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Abstract

This study contributes to an improved understanding of Central Southwest Asia (CSWA) wintertime (November—April)
precipitation by analyzing the dominant spatial-temporal modes of the regional winter precipitation and examining their
relationship with global sea surface temperature (SST) and large-scale atmospheric circulation fields, for 1950/51-2014/15.
Empirical orthogonal function (EOF) analysis results show that the first mode (EOF-1) of winter precipitation is character-
ized by a mono-sign pattern, with significant links to El Nifio-Southern Oscillation (ENSO). EOF-2 displays a north—south
dipole related to the latitudinal shift in the jet stream position, while the west—east dipole in EOF-3 appears to be influenced
by the thermal contrast between the equatorial regions and higher latitudes. Further, we focus on the interdecadal change
of connection between wintertime ENSO and EOF-1 observed around the early 1980s. The relationship is weak during
1950/51-1983/84 (P1), but strong and statistically significant in 1984/85-2014/15 (P2). In P1, without the ENSO signal,
EOF-1 related atmospheric circulation anomalies are confined mainly over the mid- to high-latitudes of the Northern Hemi-
sphere, associated with the extratropical East Atlantic—Western Russia (EA—WR) teleconnection. In P2, however, a close
connection to the tropical Pacific is observed that includes a pronounced SST expression similar to that of ENSO. As a
result of the increased relationship between ENSO and EOF-1 in P2, the regional impact of EA—-WR observed over CSWA
in P1 is linearly superimposed by the anomalous hemispheric—wide atmospheric response forced by the ENSO conditions
in the Pacific.
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1 Introduction

Central southwest Asia (CSWA), defined here as the domain
bounded by 20°-47°N, 40°-85°E is a semiarid and a water-
scarce region (Oki and Kanae 2006) prone to large interan-
nual and inter-decadal precipitation variations (Hoell et al.
2015a). Dominated by high mountain ranges from west to
east—the Alborz, Zagros, Hindu Kush, Pamirs, Karako-
ram and the Himalayas (Fig. 1a), the complex orography
of CSWA strongly modulates the weather systems and pro-
foundly controls the regional distribution of precipitation
(Barlow et al. 2005; Barlow and Tippett 2008; Rana et al.
2017). A large part of CSWA, which includes the western
and the northern flanks of the domain, is beyond the usual
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reach of the Indian monsoon [e.g., Fig. 2 in Rana et al.
(2015)] with little precipitation during the warm summer
season.

For much of CSWA, precipitation primarily occurs dur-
ing the winter and early spring season of November—April
[(NDJFMA); see Fig. 1c] when the region is within the sub-
tropical belt of the upper-tropospheric westerly jet stream
(Krishnamurti 1961). The intensification and southward
excursions of the subtropical westerly jet bring moisture-
bearing midlatitude synoptic storms into CSWA. As they
traverse eastwards, they pass through a dense upper-air
observing array over Europe, the Middle East, the Black
Sea and the Caspian Sea regions (Schir et al. 2004). The
moisture advection associated with these storms is typically
from the west, including the Atlantic, the Mediterranean
Sea, the Red Sea, the Persian Gulf, the Caspian Sea and
the Arabian Sea (Barlow et al. 2005; Kar and Rana 2014).
While propagating from west to east, the moisture-laden
winds modify the regional circulations as they encounter the
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Fig.1 a Topography (km) of CSWA (20°—47°N, 40°-85°E), b spatial distribution of winter season precipitation (mm/day), and ¢ percentage
contribution of NDJFMA precipitation to the total annual precipitation over CSWA for 1950/51-2014/15

high mountain ranges of CSWA and generate precipitation
via upslope lifting (Cannon et al. 2016; Barlow et al. 2016).
The precipitation is mostly in the form of snow over the high
mountain ranges, which accumulates as a seasonal snowpack
throughout the cold months. The melting of this snow is an
important source of water during the spring—summer season,
which happens to coincide with the time of year when the
regional water demand is highest. In addition to snow, winter
rainfall in the sub-mountainous and low elevation areas is
crucial for the widespread subsistence agriculture, industrial
needs, and livelihood.

CSWA winter precipitation is strongly influenced by
several large-scale modes of climate variability such as
the El Nifio—Southern Oscillation (ENSO), Pacific decadal
oscillation (PDO), North Atlantic Oscillation (NAO), East
Atlantic—Western Russia (EA—WR) pattern, Polar/Eurasian
Pattern (PE), Indian Ocean Dipole (IOD) and others [for
more details see Barlow et al. (2016)] at time scales ranging
from sub-seasonal to seasonal and interannual to decadal
(Barlow et al. 2005; Barlow and Tippett 2008; Hoell et al.
2012, 2013, 2015b; Kar and Rana 2014; Yin et al. 2014). A
comprehensive review of boreal wintertime teleconnection
studies highlights ENSO as an important driver of CSWA’s
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winter precipitation climate. Both observational and model
analyses show that the two phases of ENSO, El Nifio or
La Nifia, are related to statistically significant region-wide
increases or decreases of winter precipitation (Mariotti
2007; Hoerling and Kumar 2003; Hoell and Funk 2013;
Hoell et al. 2015a, 2017; Rana et al. 2017; 2018) by way of
both baroclinic (Barlow et al. 2002; Hoell et al. 2012) and
barotropic (Hoell et al. 2013; Shaman and Tziperman 2005)
Rossby wave teleconnection mechanisms.

As evidenced by previous research ENSO-related
precipitation modifications are substantial over CSWA.
However, with the competing influence of various tropi-
cal and extratropical teleconnections on CSWA climate,
the regional precipitation anomalies can be influenced by
other concomitant non-ENSO modes of climate variabil-
ity. These modes, depending on their relative strengths
and phase combinations, tend to modify the seasonal
precipitation either directly (during non-ENSO years) or
by way of partly modulating the strength of the ENSO
response (e.g. Yin et al. 2014; Barlow and Hoell 2015;
Barlow et al. 2016; Liu et al. 2017; Rana et al. 2018).
The above mechanisms are not mutually exclusive and a
high degree of uncertainty remains in our understanding
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of their individual role in CSWA’s wintertime precipita-
tion variability. Therefore, one of the motivations of this
study is to statistically characterize the leading spatial
and temporal patterns of CSWA wintertime precipitation
variability using the conventional empirical orthogonal
function (EOF) analysis (Wilks 2006) and examine the
large-scale teleconnection links that govern the leading
precipitation modes.

Furthermore, we focus on the leading mode [(EOF1)
of CSWA winter precipitation] that explains a relatively
large proportion of the region’s precipitation variability
and has a close relationship with tropical Pacific ENSO
forcing as reported in Hoell et al. (2017). The authors also
documented that the long-term relationship between win-
tertime ENSO (Nifio-3.4) and CSWA precipitation varied
in strength throughout the 20th century (1901-2012) and
was strongest after the 1980s. Our recent study (Rana et al.
2018) also revealed that the influence of springtime Nifio-
3.4 (NAO) on CSWA winter precipitation strengthened to
(weakened from) a statistically significant level around the
early 1980s and continued to increase (decrease) thereaf-
ter. In particular, changes in ENSO characteristics includ-
ing frequency, intensity, location, structure, and propaga-
tion during recent decades (Wang 1995; An and Wang
2000) have been shown to force stronger wintertime north-
ern hemisphere circulations and significant precipitation
modifications over CSWA (Hoell and Funk 2013; Hoell
et al. 2014a, b) resulting in higher predictability and pre-
dictive skill of the regional precipitation after the 1980s
period (Rana et al. 2018).

