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ABSTRACT

The Walker circulation is linked to extratropical waves that are deflected from the Northern Hemisphere polar
regions and travel southeastward over central Asia toward the western Pacific warm pool during northern winter.
The wave pattern resembles the east Atlantic-west Russia pattern and influences the El Nifio-Southern Oscil-
lation (ENSO) region. A tripole pattern between the West Siberian Plain and the two centers of action of ENSO
indicates that the background state of ENSO with respect to global sea level pressure (SLP) has a significant
negative correlation to the West Siberian Plain. The correlation with the background state, which is defined by the
sum of the two centers of action of ENSO, is higher than each of the pairwise correlations with either of the ENSO
centers alone. The centers are defined with a clustering algorithm that detects regions with similar characteristics.
The normalized monthly SLP time series for the two centers of ENSO (around Darwin, Australia, and Tahiti) are
area averaged, and the sum of both regions is considered as the background state of ENSO. This wave train can be
detected throughout the troposphere and the lower stratosphere. Its origins can be traced back to Rossby wave
activity triggered by convection over the subtropical North Atlantic that emanates wave activity toward the West
Siberian Plain. The same wave train also propagates to the central Pacific Ocean around Tahiti and can be used to
predict the background state over the ENSO region. This background state also modifies the subtropical bridge
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between tropical eastern Pacific and subtropical North Atlantic leading to a circumglobal wave train.

1. Introduction

Interannual variations of the climate over the tropical
Pacific are dominated by El Nifio—Southern Oscillation
(ENSO) and the low-frequency variability of ENSO is
often attributed to the Pacific decadal oscillation
(PDO). El Nifio (La Nina) patterns are stronger and
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more consistent during the positive (negative) phase of
the PDO (Gershunov and Barnett 1998). The empirical
orthogonal function (EOF) calculation for the PDO in-
dex is restricted to the North Pacific (20°~70°N), but the
spatial pattern of sea surface temperature (SST) anom-
alies associated with the PDO is similar to that associated
with ENSO (Deser et al. 2010, their Fig. 10) except for the
relative weighting between the northern and tropical
Pacific. The amplitudes of the SST anomalies in the
equatorial eastern Pacific for the PDO are comparable
with those in the North Pacific but they are weaker than
the ENSO signal (Zhang et al. 1997; Dettinger et al. 2000;
Deser et al. 2004, 2010).

The PDO is stronger influencing the eastern part of
the Walker circulation over the central and eastern
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Pacific (Gershunov and Barnett 1998; Verdon and
Franks 2006; Deser et al. 2010) than the western part. A
similar relationship exists between the Walker circula-
tion and the North Pacific Gyre Oscillation (Chhak et al.
2009; Di Lorenzo et al. 2010), which is predominantly an
ocean response to large-scale atmospheric forcing over
the North Pacific. An anomalous lower-tropospheric
anticyclone (cyclone) located in the western North Pa-
cific bridges the warm (cold) ENSO events in the eastern
Pacific and the weak (strong) East Asian winter mon-
soon (EAWM) (Wang et al. 2000). However, Wang
et al. (2008) point out that the phase of the PDO should
be taken into account in the ENSO-based prediction of
wintertime climate over East Asia. The ENSO impact
on the EAWM is stronger when the PDO is in its neg-
ative phase. Also, rainfall and crop yields over Australia
are more predictable during the negative PDO period
(Power et al. 1999). However, interannual hydroclimate
variations in central Asia are more significant during the
positive PDO phase (Fang et al. 2014). Thus, the PDO can
be described as a background state for decadal ENSO
variability such as the recent shift from low-frequency
eastern Pacific El Nifio events toward higher-frequency
central Pacific El Nifio events (Kim et al. 2009; Kug
et al. 2009; Xie et al. 2015).

ENSO-related eastward propagating Rossby waves
produce generally wetter (drier) conditions over North
America during El Nifio (La Nina) events (Ropelewski
and Halpert 1986; Trenberth and Guillemot 1996), but
more refined results can be obtained by taking spatial
ENSO characteristics into account (Larkin and Harrison
2005) and investigating the combined effect of ENSO and
the Pacific-North American (PNA) pattern (Garfinkel
and Hartmann 2008). Similarly, although El Nifio events
are generally accompanied by negative North Atlantic
Oscillation (NAO) periods (Gouirand and Moron 2003;
Bronnimann et al. 2007), this relationship is mostly true for
El Nifio events with maximum SST anomalies over the
central Pacific, whereas El Niflo events with maximum
SST anomalies over the eastern Pacific can even contribute
to positive NAO periods (Graf and Zanchettin 2012).

