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Abstract

The coupling of the middle atmosphere is influenced especially during winter by Plan-
etary Waves (PWs). The most impressive vertical coupling process in the middle at-
mosphere, caused by the interaction of PWs with the mean flow, is the Sudden Strato-
spheric Warming (SSW), mainly occurring in the northern hemisphere. During the
SSW a sudden warming of up to 80 K occurs in the stratosphere within a few days
with a simultaneous cooling in the mesosphere and a wind reversal to westward winds
in the middle atmosphere. The average behavior of major SSWs at polar latitudes is
investigated by combining high-resolution local radar measurements with global satel-
lite observations and assimilated model data. The results show a distinctively stronger
PW activity in the mesosphere during major SSWs compared to minor warmings. Nor-
mally, SSWs occur strongest at high polar latitudes, become weaker towards the south
and vanish at mid-latitudes. However, there are events which are southward extended
or shifted. A comparison of a normal polar dominated SSW with three latitudinally
displaced events shows a continuous westward wind band from the pole to the lower lat-
itudes in the stratosphere during the latitudinally displaced SSWs. This effect and the
southward extended warming are in connection with an increased PW activity between
30°N and 50°N and a changed stationary wave flux in the stratosphere compared to the
normal SSW. A second coupling process, occurring nearly every second year during the
fall transition, is the so called Hiccup. It shows very similar effects on average like a
SSW but with a distinctively smaller magnitude. In contrast to the SSW, an upward
propagation of the wind and temperature changes is observed and the assumption, that
the Hiccup is caused by the sudden turn-on of the PW activity, is confirmed.

Zusammenfassung

Die Kopplung der mittleren Atmosphire wird vor allem im Winter von planetaren
Wellen (PW) beeinflusst. Der beeindruckenste vertikale Kopplungsprozess, der durch
die Wechselwirkung von PW mit dem Grundstrom verursacht wird, ist die plotzliche
Stratospharenerwirmung (SSW), die vorrangig in der nordlichen Hemisphéire auftritt.
Wihrend einer SSW erwdrmt sich die Stratosphére innerhalb weniger Tage um bis
zu 80 K bei einer gleichzeitigen Abkiihlung der Mesosphére und einer Windumkehr
auf westwértigen Wind in der mittleren Atmosphire. Das mittlere Verhalten von
starken SSWs wird untersucht mittels einer Kombination aus hochaufgelésten lokalen
Radarmessungen mit globalen Satellitenbeobachtungen und assimilierten Modelldaten.
Die Ergebnisse zeigen eine deutlich grofere PW-Aktivitdt in der Mesosphére wihrend
starker SSWs als wiahrend schwacher SSWs. Normalerweise treten SSWs am stérksten
am Pol auf, werden nach Siiden hin schwécher und enden in den mittleren Breiten. Den-
noch gibt es Ereignisse, die nach Siiden ausgedehnt oder verschoben sind. Ein Vergle-
ich einer normalen polar-dominierenden SSW mit drei breitenverschobenen Ereignissen
zeigt ein kontinuierliches westwirts Windband vom Pol zu niedrigen Breiten wahrend
der breitenverschobenen SSWs. Dieser Effekt und die siidlich ausgedehnte Erwirmung
stehen in Verbindung mit einer erh6hten PW-Aktivitdt zwischen 30°N und 50°N und
einem verdnderten stationdren Wellenfluss im Vergleich zur normalen SSW. Ein zweiter
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Kopplungsprozess, der fast alle zwei Jahre wiahrend der Herbstumstellung auftritt, ist
der sogenannte ,Hiccup“ (Schluckauf). Er zeigt im Mittel &hnliche Effekte wie die
SSW, wenn auch mit bedeutend kleinerer Magnitude. Im Gegensatz zur SSW wurde
ein Aufwartspropagieren der Wind- und Tempearturdnderungen beobachtet und es kon-
nte die Vermutung verifiziert werden, dass der Hiccup durch das plétzliche Auftreten
der PW-Aktivitdt verursacht wird.
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Chapter 1 Introduction