These studies suggest a possible inter-decadal change of
connection between wintertime ENSO and CSWA precipita-
tion around the early 1980s. Since it is unclear whether this
relationship will remain strong in future, it is of interest to
investigate how the connection between CSWA winter pre-
cipitation and the global atmospheric circulation changed
in the context of the above discussion. We believe that
addressing these issues will deepen our understanding of
CSWA wintertime precipitation variability and may provide
useful information for seasonal forecasting of the regional
precipitation.

The rest of the paper is organized as follows. Section 2
describes the data and methods adopted in this study. Sec-
tion 3 presents the spatial and temporal characteristics of
the leading three (EOF-1, EOF-2, EOF-3) modes of win-
ter (NDJFMA) precipitation variability over CSWA. The
association between the three EOF modes of CSWA winter
precipitation and the large-scale atmospheric circulations
and global sea surface temperature (SST) anomalies are
discussed in Sect. 4. Section 5 examines the inter-decadal
change in ENSO-EOF-1 relationship and compares the cir-
culations and SST anomalies before and after the inter-dec-
adal change, followed by summary and discussion in Sect. 6.

2 Data and methods
2.1 Observed and reanalysis data

The present study employs two-monthly mean observed
precipitation datasets over land. They are (1) the Global
Precipitation Climatology Centre (GPCC) full data rea-
nalysis version 7 (Schneider et al. 2014) available from
http://gpcc.dwd.de for the period 1901-2013 and (2) the
Climatic Research Unit (CRU) time series (TS) version
3.24.01 available from https://crudata.uea.ac.uk/cru/data/
for the period 1901-2015 (Harris et al. 2014). The current
analysis uses 0.5° latitude/longitude resolution for both
GPCC and CRU data.

It is important to note that throughout the CSWA
region, considerable uncertainty exists in the accuracy
of gridded precipitation estimates (Barlow and Tippett
2008; Rana et al. 2015, 2017; Hoell et al. 2017). Some of
the factors that contribute to this uncertainty are: sparse
or non-existent precipitation observation network, politi-
cal sensitivity, extreme topography, snow measurement
errors and so on. In order to gain a better understanding
of some of these issues, Rana et al. (2017) performed a
comprehensive assessment of various precipitation data-
sets for CSWA and reported that in comparison to some
of the currently available observational datasets (includ-
ing CRU), GPCC precipitation estimates are qualitatively
more realistic and reliable in this region. Therefore, the
present study uses GPCC precipitation records from 1950
up to 2013 and the CRU dataset thereafter. The spatial
maps of the CSWA wintertime precipitation climatology
and its seasonal percentage contribution to the total annual
precipitation for the analysis period (1950/51-2014/15)
are shown in Fig. 1b, c, respectively.

Estimates of monthly mean observed SST (°C) data
are drawn from the National Oceanic and Atmospheric
Administration (NOAA) extended reconstructed SST ver-
sion 5 (Huang et al. 2017; http://www.esrl.noaa.gov/psd/
data/gridded/). This SST dataset is produced on a fixed 2°
latitude—longitude resolution and is available from 1854 to
the present. In this study, ENSO variability is represented
by the Nifio-3.4 index which is defined as the area aver-
aged SST anomaly over the region 5°S—5°N, 170°-120°W.

Reanalysis atmospheric variables including monthly-
mean sea level pressure (SLP), the geopotential height at
500-hPa (Z500) and 200-hPa (Z200), zonal and meridional
components of winds at 700-hPa (U700; V700) and 200-
hPa (U200; V200) are drawn from the National Centers
for Environmental Prediction (NCEP)-National Center
for Atmospheric Research (NCAR) at a fixed 2.5°x2.5°
latitude—longitude grid for 1948-2015.
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2.2 Methods

EOF analysis is a widely used statistical technique to reduce
the dimensionality of a complex data set into linear combi-
nations of fewer new variables that represent the maximum
possible fraction of the variance contained in the original
data (Wilks 2006). Here, we use EOF analysis over CSWA
(20°-47°N, 40°-85°E) by constructing an area-weighted
covariance matrix of the observed winter precipitation
for 1950/51-2014/15 period; and the first three patterns
that explain nearly 45% of the total domain variance are
analysed. Correlation and regression analyses are further
applied to identify the physical mechanisms responsible for
the connection between the three standardized EOF time
series of CSWA precipitation with the wintertime global
SST and large-scale atmospheric circulations. Statistical
significance of the correlation coefficient at p<0.10 and
p<0.01 is assessed using the two-sided Student’s ¢ test.

To document the inter-decadal change in the wintertime
ENSO-CSWA precipitation relationship, we divide the
entire analysis period (1950/51-2014/15) into two sub-
periods: (1950/51-1983/84, P1) and (1984/85-2014/15,
P2). The selection of the two subperiods is based on the
17-year sliding correlation of Nifio-3.4 index with the lead-
ing (EOF-1) time series of CSWA precipitation. The under-
lying mechanisms pre- and post- the inter-decadal change
of the ENSO impact on CSWA winter precipitation climate
are investigated.

Fig.2 The spatial patterns and
their corresponding normal-
ized PC time series for the a
first (EOF-1: 19%), b second
(EOF-2: 15%), and c third
(EOF-3: 10%) EOF modes of
CSWA wintertime (NDJFMA)
precipitation for the period
1950/51-2014/15

3 Characteristics of leading three EOF
modes of CSWA winter precipitation

We start by examining the wintertime precipitation climatol-
ogy (Fig. 1b) and its percentage contribution (Fig. 1c) to the
total annual precipitation over CSWA for 1950/51-2014/15.
The climatological precipitation displayed in Fig. 1b closely
follows the principal mountain ranges of the region, with
heaviest amounts falling on the western slopes of the high
mountains. Yearly precipitation can exceed 1 m in some
areas of the high mountains of western Iran, the Hindu-Kush
Karakoram, as well as along the southern (eastern) shores
of the Caspian (Black) Sea (Barlow et al. 2005). Region-
ally, wintertime precipitation demonstrates a high degree of
spatial coherence (Hoell et al. 2015a) and makes a dominant
contribution (> 65%) to the annual precipitation totals as
seen in Fig. lc.

The spatial patterns of the first three EOF modes of
CSWA winter precipitation and time series of the corre-
sponding principal components (hereafter PC) are shown
in Fig. 2. The first EOF mode (Fig. 2a) explains 19% of the
total domain variance and is characterized by a mono-sign
pattern, with positive loadings over much of the region. This
spatial pattern reflects the coherent variability of winter pre-
cipitation over the entire domain, consistent with the find-
ings of previous studies (Hoell et al. 2015a; Kar and Rana
2014). The positive (negative) fluctuations in the polarity
and amplitude of EOF1 are indicative of region-wide wetter
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(drier) winter conditions. The PC time series associated with
this mode (Fig. 2b) is positively correlated with the season-
ally averaged year-to-year winter precipitation over CSWA
(r=0.93) and with ENSO (r=0.49), both statistically sig-
nificant at the 99% confidence level. More detail on these
linkages is provided in Sect. 4.