Traditionally, the stationary patterns in wave trains
that encompass planetary-scale regions have been de-
scribed as teleconnections (e.g., Wallace and Gutzler
1981; Barnston and Livezey 1987). These teleconnections
with frequencies of 10-60 days are often identified as
main contributors to blocking patterns. For example,
during boreal summer 2010, a strong eastern European
blocking and its quasi-stationary wave structure was
supported by a combination of a La Nifa event and an
enhanced polar Arctic dipole mode (Schneidereit et al.
2012). Wave trains that commenced over both the North
Pacific and North Atlantic propagated toward eastern
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Europe and the polar region, and continued southeastward
toward South Asia (Schneidereit et al. 2012). The latter is
the east Atlantic-west Russia (EA-WR) pattern (Krichak
and Alpert 2005) that was originally referred to as the
Eurasia-2 pattern (Barnston and Livezey 1987). Its
planetary-scale impacts can even be related to vege-
tation productivity over the Amazon region (Gonsamo
et al. 2015).

Here, we introduce an SLP-based index that describes
the background state of the ENSO region and shows how
this background state is connected to the West Siberian
Plain via a Rossby wave train. Similar to the PDO, this
wave train can be used to predict the atmospheric state
over the ENSO region and the preferences for the spatial
distribution of ENSO activity. However, it should be
noted that the slowly evolving oceanic PDO index does
not constrain the atmospheric variability in subsequent
months (Kumar et al. 2013). The significance of mean SLP
anomalies over the West Siberian Plain on Northern
Hemispheric climate has previously been described by
Smoliak and Wallace (2015), but their analysis has not
focused on interactions with tropical climate.

Section 2 of this paper introduces the statistical method
used to identify the relationship between the West Sibe-
rian Plain and the ENSO region, and the physical mech-
anisms that govern this relationship are described in
section 3. Section 4 links this relationship to a circum-
global wave pattern over the Northern Hemisphere and
the results are summarized and discussed in section 5.

2. Identification of tripole patterns

This study uses detrended multiyear monthly mean
anomalies of the National Centers for Environmental
Prediction (NCEP)-U.S. Department of Energy (DOE)
Reanalysis-2 (NCEP-2) SLP data (Kanamitsu et al.
2002) and alternatively the Modern-Era Retrospective
Analysis for Research and Applications (MERRA) SLP
data (Rienecker et al. 2011) for December—February
(DJF) during 1979-2014. MERRA SLP data were in-
terpolated to the 2.5° X 2.5° horizontal resolution of
NCEP-2 and both datasets were normalized by dividing
SLP over each grid point with its respective temporal
standard deviation. This normalization reduces the
stronger SLP variability over high and midlatitudes
compared to low latitudes. The SLP data have been
detrended to reduce the influence of multidecadal os-
cillations and long-term climate change, which are un-
likely initiated by atmospheric Rossby wave activity.
Positive long-term SLP trends over the West Siberian
Plain and negative trends over eastern Europe and
eastern Canada would have contributed to negative
correlations (Simmonds 2015, his Fig. 7). Long-term
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SLP trends over the equatorial region are much lower
(Gillett and Stott 2009, their Fig. 1).

In this study, we define tripole patterns as patterns
that comprise of three regions R1, R2, and R3 with their
corresponding normalized and area-averaged SLP time
series denoted by T1, T2, and T3 respectively, such that
T3 shows a stronger correlation with T1 + T2 compared
to the correlations between T1 and T3 and between T2
and T3. As a result, a tripole captures a relationship
between R3 and the area comprising the combined re-
gions R1 and R2, which is stronger than the two indi-
vidual relationships between R3 and R1 and between
R3 and R2. The strength of a tripole is measured as the
correlation between T1 + T2 and T3. For normalized
time series where all the three pairwise correlations
between R1, R2, and R3 are negative, the combined
correlation can be directly computed using the following
relation:

corr(T1,T3) + corr(T2, T3)
V2[1 + corr(T1,T2)]

corr(T1 + T2, T3) = (1)

Asseen in Eq. (1), the negative correlation, or strength,
of a tripole increases as the absolute values of each of the
three pairwise negative correlations increases. A detailed
proof is discussed in the appendix.

To detect negative tripoles, we use a graph-based
approach (Kawale et al. 2011, 2013; Liess et al. 2014)
that has been used to identify pairs of negatively cor-
related regions. Such pairs can be found by graph-based
methods without requiring a priori region selection or
imposing an orthogonality constraint, as in singular
value decomposition (SVD) or EOF analysis (Newman
and Sardeshmukh 1995; Dommenget and Latif 2002).

Our method to find tripoles consists of two steps. In
the first step, pairs of negatively correlated regions are
found, and in the second step, we search for all the re-
gions that show a negative correlation with both ends of
the initial pair of regions.

Within a global SLP dataset, first all pairs of grid
points that are strongly negatively correlated with each
other are identified as initial centers of the regions R1
and R2. R1 and R2 are then constructed such that all
grid points in R1 and R2 show 1) a positive correlation of
0.85 or larger with their corresponding centers and 2) a
negative correlation of —0.3 or lower with at least one
of the grid points in the opposite region.

