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The interaction between the stratosphere and the
troposphere as revealed by singular vectors

JAN-OTTO HOOGHOUDT and AN BARKMEIJER

Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands

(Manuscript received March 3, 2007; in revised form August ®72@&ccepted August 23, 2007)

Abstract

Stratospheric singular vectors (S-SV's) have been cakedlaith one of the latest versions of the ECMWF
model, for the months January and July 2004-2006. Basiceptiep as amplification, wavenumber spectra
and preferred geographical position are studied. In Jgntlee majority of these S-SV's amplify by grow-
ing on the background wind shear of the polar vortex. For,Jhly amplification of the S-SV’s is mainly
associated with the tropospheric summer jet, that extelnolgeal 00 hPa. The S-SV's are located lower (100
to 50 hPa) in the stratosphere than the January SV's anddimgilification is less. We have also calculated
S-SV's during the stratospheric sudden warming (SSW) ofidgn2006. The amplification factor of the S-
SV’s does not seem to be affected by the SSW. The breakinggddtar vortex is however clearly reflected
in the preferred geographical location of the S-SV’s. Initddd to these 'pure’ stratospheric SV's, pertur-
bations have been calculated that initially are locatethénstratosphere, but that are optimized to maximize
the perturbation energy growth in the low troposphere (Bl00 hPa) on a time scale of 48 and 120 hours.
Basic properties of this type of SV’s are studied. First lsstor these Stratosphere-Troposphere SV’s (ST-
SV’s), show that they mainly seem to rely on the troposphjetitco maximize their amplification. From a
non-modal point of view, small-scale structures with maadimmplitude around total wavenumber 10 seem
to be important in the interaction between the stratospaederoposphere.

Zusammenfassung

Stratosphérische Singulare Vektoren (S-SVs) wurden méreiler neuesten Versionen des ECMWF Mo-
dells fur die Monate Januar und Juli 2004—2006 berechnenhd@egende Eigenschaften wie Amplifizierung,
Wellenzahlspektren und bevorzugte geographische Lagdemunntersucht. Im Januar wird die Mehrheit
dieser S-SVs durch ein Anwachsen der Hintergrundswindsalgedes polaren Vortex verstéarkt. Im Juli steht
die Verstarkung der S-SVs vor allem im Zusammenhang mit depospharischen Sommerstrahlstrom, der
sich auf tiber 100 hPa erstreckt. Im Juli befinden sich die S+8&(driger (100 bis 50 hPa) in der Stratosphére
als im Januar und ihre Amplifizierung ist geringer. Darlibieabs haben wir die S-SVs wahrend der Pl6tz-
lichen Stratosphéarischen Erwérmung (PSE) im Januar 20@glbeet. Der Amplifizierungsfaktor der S-SVs
scheint nicht durch die PSE beeinflusst zu sein. Das Aufieredes polaren Vortex spiegelt sich jedoch deut-
lich in der bevorzugten geographischen Lagen der S-SVswidsétzlich zu diesen “rein” stratosphéarischen
SVs wurden Stoérungen berechnet, die sich zunachst in detioSphéare befinden, aber optimiert wurden, um
das Energiewachstum in der unteren Troposphére (unterbalb00 hPa) Uber eine Zeitskala von 48 und 120
Stunden zu maximieren. Grundlegende Eigenschaften dleseon SVs werden untersucht. Erste Ergeb-
nisse fur diese Stratosphéare-Troposphéare-SVs (ST-S\Ugrzedass die Maximierung ihrer Amplifizierung
sich in erster Linie nach dem troposphérischen Strahlstzamichten scheint. Von einem nicht-modalen
Standpunkt aus gesehen, scheint es, dass klein-skaliggi8an mit einer maximalen Amplitude im Bereich
einer Gesamtwellenzahl von 10 eine wichtige Rolle im Zusamspiel von Troposphére und Stratosphare
spielen.

1 Introduction Simultaneous with the operational use of these

GCM'’s with increased vertical resolution, there is also

By now, the idea that both the troposphere and t Bed to investigate instability mechanisms which were

stratosph_ere_ play an i_mportant role in defining the q"rmerly not well described by the model dynamics.
mospheric circulation is generally accepted. As a co his will be the subject of this paper. We want to

sequence, the vertical resolution of operational glob Iplore the use of singular vectors AKNAY , 2003)

circulation models (GCM’s), has increased con5|deraq gaining insight in the instability processes present

over_the last Veafs-.Th.'S has enabled, for exa_mple, P the stratosphere and in the interaction between the
forming data-assimilation over an atmospheric colu

2 ; ngﬂratosphere and the troposphere. Over the years SV’s

g)(;toeSn.d}Lr;gEvi\e(lleltn;? tlhggg;ratosphere KehLA et al., have demonstrated their use, e.g. in ensemble forecast-
' o : ing, to inform about tropospheric instability processes.
*Corresponding author: J.0. Hooghoudt, Royal Netherlands Mel/ith the recent GCM versions, it becomes worthwhile

orological Institute (KNMI), PO Box 201, 3730 AE De Bilt, Thetg Study, how the same technique behaves when con-
Netherlands, e-mail: otto.hooghoudt@knmi.nl
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Figure 1: (a) Table showing the average pressure at some selected model(telelsf the ECMWF 60-layer model. (b) Schematic
representation of the two SV configuratioRg; andPa, refer to the projection operators used at respectively, initial and final tim

