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ABSTRACT

Planetary wave reflection from the stratosphere played a significant role in changing the tropospheric circulation pattern
over Eurasia in mid-January 2008. We studied the 2008 event and compared with composite analysis (winters of 2002/2003,
2004/2005, 2006/2007, 2007/2008, 2010/2011 and 2011/2012), when the downward coupling was stronger, by employing
time-lagged singular value decomposition analysis on the geopotential height field. In the Northern Hemisphere, the geopo-
tential fields were decomposed into zonal mean and wave components to compare the relative covariance patterns. It was
found that the wavenumber 1 (WN1) component was dominant compared with the wavenumber 2 (WN2) component and
zonal mean process. For the WN1 field, the covariance was muchhigher (lower) for the negative (positive) lag, with a
prominent peak around +15 days when the leading stratosphere coupled strongly with the troposphere. It contributed to
the downward coupling due to reflection, when the stratosphere exhibited a partially reflective background state. We also
analyzed the evolution of the WN1 anomaly and heat flux anomaly, both in the troposphere and stratosphere, during January–
March 2008. The amplitude of the tropospheric WN1 pattern reached a maximum and was consistent with a downward wave
coupling event influenced by the stratospheric WN1 anomaly at 10 hPa. This was consistent with the reflection of the WN1
component over Eurasia, which triggered an anomalous blocking high in the Urals–Siberia region. We further clarified the
impact of reflection on the tropospheric WN1 field and hence the tropospheric circulation pattern by changing the propagation
direction during and after the event.
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1. Introduction

In recent decades, several studies have related tropo-
spheric variability with the downward propagation of strato-
spheric anomalies through planetary wave reflection (Kodera
et al., 2008). Due to the gradual increase in atmospheric
pressure downward, the reflected component gets attenuated
faster and its impact is considered to be minimal on the
tropospheric regime. The theory of planetary wave reflec-
tion on tropospheric fields was initially proposed by Hines
(1974) and Geller and Alpert (1980). Later, several authors
discussed the coupling processes and downward propaga-
tion in the light of Northern Annular modes (Baldwin and
Dunkerton, 1999, 2001), wave–mean flow interaction (Bald-
win and Dunkerton, 2001; Christiansen, 2001) and anoma-
lous propagation of the mean zonal wind field (Kodera et al.,
1990; Kuroda and Kodera, 1999; Christiansen, 2000) down
to the troposphere. Perlwitz and Graf (2001) and Perlwitz
and Harnik (2003, 2004) statistically described the vertical
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coupling of the wavenumber 1 (WN1) and wavenumber 2
(WN2) components downward with the tropospheric height
fields. In winter the stratosphere is either reflective or non-
reflective based on the strength of the polar vortex (Perlwitz
and Harnik, 2004). The WN1 and zonal mean component
play a major role when the background is reflective. Fur-
thermore, employing time-lagged correlation analysis, Perl-
witz and Harnik (2004) explained the gradual tilt in phase
of the WN1 regression pattern (leading mode) vertically up-
ward. With negative time lag the tilt is westward, but with
positive lag it is eastward, and this feature is consistent with
the downward propagation of planetary waves due to reflec-
tion.

Shaw et al. (2010) described the characteristics of down-
ward wave coupling between the stratosphere and tropo-
sphere, using the 40-year ECMWF (European Centre for
Medium-Range Weather Forecasts) reanalysis dataset. Em-
ploying cross-spectral correlation analysis and wave geome-
try diagnostics, they found that the downward WN1 coupling
occurs both in the presence of a vertical reflecting surface in
the mid-to-upper stratosphere and a high-latitude meridional
waveguide in the lower stratosphere. They also discussed the
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importance of the seasonal cycle of the wave geometry for the
proper representation of downward wave coupling between
the stratosphere and troposphere, both in the Northern and
Southern Hemisphere. In a separate study, Shaw and Perl-
witz (2013) statistically investigated the life cycle of North-
ern Hemisphere wave coupling events and found that it oc-
curs over a period of 28 days. Furthermore, they showed
that during the downward coupling process, there is a tran-
sition in stratospheric WN1 heat flux, from positive to neg-
ative, and the WN1 phase tilts from westward to eastward.
Shaw et al. (2014) established a new dynamical metric of
troposphere–stratosphere coupling, based on extreme strato-
spheric planetary-scale wave heat flux events.

