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ABSTRACT

Planetary wave reflection from the stratosphere playedrdfigignt role in changing the tropospheric circulation eatt
over Eurasia in mid-January 2008. We studied the 2008 eveht@ampared with composite analysis (winters of 2002/2003,
2004/2005, 2006/2007, 2007/2008, 2010/2011 and 2011)20##en the downward coupling was stronger, by employing
time-lagged singular value decomposition analysis on g@pgtential height field. In the Northern Hemisphere, thepge
tential fields were decomposed into zonal mean and wave qoemp® to compare the relative covariance patterns. It was
found that the wavenumber 1 (WN1) component was dominanpeoad with the wavenumber 2 (WN2) component and
zonal mean process. For the WNL1 field, the covariance was rhigtler (lower) for the negative (positive) lag, with a
prominent peak around +15 days when the leading stratosptoempled strongly with the troposphere. It contributed to
the downward coupling due to reflection, when the stratagpbghibited a partially reflective background state. We als
analyzed the evolution of the WN1 anomaly and heat flux angrbath in the troposphere and stratosphere, during Jaruary
March 2008. The amplitude of the tropospheric WN1 patteached a maximum and was consistent with a downward wave
coupling event influenced by the stratospheric WN1 anomalpaPa. This was consistent with the reflection of the WN1
component over Eurasia, which triggered an anomalous inigdikigh in the Urals—Siberia region. We further clarifiee th
impact of reflection on the tropospheric WNL1 field and henedribpospheric circulation pattern by changing the propraga
direction during and after the event.
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1. Introduction coupling of the wavenumber 1 (WN1) and wavenumber 2

In recent decades, several studies have related tro‘%VNz) components downward with the tropospheric height

. L . . ieids. In winter the stratosphere is either reflective or-non
spheric variability with the downward propagation of strat . .
spheric anomalies through planetary wave reflection (Kz{nderre flective b ased on the strength of the polar vortex (Pariwit

and Harnik, 2004). The WN1 and zonal mean component

et al., 2008). Due to the gradual increase in atmospherlléa a major role when the background is reflective. Fur-

pressure downward, the reflected component gets attenu%I L . )
ermore, employing time-lagged correlation analysis|-Pe

faster and_|ts '”?paCt is considered to be minimal on tr\‘/ﬁtz and Harnik (2004) explained the gradual tilt in phase
tropospheric regime. The theory of planetary wave reflec: . . .
. L 2 . ~of the WN1 regression pattern (leading mode) vertically up-
tion on tropospheric fields was initially proposed by Hines . T A .
ward. With negative time lag the tilt is westward, but with

(1974) and Geller and Alpert (1980). Later, several authors ... o . . .
. . Qsitive lag it is eastward, and this feature is consistatit w

discussed the coupling processes and downward propaga-

tion in the light of Northern Annular modes (Baldwin an Joe downward propagation of planetary waves due to reflec-
Dunkerton, 1999, 2001), wave—mean flow interaction (Bald-" _ : -
win and Dunkerton, 2001; Christiansen, 2001) and anomas Shaw et al. (2010) described the characteristics of down-

lous propagation of the mean zonal wind field (Kodera et aYYard wave coupling between the stratosphere and tropo-

1990; Kuroda and Kodera, 1999; Christiansen, 2000) dovts(ﬁ:;[ﬁr’]_tézgg etf\]/\e;eg?r;gfirorEeSzl;ﬂs\g)F réia;?p;?:j;gggte Eor:]_
to the troposphere. Perlwitz and Graf (2001) and Perlwi 9 Y ’

. - . . p%oying cross-spectral correlation analysis and wave geom
and Harnik (2003, 2004) statistically described the Vamctrydiagnostics, they found that the downward WN1 coupling

occurs both in the presence of a vertical reflecting surface i
* Corresponding author: Wen CHEN the mid-to-upper stratosphere and a high-latitude menalio
Email: cw@post.iap.ac.cn waveguide in the lower stratosphere. They also discussed th
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importance of the seasonal cycle of the wave geometry for thtantial economic losses of 53.8 billion RMB due to freezing
proper representation of downward wave coupling betwegain alone. Between 10 January and 2 February 2008 there
the stratosphere and troposphere, both in the Northern avete four episodes of severe and persistent snow over the
Southern Hemisphere. In a separate study, Shaw and P¥angtze River basin, South China, and Southwest China. The
witz (2013) statistically investigated the life cycle of M- 2008 event was the coldest event since at least 1979, bring-
ern Hemisphere wave coupling events and found that it dog about 107 casualties, according to the Ministry of Civil
curs over a period of 28 days. Furthermore, they showgédfairs.
that during the downward coupling process, there is a tran- Zhou et al. (2009) indicated the key factors as the oc-
sition in stratospheric WN1 heat flux, from positive to negeurrence of a persistent blocking high over Siberia, as well
ative, and the WN1 phase tilts from westward to eastwaraks strong and persistent southwesterly flow, which triggjere
Shaw et al. (2014) established a new dynamical metric wiisture advection from the Bay of Bengal to southern-
troposphere—stratosphere coupling, based on extrente-streentral China, and the formation of a deep inversion layer
spheric planetary-scale wave heat flux events. in the lower troposphere. Furthermore, Hui (2009) attellut