fronted with stratospheric dynamics. It will also be In addition to these observational and statistical stud-
interesting to see to what extent earlier results a@s, also a variety of studies have been carried out by
stratospheric SV's (KRTMANN et al., 1996), obtained using numerical models of the atmosphere. The first
with a much coarser vertical resolution, remain validmong them was by 8viLLE (1984). In order to quan-
In this paper we will study the basic properties of thediy the impact of inaccuracies in the stratosphere, he
stratospheric SV's (S-SV's), such as spatial structuighanged the stratospheric diffusion in his model. He
wave number spectra, preferred geographical locatifmund significant tropospheric changes as compared to
and propagation speed. his control run. The response closely resembled the spa-
Since highly nonlinear boundary layer and precipitaial structure of the North Atlantic Oscillation (NAO).
tion generating processes play no role in the stratosphereMotivated by the aforementioned observational and
(HAYNES, 2005), it is very well possible that the lin-model results together with the still missing, clear dy-
ear approximation in the stratosphere is valid for longaamical picture of how the stratosphere may be linked to
forecast times than is the case for the troposphere. The troposphere (&G and RoBINSON, 2004), we have
results in ING and BARKMEIJER (2005) confirm this. made a preliminary study to the possible role of linear
Therefore, we have calculated S-SV's for two optimizaron-modal perturbation growth ARRELL and IOAN-
tion time intervals (OTI's): 2 and 5 days. NOuU, 1996) in the stratosphere-troposphere interaction.
Further, we have made a study of the SSW We have calculated those perturbations (ST-SV's)
(O’NEILL, 2003; ANDREWSet al., 1987) that occurredthat are initially confined to the stratosphere and that are
in January 2006. We have studied to what extent the sitesigned to give maximum linear perturbation growth in
gular values and the preferred location of the S-S\ke lower (below 500 hPa) troposphere. As in the case of
change during the SSW event. the S-SV’s, we have computed ST-SV's with OTI's of 2
The view that the stratosphere can have a direct @nad 5 days.
fluence on events in the troposphere is now widely ac- By studying the basic properties of these 2-day and
cepted. This is mainly due to the pioneering researbkday ST-SV's, we hope to gain insight in mechanisms
of BALDWIN and DUNKERTON (1999) and the re- which can optimally contribute to the interaction be-
search that their work initiated. Baldwin and Dunkemwveen stratosphere and troposphere.
ton showed, by using 40 years of daily data, that the
largest amplitude anomalies in the lower stratosphegic Model and experiments
zonal flow (10 hPa) frequently appear to descend to tro-
pospheric levels on a timescale of 3 weeks. The predidie forecast model we have employed in this study is a
tive skill associated with the downward propagation h&gcent version of the ECMWF model, triangularly trun-
been estimated by A DWIN et al. (2003) and 8ArL- cated at wavenumber 42 and with 60 levels in the verti-
TON et al. (2003), by using statistical models. Both studgtal. For this configuration, the model extends well into
ies conclude that a small amount of extra skill (5 %) cdhe stratosphere with the highest level at 0.1 hPa (see
be obtained in Northern Hemisphere weather on tinfre 1a). In this paper we will use the following defining
scales of 10 to 45 days (see also e.giRGSTIANSEN, equation of the SV’s:

2005).
) E~/?RiiM “PioEPaoM RniE /v (0) = i (0).
(2.1)
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Figure 2: The leading singular value (solid line) and the mean singular value of thedhteS-SV'’s (dashed line) are displayed for (a)
JANUARY-EXT, and (b) JULY. (c) Averaged singular value of the teadiag S-SV'’s as a function of their index, for JANUARY-EXT

(solid) and JULY (dashed).

Nearly the same eigenvalue problem has to be solved fovertical projection as well as a horizontal projection.
tropospheric SV’s (seelBzzA and RALMER, 1995); the It projects onto the area north of 30. The operatoR,;

difference is the use of projection operaRy andPs,
to which we come back later.
The components of the eigenvectgrsomprise vor-

does not include a horizontal projection. We can now
distinguish the following two types of SV’s:

ticity, divergence, temperature and logarithm of the sur- — S-SV's (stratospheric SV's) start in the low

face pressure. The so-called forward propagdoris
the linear operator that describes the linear evolution
of perturbations along the nonlinear trajectory from ini-
tial time tg = O to a future timet. The default OTI
used in this paper is 48 hours; when different this will
be explicitly mentioned. The projection operatdts
andPs,, confine the region (horizontally as well as ver-
tically) where a perturbation initially is locatedR )
and where, at final time, perturbation energy is maxi-
mized Pa0). We have used the total energy (TE) norm
(ERRICO, 2000) as expressed ly and g; is the sin-
gular value corresponding to eigenvectgO). The ad-

joint operators;;, Pa,, andM* are defined with respect

stratosphere (between level 15-25) and produce
maximal total energy perturbation growth in the
same vertical zone. Helg, and Py, are identi-

cal in the vertical and set the state-vector to zero
outside the levels 15-25.

— ST-SV'’s (stratospheric-tropospheric SV’s) also

start in the low stratosphere (between level 15-25)
but produce maximal perturbation total energy in
the low troposphere (level 39-60). Helpg; and

P, set the state vector to zero outside the vertical
zone of level 15-25 and level 39—-60 respectively.

In appendix A.1 we explain why we have chosen

to the Euclidean inner product The initial time struggye| 15 and 25 as the lower and upper boundary for the
tures {RnE~"/2v;(0)}}L, and corresponding final timep . projection operator.

structures{PaoM R E~Y/?v;(0) 1N, form a orthogonal
set with respect to the total energy inner product.