Coughlin and Tung (2005) demonstrated the possibility
of wave reflection in the context of major sudden strato-
spheric warming (SSW) events and discussed its impact on
the tropospheric weather regime (Nath et al., 2013). They
illustrated the changes in the tropospheric WN1 field in re-
sponse to the reflected component from the stratosphere.
Separately, Kodera et al. (2008) related the occurrence of
an extreme cold event in March 2007 over the northeast
coast of the North American continent, to the upward and
reflected component of planetary waves over Eurasia and
the North American sector, respectively. During an SSW
event in 1984–85, Kodera and Chiba (1995) investigated the
changes in circulation pattern due to downward and equator-
ward propagation of midlatitude planetary waves to the tropo-
sphere. Geopotential anomalies that propagate downward to
the troposphere have a significant impact on the tropospheric
weather regime, particularly in non-reflective years (Perl-
witz and Harnik, 2004). Perlwitz and Harnik (2004) catego-
rized the reflective and non-reflective basic states for plane-
tary WN1 reflection based on the zonal-mean zonal wind dif-
ference between 2 and 10 hPa, averaged over 58◦–74◦N and
over time. The reflective basic state corresponds to a negative
index with the polar night jet peaking in the mid-stratosphere;
whereas, for the non-reflective state, the zonal wind increases
with increasing height. The planetary waves propagate up-
ward along the stratospheric westerly jet, weakening the polar
night jet in the upper stratosphere. This inhibits further prop-
agation of the planetary waves high up in the stratosphere and
it reflects back to the troposphere. During reflective winters
the stratospheric signals are weak and get attenuated above
the tropopause (Perlwitz and Harnik, 2004). Moreover, in
strong polar vortex winters, the WN1 reflection pattern is
more prominent (Perlwitz and Graf, 2001); whereas, in weak
vortex years, stratosphere–troposphere coupling is relatively
strong (Baldwin and Dunkerton, 1999, 2001).

Here, we considered a specific case in the pre-warming
phase of a major SSW event in January 2008. As reported
previously (Hui, 2009; Zhou et al., 2009; Nath et al., 2014),in
January and early February 2008, parts of Eurasia and China
experienced extreme cold events, snowfall and freezing rain,
particularly in the southern part of China. These phenomena
caused excessive damage, disruption and major infrastructure
loss, resulting in broken power transmission lines and chaotic
traffic conditions (Zhou et al., 2009). China experienced sub-

stantial economic losses of 53.8 billion RMB due to freezing
rain alone. Between 10 January and 2 February 2008 there
were four episodes of severe and persistent snow over the
Yangtze River basin, South China, and Southwest China. The
2008 event was the coldest event since at least 1979, bring-
ing about 107 casualties, according to the Ministry of Civil
Affairs.

Zhou et al. (2009) indicated the key factors as the oc-
currence of a persistent blocking high over Siberia, as well
as strong and persistent southwesterly flow, which triggered
moisture advection from the Bay of Bengal to southern-
central China, and the formation of a deep inversion layer
in the lower troposphere. Furthermore, Hui (2009) attributed
these adverse meteorological conditions with abnormal cir-
culation anomalies at high latitudes. In a separate study,
Nath et al. (2014) demonstrated that when the stratospheric
basic state is partially reflective, a wave packet emanating
from Baffin Island/the coast of Labrador propagates east-
ward, equatorward and reflects back over central Eurasia and
parts of China, which in turn triggers the advection of cold
wind from the northern part of the boreal forest region and
Siberia to the subtropics. The extraordinary persistence of
this particular cold event has been linked with anomalous
blocking high over the Urals–Siberia region.

Despite many previous studies having investigated the
key factors (like tropospheric blocking) that triggered the ex-
treme cold event in January 2008, none explored the causative
mechanism underpinning the occurrence of the anomalous
blocking high over the Urals–Siberia region. In the present
study, we performed lagged correlation analysis to under-
stand the respective contribution of the wave (WN1 and
WN2) and zonal mean flow in conjunction with stratosphere–
troposphere coupling processes. By analyzing the squared
covariance between the stratospheric and tropospheric height
field, we identified the key dates in January 2008 when the
impact of the stratospheric basic state on the troposphere was
at a maximum (or vice versa). We also compared the singular
value decomposition (SVD) pattern of the 2008 event with
the composite mean pattern, which included several win-
ters for which downward wave coupling has been reported.
Based on Shaw and Perlwitz (2013), Kodera et al. (2013),
and Dunn-Sigouin and Shaw (2015), we chose the winters of
2003, 2005, 2007, 2008, 2011 and 2012 for the composite
analysis. We also estimated the changes in the tropospheric
WN1 field and hence the tropospheric circulation, during and
after the event. Furthermore, we clarified the role of plan-
etary wave reflection on the tropospheric circulation pattern
and formation of strong Urals–Siberia blocks.

2. Data and methodology

2.1. Data

Daily mean ECMWF Interim Reanalysis (ERA-Interim)
data (Uppala et al., 2008; Dee et al., 2011) were used for
potential vorticity, geopotential height, zonal wind, merid-
ional wind, and temperature. The individual parameters were
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archived from December to April from 2002/2003 to 2011/
2012. The ERA-Interim data are available at 37 pressure lev-
els from 1000 hPa to 1 hPa, with a horizontal resolution of
1.5◦×1.5◦.