The middle atmosphere covers the height range between 12 and 100 km and includes the
stratosphere (~12 — 50 km) and the mesosphere (~50 — 100 k). The distinction of the
different layers is based on the vertical temperature structure of the atmosphere. The
temperature increases throughout the stratosphere. The maximum at about 50 km
altitude represents the stratopause, the boundary between the stratosphere and the
mesosphere (see Figure 1.1). The mesospheric temperature decreases again and min-
imizes at temperature values as low as ~130 K in polar summer. This minimum is
called the mesopause and defines the boundary between the mesosphere and the over-
lying thermosphere.

Temperature profile Zonal wind profile
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Figure 1.1 Zonal mean temperature profile from MSIS and zonal mean zonal wind
profile from HWMO07 for mean summer and winter at 70°N.

Figure 1.1 shows the typical zonal mean temperature and zonal mean zonal wind pro-
files of summer and winter at polar latitudes (70°N) from the empirical models MSIS?
and HWMO072. The mean temperature profiles for summer and winter are structurally
similar. However, the summer mesosphere shows distinctively lower temperatures than

! Mass-Spectrometer-Incoherent-Scatter (MSIS) model from NASA, see Picone et al. (2002)
?Horizontal Wind Model (HWMO07), see Drob et al. (2008)



Chapter 1 Introduction

the winter mesosphere, even though the model temperatures during summer are higher
than the average observed data (e.g., Libken et al., 1999). This behavior is in contrast
to the presumption that the summer is warmer than the winter due to the higher solar
radiation. This anomaly cannot be explained without the knowledge of atmospheric
waves. These waves are characterized by their periods and by their spatial extensions.
Locally generated gravity waves with periods of minutes to some hours and horizontal
extensions from a few km up to about 1000 km are responsible to drive a meridional
circulation from the summer to the winter pole in the mesosphere. They induce an up-
welling of air masses above the summer pole and a down welling above the winter pole.
Especially during the winter months, these processes are influenced by Planetary Waves
(PW) with a global extension and with periods between 2 and 30 days. PWs are ex-
cited by large scale airflow over orography, sea-land differences or baroclinic instability.
Their restoring force is the latitudinal variation of the Coriolis force. The propagation
of PWs depends strongly on the mean flow, i.e., they can only propagate upward if the
mean flow is eastward and not too strong (Charney and Drazin, 1961). Thus, most
PWs are generated in the troposphere and propagate upward into the mesosphere if
the prevailing conditions permit. The mean zonal wind profiles in Figure 1.1 show
therefore that the upward propagation of PWs is only possible during winter months
but not in summer. Nevertheless, the summer mesosphere is disturbed by planetary
2- and 5-day waves which are generated in-situ in the lower mesosphere by baroclinic
instability (e.g., Plumb, 1983). They can propagate upward from the lower mesosphere
due to the wind reversal to eastward winds in the mesosphere during summer (e.g.,
Geller, 1983).

This PW activity can induce vertical coupling processes between the layers of the
middle atmosphere. Vertical coupling processes in the middle atmosphere are a main
topic of current geophysical research since they can also influence the troposphere and
therefore our weather and climate (e.g., Baldwin and Dunkerton, 2001; Polvani and
Waugh, 2004).

The most impressive and prominent vertical coupling process in the middle atmosphere
due to PWs is the Sudden Stratospheric Warming (SSW). It was discovered by Scher-
hag (1952). SSWs are observed in the winter polar stratosphere and are characterized
by a warming in the stratosphere with a simultaneous cooling in the mesosphere and
a wind reversal to summerly westward winds in the middle atmosphere. The generally
accepted reason for the SSW is the interaction of upward propagating PWs with the
mean flow as first stated by Matsuno (1971). Matsuno’s model divided the SSW into
two phases. The first phase includes the interaction of upward propagating transient
PWs with the mean flow and the second phase explains the temperature changes in the
stratosphere and mesosphere. This model was a pioneering work. Over the decades,
the SSW model was extended and improved by many studies (e.g., Holton, 1976; Yo-
den et al., 1999; Liu and Roble, 2002; Charlton et al., 2007; Zilicke and Becker, 2013).
Nevertheless, there are still open questions and uncertainties which are not explained
by models. One of these uncertainties is the altitude range in which the PWs interact
with the mean flow. After Matsuno, the PWs interact with the mean flow in the up-
per stratosphere/lower mesosphere. However, observations (e.g., Gregory and Manson,
1975; Hoffmann et al., 2002) show a wind reversal also in the Mesosphere /Lower Ther-