For both experimental set-ups we have calculated the
10 leading SV's for 5 days in January (1, 8, 15, 22 and

The properties of the two types of SV's which will be29 January) and for 5 days in July (1, 8, 15, 22 and 29
studied in this paper are controlled by defining suitabfgily) for the years 2004, 2005 and 2006. We will refer to
vertical projection operatorB, and Peo. Because for these two sets as 'JANUARY’ and 'JULY’, respectively.
now we are interested in processes in the extra-tropitiiring January 2006 a SSW occurred. To investigate the
the Pao We have used to calculate both types of SV’'s 8-SV and ST-SV properties under these circumstances,
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Figure 3: Average growth with time of total energy (kg,2s12) over 4 parts of the atmosphere: high stratosphere (solid), low sthemesp
(dashed), high troposphere (dotted) and low troposphere (dattst)), for the leading S-SV'’s of (a) JANUARY-EXT, and (b) JULY.
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Figure 4: Total energy spectra in terms of total wavenumber for the 10 leading’'Se® (a) JANUARY-EXT, and (b) JULY. Values at
initial (final) time are dashed (solid). The total energy (kgsnf) at initial time has been multiplied by a factor 10.

we have extended the SV computation to all 31 daysdlues are around a factor 3 smaller in the stratosphere
January 2006. This extended set (including the 5 daystbé&n in the troposphere.
January 2004 and 2005 and the 31 days of 2006), will In January the amplification is higher than in July,
be referred to as the 'extended January’ set (JANUARNecause of the higher background velocities (due to the
EXT). polar vortex), associated with larger horizontal and ver-
In the following two sections, we discuss the basiical shears. The relation between the preferred location
properties of respectively the S-SV’s and the ST-SV’ef the S-SV’s and the background wind (shear) is dis-
In section 5 the similarity (Bizza, 1998) between ST- cussed in section 3.3. The behavior of the S-SV’s during
SV’s with regular tropospheric SV's is shortly discussethe occurrence of a SSW is discussed in section 6.
In section 6 the effect of the SSW in January 2006 on tge T
singular values and preferred location of the S-SV's a d2 Energy Distribution
ST-SV's is discussed. Concluding comments are givdp see how and where in the vertical column S-SV’s
in section 7. amplify, we have divided the atmospheric column into
four components: high stratosphere (level 1 to 14, HS),
low stratosphere (level 15 to 25, LS), high troposphere
(level 26 to 38, HT) and low troposphere (level 39 to 60,
LT). Fig. 3a displays the growth of the total energy with
time in these 4 parts of the atmosphere for the leading S-
In Fig. 2, the first singular value and the mean sing&V'’s of JANUARY-EXT. Although S-SV’s are designed
lar value of the ten leading S-SV’s are displayed fdo maximize perturbation growth in the low stratosphere,
JANUARY-EXT and for JULY. For JANUARY-EXT the growth at other vertical levels is still possible. From Fig.
leading singular value is on average 4.9, with extrem8a we notice however, that most of the S-SV pertur-
around 7. For JULY the leading singular value is on abation growth takes place in the low stratosphere, for
erage 2.8, with the extremes reaching 3. In Fig. 2c thdich it was designed. At final time 76 % of the energy
average singular values for JANUARY-EXT and JULYs in the LS and less then 0.2 % penetrates into the LT.
are shown as a function of their index. For JULY (Fig. 3b), at final time, 70 % of the energy is
When comparing the stratospheric singular valu@sthe LS and almost all the rest (29 %) is in the HT.
with the values found in the troposphere (see e.g. The main difference between JANUARY-EXT and
HoskINS et al., 2000), we conclude that the singulatULY is that for JANUARY-EXT 16 % of the energy

3 Stratospheric SV’s
3.1 Amplification



Meteoral. Z., 16, 2007 J.-O. Hooghoudt & J. Barkmeijer: The stratosphere and thgoBphere interaction 727

a) 150°wW 180° 150°E b) 150°W 180° 150°E

AV
|
g S
= S
120°W

120°W

90°W

0.008

90°W

0.006

60°W
60°W

0.004

S
|
g g
= o
120°W

120°W

0.008

90°W
90°W

0.006

60°W
60°W

0.004 .
Figure 5: RMS of streamfunction (8s~1) for the 10 leading S-SV's of the default JANUARY set at level 22 afigiial time, and (b)
final time; (c,d) same as (a,b) but for JULY. Values have to be multiplidd 1.0 x 1 m2s~1. Notice that the values at final time are 10
times larger than at initial time.

at final time is found in the HS, while in JULY this is3.3 Geographical location

less then 1 %. So in July, there is no energy transport
from the low to the high stratosphere. In Fig. 5a,b the root mean square (RMS) of streamfunc-

Closer investigation of individual S-SV's, revealdion is displayed for JANUARY (default set) at initial
that for JANUARY-EXT, initially, in around 30 % of the and final time at level 22 (55 hPa). Initially, the S-SV's
cases the total energy is distributed low in the LS. € mainly located over the Eurasian continent and east
the remainder of the cases, the S-SV’s have their topfJapan. The preferred location of the initial JANUARY
energy maximum at level 18 (23 hPa). These latter 8:SV’s, corresponds closely with the location where the
SV's are responsible for the energy growth in the hidﬁrge_st background_horizontal zonal wind velociti_es an_d
stratosphere. For JULY all S-SV’s are initially locate§radients occur. This can be seen when comparing Fig-
in the lower part of the LS. These S-SV’s do not givéeS 5a a_nd 6a. The latter figure shows the zonal back-
any growth in the HS during the forecast time. For agfound wind at 50 hPa, averaged over the 31 days of
example of both cases see Fig. 7 and 8 in section 3.4January 2004, 2005 and 2006. o

For JANUARY-EXT and JULY, at initial time, the ki- The S-SV'’s east of_Japan, are located lower (initially
netic energy (KE) is on average responsible for respdt€tween 50-95 hPa) in the stratosphere than the S-SV's
tively 40 % and 25 % of the total amount of total energVe" Asia (initially between 15-55 hPa). This is due to
and increases for both cases to 75 % at final time. _ the strong tropospheric jet that extends up to 70 hPa