Coughlin and Tung (2005) demonstrated the possibilithese adverse meteorological conditions with abnormal cir
of wave reflection in the context of major sudden strat@ulation anomalies at high latitudes. In a separate study,
spheric warming (SSW) events and discussed its impact Math et al. (2014) demonstrated that when the stratospheric
the tropospheric weather regime (Nath et al., 2013). Thbwgsic state is partially reflective, a wave packet emanating
illustrated the changes in the tropospheric WN1 field in récom Baffin Island/the coast of Labrador propagates east-
sponse to the reflected component from the stratosphevard, equatorward and reflects back over central Eurasia and
Separately, Kodera et al. (2008) related the occurrencepairts of China, which in turn triggers the advection of cold
an extreme cold event in March 2007 over the northeasind from the northern part of the boreal forest region and
coast of the North American continent, to the upward arlberia to the subtropics. The extraordinary persisterice o
reflected component of planetary waves over Eurasia ahis particular cold event has been linked with anomalous
the North American sector, respectively. During an SSWocking high over the Urals—Siberia region.
event in 1984-85, Kodera and Chiba (1995) investigated the Despite many previous studies having investigated the
changes in circulation pattern due to downward and equatkey factors (like tropospheric blocking) that triggered tx-
ward propagation of midlatitude planetary waves to thedroptreme cold eventin January 2008, none explored the caasativ
sphere. Geopotential anomalies that propagate downwardrtechanism underpinning the occurrence of the anomalous
the troposphere have a significant impact on the troposphdriocking high over the Urals—Siberia region. In the present
weather regime, particularly in non-reflective years (Pedtudy, we performed lagged correlation analysis to under-
witz and Harnik, 2004). Perlwitz and Harnik (2004) categstand the respective contribution of the wave (WN1 and
rized the reflective and non-reflective basic states forgslanVN2) and zonal mean flow in conjunction with stratosphere—
tary WN1 reflection based on the zonal-mean zonal wind difoposphere coupling processes. By analyzing the squared
ference between 2 and 10 hPa, averaged overBBN and covariance between the stratospheric and tropospheghbihei
over time. The reflective basic state corresponds to a megafield, we identified the key dates in January 2008 when the
index with the polar night jet peaking in the mid-stratosgghe impact of the stratospheric basic state on the troposphase w
whereas, for the non-reflective state, the zonal wind ire@gaat a maximum (or vice versa). We also compared the singular
with increasing height. The planetary waves propagate u@lue decomposition (SVD) pattern of the 2008 event with
ward along the stratospheric westerly jet, weakening terpothe composite mean pattern, which included several win-
night jet in the upper stratosphere. This inhibits furthep ters for which downward wave coupling has been reported.
agation of the planetary waves high up in the stratosphate &ased on Shaw and Perlwitz (2013), Kodera et al. (2013),
it reflects back to the troposphere. During reflective wimteand Dunn-Sigouin and Shaw (2015), we chose the winters of
the stratospheric signals are weak and get attenuated ati2@@3, 2005, 2007, 2008, 2011 and 2012 for the composite
the tropopause (Perlwitz and Harnik, 2004). Moreover, analysis. We also estimated the changes in the tropospheric
strong polar vortex winters, the WNL1 reflection pattern /N1 field and hence the tropospheric circulation, during and
more prominent (Perlwitz and Graf, 2001); whereas, in wealfter the event. Furthermore, we clarified the role of plan-
vortex years, stratosphere—troposphere coupling isvelat etary wave reflection on the tropospheric circulation patte
strong (Baldwin and Dunkerton, 1999, 2001). and formation of strong Urals—Siberia blocks.