In the second step, for each pair (R1, R2) found
above, grid points that are most negatively correlated
with a grid point in either of the two regions R1 or R2
are used as centers for regions R3. R3 contains grid
points that have 1) a positive correlation of 0.85 or larger
with their center and 2) a negative correlation of —0.15
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or lower with at least one of the grid points in either
region R1 or R2. All the grid points included in R3 are
then excluded from being selected as centers of sub-
sequent regions and step 2 is repeated to obtain multiple
candidates for R3. Only those triplets of regions R1, R2,
and R3 are considered as tripoles where 1) the correla-
tion between R1 + R2 and R3 is statistically significant,
2) a substantial improvement exists in the strength of
correlation between R1 + R2 and R3 compared to R1
and R3 and to R2 and R3, respectively, and 3) each of
the three regions consists of at least 40 grid points. In the
NCEP-2 SLP dataset, this algorithm identifies 124 tripoles
including parts of the PNA pattern, but many tripoles can
be classified as either spurious or overlapping with pre-
viously detected regions. If the correlation thresholds
change from 0.85 to 0.8 and from —0.15 to —0.2, the al-
gorithm identifies 178 tripoles in very similar locations.
The alternative regions corresponding to the index de-
scribed in the next section are shown in Fig. Sla in the
supplemental material. Additional details about the al-
gorithm can be found in Agrawal et al. (2015). A detailed
discussion about the statistical significance of the corre-
lation thresholds based on field significance (Wilks
2006, 2016) and a multiple testing correction for the
false discovery rate (FDR; Benjamini and Hochberg
1995; Benjamini and Yekutieli 2001) is included in the
supplemental material. The algorithm was initially run
on NCEP-2 SLP and the tripole patterns discovered
were verified on MERRA SLP and Hadley Centre SLP
data (HadSLP2; Allan and Ansell 2006).

3. A link between the West Siberian Plain and the
ENSO region

Figure 1 shows three regions forming a tripole pattern
between the tropical Pacific and the West Siberian Plain
during DJF. The background state of ENSO is described
by the normalized and area-averaged SLP values over a
region in the western Pacific warm pool (green), here-
after named R1, and a region in the central Pacific just
south of where the Nifio-3.4 and Nifio-4 regions overlap
(cyan), hereafter named R2. It should be noted that al-
though we identify a tripole pattern, we combine regions
R1 and R2 to show their combined relation to the West
Siberian Plain (magenta), hereafter named R3. The
combination of R1 and R2 describes a background state
over the ENSO region that contains information about
its area-averaged SLP strength compared to the global
average SLP, which varies only by 0.5hPa (Trenberth
1981). Thus, our definition of a tripole pattern includes an
oscillation between R1 and R2 in the Pacific basin, and an
oscillation between the combined region R1 + R2 in the
Pacific basin and a third region R3 outside the Pacific
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Fi1G. 1. MERRA SLP tripole between the western Pacific warm
pool (R1; green), the central Pacific (R2; cyan), and the West
Siberian Plain (R3; magenta) during DJF. Contours indicate
the correlation values of (a) SLP and (b) 500-hPa geopotential
height with the R1 + R2 time series. Contour interval is 0.1. The
zero line is thickened and negative contours are dashed. Statistically
significant correlations at the local 95% confidence level are shaded.
Stippling shows global field significance based on the FDR approach
with agpr = 0.1.

basin. Traditional methods to measure atmospheric
ENSO characteristics mostly rely on the SLP difference
between Tahiti and Darwin, Australia, and do not take
the SLP difference between the ENSO region and the
extratropics into account. For DJF, normalized and area-
averaged SLP over R3 shows a strong negative correlation
with the above defined ENSO background state, which is
the sum of normalized and area-averaged SLP values over
R1 and R2 (Fig. 1a). Shading in Fig. 1 shows the local 95%
confidence level (agiopa1 = 0.05) based on the Student’s ¢
test. Stippling indicates global field significance based on
the FDR approach as in Wilks [2016, his Eq. (3) and
Fig. 4] with appr = 2agepa = 0.1. This approach is also
explained in the supplemental material.

The West Siberian Plain is a low-lying area located
between the Ural Mountains to the west, the Central
Siberian Plateau to the east, and the Kazakh hill country
and the Altai Mountains to the south. Southward
propagating anomalies from the West Siberian Plain are
considered precursors for sand storms over northwest-
ern China and Mongolia (Jia et al. 2012; Li et al. 2013).
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Positive SLP anomalies over the equatorial Pacific and
negative anomalies over the West Siberian Plain as
shown in Fig. 1a indicate favorable conditions for strong
El Nifio events between 1958 and 1998 when the 3-
month running mean Nifio-3.4 SST anomalies exceed
one standard deviation and anomalies greater than 0.5°C
persist for at least 8 months as described in Wang et al.
(2000, their Fig. 4a). These conditions include westerly
wind bursts to the north and south of the equator along
the isobars of the western Pacific high pressure system
(Philander and Pacanowski 1981; Fedorov et al. 2015)
but also display a connection to low pressure anomalies
over the West Siberian Plain. In this paper, we show results
for MERRA reanalysis data. To provide a more com-
prehensive analysis, results for the NCEP-2 reanalysis are
made available in the supplemental material and cor-
relation values for HadSLP2 anomalies for 1850-2012
are included in the text below.