The second EOF (Fig. 2b) of winter precipitation,
explaining 15% of the total variance, displays a meridi-
onal dipole structure with a negative center of action in the
north and a positive one in the south. The zero line of the
dipole pattern is confined close to the climatological posi-
tion of the winter tropospheric jet that lies between 20°N
and 35°N (Krishnamurti 1961), suggesting that the second
EOF mode of winter precipitation is presumably related to
the fluctuations in the latitudinal position/intensity of win-
tertime jets over CSWA. Strong links have been established
between the NAO and the variability in the speed and mean
position of the mid-latitude westerly jet stream during the
boreal winter (Rogers 1997; Luo et al. 2007; Strong and
Davis 2007; Woollings et al. 2010). For example, Luo et al.
(2007) reported that the positive (negative) NAO phase is
related to the poleward (equatorward) shift of the westerly
jet from its climatological position in the northern Hemi-
sphere. However, in our case the PC2 time series associated
with the second EOF mode does not demonstrate a signifi-
cant linkage to the wintertime (NDJFMA) NAO index. A
possible reason for this could be that a combination of dif-
ferent concomitant climatic modes such as the East Atlantic
pattern (EA), the Scandinavian pattern (SCA), the EA-WR
pattern and atmospheric blocking events can modulate the
geographical location and intensity of the NAO’s centres
of action from the classic locations, used to compute the
conventional station-based NAO indices (Woollings et al.
2010; Moore and Renfrew 2012; Comas-Bru and McDer-
mott 2013). Moreover, various regional circulation patterns
and large-scale atmospheric processes including tropical and
extratropical teleconnections (e.g. ENSO, EA-WR, PE and
Siberian High) have been linked to changes in the westerly
storm-tracks accompanied by shifts in wintertime jet stream
flow pattern over the CSWA region (Yin et al. 2014; Barlow
et al. 2016; Cohen et al. 2014; Lioubimtseva 2015; Wolff
et al. 2017) either directly or by way of partly modulating
the strength of the associated teleconnections (Rana et al.
2018). It may be for these reasons that the PC2 time-series is
not strongly correlated with any particular mode. See Sect. 4
for more details.

The third EOF mode of CSWA winter precipitation
(Fig. 2¢) explains 10% of the total variability and mostly
features a zonal dipole with opposite precipitation variations
in the western and eastern parts of the region. Structurally,
the pattern represents longitudinal variations in the mean
structure and flow (ridges and troughs) of Rossby waves
associated with the subtropical jet stream over CSWA. It has

been noted that the strength of the jet stream is influenced
by the magnitude of the meridional temperature gradient
between the equatorial regions and the higher latitudes, such
that the reduction in the north—south temperature gradient
slows down the jet-stream zonal velocity and increases its
tendency to meander (Francis and Vavrus 2012; Hassanza-
deh et al. 2014). A similar west—east precipitation dipole
structure across CSWA has been reported in Hoell et al.
(2017) and Rana et al. (2018), who used different statistical
approaches to characterise the long-term precipitation vari-
ability over the CSWA region. The PC3 time series display-
ing the temporal component of this mode shows a period of
moderate variability before the mid-1990s, followed by a
mild upward trend and increased variability, likely associ-
ated with an increase in the frequency of dry conditions over
CSWA linked to the rapid warming of the Indo-west Pacific
and the Atlantic Ocean SSTs in the recent decades (Compo
and Sardeshmukh 2010; Hoell and Funk 2014; McGregor
et al. 2014).

4 Association with global SST
and large-scale atmospheric circulation
anomalies

To demonstrate the physical sense of the three leading EOF
modes of CSWA winter precipitation and to verify their rela-
tionship with the large-scale patterns of climate variability;
spatial maps of SST, SLP, geopotential height, zonal and
meridional winds anomalies were obtained using regression
of the corresponding fields onto PC1 (Fig. 3), PC2 (Fig. 4)
and PC3 (Fig. 5) time series.

4.1 EOF-1 associated climate anomalies

In Fig. 3a, the SST anomaly pattern for PC1 shows strong
and statistically significant positive SST anomalies in the
central-eastern tropical Pacific accompanied by negative
anomalies over the western Pacific sector. This pattern is
spatially similar to the warm phase of the ENSO cycle; that
has its origin in the tropical Pacific Ocean with telecon-
nections reaching far beyond the Pacific sector (Latif and
Barnett 1995; Neelin et al. 1998). Consistent with the distri-
bution of SST anomalies associated with PC1, the SLP map
in Fig. 3b exhibits a large-scale seesaw pattern of statisti-
cally significant SLP anomalies in the tropical Indo-western
Pacific and the eastern Pacific Ocean, characteristic of the
negative phase of the Southern Oscillation. In the North
Atlantic sector, the SST anomalies bear some resemblance
to the negative phase of the NAO cycle, which is usually
observed during El Nifio winters (Gershunov and Barnett
1998; Graf and Zanchettin 2012) and has been linked with
the formation and persistence of atmospheric blocking
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Fig.3 The regression maps of a SST, b SLP, ¢ geopotential height at
500-hPa, d geopotential height at 200-hPa, e zonal wind at 200-hPa, f
meridional wind at 200-hPa, and g wind vectors at 700-hPa onto PC1
time-series associated with EOF-1 for the period 1950/51-2014/15.
Solid (dashed) contours denote positive (negative) values and zero

episodes in the North Atlantic sector (Shabbar et al. 2001).
Supporting the above, a blocking-like dipole structure is
evident in the SLP regression map (Fig. 3b) with a positive
centre of action sitting over western Europe and a secondary
centre of opposite sign over Greenland and further south,
which is fairly similar to the blocking pattern described in
Cassou et al. (2004).

Previous research has shown that the key system that
bridges the ENSO-related variations in the Pacific Ocean and

@ Springer

lines are omitted. The contour interval is 0.1 °C in a; 0.2 hPa in b;
3minc;4mind; 0.4 m/sin e and 0.3 in f. The light and dark shad-
ings in the figures (a—f) indicate that the correlation coefficients are
significant at p<0.10 and p<0.01, respectively

CSWA'’s regional precipitation climate is through an east-
ward propagating Rossby wave train that emanates from the
central equatorial Pacific Ocean and extends eastwards over
North America, the Atlantic, and the Middle East into west-
ern Asia (Shaman and Tziperman 2005; Barlow and Tip-
pett 2008). Large-scale equivalent barotropic Rossby waves
propagate over the CSWA region (Hoell et al. 2013, 2015a;
Rana et al. 2018) as evidenced by the statistically significant
geopotential height anomalies of the same sign at Z500 hPa
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Fig.4 As in Fig. 3, but for PC2 time-series associated with EOF-2

and Z200 hPa in Fig. 3c, d, respectively. In addition to the
stationary barotropic Rossby wave mechanism that impacts
CSWA from the west, ENSO teleconnections also influence
the regional climate of CSWA by the westward-propagating
baroclinic Rossby waves (Barlow et al. 2002, 2007; Hoell
et al. 2012) associated with the Gill-Matsuno-type circu-
lation response (Matsuno 1966; Gill 1980). In Fig. 3, the
tropically forced baroclinic response can be seen over India

and China (~30°N, 120°E) in the Z200 hPa and U200 hPa
fields, but is somewhat overshadowed by the hemispheric-
wide strong equivalent barotropic signal. These results show
that anomalous warming in the equatorial eastern Pacific
associated with El Nifio induces an anomalously cold-core
cyclonic trough (low pressure) over CSWA; that interacts
with the mean mid- and upper-level tropospheric jet flows,
resulting in a thermodynamically-forced warm temperature
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Fig.5 Asin Fig. 3, but for PC3 time-series associated with EOF-3

advection and precipitation-enhancing anomalous ascent
over CSWA that extends throughout the troposphere (Hoell
et al. 2013, 2017). The reverse is true during La Nifia years
(Rana et al. 2018).