In Fig. 4 the total wavenumber spectra is shown &P0ve of Japan, see Fig. &b.
initial and final time for JANUARY-EXT and JULY. _ Theinitial JULY S-SV's are located (almost) every-
Both spectra show very little energy in the large scalég1ere within the 30 to 60°N latitude band, but they
at initial time and the JULY spectra also lack energy f}ave a clear preference for certain locations, as can be
the smaller scales from total wavenumber 35 onwardgferred from Fig. 5c. At final time however, almost all
At final time the JULY SV’s remain smaller scale tha@MPplitude is above the Eurasian continent &tNiGsee

the JANUARY SV's, with energy peaking around totafi9- 5d. The JULY S-SV's are mostly located in the
wavenumber 13 and 9 respectively. lower part of the vertical target zone (between 70 to 95

hPa).
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Figure 6: Monthly mean zonal background wind (M9, north of 20N, computed from daily data over the years 2004 to 2006, for (a)
January at 50 hPa, (b) January at 100 hPa, (c) July at 50 hP&j)ahdy at 100 hPa. Negative values are denoted by a dashed cbnéour
around the shaded area (only applicable for c). Pressure levelsiS®arnmPa correspond (roughly) to model level 22 and 25, respéctiv
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field for the leading S-SV of 15 January 2005 (a) at Bfvat initial time, (b) at level 18 at final time. (c) and

(d) show the vertical cross-section of the S-SV's shown in a,b, otispdy, over the model levels 1 to 30. The thick solid lines in a,b give
the location of the vertical cross-section displayed in c,d. Contour irteseal: in (a) 0.5, x, 1Dm?s1 and 20 times larger for (b); in (c)
1.0, x 1@ m?s~1 and 20 times larger for (d).
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Also for JULY, the preferred location of the S-SV’ssame relative growth over the 4 components as in the 2-
can largely be explained by analyzing the average zowulalys case (Fig.e 3a). Also for the 5-day case almost no
background wind during this month. In Fig. 6¢ the awnergy is found in the LT.
erage July background zonal wind is shown at 50 hPa. The horizontal energy spectrum for the 5-day S-SV’s
The flow is almost completely zonal and so is charactégnot shown), is nearly identical compared to the 2-day S-
ized by extremely weak longitudinal gradients. Also th8V'’s (Fig. 4). The same applies for the location in terms
latitudinal gradients are weak. At 100 hPa (Fig. 6d), thed RMS of streamfunction for the 5-day ST-SV's com-
flow is characterized by stronger gradients in the latitpared with the 2-day ST-SV’s.
dinal and longitudinal direction (especially over Asia), Overall we conclude that, apart from the higher sin-
as compared to 50 hPa. The strong preference of JUgMlar values, the 5-day S-SV'’s are very similar to 2-day
S-SV’s for the lower part of LS confirms once again, th&-SV's.
the location of S-SV's is mostly where large background
horizontal shears and velocities occur. 4 Stratosphere-Troposphere SV’s

From Figs. 5a—d it is clear, that the January S-

SV’s propagate north-eastwards and that the propagatipn Amplification

speed of July S-SV’s is close to zero. _ _ _ .
Figure 9a displays the singular values of the leading ST-

3.4 Examples of the S-SV's SV’s and the mean singular value of the ten leading ST-
SV’s of JANUARY-EXT. The leading singular values
In Fig. 7, a horizontal and vertical cross section of thgave an average value of 0.86 and a maximum value of
leading S-SV of 15 January 2005 at initial and final timgearly 1.4. The values for JULY as presented in Fig. 9b
are shown. Initially (Fig. 7a), this S-SV is a twistedare smaller than for JANUARY-EXT, with no values ex-
distorted wavetrain that is tilted (Fig. 7c) against theeeding one. The leading singular JULY values are on
shear of the background wind (the background winglerage 0.74, with a maximum value close to 1. In Fig.
above 50 hPa is eastwards and increases, due todbehe averaged singular values as a function of the in-
intensifying polar vortex, with height). During forecastiex number is shown. For JANUARY-EXT and JULY
time, the S-SV grows into a larger-scale wavetrain, s@e lines have identical slopes.
Fig. 7b (in accordance with Fig. 4). At final time there Although most of the ST-SV’s have singular values
is hardly any vertical tilt left and the S-SV extends intgmaller than one, this does not necessarily mean that
the high stratosphere till the upper model level (Fig. 783 T-SV’s are decaying (below 500 hPa). From Fig. 10,
This is an example of a JANUARY S-SV, as mentionegiiscussed in the next section, it is immediately clear that
in section 3.2, that initially has its maximum energyhe ST-SV’s remain growing in the LT after optimiza-
around level 18 and during its amplification transmitgon time. In fact, ST-SV'’s with an OTI of 5 days yield
energy into the HS. singular values considerably larger than one (see section
An example of a JULY case is shown in Fig. 8. Boti 5).
at initial and final time, this JULY S-SV consist of a
clear wavetrain pattern (Fig. 8a,b). At initial time th&l.2 Energy distribution
S-SV is strongly tilted (Fig. 8c) against the shear of the

background wind (the background wind above 100 hi Fig. 10a, it is showr_1 h(?W the leading ST'SV,S of
NUARY-EXT grow with time over the vertical col-

is westwards, but decreases fast with height and chan ! o ) s
direction above 60 hPa, see Fig. 6c¢, d). At final time n in terms of TE. Similar to section 3.2 the vertical
’ e o lumn is partitioned into four parts. At initial time unit

almost equivalent barotropic pattern emerges (Fig. ggpium
Instead of transmitting energy upwards, as in the fof = 'S In the LS. The TE below 500 hPa (dashed-dotted)

mer example, this S-SV propagates downwards to dsero att=0 and becomes almost 1 at optimization time.
troposphere To show that for larger OTI's we do achieve amplifica-