2.2. Methodology

2.2.1. Time-lagged SVD

Time-lagged SVD analysis was used to establish the dy-
namical connection between the geopotential height fields in
the stratosphere and troposphere (Perlwitz and Harnik, 2003,
2004). The leading coupled modes were extracted from the
spatiotemporal structures of the geopotential height pertur-
bations. We performed the analysis and estimated the covari-
ance with the temporal series of two height fields at individual
time lags separately. The height perturbations were arranged
such that each column was the time series for a given loca-
tion. Based on Perlwitz and Harnik (2003, 2004), the geopo-
tential height fields could be expanded orthogonally, which
can be expressed as

H1(x,t) =
N

∑
n=1

un(x)an(t) , (1)

H2(x,t + τ) =
N

∑
n=1

vn(x)bn(t + τ) , (2)

whereH1 andH2 are the geopotential height fields at timet
andt + τ, un andvn are the singular matrices,N is the num-
ber of modes, ands2

n is the square ofnth singular value of the
covariance matrix betweenH1 andH2–constructed by taking
the covariance between the two expansion coefficientsa(t)
andb(t + τ). The coupled modes are arranged with increas-
ing n and decreasing covariance.S is the total squared covari-
ance between the two coupled fields:

S =
N

∑
n=1

s2
n. (3)

In our analysis, the reference height was fixed at 10 hPa and
the SVD analysis was performed with the levels descending
downward from 10 hPa to 1000 hPa at different lags (τ) in
time lags from−30 to +30 days, i.e., 61 time lags. At the
reference height, the time span from 1 January to 30 March,
i.e., 90 days, remained fixed; whereas, the other levels were
shifted temporally by−30 to 30 days with an interval of 1
day. Thus, positive lags indicated that the stratosphere was
leading and the troposphere was lagging, and vice versa for
negative lags. In order to detect the time lag at which the
dynamical relation betweenH1 andH2 was maximal, corre-
lation coefficients between the leading coupled modes,a1 and
b1, were computed for each of the 61 SVD analyses.

To understand the contribution of wave processes and the
zonal mean field, SVD analysis was performed between zonal
mean fields, the eddy field (i.e., deviation from the zonal
mean), and the WN1 and WN2 height fields, separately. Prior
to the SVD analysis, we removed the mean seasonal cycle
and multiplied the data by the square root of the density and

the cosine of latitude along the altitude and latitude, respec-
tively. In order to concentrate on the intra-annual variabil-
ity and exclude the influence of a trend in the covariance,
the annual mean averages of the geopotential height fields
were removed. Although we did not use any temporal fil-
tering, strong spatial filtering was applied in the wavenum-
ber domain, both for theH1 andH2 zonal mean fields. To
extract the WN1 and WN2 components from the geopoten-
tial height perturbations, we applied the least squares fitting
(LSF) method for spectral analysis. This method was used to
fit a set of zero mean observations,yi, at timesi = 1,2, · · · ,N,
to the equation given by

yi = (A + B)cos(2πwλi) , (4)

wherew is the wavenumber,λi represents the longitudes, and
A andB are the coefficients to be fitted. The individual wave
components were then computed using the empirical relation

Ys = Asin(wλi + φ) , (5)

whereA is the amplitude andφ is the phase, estimated by
means of LSF analysis.

In order to estimate a grid size independent measure ofS,
the mean squared covariance,C, between two grid points of
theH1 andH2 fields can be defined as

C =

√

S
m1m2

, (6)

wherem1 and m2 are the grid points ofH1 and H2 fields.
Here, we interpolated the height fields to 4.5◦ in longitude
and 3◦ in latitude and performed the SVD analysis between
30◦ and 85◦ N. Hence,m1 = m2 = 1600, corresponding to 80
and 20 longitudinal and latitudinal grid points, respectively.

