the tropical
Atlantic region can induce the positive-negative—positive
geopotential height anomalies over northern Eurasia
through a downstream dispersion of Rossby wave energy.
As a result of the aforementioned processes, the cor-
relation between the summer tropical Atlantic SAT index
and simultaneous SAT over northern Eurasia is positive
over the EEWS and FE regions and negative over the BL
region (Figure 7a). Such a distribution resembles the
NEST pattern (Figure 1a). The summer tropical Atlantic
SAT and NEST indices show a consistent variation, with
a correlation coefficient of 0.59 during the period
1980-2016, significant at the 99.9% confidence level. Fur-
thermore, the interannual components of the two time
series, which are obtained using eight-year high-pass
Lanczos filtering (Duchon, 1979), have a correlation coef-
ficient of 0.51, significant at the 99% confidence level. For
the interdecadal components (obtained using eight-year
low-pass Lanczos filtering), the correlation coefficient is

0.76, significant at the 98% confidence level using the
10,000-time Monte Carlo test. The results reveal that a
link between summer SAT over the tropical Atlantic
region and simultaneous NEST pattern on both the inter-
annual and interdecadal time scales.

4.2 | Precursory signals in the Atlantic
Ocean and Eurasian land

421 | Effect of preceding rainfall and
soil moisture anomalies around the BL

Relative to that in Figure 1la, the negative correlation
around the BL region in Figure 7a is weaker and

99%
95%
95%
99%

1980 1985 1990 1995 2000 2005 2010 2015

FIGURE 7 (a) Distribution of correlation coefficients between
the summer tropical Atlantic SAT index and concurrent SAT
during the period 1980-2016. The three black boxes are the same as
those in Figure 1. Contours are drawn every 0.1. Shadings denote
correlations significant at the 95% and 99% confidence levels as
shown by the colour bars. (b) Normalized time series of the
summer tropical Atlantic SAT (blue line) and NEST (red line)
indices [Colour figure can be viewed at wileyonlinelibrary.com]
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Composite difference in summer 200-hPa wave-activity fluxes (units: m™

% 572 red arrows) between years with high and low

summer tropical Atlantic SAT indices (high minus low), in which the fluxes over the low latitudes have been removed. Light (dark) shading
marks the regions where the divergences of wave-activity fluxes are greater (smaller) than 1.0 x 107° (=1.0 x 107%) m s™2. The yellow thick
dashed line with an arrow indicates the propagation pathway of Rossby waves [Colour figure can be viewed at wileyonlinelibrary.com]
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nonsignificant though a similar NEST structure appears.
Correspondingly, the tropical Atlantic SAT-related geo-
potential height anomalies around the BL region
(Figure 5b,c) are remarkably weaker than those associ-
ated with the NEST (Figure 2). This implies that other
factors may play a role in modulating atmospheric cir-
culation and associated SAT anomalies over the BL
region and accordingly affect the NEST pattern. Rainfall
and related soil moisture anomalies can directly affect
overlying atmospheric circulation. Moreover, the effect
of rainfall and soil moisture anomalies can be consid-
ered as an important source of precursory signals for
climate prediction in some areas since soil moisture has
a good persistence/memory from several weeks to
months (Entin et al., 2000; Koster and Suarez, 2001;
Douville et al., 2006; Moon and Ha, 2019). Therefore,
the contribution of rainfall and soil moisture anomalies
should be investigated.

Correlation analysis reveals that the summer NEST is
significantly and positively correlated with rainfall
around the BL during the preceding May (Figure 8a).
However, there are no clear signals of the rainfall anoma-
lies in the earlier months (not shown). The BL rainfall
index is defined as the area-mean rainfall averaged over
the BL region (50°-58°N, 109°-117°E; see the black box
in Figure 8a). The May BL rainfall index is significantly
correlated with May-June mean soil moisture around the
BL (Figure 8b), implying that more rainfall results in
higher soil moisture around the BL in May, and the latter
can maintain from May to June.