tion in the LT, the same result obtained for an OTI of
3.5 S-SV'swith a5 day OTI 5 days is shown in Fig. 10b. Clearly, the larger OTI re-
sults in amplifying ST-SV's, which grow in the TE norm
The average singular value of the mean of the 10 ledwnl a factor larger than 40, corresponding to singular val-
ing 5-day S-SV’sis 6.7 and the standard deviation is 1i8es above 6. The different projection operator used at
The values for the 2-day case are 4.0 and 0.4, respfical time (as compared with the S-SV’s) has resulted in
tively. So, extending the OTI results in stronger growt8V's that are capable of producing significant perturba-
albeit less pronounced as it is in case of ST-SV’s (sd@en growth in the LT. The amount of perturbation en-
section 4.5). ergy in the HS at final time is negligible. Notice that the
The average growth of the TE with time over the veperturbation energy growth in the LS for the 2-day case,
tical column for the 5-day S-SV’s (not shown) shows thlevels off between 24 and 36 hours. For the 5-day case
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Figure 11: Total wavenumber spectra for the leading ST-SV’s of (a) JANUARYFEand (b) JULY are shown for different forecast times
and restricted to the lower troposphere (below 500 hPa). The dasheshbies the initial time spectra. Values are multiplied by a factor
100.

this is less clear, but also here perturbation growth d@MS of streamfunction field at level 22 (Fig. 12a),
creases after 72 hours. shows two centers of activity: the West Pacific and the
The ST-SV’s calculated with an OTI of 5 days ar®Vestern Atlantic. These are also the areas where per-
further discussed in section 4.5. Here and in the followdrbation growth occurs at final time at 500 hPa, as
ing 2 paragraphs the 2-day ST-SV's are discussed. shown in Fig. 12b. Also for JULY (Fig. 12c, d), ST-SV’s
In Fig. 11a, b, the average time evolution of the hoare located, where baroclinic instability is high in the
izontal spectra, restricted to the TE in the LT, are shoviroposphere (Fig. A3b, appendix A.2): above Asia and
for the leading ST-SV’s of JANUARY-EXT and JULY, Canada.
respectively. The initial time spectra, when the SV’s are
confined to the LS, are given as well. Broadly spea-4 Example of the ST-SV’s

ing the behavior in JANUARY and JULY are SlmllarFigure 13 shows the perturbation streamfunction of a

and both the initial time ST-SV's (in the LS) and th(—% .
L . ical JANUARY (13a,b) and JULY (13c,d) ST-SV at
structures developing in the LT are dominated by tOtallﬁial time in the Lé and ezt final timefc(nr the I)evel where

wavenumber 9-10. The perturbation growth in the Li ner}nters the LT. Both leading ST-SV's reveal well de-

Seems to lack the up_scale perturbatlo_n groyvth pres%ned wavetrains, with more poleward located structures

in the growth mechanism of tropospheric SV’s, and to g .
) . at final time.

lesser extend of S-SV’s (see Fig. 4).

ey The initial ST-SV’s are strongly tilted eastward with
The KE part of the ST-SV's (both for January a’:f.eight for both JANUARY and JULY. In January the
July) at initial time is larger than it is for S-SV’s an

. . “average background wind between 100 and 50 hPa is
amounts on average to 65 % of the total. At final time . :

: \ eastward and decreases with height (due to the weak-
this has, on average, increased to 78 % (not shown).

ening of the tropospheric jet. In July the average back-
ground wind above 100 hPa is eastward, but decreases
fast with height and becomes westward above 60 hPa.
In January the ST-SV'’s seem to favor exactly those dduring the forecast, untilting of the initial time structure
eas where baroclinic instability is maximal in the trotakes place and the perturbation extracts energy from the
posphere (Fig. A3a in appendix A.2). The initial timédackground flow (see &lskiNs et al., 2000).

4.3 Geographical location
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Figure 14: Time evolution of the cross-section of the leading ST-SV in terms of strgretibn (nfs~1), from 1200 UTC 29 July 2004 for
t=0, t=24, =36 and £48 hours. Above each panel forecast time and contour interval (giyés; values have to be multiplied with 1.0

x 10* m2s~1. Dashed (solid) lines denote negative (positive) values. The latituderevihe cross-section is taken, is shifted by 1 degree
north every 6 hours, to compensate for the poleward movement oMlueigng the forecast.
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Figure 15: Leading singular values (dashed line) of (a) S-SV's, and (b) SB4lculated with an OTI of 2 days are
displayed for January 2006. Also shown in the graphs, is the avenapetature, north of 70N, at 20 hPa (solid line).

To get a better understanding of the time evolution of The average singular value of the mean of the 10
such ST-SV’s, we have plotted the vertical cross-secti@ading 5-day ST-SV’s is 3.1 with a standard deviation
of streamfunction for a JULY case for four chosen foref 0.5 (not shown). This should be compared with the
cast times (Fig. 14). Initially this is a strongly eastwardalues of the 2-day ST-SV'’s (Fig. 9a), which are respec-
tilted structure. At t=24 hrs part of the perturbation has/ely 0.7 and 0.04. So, extending the OTI, results in
reached the LT, where it amplifies during the remaindstronger amplification, as could already be anticipated
of the forecast. Notice that the eastward tilt in the LS h&®m Fig. 10a.
changed in the final 24 hrs of the computation from an Looking at the energy distribution over the 4 compo-

eastward to a westward tilted structure. nents for the 5-day case, as shown in Fig. 10b, we con-
L clude that a 2-day forecast is just too short to produce
4.5 ST-SV's with a 5-day OT! amplifying SV’s going from the LS to the LT. Notice

To investigate whether large further amplification is po&urther, that for the 5-day case, the perturbation TE in
sible with ST-SV'’s, we have also calculated ST-SVH#€ LT exceeds the amount of perturbation TE in the LS,
with an OTI of 5 days. after approximately 4 days.
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Figure 16: Background geopotential height field at 20 hPa (solid lines) together veitRKAS of streamfunction (fs~1) of the 10 leading,
final time, S-SV's at model level 1823 hPa), for (a) 13 (b) 17 (c) 21 (d) 23 (e) 27 and (f) 31 of Jay@806. The final time S-SV’s are
evolved (OF48 h) from the initial time S-SV’s that started 2 days before the dates 6f @entour interval of the geopotential height is
200m and the RMS values have to be multiplied with 1.0 £ be?s 1.