2.2.2. Blocking index

Midlatitude blocking is characterized by local formation
of anomalous easterly flow due to the blocking of the westerly
jet and mass transfer from high- to midlatitudes (Namias and
Clapp, 1951; Treidl et al., 1981; Barriopedro et al., 2006).
In general, the blockings are quasi-stationary patterns that
persist for several weeks and have a significant impact on
rainfall redistribution and the occurrence of extreme weather
events at regional scales. A persistent blocking pattern also
induces strong advection of polar air, southward, leading to
extreme cold weather in boreal winter months (Nath et al.,
2014). For January 2008, Zhou et al. (2009) and Nath et al.
(2014) reported an anomalous and persistent blocking pattern
in the Urals–Siberia region. The frequency of blocking ex-
ceeded the climatological high over 55◦–70◦E. We computed
the blocking index from Tibaldi and Molteni (1990), with the
additional criteria proposed by Barriopedro et al. (2006).The
500 hPa geopotential height gradients in the north and south
(GHGN and GHGS) (units: gpm/latitude) were simultane-
ously computed using the following expressions:

GHGN=
H(λ ,θN)−H(λ ,θ0)

θN −θ0
, (7a)

GHGS=
H(λ ,θ0)−H(λ ,θS)

θ0−θS
, (7b)
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θN = 78.0+ δ ,

θ0 = 60.0+ δ ,

θS = 39.5+ δ ,

δ = −4.5,−3.0,−1.5,0.0,1.5,3.0,4.5. (7c)

where H(λ ,θ ) is the 500 hPa geopotential height,δ is
the shift in latitude, GHGS is the measure of the zonal
geostrophic wind component, and GHGN is imposed to ex-
clude the non-blocked flows (Barriopedro et al., 2006). An
arbitrary longitude was considered to be blocked if the fol-
lowing conditions were satisfied:

GHGN< −10

GHGS> 0

H(λ ,θ0)−H(λ ,θ0) > 0 . (7d)

To identify the potential blocks, a three-day running mean
filter was applied at each longitude.

3. Results and discussion

3.1. Covariability of the stratospheric and tropospheric
height fields

First, we compared the relative dominance of the zonal
mean and the height wave fields for January–February–
March (JFM), as obtained from the SVD analysis. The
squared covariance between the 10 hPa and various pres-
sure levels (10 to 1000 hPa) at different time lags (−30 to
30 days), for the zonal mean, deviation from the zonal mean,

WN1 height, and WN2 height are shown in Fig. 1. The com-
posite mean patterns for six winters (2002/2003, 2004/2005,
2006/2007, 2007/2008, 2010/2011 and 2011/2012) when the
downward coupling was stronger is shown in the upper pan-
els, Figs. 1a–d. The lower panels, Figs. 1e–h, exhibit the
SVD patterns for the 2008 event, in order to compare the con-
sistency with the composite mean pattern. For the zonal mean
field (Figs. 1a and e), in the positive time lag (stratosphere
leads), the covariance is stronger and extended (longer time
scale) in the lower stratospheric heights. Meanwhile, in the
negative time lag (troposphere leads), the covariance is rela-
tively weaker and less persistent below 20 km. In the present
analysis, the covariability is maximum and dominant for the
leading coupled mode (first), because it explains around 80%
of the squared covariance in all height regions.

Figures 1b and f depict the covariability of the deviation
from the zonal mean field for the composite and 2008 case,
respectively. Unlike the zonal mean field, the covariance is
relatively stronger for the negative and positive time lag in
the mid-tropospheric (3–11 km) and lower stratospheric (>16
km) heights, respectively. The mid-tropospheric covariance
is well extended over all time lags (−30 to 30 days), with
a maximum around±15 days; whereas, in the lower strato-
spheric heights, the covariance is biased towards the positive
side, with peaks around 0–5 day (>20 km) both for the com-
posite and 2008 case. The zonal deviation field includes the
contribution of various wave processes, and at given latitudes
the WN1 and WN2 components were separated out using the
LSF method, described in section 2.2.1.

As is clear from Fig. 1c, the WN1 covariance (∼300

Fig. 1. The covariance (units: gpm2) between the geopotential height fields at 10 hPa and all pressure levels between
1000 and 10 hPa, for time lags ranging from−30 to 30 days: (a–d) the covariance of the zonal mean, deviations
from the zonal mean, WN1 height, and WN2 height, respectively, for the composite winter of 2002/2003, 2004/2005,
2006/2007, 2007/2008, 2010/2011 and 2011/2012; (e–h) the same, but for 2008 case. A positive time lag indicates
that the stratospheric field is leading. The left and right axes represent the height (units: km) and pressure (units: hPa),
respectively.
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gpm2) for the composite case compares well with the devia-
tion from the zonal mean field (∼400 gpm2). We can see the
humps with larger covariance at the lags of−3 days (tropo-
sphere leads) and+15 days (stratosphere leads) in the WN1
field. The features are quite consistent with the 2008 case
(Fig. 1g), at least on the positive side, with stronger down-
ward coupling at+15 days’ lag. Another noticeable feature
is the intense downward coupling due to the WN1 field, with
a persistent covariance pattern down to the surface at+15
days’ lag. But, for the WN2 field, both the composite and
2008 event (Figs. 1d and h) exhibit much weaker covariance
(∼100 gpm2) throughout the height range. The WN2 co-
variance, meanwhile, although weaker than WN1, exhibits
a dominant peak at around+5 days’ lag (stratosphere leads)
and 400 hPa, both for the composite and 2008 event. Perl-
witz and Harnik (2004) linked the planetary wave reflection
with the humps in the positive lags when the basic state of
the stratosphere was reflective. In Nath et al. (2014), it was
shown that, apart from the zonal mean reflective index, the
longitudinal variation too has a severe impact on regional
weather extremes, and the concept of a partially reflective
stratospheric background state was introduced. All six win-
ters chosen for the composite analysis – based on Shaw and
Perlwitz (2013), Kodera et al. (2013) and Dunn-Sigouin and
Shaw (2015) – except 2006/2007, exhibit a partially reflec-
tive stratospheric background state. Therefore, during these
years, when the downward coupling was stronger, the rela-
tive dominance of the WN1 covariance from the stratosphere
should have had a significant impact on the tropospheric cir-
culation pattern.