Correspondingly, the regression of the zonal wind com-
ponent at 200-hPa (Fig. 3e) onto PC1 shows statistically
significant negative anomalies (easterly flow anomalies)
across the equatorial Pacific Ocean, indicative of a weaker-
than-normal Walker Circulation in response to El Nifio con-
ditions. Another prominent feature is the zonally-elongated

@ Springer

band of positive (westerly) wind anomalies, circumnavigat-
ing the upper troposphere, and meridionally confined to lati-
tudes ~ 25°-30° in the region of the subtropical westerly jet.
Graf and Zanchettin (2012) showed that during warm ENSO
events, in particular for central Pacific El Nifios, the Rossby
waves generated by anomalous atmospheric heating in equa-
torial latitudes may become meridionally trapped by the sub-
tropical jet and propagate eastward within the jet waveguide
causing perturbations over the Atlantic and European sector.
In fact, the 200-hPa meridional wind anomalies shown in
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Fig. 3f reflects a Rossby wave-like structure that appears
to be originating from the equatorial Pacific (around the
dateline) and propagating eastward as a series of cyclonic
and anticyclonic features that are well observed over the
Atlantic, Europe and western Asia. Furthermore, the sig-
nificantly deepened trough as noted in the height anomalies
appears as anomalous cyclonic circulation over CSWA at
the lower 700-hPa level as shown in Fig. 3g. The circulation
around this cyclonic center is associated with an enhanced
southwesterly flow pattern across much of the CSWA region
(within the red box in Fig. 3g), which advects moist air from
the adjoining Arabian Sea and Indian Ocean basin, thereby
increasing the regional winter precipitation during the warm
ENSO phase.

4.2 EOF-2 associated climate anomalies

For the second EOF mode, the regression maps of SST
(Fig. 4a) and SLP (Fig. 4b) onto PC2 show notably different
sources of variability and associated atmospheric circulation
structures, compared to those obtained for PC1. The SST
anomalies are much weaker in magnitude with significance
occurring only over limited areas of the three ocean basins.
In the North Pacific sector, the SST pattern manifest features
similar to the second mode of North Pacific SST variability,
which is termed as the Victoria mode (Bond et al. 2003) or
the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al.
2008). The corresponding atmospheric response to NPGO
appears as a meridional pressure dipole between Alaska and
Hawaii that has a strong resemblance to the North Pacific
Oscillation (NPO) signature (e.g. Fig. 2 in Furtado et al.
2011; Linkin and Nigam 2008) and was first identified by
Walker and Bliss (1932). Significant positive SLP anoma-
lies also occur over a large part of East Asia with a spatial
structure that represents a southward migration and a west-
ward extension of the Siberian High from its climatologi-
cal position of 40°-60°N, 80°~120°E. Based on the above
it appears that the intensity and location of the Siberian
High also plays a role in EOF-2 variability. Further, in the
North Atlantic sector, the low-pressure anomalies over the
Icelandic region and throughout the Arctic combined with
high-pressure anomalies spanning the central latitudes of
the North Atlantic between 35°N and 45°N represent a pres-
sure dipole structure, reminiscent of NAO anomalies. Here,
the most notable feature is that the atmospheric anomalies
associated with PC2 are confined largely to the mid-to-
high-latitudes of the Northern Hemisphere; implying that
the tropical forcing plays a lesser role in the variability of
the second EOF mode of CSWA winter precipitation, unlike
the first EOF mode.

The regression map of Z500 (Fig. 4c) and Z200
(Fig. 4d) display a zonally oriented tripolar pattern of
negative—positive—negative height anomalies extending

in the meridional direction over the Northern Hemi-
sphere. Meanwhile, the height anomalies in the Pacific
Ocean broadly resemble the western Pacific (WP) telecon-
nection pattern, which is the upper-air signature of the
NPO variability in SLP (Linkin and Nigam 2008). The
similar sign of height anomalies at 500-hPa and 200-hPa
feature an equivalent barotropic vertical structure. The
shape and the location of the twin statistically significant
narrow bands of negative geopotential height anomalies
(cyclones) located around 25°N and 60°N correspond to
a slight equatorward and poleward shift in the position of
the subtropical and polar front jet stream, respectively.
The two jets are well separated from each other by a strong
positive height anomaly centre located over central Rus-
sia and Mongolia associated with the Siberian anticy-
clone. These results are further supported by the 200-hPa
zonal wind regression map (Fig. 4e) that exhibit a more
prominent tripolar structure with zonally elongated and
meridionally tighter zonal wind anomalies spanning the
entire Northern Hemisphere. Statistically significant posi-
tive (westerlies) zonal wind anomalies are noted along the
two jet axis, while the occurrence of negative (easterlies)
wind anomalies at latitudes in between the jets suggest a
weakening of the background westerlies in conjunction
with the anticyclonic flow coming from the westward pro-
gression of the Siberian High over northern central Asia.
The relationship between PC2 and the 200-hPa meridional
wind component is rather weak or almost non-existent as
seen in Fig. 4f. Hence the second mode of CSWA winter
precipitation appears to be dominated by variations in the
latitude and strength of the subtropical jet and zonal flow
across Eurasia.

An interesting feature to note in the regressed wind
anomalies at 700-hPa (Fig. 4g) is that the out-of-phase
meridional dipole observed in the North Pacific SLP and
geopotential height anomalies give rise to a dominant anti-
cyclone—cyclone couplet that is associated with a strong
easterly flow anomaly close to the nodal point (~48°N) and
strengthens the prevailing easterlies of the Siberian anticy-
clone. Previous works have indicated the role of Siberian
High in modifying the influence of the westerly storm sys-
tems over Northern Hemisphere mid-latitudes (Makorgian-
nis et al. 1981; Hasanean et al. 2013; Panagiotopoulos et al.
2005; Cannon et al. 2014; Wolff et al. 2017). Consistent
with the above findings, our results show that the westward
extension of the Siberian anticyclone into central Asia and
Europe, along with the northwestward nudging of the NPO/
WP pattern contributes towards the maintenance of upper-
level ridges over northern CSWA. This ridge blocks the east-
ward propagating westerly storm systems, restricting their
flow to a more southerly track that results in more precipita-
tion on the southern side of the CSWA region as shown in
Fig. 2b.
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4.3 EOF-3 associated climate anomalies