The horizontal energy spectrum for the 5-day STours. The first 24 hours are presumably needed to get
SV’s (not shown) is almost identical to the 2-day casesmall but significant amount of perturbation energy in
(Fig. 11a). the LT and HT. Subsequently, this perturbation energy is

The preferred locations of the 5-day ST-SV’s (ndstrongly) amplified by baroclinic instability processes.
shown) are very similar to the 2-day case. One differenéée have verified this hypothesis by calculating the sim-
is noticed: for the 5-day case the two preferred locatioitarity of ST-SV's with two types of T-SV’s. T-SV's are
in January (the West Pacific and the Atlantic Ocean ealculated:
found for the 2-day ST-SV's, Fig. 12b ) are at final time _
more clearly connected, due to a strip of high(er) ampli- i) from the same time and date as the JANUARY
tude over the East Pacific and the USA. and JULY sets and with the same OTI of 48 hours

Overall, we can conclude that 5-day ST-SV'sarevery  (T-SVs_00).

similar to the 2-day ST-SV's. i) from the forecast 24 hours after the initial dates of

5 Connection W|th tropospheric SV’s the JANUARY and JULY sets, and with an OTI of
24 hours (T-SVs_24).
In section 4.3 we mentioned that at final time the ST-

SV's are located at those areas where baroclinic insta-both the cases the T-SV’s are optimized to maximize
bility processes are likely to occur. These are the ahe growth of TE below level 25 (96 hPa).
eas where in general also tropospheric SV's (T-SVs) are The similarity index is calculated between the spaces
found (Buizza and RLMER, 1995). For this reason, itspanned by the ten leading ST-SV’s and ten leading T-
is plausible that the ST-SV's, in the troposphere, mal&y/s (for both the types), at final time and below 500 hPa.
use of the same perturbation growth mechanisms as T-The similarity between the ST-SV’s and T-SVs_00,
SV’s do, and therefor that the ST-SV's project for a ceranges for JANUARY between the 8 and 28 %, and so
tain forecast time on the T-SV’s. In order to quantify tthe subspaces are quite uncorrelated. The similarity is
what extent ST-SV'’s project on the T-SV’s,we make usen much lower with the T-SVs_24, all values are be-
of the similarity index (BJizzA, 1998). This index mea- low 10 %. For July the similarity of the ST-SV’s with the
sures how similar subspaces are spanned by the leadirfgVs_00 is between 0 and 30 % and with the T-SVs_24
SV’s, and ranges from O (orthogonal) to 1 (identical). again lower, mainly all values are below 10 %.

From Fig. 10a we noticed that (for an OTI of 2 days) So, opposite to what we expected, the ST-SV’s are
the energy in the LT starts to grow rapidly only after 2dlearly more highly correlated with tropospheric SV's
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which start at the same date and time, than with trientified as a minor event. From the"™bf January
pospheric SV'’s calculated from the forecast 24 houtise temperature increased even further, the vortex split,
later. and above 30 hPa, the meridional gradient of tempera-
We have also calculated the similarity of the (10 leadldre reversed making the event a major warming event
ing) ST-SV’s with the (10 leading) S-SV’s. The JAN{CHARLTON and ROLVANI, 2007)
UARY ST-SV’s are mainly located over different areas It is of interest whether the occurrence of the SSW
compared with the corresponding set of S-SV’s (cons reflected in the basic properties of the S-SV’s and ST-
pare figures 5b and 12b). Further, for JANUARY th&V’s, such as their singular values and their preferred
majority of S-SV'’s are located higher in the stratosphegeographical location.
than the ST-SV’s. In fact, only the S-SV’s east of Japan, In Fig. 15a,b the leading singular values of the S-
which are located lower in the stratosphere than the n&V's and ST-SV'’s calculated with an OTI of 2 days are
jority of S-SV’s (see section 3.2), can significantly corshown, together with the average temperature north of
tribute to the similarity with the ST-SV’s. This resultsrO°N, at 20 hPa. From these figures we conclude that
in an average similarity between the 2 sets (at final tintiee occurrence of the SSW is not reflected in the singu-
and between the levels 15 to 25) below 10 %. Individar values of either the S-SV’s or ST-SV’s. The singu-
ual similarities between the S-SV's located east of Japkan values of the S-SV'’s and ST-SV’s calculated with an
with some of the ST-SV's, give values up to 70 %. FADTI of 5 days, show a mainly similar behavior over this
July the ST-SV’s and S-SV’s are located over more sirmonth as their 2-day counterparts and so, they (also) do
ilar areas, and also at similar heights. The similaritpot correlate with the average temperature at 20 hPa.
again at final time and from level 15 to 25, is however To study if the preferred location of the S-SV's
still low, on average 20 %. changes during the SSW event, we show in Fig. 16 the
RMS of streamfunction of the 10 leading final time S-
. . SV’s for 6 days between 13 to 31 January 2006, together
6 ?tratOSpB%g% sudden warming with the corresponding background geopotential height
anuary fields at 20 hPa. We have chosen the 20 hPa level, be-
cause at this height the split of the polar vortex is a dom-
§9hnt feature, and it coincides with the level where the

occurred from the 21 of January 2006' R -SV’s achieve their maximal amplitude in TE (see also
From the 3rd of January (see solid line in Fig. 15 I:? A2a in appendix A.1).