To further elucidate the relative contribution of the zonal
mean and the WN1 field, we plotted the covariance for the
zonal mean (850 hPa) and WN1 (400 hPa) field, both for
the composite (Fig. 2a) and 2008 event (Fig. 2b). As can
be seen, for the WN1 field, the covariance is much higher
(lower) for the negative (positive) lag, with a prominent peak
at around+15 days when the leading stratosphere coupled
strongly with the troposphere. Meanwhile, in the negative
lag (troposphere leads), the peaks are prominent at lags of−4
days and−10 days for the composite and 2008 case, respec-
tively. This difference is obvious and can be attributed to the
difference in upward wave propagation during the six winters
included in the composite analysis. The winters were chosen
based on Shaw and Perlwitz (2013), Kodera et al. (2013) and
Dunn-Sigouin and Shaw (2015), when downward coupling
was prominent, irrespective of any precursory upward wave
propagation events. For example, according to Dunn-Sigouin
and Shaw (2015, Table 1), there were three downward prop-
agating events, on 6 February, 25 February and 31 March
2003, but the upward propagation occurred long before the
downward coupling events on 14 January 2003. Similarly,
for the 2008 case, there is no upward propagation prior to the
wave reflection event. In the zonal mean field, the covariance
is much lower compared with the WN1 field, and the absence
of any significant maxima, either in the positive or negative
time lag, is prominent.

Fig. 2. The covariance [gpm2] between the tropospheric and
stratospheric height fields at 30◦–85◦N for time lags between
−30 and 30 days for the composite winters (upper panel) and
2008 case (bottom panel) between the leading coupled mode.
Blue line: covariability between 10 hPa and 850 hPa zonal mean
fields; Black line: covariability between 10 and 400 hPa height
WN1 fields. A positive time lag indicates that the stratospheric
field is leading. The maxima are significant at least to the 99%
confidence level.

3.2. Evolution of WN1 height and heat flux for the 2008
event

Based on the SVD timed lagged analysis, we identified
that—both in the composite and 2008 case—downward cou-
pling due to reflection was strongest at+15 days’ lag. This
corresponds to 15 of January as the key date for the 2008 case
study. The evolution of the high-latitude WN1 pattern can be
illustrated using a Hovmöller plot. Figure 3a shows the to-
tal WN1 pattern averaged between 60◦ and 80◦N at 400 hPa
(black contours) and 10 hPa (coloring) as a function of longi-
tude and time from−20 to+20 days (15 January as the start
date). Downward WN1 coupling events clearly coincide with
changes in the tropospheric wave pattern. In the first stage
(−20 to−10 days), the 400 hPa WN1 pattern over the Urals–
Siberia region is very weak. During the second stage (−10
to 0 days), the amplitude of the 10 hPa high-latitude WN1
pattern reaches a maximum and precedes the maximum am-
plitude at 400 hPa, which occurs during stage three (0 to10
days). The features are consistent with Shaw and Perlwitz
(2013, Fig. 5). The amplitude of the 400 hPa WN1 pattern
reaches a maximum during the third stage and at the same
time the pattern continues to move westward. Finally, in
the fourth stage (10 to 20 days), the amplitude of the WN1
pattern decreases significantly and, overall, the wave pattern
evolution is very consistent with a downward wave coupling
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Fig. 3. (a) Evolution of the total 400 hPa (black contours) and 10 hPa(color shading) WN1 pattern averaged from 60◦

to 80◦N for the 2008 event as a function of time from−20 to 20 days and longitude. The contour interval is 10 m, and
the ranges are−100 to 100 m and−75 to 75 m for the black contours and color shading, respectively. (b) As in (a) but
for the WN1 heat flux anomaly. The contour interval is 0.01 m2 s−2 and 0.003 m2 s−2, and the ranges are from−0.1
to 0.1 m2 s−2 and−0.018 to 0.018 m2 s−2 for the black contour and color shading, respectively. The bold dotted and
light normal black contours in (a, b) represent the negativeand positive anomalies, respectively. The longitude–time
section of the blocking index (gray contour lines) is overplotted in both (a) and (b).

event: a stratospheric WN1 anomaly at 10 hPa precedes a
tropospheric WN1 anomaly at 400 hPa. All the features are
highly consistent with Shaw and Perlwitz (2013, Fig. 5).