The higher soil moisture enhances the convective
available potential energy through increasing the humid-
ity of boundary layer air and accordingly facilitates local
convection and rainfall (Betts et al., 1996; Eltahir, 1998;
Schir et al., 1999). In turn, higher rainfall results in
higher soil moisture during the ensuing period. As a
result of the persistent soil moisture-rainfall interaction,
more rainfall also appears around the BL during summer
(Figure 8c) in correspondence to more rainfall (Figure 8a)
and higher soil moisture during the preceding months
(Figure 8b). Consistent with more convection/rainfall,
deep low-pressure anomalies appear around the BL
region during summer (Figure 9a,b), which contributes to
negative SAT anomalies around the BL region (Figure
10a). The effect of rainfall and soil moisture anomalies
around the BL may also modulate downstream atmo-
spheric circulation (Figure 9a,b) and therefore result in
positive SAT anomalies in the FE region (Figure 10a).
Owing to the above processes, the May BL rainfall index
is closely related to the summer NEST pattern, with a cor-
relation coefficient of 0.45, significant at the 99% confi-
dence level.
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FIGURE 8 (a) Distribution of correlation coefficients between
the summer NEST index and rainfall during the preceding May for
the period 1980-2016. The black box represents the Baikal Lake
(BL) region (50°-57°N, 109°-117°E) that is used to define the May
BL rainfall index. (b) As in (a), but for that between the May BL
rainfall index and May-June mean soil moisture. (c) As in (b), but
for that between the May BL rainfall index and summer rainfall.
Shadings denote correlations significant at the 95% and 99%
confidence levels as shown by the colour bars [Colour figure can be
viewed at wileyonlinelibrary.com]|

4.2.2 | Effect of preceding thermal
anomalies in the tropical Atlantic

The correlation between the summer NEST index and
SAT/SST during the preceding May shows significant
positive correlations in the tropical Atlantic (Figure 11a,
b). In addition, the May tropical Atlantic SAT index,
which is defined as the area-mean SAT averaged over the
tropical Atlantic region (10°-25°N, 80°-25°W and 15°S-
10°N, 35°-15°W) as shown in Figure 11a,b (the blue
boxes), is significantly correlated with SST/SAT in the
tropical Atlantic during the ensuing summer (Figure 11c,
d). This indicates that the thermal anomalies in the tropi-
cal Atlantic can maintain from May to summer. To be
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FIGURE 9 Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression upon the preceding May BL rainfall (a),
tropical Atlantic SAT (c), and joint effect (e) indices, respectively. (b), (d), and (f) As in (a), (c), and (e), respectively, but for the zonal-
vertical cross section along 55°N. Shadings denote geopotential height anomalies significant at the 95% and 99% confidence levels as shown

by the colour bars [Colour figure can be viewed at wileyonlinelibrary.com]

consistent with the time of the BL rainfall signal, we
explore the oceanic thermal signal in the preceding May.
In fact, the preceding signal in the tropical Atlantic can
be traced to the earlier months (not shown).

The thermal anomalies in the tropical Atlantic can
persist from May to summer, and therefore cause down-
stream atmospheric circulation anomalies through a
Rossby wave. This can be identified in summer geo-
potential height anomalies regressed upon the May tropi-
cal Atlantic SAT index (Figure 9c,d). Accompanying this
wave-like pattern of geopotential height anomalies, a
NEST anomaly appears over northern Eurasia (Figure
10Db). Similar to the effect of the summer tropical Atlantic

thermal anomalies on atmospheric circulation (Figure
5b,c) and SAT (Figure 7a) anomalies, the May tropical
Atlantic SAT-related low-pressure (negative SAT) anoma-
lies around the BL are also weak and nonsignificant (see
Figures 9c,d and 10b). This may be due to the absence of
the preceding BL rainfall and soil moisture signals.

The correlation coefficient between the preceding
May tropical Atlantic SAT and summer NEST indices is
0.51, significant at the 99% confidence level. This high
correlation and the aforementioned physical processes
reveal that the preceding May tropical Atlantic SAT is
physically linked with and can be applied in predicting
the summer NEST.
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FIGURE 10 Asin Figure 9a,c,e,
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4.2.3 | Joint effect of preceding BL
rainfall and tropical Atlantic thermal
anomalies

The May BL rainfall index is independent of the simulta-
neous tropical Atlantic SAT index, with a nonsignificant
correlation coefficient of 0.20. Using the linear fitting
method (Hu et al., 2012), we obtained the May individual
BL rainfall (tropical Atlantic SAT) index after removing the
effect of simultaneous tropical Atlantic SAT (BL rainfall).
The correlation coefficient between the May individual BL
rainfall (tropical Atlantic SAT) and summer NEST indices
still reaches 0.36 (0.43), significant at the 95% (99%) confi-
dence level. This further implies the independent effects of
the two precursory signals on the summer NEST. Given
the independence and effect of the two precursory signals,
we established a linear regression model as follows.