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., 20i4), 2. Data and methodology
January and early February 2008, parts of Eurasia and C?éna
experienced extreme cold events, snowfall and freezimg r 1. Data
particularly in the southern part of China. These phenomena Daily mean ECMWEF Interim Reanalysis (ERA-Interim)
caused excessive damage, disruption and major infragteictdata (Uppala et al., 2008; Dee et al., 2011) were used for
loss, resulting in broken power transmission lines and thaopotential vorticity, geopotential height, zonal wind, rder
traffic conditions (Zhou et al., 2009). China experiencdut suional wind, and temperature. The individual parametersgwer
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archived from December to April from 2002/2003 to 201lthe cosine of latitude along the altitude and latitude, @esp
2012. The ERA-Interim data are available at 37 pressure ldively. In order to concentrate on the intra-annual vatiabi
els from 1000 hPa to 1 hPa, with a horizontal resolution @l and exclude the influence of a trend in the covariance,

15° x 1.5°, the annual mean averages of the geopotential height fields
were removed. Although we did not use any temporal fil-

2.2. Methodology tering, strong spatial filtering was applied in the wavenum-

2.2.1. Time-lagged SVD ber domain, both for thél; andH;, zonal mean fields. To

Time-lagged SVD analysis was used to establish the d§xtract the WN1 and WN2 components from the geopoten-
namical connection between the geopotential height fieidsfial height perturbations, we applied the least squaresditt
the stratosphere and troposphere (Perlwitz and Harnik3,20(-SF) method for spectral analysis. This method was used to
2004). The leading coupled modes were extracted from tie Set of zero mean observatiogs.attimes = 1,2,--- N,
spatiotemporal structures of the geopotential heightupertto the equation given by
bations. We performed the analysis and estimated the eovari yi = (A+B)cog2mwA;) , (4)

ance with the temporal series of two height fields at indigldu _ _
herew is the wavenumbed; represents the longitudes, and

time lags separately. The height perturbations were ae@n o ; N
such tr?at eapch coll)J/mn was t?]e t?me series for a given |O%and8 are the coefficients to be fitted. The individual wave

tion. Based on Perlwitz and Harnik (2003, 2004), the geopggmponents were then computed using the empirical relation
tential height fields could be expanded orthogonally, which Ys = Asin(wA; + @) , (5)

can be expressed as whereA is the amplitude an@ is the phase, estimated by

N means of LSF analysis.
Hi(xt) = z Un(X)an(t) , Q) In order to estimate a grid size independent measug of
1 the mean squared covarian€,between two grid points of

N 2) theH; andH fields can be defined as

Ho(x,t+ 1) = Z Vn(X)bn(t+ 1) ,
=] c_ /mls ’ ©)

wherem; and m, are the grid points oH; and H, fields.
Here, we interpolated the height fields to 4ib longitude
covariance matrix betwedt andH,—constructed by taking ggodas:]énBEtSUdesggrgerfwedlg%%S;{)?r:;;;ﬁiisng?g\é%en
. = = ’

the covariance between the two expansion coefficiafts I L C . : .
andb(t + 7). The coupled modes are arranged with increa%fld 20 longitudinal and latitudinal grid points, respeelyv

ing nand decreasing covarianc®is the total squared covari-2.2.2. Blocking index

whereH; andH, are the geopotential height fields at time
andt + 1, u, andv, are the singular matricesl is the num-
ber of modes, ang} is the square afith singular value of the

ance between the two coupled fields: Midlatitude blocking is characterized by local formation
N of anomalous easterly flow due to the blocking of the westerly
S— z ﬁ 3) 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 patteras th
In our analysis, the reference height was fixed at 10 hPa gi}sist for several weeks and have a significant impact on
the SVD analysis was performed with the levels descendifginfall redistribution and the occurrence of extreme \veat
downward from 10 hPa to 1000 hPa at different lagsi( events at regional scales. A persistent blocking patteso al
time lags from—30 to +30 days, i.e., 61 time lags. At theinduces strong advection of polar air, southward, leading t
reference height, the time span from 1 January to 30 Mar@xtreme cold weather in boreal winter months (Nath et al.,
i.e., 90 days, remained fixed; whereas, the other levels werg14). For January 2008, Zhou et al. (2009) and Nath et al.
shifted temporally by-30 to 30 days with an interval of 1(2014) reported an anomalous and persistent blockingrpatte
day. Thus, positive lags indicated that the stratosphese Wga the Urals—Siberia region. The frequency of blocking ex-
leading and the troposphere was lagging, and vice versa ¢@eded the climatological high over550°E. We computed
negative lags. In order to detect the time lag at which thge blocking index from Tibaldi and Molteni (1990), with the
dynamical relation betweeld; andH; was maximal, corre- additional criteria proposed by Barriopedro et al. (2008je
lation coefficients between the leading coupled modgand 500 hPa geopotential height gradients in the north and south
b1, were computed for each of the 61 SVD analyses. (GHGN and GHGS) (units: gpm/latitude) were simultane-