A downward coupling event due to reflection is linked
with the transition of the heat flux anomaly (product of merid-
ional wind and temperature anomaly) from positive to nega-
tive in the stratosphere (Shaw and Perlwitz, 2013). There-
fore, we also plotted the evolution of the WN1 heat flux
anomaly for the 2008 case (Fig. 3b). Like the WN1 anomaly,
the heat flux pattern averaged between 60◦N to 80◦N at 400
hPa (black contours) and 10 hPa (coloring) as a function of
longitude and time from−20 to+20 days is shown. In the
first stage (−20 to−10 days), the heat flux anomaly in the
stratosphere is strongly positive, particularly over the Urals–
Siberia region, which is indicative of an upward wave cou-
pling precursor. Meanwhile, in the troposphere, there is no
significant heat flux anomaly during this stage. In the sec-
ond stage (−10 to 0 days), the heat flux anomaly in the
stratosphere changes sign from positive to negative. In ad-
dition, a positive heat flux anomaly starts to develop in the
troposphere. In the third stage (0 to 10 days), the negative
anomaly in the stratosphere attains its maximum, with sub-
sequent development of a strong positive heat flux anomaly
in the troposphere. The tropospheric maxima clearly lag the
minima in the stratosphere. Finally, in the fourth stage (10–
20 days), the heat flux anomaly weakens, but remains nega-
tive in the stratosphere; while in the troposphere, it fadesout
completely. The features are highly consistent with Shaw and

Perlwitz (2013), completely describing the evolution of the
WN1 anomaly during the downward wave coupling events.

3.3. Urals–Siberia blocking index

To illustrate the zonal propagation of planetary waves,
Nath et al. (2014) computed the eddy component of Plumb
fluxes (Plumb, 1985) in 3D space. From the vertical com-
ponent of wave activity flux at 200 hPa, they showed that
the reflection phenomena were more prominent from 10 to
19 January 2008. Furthermore, the upward propagation was
stronger over the Labrador coast and Baffin Island. Whereas,
the reflected components were prominent over the Eurasian
continent and eastern parts of China. Upward and reflected
fluxes were prominent in the upstream and downstream re-
gions of the reflecting surfaces (Nath et al., 2014), respec-
tively, indicating the impact of the polar jet stream, which
preferentially guided the planetary waves (WN1) eastward
and downward of the source region (Nath et al., 2014).

Several authors have delineated the role of blocking as
a precursor to SSW events (Martius et al., 2009). Recently,
Kodera et al. (2013) elucidated the relationship between
stratospheric planetary wave reflection and blocking forma-
tion in the troposphere during SSW events. The upward prop-
agation of the planetary waves in the pre-warming stage in-
volves a Euro-Atlantic block; whereas, the downward propa-
gation promotes the formation of Pacific blocking during the
warming event. The longitude–time section of the blocking
index were overplotted (gray contour lines) in both Figs. 3a
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Fig. 4. Heterogeneous regression pattern (units: gpm) of the leading coupled mode of the (a, b) 10 hPa and (c,
d) 400 hPa WN1 fields at time lags of (a, c)−10 days and (b, d)+15 days for the 2008 case. The color shading
varies from−400 to 400 gpm in (a, b) and from−40 to 40 gpm in (c, d), with an interval of 40 gpm and 4 gpm,
respectively. These maps were constructed by regressing the time series of the 10 hPa (400 hPa) WN1 fields
onto the temporal expansion coefficients of the leading modeof 400 hPa (10 hPa). The percentage in the title
of the individual subplots indicates the variance accounting for the leading coupled mode.