IngsT =0.4411 gnjansic-sat +0.3631B1 -1qin,

in which Ingst, Iatiantic - saT> and Igy - rain represent the
normalized time series of the predicted summer NEST,
May tropical Atlantic SAT, and May BL rain indices,
respectively. The prediction skill of this model, measured
by the correlation coefficient between the predicted and
observational NEST indices, is 0.63 for the period
1980-2016, significant at the 99.9% confidence level. The
root mean square error (RMSE) is 0.81, lower than that

80°E 100°E 120°E 140°E 160°E

(0.88/0.92) of the model using only the precursory signal
of May tropical Atlantic SAT/BL rain. This indicates that
the two precursory signals can provide higher prediction
skill and stability than a signal one. Furthermore, the
prediction skill of this model reaches 0.51 through the
leave-three-out cross-validation, significant at the 99.8%
confidence level. The aforementioned results suggest the
applicability of the prediction model.

The right terms of this prediction model reflect the
joint effect of the May tropical Atlantic SAT and BL rain-
fall with different weights. As such, the right terms can
be referred to as the joint effect index of the two factors.
Relative to the individual impacts of the two factors
(Figure 9a-d), summer geopotential height anomalies
regressed upon the May joint effect index (Figure 9e,f)
show a clearer and more significant Rossby wave train
from the Atlantic to the FE region, and therefore lead to
a clearer NEST pattern during summer (Figure 10c).
Using the ERA-interim reanalysis data, we further con-
firm the joint effect of the May tropical Atlantic SAT and
BL rainfall on the summer atmospheric circulation and
associated NEST variability (Figure 12).

5 | SUMMARY AND DISCUSSION

This study investigates the variability of summer SAT
over northern Eurasia and its precursory signals in the
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FIGURE 11 Distribution of correlation coefficients between the summer NEST index and preceding May (a) SAT and (b) SST during
the period 1980-2016. Shadings denote correlations significant at the 90% and 95% confidence levels as shown by the colour bars. The blue
boxes represent the tropical Atlantic region (10°-25°N, 80°-25°W and 15°S-10°N, 35°-15°W) that is used to the preceding May tropical

Atlantic SAT index. (c) and (d) As in (2) and (b), but for that between the preceding May tropical Atlantic SAT index and summer (c) SAT

and (d) SST. Shadings denote correlations significant at the 95% and
viewed at wileyonlinelibrary.com|

tropical Atlantic and northern Eurasia. The results show
that the leading mode of summer SAT variations over
northern Eurasia is characterized by a NEST pattern with
same-sign SAT anomalies over the EEWS and FE regions,
and opposite-sign SAT anomalies over the BL region. The
summer NEST pattern is modulated by thermal (SAT-
SST) anomalies in the tropical Atlantic and rainfall-soil
moisture anomalies around the BL region during the
preceding May.

99% confidence levels as shown by the colour bars [Colour figure can be

The physical processes linking the abovementioned
two precursory sea-land signals and the summer NEST
pattern are summarized in Figure 13. The positive ther-
mal anomalies in the tropical Atlantic maintain from
May to summer and stimulate an anomalous longitude-
vertical circulation between the tropics and the mid- to
high-latitudes of the Atlantic Ocean, with anomalous
upward motion over the tropical Atlantic region and
anomalous downward motion and a related deep high-
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FIGURE 12 Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression upon the preceding May BL rainfall
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anomalies (units: °C). All these figures are based on the ERA-interim reanalysis data. Shadings denote geopotential height anomalies
significant at the 95% and 99% confidence levels as shown by the colour bars [Colour figure can be viewed at wileyonlinelibrary.com]

pressure anomaly over the mid- to high-latitude North
Atlantic. The pressure anomaly over the mid- to high-
latitude North Atlantic induces a downstream Rossby
wave train across northern Eurasia. Accompanying this
wave train, a positive-negative—positive pattern of height
anomalies appears over northern Eurasia and therefore
leads to a positive phase of the summer NEST pattern.
Similarly, a negative phase of the summer NEST pattern
can be attributed to the impact of negative thermal
anomalies in the tropical Atlantic. Therefore, the summer
NEST pattern is closely related to the preceding May
tropical Atlantic SAT.