To understand the contribution of wave processes and #\gsly computed using the following expressions:
zonal mean field, SVD analysis was performed between zonal

mean fields, the eddy field (i.e., deviation from the zonal GHGN= H(A,6v) —H(A, 60) , (7a)
mean), and the WN1 and WN2 height fields, separately. Prior & — 0o
to the SVD analysis, we removed the mean seasonal cycle GHGs— 14,60 —H(A,6) (7h)

and multiplied the data by the square root of the density and 6 — 6s ’
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6y =780+9, WN1 height, and WN2 height are shown in Fig. 1. The com-
6o = 60.0+ 35, posite mean patterns for six winters (2002/2003, 2004/2005
2006/2007, 2007/2008, 2010/2011 and 2011/2012) when the
6s=395+0, . . .
downward coupling was stronger is shown in the upper pan-
0=-45,-3.0,-15,0.0,15,3.0,4.5. (70) els, Figs. 1la—d. The lower panels, Figs. 1e-h, exhibit the
where H(A,6) is the 500 hPa geopotential heighd, is SVD patterns for the 2008 event, in order to compare the con-

the shift in latitude, GHGS is the measure of the ZOnaistencywith the composite mean pattern. For the zonal mean

geostrophic wind component, and GHGN is imposed to eii€!d (Figs. 1a and e), in the positive time lag (stratosphere
clude the non-blocked flows (Barriopedro et al., 2006). Afads), the covariance is stronger and extended (longer tim

arbitrary longitude was considered to be blocked if the fof¢@l€) in the lower stratospheric heights. Meanwhile, & th
lowing conditions were satisfied: negative time lag (troposphere leads), the covariancdas re

tively weaker and less persistent below 20 km. In the present

GHGN< —10 analysis, the covariability is maximum and dominant for the
GHGS> 0 leading coupled mode (first), because it explains around 80%
of the squared covariance in all height regions.
H(A,60) —H(A,6)>0. (7d) Figures 1b and f depict the covariability of the deviation

To identify the potential blocks, a three-day running meefﬁom th_e zonal mean field for the com_posne and 20(_)8 case,
filter was applied at each longitude. respgctlvely. Unlike the zonal mean field, thg covariance is
relatively stronger for the negative and positive time lag i
the mid-tropospheric (3—11 km) and lower stratosphesit§
3. Results and discussion km) heights, respectively. The mid-tropospheric covarian
o ] _is well extended over all time lags-B0 to 30 days), with
3.1. Covariability of the stratospheric and tropospherica maximum around-15 days; whereas, in the lower strato-
height fields spheric heights, the covariance is biased towards theimosit
First, we compared the relative dominance of the zorgitle, with peaks around 0-5 dayZ0 km) both for the com-
mean and the height wave fields for January—Februanyesite and 2008 case. The zonal deviation field includes the
March (JFM), as obtained from the SVD analysis. Theontribution of various wave processes, and at given tesu
squared covariance between the 10 hPa and various ptbe-WN1 and WN2 components were separated out using the
sure levels (10 to 1000 hPa) at different time lags8Q to LSF method, described in section 2.2.1.
30 days), for the zonal mean, deviation from the zonal mean, As is clear from Fig. 1c, the WN1 covariance 300

(a) Zonal Mean Composite () Anomaly Composite (c) WN1 Composite (d) WN2 Composite
15
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Fig. 1. The covariance (units: gpfhbetween the geopotential height fields at 10 hPa and alspresevels between
1000 and 10 hPa, for time lags ranging fren30 to 30 days: (a—d) the covariance of the zonal mean, demati
from the zonal mean, WN1 height, and WN2 height, respegtifet the composite winter of 2002/2003, 2004/2005,
2006/2007, 2007/2008, 2010/2011 and 2011/2012; (e—h)aime sbut for 2008 case. A positive time lag indicates
that the stratospheric field is leading. The left and riglgsapepresent the height (units: km) and pressure (unitg; hPa
respectively.
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gpn¥) for the composite case compares well with the devia- (a) Composite of all Events

tion from the zonal mean field(400 gpnf). We can see the ] E
humps with larger covariance at the lags-a3 days (tropo- NE 250 !
sphere leads) and15 days (stratosphere leads) in the WN1 %200 ] W

field. The features are quite consistent with the 2008 casey; ™ 1 IO R S

(Fig. 1g), at least on the positive side, with stronger down- % 150

ward coupling at+-15 days’ lag. Another noticeable feature = ]
is the intense downward coupling due to the WN1 field, with 1003 . 44.400 w1
a persistent covariance pattern down to the surfaceldt © Y e 10:850 Zonal mean
T T N T

days’ lag. But, for the WN2 field, both the composite and
2008 event (Figs. 1d and h) exhibit much weaker covariance 300 3
(~100 gpn?) throughout the height range. The WN2 co- ,\250_5
variance, meanwhile, although weaker than WN1, exhibits™& ]

a dominant peak at arounb days’ lag (stratosphere leads) \%200-3
and 400 hPa, both for the composite and 2008 event. Perl-g ]
witz and Harnik (2004) linked the planetary wave reflection & 150':