mosphere (MLT) region which leads to the hypothesis of an interaction of PWs with
the mean flow also in this height region.

Another uncertainty is the latitudinal extension of SSW effects (e.g., the wind rever-
sal). Most model simulations (e.g., Charlton and Polvani, 2007) and observations (e.g.,
Hoffmann et al., 2007) show that the SSWs are strongest at high polar latitudes, be-
come weaker towards the South and vanish at mid-latitudes. However, recent studies
of Stober et al. (2012) show stronger westward winds at mid than at polar latitudes
during the SSW of 2010. Furthermore, Chen et al. (2012) even observed a continuous
westward wind band between the pole and the subtropics.

The second vertical coupling process which is studied in this thesis, occurs during
the transition period and is called the Hiccup. It shows similar effects like a SSW but
with a distinctively smaller magnitude. The Hiccup was first observed by Shepherd
et al. (1999) during the spring transition. Since then, only a few studies concerning the
disturbance of the spring and fall transition have been published (e.g., Taylor et al.,
2001; Liu et al., 2001). Different from the SSWs, the Hiccup is assumed to occur due
to the sudden turn-on or turn-off of the PW activity.

The aim of this thesis is to improve our process understanding of the role of PWs in
the two vertical coupling processes SSW and Hiccup. The main objectives of this the-
sis are the qualitative characterization of the following three aspects of these coupling
processes: the altitudinal extent of the coupling between PWs and the mean flow, the
latitudinal extent of SSW effects in general, and finally the general properties of the so
far poorly studied Hiccup. To investigate the altitude range in which PWs interact with
the mean flow, the average behavior of wind, temperature and PW activity in the mid-
dle atmosphere is studied by combining high-resolution local radar measurements and
global satellite observations. The latitudinal extention of SSW effects is investigated by
comparing the latitudinal behavior of wind, temperature and PWs between a normal
polar dominated SSW, where the event in 2006 was chosen as a representative case, and
three latitudinally displaced SSWs in 2009, 2010 and 2012. The characteristics of the
Hiccup of the fall transition are studied by investigations of the mean wind, temperature
and PW behavior in the lower and middle atmosphere. A comparison of the Hiccup
and the SSW reveals similarities and differences of these two vertical coupling processes.

To address these main objectives, this thesis is organized as follows: Chapter 2
gives an overview of the PW theory and the basic characteristics of PWs. The here
used instruments and methods are described in chapter 3. The seasonal and year-
to-year variability of PW activity is shown in chapter 4. The state of the art of our
current knowledge about SSWs is discussed in chapter 5. The altitudinal and latitudinal
characteristics of PWs during SSW are studied in chapter 6. Characteristics of the
Hiccup of the fall transition are investigated and compared with SSWs in chapter 7.
Finally, the most important results of this thesis are summarized and perspectives for
future work are discussed in chapter 8.



Chapter 2 Planetary waves and their
general characteristics

Planetary waves (PWs) strongly influence the general circulation of the middle atmo-
sphere. They can transport momentum horizontally and vertically over large distances
from the wave source to the region where they break (e.g., Holton and Alezander, 2000).
However, due to their phase speed which has the same order of magnitude as the mean
wind velocity, their propagation ability depends on the mean flow (e.g., Forbes, 1995).
This chapter first introduces how PWs look like in the real atmosphere. Then, the PW
generation mechanism as well as the general PW characteristics are described.