Fig. 5. Phase difference (degrees) between the associated WN1 regression patterns at 10 hPa
and 400 hPa, averaged over the latitudinal band of 30◦–85◦N, as a function of time lags. Nega-
tive and positive values indicate westward and eastward phase shifts with heights, respectively.
The red line indicates zero phase difference.

and b to address the coincidence of the blocking event with
tropospheric WN1 evolution due to reflection. The block-
ing index (dimensionless; contour lines) represents the zonal
and temporal spread over which the mid-tropospheric flow
is blocked, i.e., for which all three criteria [Eqs. (7a–c)]are

satisfied simultaneously. A strong Urals–Siberia blockingis
predominant in the third stage, when the amplitude of the 400
hPa WN1 pattern reaches its maximum value and the pattern
continues to move westward. Consistently, the negative heat
flux anomaly in the stratosphere attains its maximum with
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Fig. 6. Daily 500 hPa geopotential height maps from (a–l) 10–21 January 2008, respectively. The contours are from 5100 to 5900
gpm, with an interval of 60 gpm. Heights between 5100 to 5160 gpm are marked with red contours.

subsequent development of a strong positive anomaly in the
troposphere. This feature is analogous to the formation of an
anomalous Urals–Siberia blocking high, downstream of the
reflected fluxes (Nath et al., 2014) from 15 to 25 January.
The blocking index was calculated using Eqs. (7a–d). Fur-
thermore, it is clear from the Eliassen–Palm (EP) flux vector
(Nath et al., 2014) that, around mid-January, the upward com-
ponent of the high latitude wave guide was very weak; it was
only the downward component that could have contributed to
the development of the blocking high over the Urals–Siberia
region.

3.4. Heterogeneous regression patterns and tropospheric
circulation

Perlwitz and Graf (2001) showed that the stratospheric
WN1 field (50 hPa) leads the tropospheric WN1 field (500
hPa) by 6 days; whereas, using time-lagged SVD analysis,
Perlwitz and Harnik (2004) investigated the close relation-
ship between the 500 hPa (tropospheric field) and 50 hPa, 30
hPa and 10 hPa (stratospheric field) levels, individually, in
composites of all winter seasons. Again, Kodera and Chiba
(1995) showed that, in the troposphere, the circulation pat-
tern changed significantly in relation to SSW events during
1984–85. They also linked the generation of anomalous cold
surges and synoptic-scale eddies due to changes in the merid-
ional propagation of tropospheric waves around the 500 hPa

level. They further suggested that the changes in planetary
wave structure could trigger enhanced baroclinic waves in the
troposphere.

In the present study, we expected the heterogeneous re-
gression pattern at dominant positive and negative time lags
to exhibit gradual eastward and westward shift, in phase,
along the vertical direction, respectively. As discussed in sec-
tion 3.1, strong downward coupling due to the WN1 field with
a persistent covariance (between 10 hPa and 400 hPa) pattern
down to the surface at lags of−10 days (troposphere leads)
and+15 days (stratosphere leads) is noticeable in Fig. 2a.
The two maxima exceed at least the 99% confidence level.
The strength of coupling between the modes at different time
lags is well illustrated by the heterogeneous regression pat-
terns of the WN1 field at 400 hPa and 10 hPa, constructed
when the 400 hPa (10 hPa) field leads the 10 hPa (400 hPa) at
a time lag of−10 days (+15 days). The regression patterns
in the lag of−10 days (+15 days), both for 10 hPa and 400
hPa, are plotted in Figs. 4a and b (4c and d), respectively, to
understand the evolution of the entire process. The regres-
sion patterns associated in the negative and positive time lags
exhibit completely different structure. At−10 days’ lag, the
ridge of the WN1 field at 10 hPa shifts westward with respect
to the 400 hPa level; whereas, at+15 days’ lag, the regres-
sion pattern at 400 hPa level shifts eastward relative to the
10 hPa level. This eastward shift in phase of the WN1 field
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at 400 hPa is consistent with the downward reflected wave.
Since the square of the correlations represents the variance
explained locally, the leading coupled mode accounts for up
to ∼70% and more of the variance in the region of large am-
plitude. The variance, in terms of percentage, is noted in the
titles of the individual subplots. In addition, at 400 hPa and
for positive time lags, the phase tilts largely eastward with
increasing latitude. We further compared the phase shift (de-
grees) between the WN1 field at the 10 hPa level and 400
hPa level; the differences at different time lags are plotted in
Fig. 5. A continuous westward phase shift (negative) of the
WN1 ridge, averaged over the latitude band of 30◦–85◦N, is
clearly visible for all negative time lags; whereas, after+10
days’ lag, the phase shift tends towards the zero mark, be-
comes eastward (positive) after+15 days’ lag, and westward
again from+22 days’ lag.