with the humps in the positive lags when the basic state of'E 100 _\/\/\m
the stratosphere was reflective. In Nath et al. (2014), it was 8 ] .
shown that, apart from the zonal mean reflective index, the ~ 50 . — —

longitudinal variation too has a severe impact on regional -0 20 -10 0 10 20 30

weather extremes, and the concept of a partially reflective Z,,leads lag (days) Z,eads
stratospheric background state was introduced. All sixwin

ters chosen for the composite analysis — based on Shaw a stratospheric height fields at 385°N for time lags between
Perlwitz (2013), Kodera et al. (2013) an.d.Dunn-S.|goum and_30 and 30 days for the composite winters (upper panel) and
Shaw (2015) — except 2006/2007, exhibit a partially reflec-q0g ¢ase (hottom panel) between the leading coupled mode.
tive stratospheric background state. Therefore, duriegeh  pjye |ine: covariability between 10 hPa and 850 hPa zonahmea

years, W_hen the downward COUP_“”Q was stronger, the relafields; Black line: covariability between 10 and 400 hPa heig
tive dominance of the WN1 covariance from the stratosphergvN1 fields. A positive time lag indicates that the stratosjthe

should have had a significant impact on the tropospheric cirfield is leading. The maxima are significant at least to the 99%
culation pattern. confidence level.

To further elucidate the relative contribution of the zonal
mean and the WNL1 field, we plotted the covariance for tife2- Evolution of WN1 height and heat flux for the 2008
zonal mean (850 hPa) and WN1 (400 hPa) field, both for ~ €vent
the composite (Fig. 2a) and 2008 event (Fig. 2b). As can Based on the SVD timed lagged analysis, we identified
be seen, for the WNL1 field, the covariance is much highgrat—both in the composite and 2008 case—downward cou-
(lower) for the negative (positive) lag, with a prominenéige pling due to reflection was strongest-a15 days’ lag. This
at around+15 days when the leading stratosphere coupledrresponds to 15 of January as the key date for the 2008 case
strongly with the troposphere. Meanwhile, in the negativgudy. The evolution of the high-latitude WN1 pattern can be
lag (troposphere leads), the peaks are prominent at lagd ofillustrated using a Hovmoller plot. Figure 3a shows the to-
days and-10 days for the composite and 2008 case, respagt WN1 pattern averaged betweerf@hd 80N at 400 hPa
tively. This difference is obvious and can be attributedi® t (black contours) and 10 hPa (coloring) as a function of lengi
difference in upward wave propagation during the six wisitetude and time from-20 to+20 days (15 January as the start
included in the composite analysis. The winters were chosgate). Downward WN1 coupling events clearly coincide with
based on Shaw and Perlwitz (2013), Kodera et al. (2013) agtthnges in the tropospheric wave pattern. In the first stage
Dunn-Sigouin and Shaw (2015), when downward couplirg-20 to—10 days), the 400 hPa WN1 pattern over the Urals—
was prominent, irrespective of any precursory upward wagiberia region is very weak. During the second stag&Q(
propagation events. For example, according to Dunn-Sigoth 0 days), the amplitude of the 10 hPa high-latitude WN1
and Shaw (2015, Table 1), there were three downward prgrattern reaches a maximum and precedes the maximum am-
agating events, on 6 February, 25 February and 31 Maiglitude at 400 hPa, which occurs during stage three (0 t010
2003, but the upward propagation occurred long before thgys). The features are consistent with Shaw and Perlwitz
downward coupling events on 14 January 2003. Similarlg013, Fig. 5). The amplitude of the 400 hPa WN1 pattern
for the 2008 case, there is no upward propagation prior to tfeaches a maximum during the third stage and at the same
wave reflection event. In the zonal mean field, the covariang®e the pattern continues to move westward. Finally, in
is much lower compared with the WN1 field, and the absentte fourth stage (10 to 20 days), the amplitude of the WN1
of any significant maxima, either in the positive or negativeattern decreases significantly and, overall, the wavepatt
time lag, is prominent. evolution is very consistent with a downward wave coupling

1
1
1
1
1
|
(b) 2008 Event |
]
1
1
1
1

ig. 2. The covariance [gpf) between the tropospheric and
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(a) WN1 Evolution and Blocking Index (b) WN1 Heat Flux Evolution and Blocking Index
20 ‘ ; :

15¢

10¢

Lag (days)

_15,

Bow  gow 0 90E  180E Bow  oow 0 90E  180E
Longitude Longitude

Fig. 3. (a) Evolution of the total 400 hPa (black contours) and 10 (@wBkr shading) WN1 pattern averaged front 60
to 8’N for the 2008 event as a function of time fron20 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, respalgtiyb) As in (a) but

for the WN1 heat flux anomaly. The contour interval is 0.04.sn? and 0.003 i s2, and the ranges are from0.1

t0 0.1 nf s 2 and—0.018 to 0.018 rA s 2 for the black contour and color shading, respectively. Ttid botted and
light normal black contours in (a, b) represent the negativé positive anomalies, respectively. The longitude-time
section of the blocking index (gray contour lines) is ovettgd in both (a) and (b).