How can one imagine a PW? Figure 2.1 schematically shows PWs in the northern
hemisphere. A PW manifests itself in large (planetary) scale oscillation of tempera-
tures, wind, pressure, density or trace gas distributions. These oscillations may propa-
gate (e.g., Pancheva et al., 2008a; Stober et al., 2012; Matthias et al., 2013). The zonal
wavenumber s of a PW is simply defined as the number of minima (maxima) along a
latitudinal circle, i.e., Figure 2.1 shows on the left a PW with wavenumber s = 1 and
on the right with s = 2.

Figure 2.1 Schematic of a PW with the wavenumber s = 1 (left) and s = 2 (right).

A PW signature from global satellite temperature measurements on January 1st
2013 is shown in Figure 2.2(a). A huge cold area occurs in the western hemisphere
while in the eastern hemisphere much higher temperatures dominate, i.e., here we see



a PW with wavenumber one. Counsidering only one latitude ¢, here ¢ = T0°N, the
temperature variation along the longitude (black line in Figure 2.2(b)) shows a clear
wave-like structure.
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Figure 2.2 a): Example of a planetary temperature oscillation observed on 01.01.2013
in global satellite data (MLS!) at an altitude of 40 km. The white dashed circle
marks the latitude 70°N. b): Temperature variation as a function of longitude at
70°N (black) along with a harmonic fit (red) on 01.01.2013.

In general, PWs can be described in spherical coordinates by the wave function
u(t,\) = Asin(wt — sA) + B cos(wt — s\) (2.1)

where t is the time, A\ the longitude, w the frequency and s the wavenumber. Thus,
fitting equation (2.1) to the measured temperature curve (black line in Figure 2.2(b))
gives an idealized wave (red curve). The amplitude of the wave is the maximum distance
from the mean state (red dashed line) and can be calculated as v A2 + B2. Likewise,
the phase of the wave during the zero-crossing (red dashed line) can be computed as
arctan(B/A).

PWs can be classified roughly into four different types: transient, stationary and
standing waves and oscillations. Figure 2.3 schematically shows these four wave types
for the case of the northern hemisphere.

Transient PWs are waves whose phase depends on the longitude, i.e., they have a
nonzero wavenumber. They propagate eastward or westward around the globe with
the frequency w.

Stationary PWs are stationary with respect to the longitude. Their frequency is zero
since they do not propagate but their wavenumber s is non zero.

A standing PW is a superposition of two equal transient PWs (s; = s3) which prop-
agate in opposite directions. The resulting wave has nodes at fixed longitudes and is
oscillating in between with the frequency w = wi = ws. Such a PW type is rather
unlikely due to the filtering effect of the zonal wind.

The oscillation is a special form of a PW. It oscillates in time with the same phase at all
longitudes. Therefore, the frequency of an oscillation is nonzero while the wavenumber
is zero. Hence, an oscillation does not move with respect to the longitude but with

!Microwave Limb Sounder (MLS) onboard the Aura satellite. See section 3.2 for details.
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Figure 2.3 Schematic representation of the different planetary wave types.

respect to the latitude as shown in Figure 2.3. As an example, one may imagine the
expansion and contraction of the polar vortex.

Another possibility to classify PWs is by their generation mechanism. The two
most famous subclasses of PWs are tides, which are generated by the diurnal thermal
heating of the atmosphere due to the absorption of the solar radiation, and planetary
Rossby waves. They are generated due to big mountains, land-sea contrasts or adiabatic
processes. The restoring force is the latitudinal variation of the Coriolis parameter (e.g.,
Andrews et al., 1987). Planetary Rossby waves are named after their discoverer Carl-
Gustaf Rossby (Rossby, 1939). In this thesis only planetary Rossby waves, hereafter
PW in short, are considered with respect to vertical coupling processes in the middle
atmosphere. In the following, the generation mechanism of these PWs is illustrated
and general characteristics are presented.