For the third EOF mode of CSWA winter precipitation, the
SST regression map (Fig. 5a) associated with PC3 reveals
three distinct tropic-wide areas of statistically significant
positive SST anomalies. This pattern is fairly similar to the
observed tropical SST trend noted for the last half century
(e.g. Fig. 3a in Shin and Sardeshmukh 2011), the principal
feature of which is the long-term warming of the Indian
and the Pacific Ocean (Hoerling et al. 2001). The above
result is consistent with the findings of Hoell et al. (2017),
who reported that the west—east precipitation dipole pat-
tern over CSWA (similar to the one depicted in Fig. 2¢)
is related to the warming of the Indian and Pacific Ocean
SST. Also in Fig. 5b, the SLP response associated with
PC3 depicts a strong midlatitude—tropical link, marked by
a sharp tri-polar meridional pressure gradient with statisti-
cally significant negative pressure anomalies in the mid-
to-high latitudes of the cold Eurasia/North Atlantic and
two separate positive anomaly centres situated over the
adjacent warm western Pacific/Australia and Africa/South
Atlantic. Since the subtropical jet stream is a thermally
driven phenomenon, a weaker (stronger) thermal contrast
or SLP gradient tends to favour (inhibit) the north—south
excursions, i.e. wave amplitude and waviness of the jet
stream. In other words, an increased north—south mean-
dering of the jet stream results in slower progression of
weather systems and more frequent atmospheric blocking
events that can lead to extreme weather events (Hassanza-
deh et al. 2014; Barriopedro et al. 2006).

The above results provide reasonable evidence that
the west—east precipitation pattern across CSWA (repre-
sented as EOF-3) is potentially related to the longitudinal
changes in the zonal velocity of the westerly jet stream that
occurs in proportion to the temperature/pressure changes
forced by the meridional gradient of the diabatic heat-
ing. In response to the anomalous surface heating, the
geopotential height anomalies at 500-hPa (Fig. 5c) and
200-hPa (Fig. 5d) associated with PC3 indicate a strong
connection to the tropics with statistically significant posi-
tive height anomalies spanning the entire tropical region.
Upstream of the Indian Ocean, an accompanying feature
in the extratropical Northern Hemisphere is a less signifi-
cant negative geopotential height anomaly pattern stretch-
ing from the North Atlantic to the Ural region, between
positive anomalies positioned over the Mediterranean Sea
and over southern Siberia. This tripolar pattern bears a
close resemblance to the type 1 Eurasian pattern (Barn-
ston and Livezey 1987), the Scandinavian pattern (Bueh
and Nakamura 2007; Liu et al. 2014) or the Ural-Siberian
blocking (Cheung et al. 2012). Here it is important to note
that Liu et al. (2014) identified an important role of cold
(warm) Indian Ocean SST anomalies in the formation and
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maintenance of the positive (negative) Scandinavian pat-
tern during the winter months.

In Fig. Se, the regressed upper-tropospheric zonal wind
anomalies associated with PC3 exhibit a weak westerly flow
over North Africa and the Middle Eastern region. A zon-
ally oriented band of positive (westerly) wind anomalies is
observed at 60°N latitude that extends southeastwards over
the Black Sea and the Caspian Sea region into CSWA. In
the tropical and subtropical central Pacific, the zonal wind
anomalies are similar to those related to the warm phase of
ENSO. Meanwhile, the 200-hPa meridional wind component
in Fig. 5f displays a prominent wave-like anomaly pattern
with statistically significant centres of action encompassing
much of the CSWA region. At the surface, the regressed
wind fields (Fig. 5g) feature a cyclonic centre at 60°N-60°E,
sandwiched between two large anticyclones that occupy
most of the North Atlantic-European region in the west and
central Siberia in the East. This pattern corresponds well to
the extratropical positive—negative—positive anomaly centres
of the Scandinavian pattern noted in the regressed height
anomaly map in Fig. 5c. Here, the circulation response asso-
ciated with the anticyclone over Europe and the cyclone over
the Ural mountains generates a cold—dry northerly flow over
the western flank of the CSWA region, resulting in negative
precipitation loadings over western CSWA that are consist-
ent with the see-saw pattern depicted in Fig. 2¢c. On the other
hand, a strong westerly flow is observed along the south-
ern flank (~ 10°N-20°N) of the CSWA region coming from
Africa into the Arabian Sea, and extending up to central
India and beyond. At the eastern periphery of the CSWA
region (within the red box), the circulation pattern indicates
a southerly flow into the eastern flanks of the CSWA region.
This southerly flow from the Arabian Sea is associated with
precipitation enhancing moist air advection into CSWA,
consistent with the positive polarity of EOF loading pattern
shown in Fig. 2c.

5 Inter-decadal change of connection
between the wintertime ENSO and EOF-1

Here we focus on the inter-decadal change of the connection
between ENSO and EOF-1 of CSWA winter precipitation
variability. It has been established herein (Fig. 3) and previ-
ously (Hoell et al. 2017; Rana et al. 2018) that the leading
mode of CSWA winter precipitation is closely related to the
ENSO phenomenon. Using the Nifio-3.4 index as an indi-
cator of ENSO, Fig. 6a presents the interannual variability
of the DJFMA averaged Nifio-3.4 index and the normal-
ized PC time series (i.e. PC1) associated with EOF-1 for
the period 1950/51-2014/15. The year-to-year variations
in the Nifio-3.4 index and PC1 display both same-sign and
opposite-sign changes during the analysis period. A close



Dominant modes of winter precipitation variability over Central Southwest Asia and... 5699

1950 1954 1958 1962 1966 1970

1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014

1
——PpC-1
0.8

0.6 J**ssssssssssssssssssssssssssssnes

0.4

0.2

0

1%

10%

(b)

0.2

1950 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014

Fig.6 a Time series of the wintertime (NDJFMA) Nifio-3.4 index
and the normalized PCI1 time-series associated with EOF-1 during
1950/51-2014/15. b Sliding correlations between Nifio-3.4 index and

examination shows that opposite-sign variations often
occurred during the period from the 1950s through the early
1980s, while same-sign variations appear to dominate after
the mid-1980s.

The sliding correlation between PC1 and the Nifio-3.4
index with a 17-year window is shown in Fig. 6b. The
impact of ENSO on EOF-1 variability is weak between
1950 and 1980, but strong and statistically significant after
the mid-1980s. Many previous studies [e.g., Kumar et al.
1999; Van Oldenborgh and Burgers 2005; Lopez-Parages
and Rodriguez-Fonseca 2012; Jia and Ge 2017] have found a
non-stationary relationship between the surface climate and
the ENSO teleconnections in different regions around the
globe. These variations are often explained by changes in the
background climate related to (1) the interdecadal variabil-
ity of the midlatitude atmosphere (Gershunov and Barnett
1998; Diaz et al. 2001) (2) the influence of global warming
(Stevenson 2012; Cai et al. 2015) (3) or by mere chance
in which the low-frequency SST variations did not exert a
modulating effect (Sterl et al. 2007). Since a similar change
in the impact of ENSO teleconnection has been reported for
CSWA (Hoell et al. 2017; Rana et al. 2018); therefore, in the
following two separate sub-periods are discussed, with one

the PC1 time-series displayed at the central year of a 17-year window.
The horizontal dotted lines in b indicates the correlation is significant
at the 10% (0.41) and 1% (0.61) confidence level

sub-period defined from 1950/51 to 1983/84 (P1) and the
other from 1984/85 to 2014/15 (P2).