For SLP during DJF, a significant connection at the
95% confidence interval exists between R1 and R3 for
MERRA (NCEP-2, HadSLP2) with a correlation
of —0.33 (—0.35, —0.31). R1 is significantly correlated to
R2 at —0.52 (—0.43, —0.50), which describes the ENSO
pattern in the Walker circulation. Although these re-
lationships suggest a positive correlation between R2
and R3, the actual correlation values are slightly nega-
tive at —0.12 (—0.21, —0.17). Furthermore, when adding
together R1 and R2, the correlation of their sum to R3
strengthens to —0.47 (—0.52, —0.48). These results lead
to the definition of the background state of the Walker
circulation and the related ENSO signal that is described
by the combined SLP pattern over both the western and
central Pacific. This extra information allows us to
identify a strong significant relationship between the West
Siberian Plain and the ENSO region. However, for other
seasons and the whole year, we do not find significant
correlations of the time series over R3 to R1, R2, or
their sum.

The correlation of the R1 + R2 SLP time series to
500-hPa geopotential height (Fig. 1b) reveals a north-
westward tilt with height of the negative correlation pat-
tern, which is now centered over the island of Novaya
Zemlya in the Arctic Ocean. Additionally, a positive
correlation southwest of Lake Baikal emerges. Together
with a nonsignificant negative correlation over southern
China, these peaks form a wave train from the West Sibe-
rian Plain to the western Pacific warm pool around R1.

Figure 2a depicts the time series for R1 + R2 SLP
anomalies. Positive peaks of more than 2 times the
standard deviation (marked with asterisks) occur mostly
before or during eastern Pacific El Nifio events, whereas
negative peaks are generally associated with central Pa-
cific El Nifio events (see Yu and Kim 2013, their Table 1).
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FIG. 2. Time series of MERRA SLP divided by its standard
deviation for (a) area averages over R1 + R2 with asterisks in-
dicating values above two standard deviations and (b) the area
average over R3 with crosses indicating values above two standard
deviations. Marks for each time series are shown in both time series
for easier comparison. Horizontal lines indicate plus and minus one
standard deviation.

The positive peaks of more than 2 times the standard
deviation in R3 are marked with crosses. During the
positive R3 peaks of December 1984, June 1989,
September 1992, November 1996, and December 2012,
the related R1 + R2 values are outside one standard
deviation. Only the June 1989 value relates to a positive
R1 + R2 value. The same markers are applied to the R3
time series (Fig. 2b). Since most of the R1 + R2 markers
do not correspond to peaks in the R3 time series, it is
suggested that the R1 + R2 regions do not play a big role
in the signal detected over the R3 region. In contrast,
Fig. 2a suggests that positive peaks over the R3 region
may be influencing the negative peaks over the R1 + R2
regions during northern fall and winter. Positive peaks of
more than 1.5 times the standard deviation corroborate the
above result with two-thirds of the peaks in R3 occurring
during negative R1 + R2 phases and 10 (4) peaks occurring
outside the negative (positive) R1 + R2 standard deviation
mostly during boreal winter (summer) months (Fig. S10 in
the supplemental material).

Composite maps of geopotential height fields in
Figs. 3 and 4 include the temporally averaged pattern of
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all positive minus all negative monthly events outside
one standard deviation as detected in the R1 + R2 time
series in Fig. 2a. Here, we refer to these average patterns
outside one standard deviation as positive and negative
phases of the wave activity. The dates that contribute to
the positive and negative phases are listed in Table S1 in
the supplemental material. Composites also display the
northward shift of the center of action with height over
the R3 region during DJF. Regions with locally signifi-
cant differences between the positive and negative
phase are identified with the Student’s ¢ test at a 95%
confidence interval (shaded in Figs. 3 and 4) and global
field significance that corrects for spatial autocorrelation
is based on the FDR approach with agpr = 0.1 (stipp-
ling in Figs. 3 and 4). The 850-hPa geopotential height
pattern during DJF in Fig. 3a resembles the SLP cor-
relation pattern in Fig. 1a. The strongest negative am-
plitudes occur over the West Siberian Plain and Novaya
Zemlya, and strong positive amplitudes occur over the
R1 and R2 regions, similar to the eastern Pacific El Nifio
phase minus the central Pacific El Nifio phase (Graf and
Zanchettin 2012, their Fig. 3, right panel).