To further establish the link between anomalous block-
ing patterns in the Urals–Siberia region and the tropospheric
WN1 field due to changes in circulation pattern, the daily
march of the 500 hPa geopotential height fields from 10 to
21 January are plotted in Fig. 6. The contours from 5100 to
5900 gpm, with an interval of 60 gpm, are shown, and the
geopotential height between 5100 and 5160 gpm is marked
in red. Up until 12 January, the WN1 pattern in the tropo-
sphere is not very clear and is mainly concentrated at high
latitudes. But, from 13 January onward, the WN1 pattern
starts to develop slowly and exhibit a meridionally elongated
pattern stretching from the Bering Sea to the North European
plains. The pattern becomes clearer and is fully developed by
15 January. From 16 January, the trough starts to propagate
equatorward and eastward over the Urals–Siberia region; and
by 20 January, it reaches the Asian landmass, close to the Ti-
betan plateau. Moreover, it is clear from the EP flux (Nath et
al., 2014) that, around mid-January, the upward component of
the high latitude wave guide was very weak; it was only the
downward component that could contribute to the develop-
ment of the blocking high over the Urals–Siberia region. Fur-
thermore, this development of the tropospheric WN1 pattern
is consistent with the wave reflection from the stratosphere
since 11 January. Moreover, the southeastward propagation
and the intensification of the trough is consistent with the de-
velopment of the strong blocking pattern in the Urals–Siberia
region from 16 January onward. Although the reflection of
the planetary waves ceases by 19 January, the blocking event
persists until the last week of January with gradual eastward
propagation. This extraordinary persistence had a significant
impact on the extreme cold event over Eurasia and parts of
China (Nath et al., 2014).

4. Summary and discussion

Time-lagged SVD analysis was performed to compare the
covariance and correlation coefficients for the zonal mean
and wave processes in the latitude band of 30◦–85◦N. We
compared the 2008 winter with the composite mean pattern of
six winters (2002/2003, 2004/2005, 2006/2007, 2007/2008,
2010/2011 and 2011/2012) when the downward coupling was

stronger. The features were consistent in the zonal mean field,
with stronger and extended (longer time scale) covariance in
the lower stratospheric heights (positive lag side). For the
WN1 field, the covariance was much higher (lower) for the
negative (positive) lag, with a prominent peak around+15
days when the leading stratosphere coupled strongly with the
troposphere. In all six winters except 2007, the basic state
was partially reflective of the WN1 field; and during 2008,
the reflective index was strongly negative over the Atlantic
Ocean and Eurasian continent (Nath et al., 2014), favorable
for the propagation of planetary waves down to the tropo-
sphere. We also analyzed the evolution of the WN1 anomaly
and heat flux, both in the troposphere and stratosphere, dur-
ing JFM 2008. The amplitude of the tropospheric WN1 pat-
tern reached a maximum and was consistent with a down-
ward wave coupling event. A stratospheric WN1 anomaly at
10 hPa preceded a tropospheric WN1 anomaly at 400 hPa.
Similarly, the negative heat flux anomaly in the stratosphere
attained its maximum, with subsequent development of a
strong positive heat flux anomaly in the troposphere. The
tropospheric maxima clearly lagged the minima in the strato-
sphere.

To interpret the occurrence of the anomalous blocking
high over the Urals–Siberia region due to wave reflection,
we focused on the period 10–21 January 2008. The block-
ing anomaly developed strongly when the amplitude of the
400 hPa WN1 pattern reached its maximum value, and the
pattern continued to move westward in response to the reflec-
tion of planetary waves down to the troposphere. From the
zonal-mean EP flux vectors (Nath et al., 2014), on 10 Jan-
uary, the high-latitude wave guide pointed vertically upward.
On 13 January, the upward fluxes exhibited a gradual weak-
ening trend, while a strengthening in the downward compo-
nent was evident. This reflection/overturning was stronger
on 16 January and continued until 19 January. In 3D space,
wave fluxes propagated upward from the Labrador coast and
reflected back to the Eurasian continent.

To illustrate the strength of the coupling between 10 hPa
and the 400 hPa WN1 fields, we plotted the heterogeneous
regression pattern at negative and positive time lags. The as-
sociated regression patterns for the 10 hPa and 400 hPa lev-
els at negative and positive time lags shifted westward and
eastward relative to the 400 hPa and 10 hPa levels, respec-
tively. This eastward phase shift of the WN1 ridge at 400 hPa
was consistent with the reflection of the WN1 field from the
stratosphere. The relationship between the tropospheric WN1
field and the anomalous blocking high in the Urals–Siberia
region was further established based on the daily march of the
500 hPa geopotential height fields. From the EP flux it was
quite clear that, around mid-January, the upward component
of the high-latitude wave guide was very weak; it was only
the downward component that could have contributed to the
development of the blocking high over the Urals–Siberia re-
gion. Moreover, we found that, from 13 January onward, the
WN1 pattern started to develop slowly and exhibit a merid-
ionally elongated pattern stretching from the Bering Sea to
the North European plains. The pattern developed fully by 15
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January and, from 16 January onward, the trough started to
propagate equatorward and eastward over the Urals–Siberia
region. And by 20 January, it reached the Asian landmass,
close to the Tibetan Plateau. This development of the tropo-
spheric WN1 pattern was due to the reflection of the WN1
field from the stratosphere from 11 January onwards.
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