event: a stratospheric WN1 anomaly at 10 hPa precedeBeaxlwitz (2013), completely describing the evolution of th
tropospheric WN1 anomaly at 400 hPa. All the features avéN1 anomaly during the downward wave coupling events.
highly consistent with Shaw and Perlwitz (2013, Fig. 5). o o

A downward coupling event due to reflection is linked-3: Urals—Siberia blocking index
with the transition of the heat flux anomaly (productof merid  To illustrate the zonal propagation of planetary waves,
ional wind and temperature anomaly) from positive to neghtath et al. (2014) computed the eddy component of Plumb
tive in the stratosphere (Shaw and Perlwitz, 2013). Theffluxes (Plumb, 1985) in 3D space. From the vertical com-
fore, we also plotted the evolution of the WN1 heat fluponent of wave activity flux at 200 hPa, they showed that
anomaly for the 2008 case (Fig. 3b). Like the WN1 anomalthe reflection phenomena were more prominent from 10 to
the heat flux pattern averaged betweefiNs@ 80°N at 400 19 January 2008. Furthermore, the upward propagation was
hPa (black contours) and 10 hPa (coloring) as a function stfonger over the Labrador coast and Baffin Island. Whereas,
longitude and time from-20 to +20 days is shown. In the the reflected components were prominent over the Eurasian
first stage €20 to —10 days), the heat flux anomaly in thecontinent and eastern parts of China. Upward and reflected
stratosphere is strongly positive, particularly over thrals- fluxes were prominent in the upstream and downstream re-
Siberia region, which is indicative of an upward wave cowions of the reflecting surfaces (Nath et al., 2014), respec-
pling precursor. Meanwhile, in the troposphere, there is tigely, indicating the impact of the polar jet stream, which
significant heat flux anomaly during this stage. In the sepreferentially guided the planetary waves (WN1) eastward
ond stage €10 to O days), the heat flux anomaly in the@nd downward of the source region (Nath et al., 2014).
stratosphere changes sign from positive to negative. In ad- Several authors have delineated the role of blocking as
dition, a positive heat flux anomaly starts to develop in the precursor to SSW events (Martius et al., 2009). Recently,
troposphere. In the third stage (0 to 10 days), the negatikiedera et al. (2013) elucidated the relationship between
anomaly in the stratosphere attains its maximum, with sustratospheric planetary wave reflection and blocking ferma
sequent development of a strong positive heat flux anoméilyn in the troposphere during SSW events. The upward prop-
in the troposphere. The tropospheric maxima clearly lag thgation of the planetary waves in the pre-warming stage in-
minima in the stratosphere. Finally, in the fourth stage-(1®olves a Euro-Atlantic block; whereas, the downward propa-
20 days), the heat flux anomaly weakens, but remains negation promotes the formation of Pacific blocking during the
tive in the stratosphere; while in the troposphere, it famlgs warming event. The longitude—time section of the blocking
completely. The features are highly consistent with Shasv amdex were overplotted (gray contour lines) in both Figs. 3a
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Fig. 4. Heterogeneous regression pattern (units: gpm) of therigaztiupled mode of the (a, b) 10 hPa and (c,
d) 400 hPa WN1 fields at time lags of (a,-€)0 days and (b, d}-15 days for the 2008 case. The color shading
varies from—400 to 400 gpm in (a, b) and from40 to 40 gpm in (c, d), with an interval of 40 gpm and 4 gpm,
respectively. These maps were constructed by regressintintle series of the 10 hPa (400 hPa) WNL1 fields
onto the temporal expansion coefficients of the leading nudd®0 hPa (10 hPa). The percentage in the title
of the individual subplots indicates the variance accagntor the leading coupled mode.
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Fig. 5. Phase difference (degrees) between the associated WNsssegr patterns at 10 hPa
and 400 hPa, averaged over the latitudinal band 888N, as a function of time lags. Nega-
tive and positive values indicate westward and eastwardgpbhifts with heights, respectively.
The red line indicates zero phase difference.

and b to address the coincidence of the blocking event wahtisfied simultaneously. A strong Urals—Siberia blocking
tropospheric WN1 evolution due to reflection. The blocksredominantin the third stage, when the amplitude of the 400
ing index (dimensionless; contour lines) represents tmalzohPa WNL1 pattern reaches its maximum value and the pattern
and temporal spread over which the mid-tropospheric flavontinues to move westward. Consistently, the negative hea
is blocked, i.e., for which all three criteria [Eqgs. (7a—a)¢ flux anomaly in the stratosphere attains its maximum with
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Fig. 6. Daily 500 hPa geopotential height maps from (a—I) 10—21 dgn008, respectively. The contours are from 5100 to 5900
gpm, with an interval of 60 gpm. Heights between 5100 to 51t gre marked with red contours.