The composite pattern during JJA (Fig. 3b) reveals
statistically significant positive connections throughout
central Asia from the West Siberian Plain to the tropical
Pacific indicating a nonlinear significant relationship
that cannot be found with linear correlation (not shown)
but is corroborated by the positive relation during June
1989 (see Fig. 2a). The composite pattern also shows a
negative connection over the Ross Sea near Antarctica.
At 500 hPa, the four peaks of the wave train are depicted
during DJF (Fig. 3c). Compared to DJF, these peaks are
shifted westward during JJA starting with a negative
center northwest of Norway, positive centers over the
West Siberian Plain and the tropical Pacific, and a small
nonsignificant negative peak over the Hindu Kush
(Fig. 3d). However, there is no apparent vertical tilt in the
JJA geopotential height pattern, suggesting the occur-
rence of a stationary wave during this season. In general,
the relationship between R1 + R2 and R3 has a seasonal
dependence that can influence the sign of its correlation.
The transitional seasons of MAM and SON show similar
characteristics to DJF, but the patterns are less significant
(not shown).

4. A circumglobal wave train

Geopotential height fields in the upper troposphere and
the lower stratosphere (Fig. 4) corroborate the results of
Fig. 3. Amplitudes are generally stronger at these levels
(please note the different contour intervals in Figs. 3 and 4)
and the tropical atmosphere is less significantly impacted.
However, although Figs. 4a and 4c indicate the interplay
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F1G. 3. MERRA geopotential height (m) composite analysis at (a),(b) 850 hPa and (c),(d) 500 hPa for positive
minus negative index phases based on seasonal one-standard-deviation thresholds of the time series over R1 + R2
during DJF and JJA, respectively. Contour interval is 15 m. The zero line is thickened and negative contours are
dashed. Shading indicates significance using a local Student’s ¢ test at the 95% confidence level. Stippling shows global
field significance based on the FDR approach.

between the wave trains in the upper troposphere and the  grid points in the 70-hPa level are not significant when
lower stratosphere with significant differences over the corrected with the FDR approach due to the stronger
Arctic Ocean near Novaya Zemlya and southwest of Lake  variability in the lower stratosphere. Later in this section,
Baikal at the 300-hPa level, differences over individual we will show field significance for differences in the zonal
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FIG. 4. As in Fig. 3, but for (a),(b) 300-hPa and (c),(d) 70-hPa geopotential height (m). Contour interval is 25 m.
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mean zonal wind profile in the lower stratosphere over
the centers of action near Novaya Zemlya and Lake
Baikal after averaging over 30°-longitude sections.
Here, stratosphere—troposphere interaction (Baldwin
and Dunkerton 2001; Domeisen et al. 2013; Kunz and
Greatbatch 2013) relates to SLP anomalies over the
R1 + R2 region. It should be noted that the two positive
anomalies over eastern Europe and Lake Baikal indicate
the incoming and outgoing ends of a Rossby wave train
that is deflected in the northern polar region (Fig. 4a).
During JJA, a relationship between the R1 + R2 region
and the centers of action of a teleconnection near the
Ross Sea and the Tasman Sea shows field significance
over a small amount of grid points at 300 hPa. This re-
lationship is also part of the lower- and midtroposphere
pattern in Figs. 3b and 3d. The relationship of the tele-
connection between the Tasman Sea and the Southern
Ocean to the ENSO region has previously been described
by Liess et al. (2014). The westward tilt with height of the
center over the Ross Sea indicates an eastward propa-
gation along the Antarctic Circumpolar Current around
60°S (e.g., Nowlin and Klinck 1986).

The spatial extrema in 300-hPa streamfunction
(Fig. 5) coincide well with extrema in 300-hPa geo-
potential height in Figs. 4a and 4b. During DJF, the
three positive anomalies in the extratropical Northern
Hemisphere over eastern Europe around 20°E, over
Lake Baikal around 110°E, and over the eastern Pacific
around 130°W are connected via the subtropical bridge
(Tang and Neelin 2004; Graf and Zanchettin 2012; Park
and Dusek 2013) between 90° and 60°W. Please note
that the positive anomaly over eastern Europe around
20°E is only significant in geopotential height through-
out the troposphere and not in 300-hPa streamfunction
after correction with the FDR approach. These anom-
alies are accompanied by three negative anomalies to
the north over Novaya Zemlya, the northeastern Pacific,
and the Labrador Sea. Over Eurasia, this pattern
indicates a strengthened polar jet stream around 60°N
and a weakened East Asian jet stream (EAJS) around
40°N during DJF (see also Ren et al. 2010, their Fig. 1d).
The mostly nonsignificant response over the eastern Pa-
cific and North America resembles the positive phase of
the PNA pattern (Franzke et al. 2011) and the partly
significant pattern between Labrador Sea, Greenland Sea,
and the North Atlantic matches the positive phase of the
NAO pattern (Feldstein 2003). The linkage of the above
patterns results in a circumglobal wave train during
northern winter that operates further north than a similar
wave train during summer (Ding and Wang 2005).

The direct relationship between EAJS and ENSO is
weak in winter (Yang et al. 2002; Gollan et al. 2012)
although the EAWM is influenced by both (Wang et al.
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FIG. 5. As in Fig. 3, but for 300-hPa streamfunction (10°m?s ™)
during (a) DJF and (b) JTA. Contour interval is 1.5 X 10°m?s™".