As summarized in Figure 13, May rainfall anomalies
can adjust May-June soil moisture and eventually affect
summer atmospheric circulation and convection/rainfall
anomalies around the BL region through the ‘memory’
effect of soil moisture and the persistent soil moisture-
rainfall interaction. Accordingly, the Rossby wave train
from the BL to FE regions is modulated by the effect of

rainfall and soil moisture anomalies around the BL
region, and so is the variability of the summer NEST.
Due to this physical connection, the May BL rainfall
index is remarkably correlated with the summer NEST.

Further analysis reveals that the joint effect of the
two precursory signals can enhance the Rossby wave pat-
tern and associated NEST pattern during summer. More-
over, the variability of May BL rainfall is independent of
that of simultaneous tropical Atlantic SAT. Thus, a
physics-based statistical prediction model of the summer
NEST can be constructed using the two predictors. The
prediction skill of this model reaches 0.51 (significant at
the 99.8% confidence level) through the leave-three-out
cross-validation.

Saeed et al. (2014) suggested that warm SSTAs in the
subtropical Atlantic can lead to a positive circumglobal
wave train (CGT) phase and consequently modulate pre-
cipitation over Europe. Following Saeed et al. (2011), the
CGT index is defined as the PC associated with the EOF1
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FIGURE 13 Schematic diagram
Tropical Atlantic May rainfall summarizing the processes linking
thermal anomalies anomalies around the precursory sea-land signals during
from May to summer the Baikal Lake (BL) May and the variability of the NEST
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of summer 200-hPa meridional wind anomalies over the
domain (20°-80°N, 100°W-100°E). Summer 200-hPa geo-
potential height anomalies regressed upon the simulta-
neous CGT index show a wave train pattern from the
Atlantic to the Okhotsk Sea via Eurasia, roughly similar
to the NEST-related pattern except for a remarkably wea-
ker anomaly around the FE region (not shown). Corre-
spondingly, summer SAT anomalies regressed upon the
simultaneous CGT index further show that the western
part (i.e., the EEWS and BL regions), rather than the
entire structure, of the NEST pattern may be related to
the CGT (not shown). The CGT may play an important
bridge role linking the previous SSTAs in the Atlantic
Ocean to the western part of the summer NEST pattern
though it cannot be directly used as a potential predictor
of the summer NEST due to its poor cross-seasonal

persistence. The Atlantic SSTA-CGT-NEST physical link
should be investigated in the future.

This study emphasizes the effect of the thermal condi-
tions in the tropical Atlantic and rainfall/soil moisture
anomalies around the BL region on the summer NEST pat-
tern. The summer NEST variation may also be modulated
by other oceanic and land external forcing. For example,
the remote impact of the Arctic sea ice (Chen and Wu,
2018), thermal conditions over the Pacific (Sun et al., 2016),
and the local land-air feedbacks of snow cover (Wu et al.,
2014) and/or soil moisture anomalies over the Eurasian
continent (Zhang and Dong, 2010; Fischer et al., 2012; Boé
and Terray, 2014; Miralles et al., 2014; Whan et al., 2015)
may regulate climate variability over different areas of Eur-
asia. In addition, atmospheric circulation patterns (such as
the North Atlantic Oscillation, the Arctic Oscillation, and
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the Scandinavia pattern) may affect climate variability over
Eurasia (Chen et al., 2015, 2018). Therefore, further studies
are needed to investigate the potential implication of these
atmospheric patterns in the prediction of the summer
NEST pattern. For the variation of the summer NEST pat-
tern, the individual effects of these factors, and their syn-
ergized contribution in conjunction with the effect of the
two oceanic and land factors that we proposed in the pre-
sent study, should be further explored in the future.
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