subsequent development of a strong positive anomaly in flegel. They further suggested that the changes in planetary
troposphere. This feature is analogous to the formatiomof wave structure could trigger enhanced baroclinic wavesan t
anomalous Urals—Siberia blocking high, downstream of tti@posphere.
reflected fluxes (Nath et al., 2014) from 15 to 25 January. In the present study, we expected the heterogeneous re-
The blocking index was calculated using Eqgs. (7a—d). Fugression pattern at dominant positive and negative timg lag
thermore, it is clear from the Eliassen—Palm (EP) flux vectty exhibit gradual eastward and westward shift, in phase,
(Nath et al., 2014) that, around mid-January, the upward coatong the vertical direction, respectively. As discusseskic-
ponent of the high latitude wave guide was very weak; it wai®n 3.1, strong downward coupling due to the WNL1 field with
only the downward component that could have contributed&ersistent covariance (between 10 hPa and 400 hPa) pattern
the development of the blocking high over the Urals—Siberitown to the surface at lags ef10 days (troposphere leads)
region. and +15 days (stratosphere leads) is noticeable in Fig. 2a.
) The two maxima exceed at least the 99% confidence level.
3.4. Heterogeneous regression patterns and tropospherigne strength of coupling between the modes at different time
circulation lags is well illustrated by the heterogeneous regression pa
Perlwitz and Graf (2001) showed that the stratosphetierns of the WNL1 field at 400 hPa and 10 hPa, constructed
WN1 field (50 hPa) leads the tropospheric WNL1 field (50&hen the 400 hPa (10 hPa) field leads the 10 hPa (400 hPa) at
hPa) by 6 days; whereas, using time-lagged SVD analysastime lag of—10 days ¢15 days). The regression patterns
Perlwitz and Harnik (2004) investigated the close relatiom the lag of—10 days {15 days), both for 10 hPa and 400
ship between the 500 hPa (tropospheric field) and 50 hPa,l8®s, are plotted in Figs. 4a and b (4c and d), respectively, to
hPa and 10 hPa (stratospheric field) levels, individuatly, understand the evolution of the entire process. The regres-
composites of all winter seasons. Again, Kodera and Chibin patterns associated in the negative and positive tige |
(1995) showed that, in the troposphere, the circulation paixhibit completely different structure. At10 days’ lag, the
tern changed significantly in relation to SSW events durirglge of the WN1 field at 10 hPa shifts westward with respect
1984-85. They also linked the generation of anomalous catdthe 400 hPa level; whereas,-al5 days’ lag, the regres-
surges and synoptic-scale eddies due to changes in the-mediidn pattern at 400 hPa level shifts eastward relative to the
ional propagation of tropospheric waves around the 500 hB@ hPa level. This eastward shift in phase of the WNL1 field
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at 400 hPa is consistent with the downward reflected wawtronger. The features were consistent in the zonal medn fiel
Since the square of the correlations represents the variandth stronger and extended (longer time scale) covariamce i
explained locally, the leading coupled mode accounts for the lower stratospheric heights (positive lag side). Fer th
to ~70% and more of the variance in the region of large arii¥N1 field, the covariance was much higher (lower) for the
plitude. The variance, in terms of percentage, is noteden thegative (positive) lag, with a prominent peak arounth
titles of the individual subplots. In addition, at 400 hPa andays when the leading stratosphere coupled strongly wéth th
for positive time lags, the phase tilts largely eastwarchwitroposphere. In all six winters except 2007, the basic state
increasing latitude. We further compared the phase steft (dvas partially reflective of the WNL1 field; and during 2008,
grees) between the WNL1 field at the 10 hPa level and 40 reflective index was strongly negative over the Atlantic
hPa level; the differences at different time lags are ptbite Ocean and Eurasian continent (Nath et al., 2014), favorable
Fig. 5. A continuous westward phase shift (negative) of ttier the propagation of planetary waves down to the tropo-
WN1 ridge, averaged over the latitude band of-&B°N, is sphere. We also analyzed the evolution of the WN1 anomaly
clearly visible for all negative time lags; whereas, afte0 and heat flux, both in the troposphere and stratosphere, dur-
days’ lag, the phase shift tends towards the zero mark, lieg JFM 2008. The amplitude of the tropospheric WN1 pat-
comes eastward (positive) afted5 days’ lag, and westwardtern reached a maximum and was consistent with a down-
again from+22 days’ lag. ward wave coupling event. A stratospheric WN1 anomaly at
To further establish the link between anomalous block0 hPa preceded a tropospheric WN1 anomaly at 400 hPa.
ing patterns in the Urals—Siberia region and the tropospheBimilarly, the negative heat flux anomaly in the stratospher