2008; Gollan et al. 2012). However, here we show that
the wave train from the West Siberian Plain is affecting
large parts of the ENSO region that are related to op-
posite phases of the eastern Pacific and central Pacific El
Nifio events. A general relation to the ENSO phase is
thus difficult to detect. We further suggest that this wave
train is the deflection of a poleward propagating Rossby
wave train from the subtropical North Atlantic to
northwestern Eurasia.

On the decadal scale, Rossby wave activity emanating
from the subtropical North Atlantic is influenced by the
Atlantic multidecadal oscillation (AMO) (Semazzi et al.
2015). Thus, the present study suggests a link between
AMO and the background state of ENSO in the tropical
Pacific with the increasingly positive AMO index since
the late 1990s being responsible for more wave activity
over the northern Atlantic (Dima and Lohmann 2007;
Marullo et al. 2011) and thus generally lower eastern
Pacific ENSO amplitudes, which is reflected in the in-
creasingly negative phase of the R1 + R2 time series since
the late 1990s (Fig. 2a). The AMO signal has a quasi-
global impact as shown in model simulations (Zanchettin
et al. 2014, their Fig. 3). AMO signals have been detected
in observed rainfall over North and South America
(Teegavarapu et al. 2013; Kayano and Capistrano 2014)
and Australia (Liess et al. 2014). In turn, the ENSO
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influence on the AMO has been described by Park and
Dusek (2013). They find that the multivariate ENSO index
leads the expression of ENSO in the AMO by an average
of 6 months.

As already shown in Figs. 3b and 3d, the meridional
oscillation between Novaya Zemlya and the Indian
Ocean during JJA is weaker and mostly stationary
(Fig. 5b). Itis suggested that a wave train originates from
deep convection in the Indian summer monsoon region,
propagates northward, and is then deflected back to the
Indian Ocean and the Maritime Continent. This wave
train also strengthens the EAJS (see also Ren et al. 2010,
their Fig. 1b) as suggested by the negative stream-
function anomaly to the north and the positive anomaly
to the south between 60° and 120°E (see also Liao et al.
2004, their Fig. 4a). In the Southern Hemisphere, sig-
nificant negative streamfunction anomalies occur near
the R2 region and the eastern Pacific El Nifio region
over the tropical eastern Pacific cold tongue that may
be connected to the subtropical bridge over Central
America during JJA.

Figure 6 shows the differences of the positive and
negative phases of the three-dimensional wind field
during DIJF for three longitude sectors over the eastern
Atlantic region between 20°W and 10°E, central Asia
between 50° and 80°E, and East Asia between 80° and
110°E. Over the eastern Atlantic region (Fig. 6a), the
difference in wind pattern between the positive and neg-
ative phase is consistent with the difference between the
positive and negative northern annular mode (NAM)
phase (Limpasuvan and Hartmann 1999; Greatbatch
2000). As mentioned earlier in this section, the averaging
over 30°-longitude sections reduces the strong variability
in the stratospheric signal identified in Fig. 4c, so that the
difference in stratospheric zonal wind north of 60°N is
statistically significant after applying the FDR correction
with appr = 0.1. The difference in zonal wind deepens
over the Eastern Hemisphere (Figs. 6b,c) where the
stratospheric signal propagates downward and generates
the equatorward section of the previously described wave
train. However, in contrast to the decadal-scale PDO and
AMO signals, the wave train described here operates on
the monthly to seasonal scale and is connected to the polar
stratospheric circulation, similar to the NAM and its
variability (Baldwin and Dunkerton 2001; Domeisen et al.
2013; Kunz and Greatbatch 2013). This modification of
stratospheric dynamics in turn has been linked to surface
temperatures (Cohen et al. 2009) and snowfall (Foster
et al. 2013), especially over Siberia (Cohen et al. 2014).

The Eliassen—Palm (EP) flux is used to identify wave
propagation between the eastern Atlantic and the West
Siberian Plain, and its propagation toward the ENSO
region. The EP flux [Edmon et al. 1980, their Egs. (3.1a)
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and (3.1b)] is calculated from 3-hourly MERRA data.
Zonal averages during DJF are compared for the positive
and negative phases over the same longitudinal sectors as
shown in Fig. 6. The EP flux and its divergence are based
on meridional eddy momentum and heat fluxes that in-
dicate wave propagation in the latitude-height cross sec-
tion. Its divergence describes westerly forcing (Edmon
et al. 1980; Andrews 1987). Quasigeostrophic scaling
(Andrews et al. 1987) has been used to analyze planetary
wave activity. Here, the scaling described in Edmon et al.
[1980, their Eq. (3.13)] has been adjusted based on
Barsugli (2006):