the temperature started to rise and the warming wa

As mentioned at the end of section 2, a major SSW ev
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From these plots we conclude that the evolved ®ill study to what extent stratospheric and upward prop-
SV’s are located where the highest velocity shears agating (tropospheric-stratospheric) SV’s are capable of
cur. The RMS pattern closely resembles the shape of thiggering SSW's or prevent them from happening.
polar vortex, as is clearly visible in Fig. 16a—f. Also the We have made a preliminary study of the possi-
RMS area breaks up in two distinct areas (Fig. c—e), lae role of linear non-modal perturbation growth in the
the same time when the polar vortex does. stratosphere-troposphere interaction. For this reason we

Figure 17 is similar to Fig. 16, but now the RMS ohave calculated perturbations that are optimized to cross
the initial time S-SV’s, associated with the evolved She tropopause and to enter in the lower troposphere (be-
SV’s of Fig. 16, are shown together with the correspontbw 500 hPa). Allowing only an OTI of 2 days for this
ing background geopotential height fields at 20 hPa. Theocess proved to be too short to produce amplifying
S-SV’'s have, at initial time, significant amplitude outstructures. However, by increasing the OTI to 5 days,
side the polar vortex. So, we observe that S-SV’s temge found amplifying ST-SV’s with singular values ex-
to propagate from the outer edges of the vortex into theeding 6. The basic properties of the ST-SV's with a 2
strong jet, where they end up at locations with large hasr 5 day OTI are very similar.

izontal shears (see als;ARTMANN et al., 1996). The ST-SV's produce perturbation growth in the
. stratosphere albeit with smaller amplitude than the S-
7 Conclusions SV’s. It appears that ST-SV’s quickly transfer pertur-

A recent version of the ECMWF model that extends wepation energy to tropospheric regions, where baroclinic
into the high stratosphere (up to 0.1 hPa), has been udsdabilities are likely to occur. Given the ampllflcathn
to calculate stratospheric SV's (S-SV's) that are upfiactors of ST-SV's and the fact that they are more subject
mized to amplify between 96 and 12 hPa for an opfi© linear dynamics than there tropospheric counterparts
mization time intervall (OTI) of 2 days. (e.9. NG and BARKMEIJER, 2005), one may envisage
These S-SV’s amplify more than 25 (7) times iR role of ST—SV's_lr_lfuture ensemble prediction systems.
terms of TE in January (July) during two days. The pre- We have verified tha_t evolved ST-SV's resemble
ferred total wavenumber for the perturbation structur830re evolved tropospheric SV's calculated for the same
atinitial time is around wavenumber 18 for both Januafgrecast and OTI, than evolved tropospheric SV's calcu-
and July, and shifts to larger scales, wavenumber 9 dakgd for the atmosphere 24 hours later and with an OTI
13, respectively, at final time. The preferred location &f 1 day.
the S-SV’s is where the background zonal velocity gr
dients are large. This leads to two types of S-SV'’s

winter: the majority of S-SV's amplify due to the polarrhis research is supported by the Research Council for
vortex. The remainder of the S-SV's are located lowerarth and Life Sciences (ALW) of the Netherlands Or-
around 80 hPa and amplify on the Pacific troposphegg@nization for Scientific Research (NWO). The authors
jet, which may extend above 100 hPa. The S-SV's fouRgbuld like to thank W.T.M. \ERKLEY and four anony-

for JUly, are similar in form, structure and amplificatiomnous referees for he|pfu| comments and suggestions.
mechanism as the latter type of winter S-SV'’s.

Further 5-day OTI S-SV'’s have been calculated. Tt}g
amplification in TE norm is a factor of 3 larger than for
thgir Zfda_ly counterparts. All other basic properties aye q Choice of initial projection operator
quite similar.

To study whether the occurrence of a SSW is r€&alculating ST-SV’s with an initial projection operator
flected in the S-SV properties, we have calculated St includes all model levels above level Z8L(%),
SV’s during the SSW of January 2006. The amplificaesults for the majority of the cases in ST-SV’s with a
tion factor of the S-SV's does not seem to be affected bgrtical TE distribution similar to the one displayed in
the SSW. The breaking of the polar vortex is howevéigure Ala.
clearly reflected in the preferred geographical location To avoid difficulties with spurious growth near the
of the S-SV's. The prefered location of the evolved Sep level, which occurred in some cases, we decided to
SV’s follows very clearly the locations of highest horiemploy an initial projection operator between the levels
zontal velocity gradients and it splits in two distinct ard5 and 25. In fig. Alb, the vertical energy distribution
eas at the same moment as the polar vortex breaks fop.the leading ST-SV of the same day as in Fig. Ala,
During the SSW, stratospheric structures mainly amplifjut now calculated wittP>-2° (including level 15 to
by propagating from the outer edges of the polar vort@6), is shown. The shape of the distribution is the same
into the polar vortex (as was also reported byR¥- as in Ala. The similarity index between the subspaces
MANN et al., 1996). We intend to substantiate these rgpanned by the 10 leading ST-SV's computed by

sults by considering more SSW occurrences. Further weing respectively: thgk 2> and theP:>~2° projection

%’cknowledgments
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Fig Al: Vertical distribution of the total energy for the leading ST-SV of the 1staofuhry 2004 as a function of model level. Computed
with an initial projection operator that includes (a) levels 1-25, and (b)ded®&-25. The initial (final) time distribution is displayed by the
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1 11 1 11
10 —1C 10 —1C
$20- > 20 20 — 2