5.1 The EOF-1 associated global SST and large-scale
atmospheric circulation anomalies in P1 and P2

Regression maps of SST and SLP onto PC1 time series asso-
ciated with EOF-1 are examined for the two periods P1 and
P2 and depicted in Fig. 7. During P1, the SST anomalies
linearly correlated with EOF-1 are weak (Fig. 7a) while
during P2 (Fig. 7b) there is a clear SST anomaly contrast
between the warm central-eastern and cold western tropical
Pacific Ocean, mimicking an El Nifio—like structure. The
regression map of SST (Fig. 7a) and SLP onto PC1 (Fig. 7c)
shows that without the influence of ENSO, the atmospheric
response anomalies in P1 are mainly constrained over the
mid- to high-latitudes of the Northern Hemisphere; whereas
a significant connection to the tropical Pacific is observed
in P2 (Fig. 7d) indicating that ENSO has a closer and more
persistent relationship with EOF-1 after the 1980s.

The EOF-1 related atmospheric circulations at the mid-
and upper-tropospheric levels for the two sub-periods are
depicted in Fig. 8. The 500- and 200-hPa regressed height
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Fig.7 The regression maps of a, b SST and ¢, d SLP onto the PC1
time series associated with EOF-1 for P1 [1950/51-1983/84] (a, ¢)
and P2 [1984/85-2014/15] (b, d). Solid (dashed) contours denote
positive (negative) values and zero lines are omitted. The contour
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interval is 0.1 °C in a, b; and 0.2 hPa in ¢, d. The light and dark shad-
ings in the figures (a—d) indicate that the correlation coefficients are
significant at p<0.10 and p<0.01, respectively
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Fig.8 The regression maps of a, b geopotential height at 500-hPa
and ¢, d geopotential height at 200-hPa onto the PC1 time series
associated with EOF-1 for P1 [1950/51-1983/84] (a, ¢) and P2
[1984/85-2014/15] (b, d). Solid (dashed) contours denote positive
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(negative) values and zero lines are omitted. The contour interval is
3 min a, b; and 4 m in ¢, d. The light and dark shadings in the fig-
ures (a—d) indicate that the correlation coefficients are significant at
p<0.10 and p <0.01, respectively
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anomalies associated with EOF-1 for P1 (Fig. 8a, c) are
analogous to those of SLP, dominated by a zonally oriented
wave train-like pattern covering the entire extratropical
Northern Hemisphere. Here, the most prominent features
are the two dominant positive centres of action located over
Western Europe and the mid-latitude Asian sector accom-
panied by an anomalously strong negative anomaly centre
over western Russia, north of the Caspian Sea. This station-
ary wave structure of large-amplitude ridges and troughs is
quasi-barotropic (Figs. 7c, 8a, c) and seems a reminiscent
of the positive phase of the EA—WR teleconnection (Liu
et al. 2014; Lim and Kim 2016; Gao et al. 2016) or the
type 2 Eurasian pattern described in Barnston and Livezey
(1987). This result shows that in P1, EOF-1 variability is
more closely related to the Northern Hemisphere extratropi-
cal teleconnections rather than to tropical forcings.

In P2, the atmospheric circulation anomalies that are
related to EOF-1 are notably different in structure and source
from that of P1. Pronounced positive height anomalies domi-
nate the tropics in P2, accompanied by a Rossby wave train
that emanates from the tropics to the extratropics in response
to the El Nifio-related forcing and produces both eastward-
and westward-propagating stationary waves in the upper
troposphere as described in Shaman and Tziperman (2016).
An important feature apparent in the 500-hPa (Fig. 8b) and
200-hPa (Fig. 8d) regressed height anomalies is that in addi-
tion to the extratropical barotropic wave response induced by
the ENSO-related diabatic heating; two westward-propagat-
ing baroclinic waves, symmetric about the equator in both
hemispheres, are much clearer and stronger in the recent
P2 period than for the full-period relationship observed in
Fig. 3. A further comparison of the atmospheric circulation
anomalies in Fig. 8 with those in Fig. 3 suggest that in the
full-period analysis (i.e., Fig. 3) much of the strength of the
barotropic signal appears to comes from the early P1 period
when CSWA precipitation is not related to ENSO.

In a recent study on central Asia, Yin et al. (2014) indi-
cated that both EA-WR and ENSO are related to the regional
wintertime precipitation variability through changes in the
winter westerly circulation flow and intensity. These changes
can be seen clearly in the regressed zonal and meridional
wind component anomalies obtained at 200-hPa for P1 and
P2 in Fig. 9. In P1, associated with the positive EA-WR
phase noted in height anomalies, a westerly zonal anomaly
flow appears over the CSWA region between 25°N and 45°N
latitude (Fig. 9a). Correspondingly, a large-scale wave train-
like pattern can be seen embedded in the regressed meridi-
onal wind for P1 (Fig. 9¢) with maximum amplitude waves
over the high latitude North Atlantic, Europe, and western
Russia, with the structure quite similar to the EA/WR wave
pattern observed in Fig. 1d of Lim and Kim (2016). Here the
combined effect of the upper-tropospheric zonal and merid-
ional wind anomalies over CSWA creates an anomalous

large-scale anticyclone-cyclone couplet at the surface (700-
hPa, Fig. 9e). This couplet exerts a strong meridional flow
to the west of the CSWA region, accompanied by a weaker
zonal flow to the south that appears to be coming from the
Atlantic Ocean along the path across North Africa to CSWA
between 25°N and 30°N latitude. The prevailing conditions
result in a stronger surface cyclonic activity and an enhanced
southwesterly flow over the CSWA region, bringing mois-
ture from the Arabian Sea to as far as the Atlantic. On the
other hand in P2, the El Nifio-related upper-tropospheric
zonal wind circulation anomalies over CSWA are associ-
ated with the intensification and equatorward shift of the
subtropical westerly jet stream (Fig. 9b) and a conspicuous
wave-like structure over the Atlantic—European sector in the
meridional wind anomalies (Fig. 9d). This pattern favours
enhanced southwesterly winds and moisture advection into
CSWA from the Arabian Sea and tropical Africa (Fig. 9f).

The results shown here indicate that the leading EOF
mode of CSWA winter precipitation is associated with
notably different circulation structures and sources of
variability in P1 and P2. However, general characteristics
of the large-scale circulation anomalies associated with
EOF-1 in P2 share many similarities with those obtained
for the full analysis period (1950/51-2014/15; Fig. 3) dis-
cussed in Sect. 4.1. A closer inspection, however, reveals
some notable differences between the two periods most of
which are confined locally over mid-latitude Eurasia. For
example, the EOF-1 associated atmospheric circulation
anomalies in the regressed SLP and geopotential height
fields are more pronounced and significant at the 99% con-
fidence level over the European mainland and CSWA region
in the period 1950/51-2014/15 (Fig. 3b—d), compared to
those in P2. Also, the 200-hPa zonal wind anomalies for
(1950/51-2014/15) period in Fig. 3e exhibits a bifurcation
of the westerly jet at approximately 30°N-58°E with one
branch propagating southward of the CSWA region and
the other northeastward over to southern Siberia and then
towards north Japan. In P2 (Fig. 9a) no such regional bifur-
cation is observed in the upper-level zonal wind anomalies,
other than the El Nifio—related southward displacement of
the subtropical jet close to 28°N latitude. Furthermore, the
regressed meridional wind anomalies depicted in Fig. 3f
displays a wave train pattern dominated by strong (signifi-
cant at 99% confidence level) anticyclonic-cyclonic regional
circulation centres over western Europe-CSWA region, in
comparison to those observed in P2 (Fig. 9d).