{F,,F }=cosd &i 1—05 )
#7pl rom 103 p’

where ¢ is the latitude, p is the pressure coordinate, ry is
the radius of Earth, and F,, and F,, are the meridional
and vertical components of the EP flux, respectively.
Instead of averaging the meridional eddy momentum
and heat fluxes over all longitudes, here we compare
three subsections of 30° width. Since the wave activity
shown in Fig. 7 assumes that the behavior over each 30°
subsection occurs on the planetary scale, the depicted
values are not scaled to the individual longitude sectors
and are thus shown for illustrative purposed only. Fur-
thermore, contours of EP flux divergence are based on
spatial interpolation. Green vectors and shaded grid
points in Fig. 7 indicate statistical significance at the 95%
confidence level for EP flux and EP flux divergence
based on a 1000-member Monte Carlo sampling
method. Differences in the EP flux are considered sig-
nificant if either of the two vector components in lati-
tude and height direction is located outside the 95th
percentile. Points that are outside the 95th percentile for
both phases are only considered as significant if they are
located on the opposite ends of the distribution. The
1000 members are generated by randomly selecting a
given number of months from both the positive and
negative phases. The number of months for each phase
is shown in Table S1.

As seen in Figs. 5a and 6a, the positive phase of the
R1 + R2 time series represents clockwise anomalies and
thus decreased convection in the subtropical Atlantic. In
the EP flux around 300 hPa, this is reflected in stronger
westerly (easterly) forcing around 45°N (15°N) near
western Europe (off the North African coast) between
20°W and 10°E, although only the stronger easterly
forcing is indicated by significantly stronger EP flux
convergence (Fig. 7a). This lack of convection over the
subtropical bridge during the positive phase coincides
with increased equatorward heat flux (negative F )
around 30°N in the midtroposphere around 500 hPa.
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Also connected to this lack of convection is increased
poleward momentum flux (equatorward F ») in the lower
troposphere around 700 hPa between 30° and 50°N. Sim-
ilar to the mean wind field in this sector (Fig. 6a), this
pattern is consistent with the positive NAM phase
(Limpasuvan and Hartmann 1999; Greatbatch 2000).
However, the differences in the stratosphere are negligi-
ble at these longitudes.

Between 50° and 80°E, the increased poleward mo-
mentum flux in the lower troposphere during the positive
phase is accompanied by an increased equatorward heat
flux in the upper troposphere between 40° and 50°N
(Fig. 7c). Poleward momentum as well as heat fluxes are
increased in the stratosphere between 40° and 70°N at
these longitudes. EP flux divergence in the upper tropo-
sphere and the stratosphere indicates that the mean flow
receives energy from wave activity, which is consistent
with the increased zonal flow around 60°N (Fig. Sa).

Between 80° and 110°E, stratospheric EP flux di-
vergence indicates that westerly forcing is still being
generated in the stratosphere during the positive phase
(Fig. 7e). However, the poleward heat flux is stronger in
the negative phase (Fig. 7f). In the midtroposphere, the
increased equatorward heat flux during the positive
phase occurs farther south between 15° and 25°N, in-
dicating the southeastward propagation of the detected
tropospheric Rossby wave activity.

Figure 8 depicts the global 2-m temperature pattern
related to the R1 + R2 index. During DJF, the strongest
anomalies of more than *5K occur north of Lake Bai-
kal and over the Arctic Ocean northwest of Novaya
Zemlya. The strong temperature decrease with in-
creasing latitude during the positive phase strengthens
the predominant westerlies in this region. In this phase,
the favor for an eastern Pacific El Nifio is apparent by the
cold anomaly over the western Pacific warm pool and the
warm anomaly over the eastern Pacific (only significant in
NCEP-2; see Fig. S8a in the supplemental material). The
cold anomaly over northern Russia is shifted southeast-
ward to the east of the West Siberian Plain during JJA and
the warm anomaly is reduced to a small region to the
northeast of the Caspian Sea (Fig. 8b). The cold anomalies
over the central Pacific are significant in both reanalysis
products during JJA (see Fig. S8b).

Global Precipitation Climatology Project (GPCP;
Adler et al. 2003) precipitation anomalies (Fig. 9) show
the expected decrease over R1 and R2 during DJF and
over R1 during JJA related to positive SLP anomalies.
The months found in the NCEP-2 time series (see
Fig. S2a in the supplemental material) are also charac-
terized by increased precipitation over the eastern Pa-
cific (see Fig. S9 in the supplemental material), which
occurs only in JJA for the MERRA time series (Fig. 9b).
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F1G. 8. As in Fig. 3, but for 2-m temperature (°C) during (a) DJF
and (b) JJA. Contour interval is 1°C.

However, only the decrease over R2 is statistically sig-
nificant after the FDR correction. Both reanalysis prod-
ucts show significantly increased winter precipitation over
the West Siberian Plain during the positive R1 + R2
phase related to the negative SLP anomalies. Decreased
precipitation over the Black Sea and eastern Mediterra-
nean region, which is only statistically significant for
months found in the MERRA time series after the FDR
correction, results from the significant increase in geo-
potential height throughout the troposphere (Figs. 3a,c
and 4a) that is consistent with the blocking high de-
scribed in Schneidereit et al. (2012).