> o= 2 ] > .
830 13 Y30 Y
40| lac 40 1 ac
50| 150 50| —5(

i 1 1 1 ] i 1 1 1 ]
600—30 20 30 48 Y0510 20 30 4

Total Energy

Total Energy

Fig A2: Vertical distribution of the mean total energy for the 10 leading S-SV'ADIUARY (default set), as a function of model level.
Computed with an initial and final time projection operator that includes (&ldel5—25, and (b) levels 10-25. The initial (final) time
distribution is displayed by the dashed (solid) line. Final time energy is multiplyealfactor 0.1.

operator, has been calculated for 5 days in January aedpectively by the use of tHe->~2° and theP->~25, is
5 days in July 2004. The similarity index between that initial time 83 % (over the levels 15 to 25 ) and at
two sets, at initial time and between the levels 15 tmal time 77 % (over the level 39 to 60), and indicate
25, is 85 % for January and 75 % for July. At finathat the SV’s resulting from both computations are quite
time and calculated below 500 hPa (tRg, region), similar.
the similarity is 80 % for January and 70 % for July.
These high similarities show, that excluding the upp®¥e also verified whether the results for the S-SV’s
14 model levels results in quite similar initial and finalvould become significantly different, when the upper
time structures. boundary of theR (=Pa) projection operators is in-
creased with 5 levels. In fig. A2 the average vertical
The lower boundary of the projection area ensures theE distribution for the JANUARY (default) S-SV set is
an important portion of the stratosphere dynamics skown for two cases. In (a) S-SV’s are calculated with
captured while keeping initial time structures awathe (default)Pt>52> and in (b) with PL.2>. Although
from the tropopause height. To see what the effettore S-SV’s are located higher in the atmosphere for
on the ST-SV’s is, when the lower boundary of ththe PX’_2° case, where they grow on the polar vortex,
initial projection operator is lowered by one level, wéhe similarity between the two sets (between level 15 to
have done additional ST-SV calculations with an initié@5) is very high and amount to 80 % at initial and final
projection operatorR->~2%) that also included level 26time.
(113 hPa). The average similarity index between the

subspaces spanned by the 10 leading ST-SV’s computed
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Fig A3: Distribution of the Eady index in the troposphere (a) January, and ({2)Based on the climatological mean of averaged daily
data of January and July 2004—2006, calculated between 250 andh®2a00

A.2 Eady index BALDWIN, M. P., J. DUNKERTON, 1999: Propagation of the
Arctic Oscillation from the stratosphere to the tropospher

To quantify where baroclinic instability is likely to occur_ ~J- Geop’\?y;. RSSBO4§30937_30948- W T

in the troposphere, we have calculated the Eady ind8&-0W!N. M.P., D.B. SEPHENSON D.W.J. THOMPSON

. .J. DUNKERTON, A.J. CHARLTON, A. O’NEILL, 2003:
between 250 and 1000 hPa. The Eady index (e.g. Se§tratospheric memory and skill of extended-range weather

HoskINsand VALDES, 1990) is defined as: forecasts. — Scien@01, 636—640.
f d BoviLLE, B.A., 1984: The influence of the polar night jet on
_ Tau the tropospheric circulation in a GCM. —Scientk 1132-
O = 0.31N iz (7.2) 1142,

Buizza, R. 1998:Impact of horizontal diffusion on T21, T42,
with f the Coriolis parameter. To get an estimate for theand T63 singular vectors. — J. Atmos. 35, 1069-1083.
static stability of the atmospherdl(see e.g. ¥LTON, BuUizzA, R., T.N. RLMER, 1995: The singular vector struc-
2004) and the vertical wind sheadu/dz), we have ture of the atmospheric global circulation. — J. Atmos. Sci.
made use of the climatological mean (computed fro o2 1434-1456. _
daily data over the months January and July for the yeag] ARLTON, A.J., L.M. POLVANI, 2007: A new look at

. tratospheric sudden warmings. Part I: climatology and
2004—2006 from the ECMWEF archives) of the poten-mode“ﬁg benchmarks. — J. CIi?naﬁé 449469, 9y

tial temperature and the zonal wind. In Fig. A3 the rezyariTon, A.J., A. O'NEILL, D.B. STEPHANSON W.A.
sult is shown for (a) January, and (b) July. In sectionLaHoz, M.P. BALDWIN, 2003: Can knowledge of the state
4.3 it is noted that the preferred locations of the ST-of the stratosphere be used to improve statistical forecast
SV’s coincide with the areas that are characterized bypf the troposphere. — Quart. J. Roy. Meteor. S@9 3205—

a high Eady index: the West Pacific and the Western At-3224- ,

lantic. The ST-SV’s are not located above North Africa>HRISTIANSEN, B., 2005: Downward propagation and sta-

which area is also dominated by a high Eady index. Thqt:'zsetg:_?llgjgiﬁng the near-surface weather. — J. Geophys

region above North Africa is however not known as giggico, R.M., 2000: Interpretations of the total energy and
region with strong instability, in so far as it is not as- rotational energy applied to determination of singular-vec
sociated with high climatological transient variability. tors. — Quart. J. Roy. Meteor. Sd26A, 1581-1599.

So it seems, that the ST-SV's correctly exclude this reARRELL, B.F., P.J. bANNOU, 1996: Generalized stability
gion as an area of high instability. Interestingly enough,theory. Part II: Nonautonomous systems. — J. Atmos. Sci.
tropospheric SV’s do pick (erroneously) this region as®3 2042-2053.

; Ch . HARTMANN, D. L., T.N. PALMER, R. Buizza, 1996:
a region of high instability (see further, fzzA and Finite-time instabilities of lower-stratospheric flow. -Al-

PALMER, 1995). mos. Sci53, 2130-2143.
HAYNES, P, 2005: Stratosphere dynamics. — Ann. Rev. Fluid.
Mech.37, 263-293.
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