Our analysis suggests that on the regional scale many
of the above-noted spatial differences are a result of the
extratropical teleconnection response observed in P1 (i.e.
1950/51-1984/85); that without the ENSO signal, are con-
strained mainly over the mid-to-high latitudes of the North-
ern Hemisphere. However, with the significant inter-decadal
change of the connection between ENSO and EOF-1 around

@ Springer



5702

S.Ranaetal.

(@) P1_U200_EOF1
80N

(b) P2_U200_EOF1
90N

BON {~
30N 4
EQ-
3084, . - . :
60W 0 B0E 120E 180 1200
1 V200_EOF1
.......... 03—

BON
30N+

EQ+

7] .G s 4 f
N)\\\_\‘ \Q \K?Q\\’ /E e

3054\ ' : :
8E  120E 130

1200

90N

(e) P1_Wind700_EOF1

BON W

o
Y

j / ) 'ylrw W,
4 "/’(. ’///
z"'f'-a/',’% NoAir =
E-&i'&'a-.-'/
~n

S g

Ax N
A
%

A .

P J gl Moo
30N o

= > 41 -ﬂ'\—-—o"*‘.\\ 1™y
A I S we s iaed e
-

A
)
Tom ¥ -
- e - 4 yue ) A g By - g
EQ i T ® " ;%—: N, 33y
P LS .
e v T . N PavE m.:-vcﬂ.v:v'.‘,f

M o 7““"" “\} Al
‘S/q ;lé:‘\'\':" 87 C/;f"""..... .\f(n ::‘_k"r ' -:4-‘-':*

S I N P e T2 N £
B60W 0 60E 120E 180 120W

Fig.9 The regression maps of a, b zonal winds at 200-hPa, ¢, d
meridional winds at 200-hPa, and e, f wind vectors at 700-hPa onto
the PC1 time series associated with EOF-1 for P1 [1950/51-1983/84]
(a, ¢, e) and P2 [1984/85-2014/15] (b, d, f). Solid (dashed) contours

the early 1980s, the strong atmospheric circulation anoma-
lies associated with extratropical processes (e.g. positive
EA-WR pattern) in P1 are linearly superimposed by the
anomalous atmospheric circulations forced by the warm
ENSO conditions throughout the Northern Hemisphere in
P2. In fact, the teleconnection pathway or the atmospheric
bridge through which the aforementioned modes of climate
variability influence the EOF-1 variability in P1 and P2 are
quite similar in spatial structure and geographical position
over much of Western Europe and Central Asia, as evidenced
by the individual stationary barotropic Rossby wave pattern
in Fig. 8. This feature likely favours the superposition of the
atmospheric circulation anomalies in P2 onto those observed
over the mid-to-high latitudes in P1, resulting in a linearly
combined atmospheric response which is similar to the one
obtained for the full period (1950-51-2014/15) in Fig. 3.
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denote positive (negative) values and zero lines are omitted. The con-
tour interval is 0.7 m/s in a, b; and 0.3 m/s in ¢, d. The light and dark
shadings in the figures (a—d) indicate that the correlation coefficients
are significant at p<0.10 and p <0.01, respectively

The above results corroborate the findings of Hoell et al.
(2014a, b) who showed that the leading mode of CSWA
winter precipitation is related to SST anomalies associated
with the ENSO phenomenon. However, it has been identified
in this study that in addition to ENSO the EA-WR pattern
also contributed significantly to the variability of EOF-1;
but it is the ENSO’s response that appears more pronounced
given its significant relationship with EOF-1 in recent years.

5.2 Theinterdecadal change of ENSO-related
circulations in P1 and P2

Many of the previous studies have reported that changes
in ENSO characteristics since the late 1970s (Wang 1995;
Gu and Philander 1997; An and Wang 2000) have affected
the variability and predictability of the tropical-extratropical
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teleconnections in the Northern Hemisphere, and their asso-
ciated seasonal climate anomalies (Larkin and Harrison
2005; Jia et al. 2014; Rana et al. 2018; Hoell et al. 2018;
Ahmadi et al. 2019). Consistent with the research cited
above, our results also demonstrate that the impact of ENSO
on CSWA wintertime precipitation climate significantly
increased after the mid-1980s. To support these findings,
we briefly investigate the changes in ENSO-related circula-
tion anomalies from P1 to P2, for which regression maps of
SST, SLP, and Z200 onto Nifio-3.4 index are generated and
presented in Fig. 10.

Corresponding to a positive Nifio 3.4 index, significant
positive SST anomalies are observed over the tropical cen-
tral-eastern Pacific Ocean along and negative SST anoma-
lies in the Western Pacific for both P1 (Fig. 10a) and P2
(Fig. 10b). Here the most notable difference in the ENSO-
related SST anomalies is the increase in the strength of the
tropical and extratropical Pacific SST anomalies in P2, with
a sharp gradient in equatorial SST anomalies between the
western and central Pacific Ocean. These results suggest

(@) P1_SST_Nifio-3.4

that the enhanced SST anomaly contrast in the west Pacific
Ocean, due to the increased warming in the western Pacific
sector since the mid-1980s (as seen in Fig. 10b) has contrib-
uted to the changes in the strength of ENSO teleconnections
both globally and over southwest Asia (e.g., Barlow et al.
2002; Hoell and Funk 2013; Hoell et al. 2014a, b).
Consistent with the SST anomaly spatial structure,
the regression maps of SLP onto Nifio-3.4 index for P1
(Fig. 10c) and P2 (Fig. 10d) resemble the Southern Oscilla-
tion pattern in the tropics, with significant anomalous nega-
tive SLP anomalies over the North Pacific Ocean for both the
periods. Although similar in spatial distribution, the mag-
nitude of SLP anomalies in P2 are comparatively stronger
to those in P1, suggesting a closer relationship between the
tropical Pacific SST variability and the North Pacific atmos-
pheric circulations in recent decades as reported in Jo et al.
(2015) and Yeh et al. (2015). Additionally, the regression
maps generated for the 200-hPa geopotential height fields
display quite different height anomaly patterns over the
Northern Hemisphere in P1 (Fig. 10e) and P2 (Fig. 10f). As
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Fig. 10 The regression maps of a, b SST, ¢, d SLP and e, f geopoten-
tial height at 200-hPa onto Nifio-3.4 index for P1 [1950/51-1983/84]
(a, c, e) and P2 [1984/85-2014/15] (b, d, f). Solid (dashed) contours
denote positive (negative) values and zero lines are omitted. The con-
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tour interval is 0.1 °C in a, b; 0.2 hPa in ¢, d; and 5 m in e, f. The
light and dark shadings in the figures (a—f) indicate that the correla-
tion coefficients are significant at p<0.10 and p<0.01, respectively
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evidenced by the statistically significant circulation anoma-
lies in the mid-to-high latitudes of Asia, it is apparent that
the strength of ENSO-induced atmospheric teleconnection
increased substantially in P2. It is also worth noting that
the ENSO-related atmospheric circulation anomalies in P2
(Fig. 10f) are fairly similar to those obtained for EOF-1 in P2
(Fig. 8b, d), implying that in this period CSWA precipitation
variability was strongly linked to the atmospheric telecon-
nection forced by ENSO. On the other hand, a clear dif-
ference exists between ENSO-forced (Fig. 10e) and EOF-1
related circulation anomalies (Fig. 8a, b) in P1, suggesting
that prior to the mid-1980s CSWA precipitation was likely
controlled by the non-ENSO modes.