5. Summary and conclusions

In this study, we use the MERRA and NCEP-2 re-
analysis products to show how the Walker circulation
around the western Pacific warm pool and the central
Pacific Ocean is influenced by extratropical waves that
are deflected from the Northern Hemisphere polar re-
gions during winter and then travel southeastward over
central Asia. Although the stationary wave pattern de-
scribed here roughly resembles the EA-WR pattern, the
pattern presented here influences the tropical ENSO
region in contrast to the EA-WR pattern, which is
confined to the Northern Hemisphere. The positive

0 30E 60E 90E 120E 150E 180 150W120W 90W 60W 30W 0

4 3 -2 -1 0 1 2 3 4

FIG. 9. As in Fig. 3, but for GPCP precipitation (mm day ')
during (a) DJF and (b) JJA. Contour interval is 0.5 mm day ~'. The
zero line is omitted for clarity. Global field significance is indicated
by black squares (grid points) in DJF, there is no global field sig-
nificance during JJA.

phase of this pattern is defined by two positive peaks
over Darwin, Australia, and Tahiti, which are located
within the ENSO region. By adding up both ends of the
Walker circulation, we remove the signal of its strength,
and instead characterize the SLP difference between the
ENSO region and the extratropics. This background state
of the ENSO region is negatively correlated to an SLP
signal over the West Siberian Plain, which exerts Rossby
wave activity into the ENSO region. This wave train
originates in the subtropical Atlantic and propagates
northeastward toward the north of the West Siberian
Plain, where it gets deflected southeastward through cen-
tral Asia and southern East Asia. Two positive anomalies
in geopotential height over eastern Europe and Lake
Baikal indicate the incoming and outgoing ends of the
deflected Rossby wave train and only the outgoing end is
significant in the lower stratosphere. This outgoing wave
train continues on to the central Pacific Ocean around
Tahiti, thus modifying the background state of ENSO.
The analysis of the 300-hPa streamfunction during
northern winter indicates that this wave pattern is part of a
circumglobal wave train with three significant positive
anomalies in the extratropical Northern Hemisphere over
eastern Europe, Lake Baikal, and the eastern Pacific.
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A fourth positive anomaly over the tropical Pacific and
subtropical Atlantic reveals the subtropical bridge
(Tang and Neelin 2004; Graf and Zanchettin 2012;
Park and Dusek 2013). Negative anomalies exist to the
north over Novaya Zemlya, the northeastern Pacific,
and the Labrador Sea. Over Eurasia, this pattern
indicates a strengthened polar jet stream around 60°N
and a weakened East Asian jet stream (EAJS) around
40°N. The positive phase of the above described wave
train can also be associated with positive phases of the
PNA and NAO patterns. Most prominently however,
the association of this circumglobal wave train with
the ENSO region indicates that the wave train from the
West Siberian Plain is related to opposite phases of the
eastern Pacific and central Pacific El Nifio events.

A similar but less significant signal can be detected
during northern spring and fall (not shown here). During
summer, however, the signal of the correlation is re-
versed and not significant. Only a composite analysis of
JJA reanalysis data shows significant patterns of a sta-
tionary wave over central and East Asia. The seasonal
changes in the detected signal make it difficult to use this
signal as a predictive tool and more interpretation is
necessary to fully understand the implications of the
teleconnections described here.

In general, the AMO influence on Rossby wave activity
in the subtropical North Atlantic suggests a multidecadal
component in the detected wave train. Hu and Feng (2012)
investigated the combined impact of ENSO and AMO on
summertime precipitation in North America. The AMO
causes an asymmetry in precipitation response to El Nifio
and La Nifa, whereby summertime precipitation has a
much larger positive anomaly in El Nifio years occurring
during the warm phase of the AMO than during the cold
phase of the AMO. Although the impact of the detected
wave train on regional precipitation is largely confined to
the regions R1, R2, and R3, as well as to the Black Sea and
eastern Mediterranean region in our analysis, temperature
anomalies can be as large as =5K north of Lake Baikal
and over the Arctic Ocean northwest of Novaya Zemlya.
In conclusion, it should be noted that the atmospheric
impact on the ENSO region should be taken into account
for the characterization of global ENSO signals.
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APPENDIX

Combining Correlations

For three normalized time series 7, 7>, and 75, each
observed over T time stamps, the covariance obeys the
identity

cov(T, + T,,T,) = cov(T,, T;) + cov(T,, T;) (A1)

(Snedecor and Cochran 1989).
This identity can be used for correlations so that

corr(T, + T,,T;)
_ cov(T,, T;) + cov(T,, T,)
Vvar(T,) + var(T,) + 2cov(T,, T,)/var(T,)
(A2)

Since all time series are normalized, var(7;) = 1, and
thus

corr(T, + T,,T;)
_corr(T, T;) + corr(T,, T)
VI+T+2corr(T,, THV1
_corr(T, T;) + corr(T,, T})
V20 +corr(T,, T,)]

(A3)
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