WN1 field due to changes in circulation pattern, the dailgttained its maximum, with subsequent development of a
march of the 500 hPa geopotential height fields from 10 strong positive heat flux anomaly in the troposphere. The
21 January are plotted in Fig. 6. The contours from 5100 tampospheric maxima clearly lagged the minima in the strato
5900 gpm, with an interval of 60 gpm, are shown, and ttsphere.
geopotential height between 5100 and 5160 gpm is marked To interpret the occurrence of the anomalous blocking
in red. Up until 12 January, the WN1 pattern in the tropdiigh over the Urals—Siberia region due to wave reflection,
sphere is not very clear and is mainly concentrated at higle focused on the period 10-21 January 2008. The block-
latitudes. But, from 13 January onward, the WN1 patteing anomaly developed strongly when the amplitude of the
starts to develop slowly and exhibit a meridionally elomght 400 hPa WNL1 pattern reached its maximum value, and the
pattern stretching from the Bering Sea to the North Europepattern continued to move westward in response to the reflec-
plains. The pattern becomes clearer and is fully develogedtinn of planetary waves down to the troposphere. From the
15 January. From 16 January, the trough starts to propagaiaal-mean EP flux vectors (Nath et al., 2014), on 10 Jan-
equatorward and eastward over the Urals—Siberia regiah; arary, the high-latitude wave guide pointed vertically updva
by 20 January, it reaches the Asian landmass, close to theOit 13 January, the upward fluxes exhibited a gradual weak-
betan plateau. Moreover, it is clear from the EP flux (Nath ehing trend, while a strengthening in the downward compo-
al., 2014) that, around mid-January, the upward comporfent@ent was evident. This reflection/overturning was stronger
the high latitude wave guide was very weak; it was only then 16 January and continued until 19 January. In 3D space,
downward component that could contribute to the develograve fluxes propagated upward from the Labrador coast and
ment of the blocking high over the Urals—Siberia region -Fureflected back to the Eurasian continent.
thermore, this development of the tropospheric WN1 pattern To illustrate the strength of the coupling between 10 hPa
is consistent with the wave reflection from the stratosphemad the 400 hPa WN1 fields, we plotted the heterogeneous
since 11 January. Moreover, the southeastward propagatiegression pattern at negative and positive time lags. $he a
and the intensification of the trough is consistent with the dsociated regression patterns for the 10 hPa and 400 hPa lev-
velopment of the strong blocking pattern in the Urals—Séerels at negative and positive time lags shifted westward and
region from 16 January onward. Although the reflection @astward relative to the 400 hPa and 10 hPa levels, respec-
the planetary waves ceases by 19 January, the blocking examlly. This eastward phase shift of the WN1 ridge at 400 hPa
persists until the last week of January with gradual eastwaras consistent with the reflection of the WN1 field from the
propagation. This extraordinary persistence had a sigmific stratosphere. The relationship between the troposphéevit W
impact on the extreme cold event over Eurasia and partsfield and the anomalous blocking high in the Urals—Siberia
China (Nath et al., 2014). region was further established based on the daily marcteof th
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
Time-lagged SVD analysis was performed to compare tiiee downward component that could have contributed to the
covariance and correlation coefficients for the zonal medevelopment of the blocking high over the Urals—Siberia re-
and wave processes in the latitude band of-B®N. We gion. Moreover, we found that, from 13 January onward, the
compared the 2008 winter with the composite mean pattern@iN1 pattern started to develop slowly and exhibit a merid-
six winters (2002/2003, 2004/2005, 2006/2007, 2007/2008nally elongated pattern stretching from the Bering Sea to
2010/2011and 2011/2012) when the downward coupling widie North European plains. The pattern developed fully by 15

4. Summary and discussion
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January and, from 16 January onward, the trough started to phys. Res. Lett., 35, L16806, doi: 10.1029/2008GL034575.
propagate equatorward and eastward over the Urals—SibeKadera, K., H. Mukougawa, and A. Fujji, 2013: Influence of
region. And by 20 January, it reached the Asian landmass, the vertical and zonal propagation of stratospheric ptayet
close to the Tibetan Plateau. This development of the tropo- Waves on tropospheric blockings. Geophys. Res.: Atmos,,
spheric WN1 pattern was due to the reflection of the WN1 118, 8333-8345.

field from the stratosphere from 11 January onwards. Kodera, K., K. Yam_azakl, M. Chiba, and K. _Sh|bata, 1990: Down
ward propagation of upper stratospheric mean zonal wind per

. . turbation to the tropospher&eophys. Res. Lett., 17, 1263—
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