Based on the findings of the studies cited above and the
results obtained here, it can be suggested that the possible
mechanism that influenced the interdecadal changes of the
relationship between ENSO and CSWA wintertime pre-
cipitation after the mid-1980s was related to the increased
warming in the tropical western Pacific relative to the central
Pacific Ocean.

6 Summary and discussion

In this study, we analyzed the spatial-temporal variability
of the leading three modes of CSWA winter precipitation
for the period 1950/51-2014/15. We also investigated the
relationship of these modes with the large-scale atmospheric
circulations and the global SST. Results show that the first
mode (Fig. 2a) is characterized by a spatially coherent
mono-sign structure over the entire domain. It represents
the year-to-year variability of CSWA winter precipitation
that includes a strong contribution of ENSO. The PC1 time-
series is significantly correlated at the 99% confidence level
with both the observed wintertime precipitation (r=0.93)
and the Nifio 3.4 index (r=0.49). El Nifio-related Pacific
SST anomalies produce an anomalous low pressure (trough)
over CSWA via the equivalent barotropic and baroclinic
atmospheric circulation response. These conditions favour
a region-wide precipitation-enhancing ascent resulting in an
enhanced southwesterly moisture flow from the Arabian Sea
and Indian Ocean basin (Fig. 3g) that is responsible for posi-
tive precipitation loadings over CSWA.

The second mode (Fig. 2b) displays a meridional
dipole structure with opposite variations in precipitation
north—south of approximately 35°-37°N latitude, indicat-
ing a meridional shift in the position and/or intensity of the
subtropical wintertime westerly jet over CSWA. The atmos-
pheric circulation anomalies associated with EOF-2 (Fig. 4)
are confined mainly over the mid-to-high latitudes of the
Northern Hemisphere. It appears that this mode is influenced
by a combination of teleconnection processes including both
extratropical and tropical (e.g. NAO, EA-WR, Siberian
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High, ENSO, and others) that have been previously linked to
the changes in the Northern Hemisphere storm track dynam-
ics (Yin et al. 2014; Cohen et al. 2014; Lioubimtseva 2015)
either directly or by way of partially modulating the strength
of the concomitant teleconnections (Rana et al. 2018). Our
results suggest that among other physical processes, the two
underlying mechanisms that likely play a role in modulat-
ing the strength of the westerly circulation flow over CSWA
is related to the westward extension of the Siberian High
and the northwestward nudging of the NPO/WP pattern.
While further analyses need to be done in this line, here
it can only be hypothesised that the combined response of
the two forcings (Fig. 4g) directs the eastward propagating
storm systems to a more southerly track, resulting in positive
(negative) precipitation loadings on the southern (northern)
side of the CSWA region.

The third mode (Fig. 2c) of CSWA winter precipitation
is expressed as a west—east dipole pattern across the study
region. This mode is possibly related to the longitudinal var-
iations in the mean structure and flow (ridges and troughs)
of the subtropical jet stream over CSWA which in turn are
closely linked to the magnitude of the meridional tempera-
ture/pressure gradient between the equatorial regions and
higher latitudes. The most prominent spatial characteristics
of the large-scale anomalies associated with EOF-3 are its
strong and statistically significant relationship with the tropi-
cal Ocean SSTs and a clear midlatitude-tropical link in the
atmospheric circulation anomalies (Fig. 5). Another distinct
feature in the extratropical Northern Hemisphere is a tripolar
structure similar to the type 1 Eurasian pattern or the Scan-
dinavian pattern. It is likely (in agreement with Liu et al.
2014), the observed pattern is related to the significant (99%
confidence level) SST anomalies observed in the tropical
Indian Ocean (Fig. 5a). The air-sea interaction is through
a well-organized wave train located upstream of the Indian
Ocean that forms an anomalous anticyclone-cyclone cou-
plet over Europe and the Ural region (Fig. 5g), resulting in
regional precipitation changes over the western and eastern
flanks of CSWA.

In this study, we also investigated the inter-decadal
change of connection between ENSO and the first EOF
mode of CSWA winter precipitation for two subperiods,
1950/51-1983/84 (P1) and 1984/85-2014/15 (P2). Using the
Nifio-3.4 index as an indicator of ENSO, the sliding correla-
tion between PC1 and the wintertime Nifio-3.4 index showed
that the impact of ENSO on EOF-1 was weak in P1; but strong
and statistically significant in P2 (Fig. 6). Notable differences
are observed in the climate anomalies associated with EOF-1,
before (P1) and after (P2) the 1980s. In P1, the EOF-1 related
atmospheric circulation anomalies are confined over the mid-
to high-latitudes of the Northern Hemisphere and are char-
acterized by a large-scale zonally oriented quasi-barotropic
Rossby wave structures with distinct centres of action over the
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European continent, Western Russia and East Asia, similar to
the positive phase of the EA-WR teleconnection (Figs. 7, 8).
In P2, significant El Nifio—type SST anomalies are observed
over the tropical Pacific Ocean with anomalous atmospheric
circulations extending throughout the Northern Hemisphere
(Fig. 7). The underlying teleconnection mechanisms are fairly
similar in spatial structure and impact area to those associated
with EOF-1 for the full analysis period (1950/51-1983/84;
Fig. 3).

It is a noteworthy finding that even though the large-scale
climate anomalies associated with EOF-1 display markedly
different characteristics in P1 and P2, the teleconnection path-
way through which EA-WR and ENSO impact the regional
climate of CSWA are quite similar for both the sub-periods.
Based on the results presented herein, it can be suggested that
the EOF-1-related atmospheric circulation anomalies that
appeared to be forced by El Nifio conditions in the full analysis
period (1950/51-1983/84) are likely a linear superimposition
of atmospheric circulations associated with the extratropical
EA-WR pattern in P1 by those associated with El Nifio in
P2. Detailed identification of the dynamical causes related to
the inter-decadal change of connection between ENSO and
the first EOF mode of CSWA winter precipitation is beyond
the scope of the present study. Nonetheless, to gain insights
on the possible mechanisms that may have contributed to this
change were briefly examined (Fig. 10). Consistent with the
findings of some of the previous studies, our results demon-
strated that the strong SST anomaly gradient between the west-
ern and the central Pacific Ocean played a significant role in
forcing anomalous ENSO-related atmospheric response over
the CSWA region.

The study improves our understanding of CSWA'’s winter-
time precipitation climate and its relationships with the large
scale global and regional teleconnections. These findings have
important implications for CSWA, given that an improved
understanding of the impact and role of the dominant forcings
can eventually lead to improvements in the seasonal predictive
skill of the regional precipitation. However, a closer investi-
gation into the role of Siberian High and the NPO pattern in
modulating the atmospheric circulation over CSWA would be
desirable to support some of the physical mechanisms pro-
posed in the study.
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