2.1 Generation mechanism of PWs

The dynamics of the Earth‘s atmosphere is described by the equation of motion in a
rotating frame (i.e., Navier-Stokes equation). To study the generation mechanism and
the general characteristics of PWs this set of equations is far too complicated and not
feasible. Therefore, a few approximations are made. First, a scale analysis leads to
the primitive equations (e.g., Andrews et al., 1987). Furthermore, a geometrical sim-



2.1 Generation mechanism of PWs

plification and a dynamical approximation is applied to this still complicated set of
equations.

The geometrical simplification replaces the spherical coordinates (), ¢) with the east-
ward and northward cartesian coordinates (x,y) and restricts the flow to a latitude
band, i.e., to a plane. Therefore, the Coriolis parameter f is now

f="Jfo+ By (2.2)

where fo = 2Qsin¢ and 3 = 9f /0y = 2Qa! cos ¢. This linear variation of f with y,
which reflects the variation of the Coriolis force with latitude, is called the “beta-effect”
(Rossby, 1939). This simplification is also called the “beta-plane approximation”.

The second dynamical approximation uses the fact that only a large-scale and low
frequency flow in the extratropics is considered. Under these approximations, the
atmosphere is approximately described by the concept of geostrophic balance, i.e., the
Coriolis effect is roughly balanced by the vertical component of the geopotential. Thus,
the horizontal wind (u,v) may be approximated by the geostrophic wind (ug, v4) which
flows in parallel to the isobars. The geostrophic wind is defined by the geostrophic
streamfunction 1 as follows:

R
dy

Y v

d =L ith = —
an Vg ox W ¥ 2Q sin ¢

ug = (2.3)
where W is the geopotential and €2 the Earth’s rotating rate. Furthermore, to study the
temporal development of the geostrophic flow, the ageostrophic velocities are defined

as the difference between the wind and the geostrophic wind:
Ug = U — Ug, Vg =V — g, We = W.

A further scale analysis then results in the primitive equations on a beta-plane for
quasi-geostrophic flow:

Du
Ttg — fova — Byvy = X (2.4a)
Dv
?tg + foua + Byug =Y (2.4b)

ou, Ov, 10

Do, 06y
Dt + wag = Q (24d)

where

b _ 0 +u 0 +v 0

Dt ot Yox Yoy
The terms X and Y refer to nonconservative mechanical forcings and @ is the diabatic
heating, p is the density, . is the difference of the potential temperature 6 and the
reference potential temperature 0y(z), i.e., 6. = 0 — 0y(z). A detailed derivation of the

primitive equations on a beta-plane for quasi-geostrophic flow can be found for example
in Andrews et al. (1987).



Chapter 2 Planetary waves and their general characteristics

This set of equations is a good approximation of middle atmosphere dynamics for
studying PW effects but is still unhandy. By combining these four equations, a single
useful equation is obtained — the quasi-geostrophic potential vorticity equation:

Dq  fo 0 pQ aYy o0X

_J9 > - _ = 2.
Dt~ p 0200,)02  0x Oy (25)

where

dvg  Ouy foa( PO > (2.6)

1= Dot BT 5y By Ty 02 \ 8600
is the so-called potential vorticity. A detailed derivation of equation (2.5) from the
primitive equations on a beta-plane for a quasi-geostrophic flow is presented in Ap-
pendix A based on Andrews et al. (1987).

Linear wave theory is then further applied for the consideration of PWs. Therefore,
the disturbance ansatz, i.e., b = b+ ', where (7) denotes the zonal mean and ()’ the
deviation from it, is applied to equation (2.5), where

Uug =, vg =, ¢=q+q¢ and Y=1+.

Thus, the linearized quasi-geostrophic potential vorticity equation is given by

6 —8 / /aq— /
il - - = 2.
<8t+uax>q —i—vay S (2.7)

where S’ represents the disturbance of the nonconserving terms and where from equa-
tion (2.6) and p = pRT follows:

aQw/ a2w/ f2 8 P 81#’

!/ S~ I

77 Ba2 0y? * p 0z <N2 82) and (28)
oq Pu  f20 [ p oY

TR pos\N2az ) (29)

The potential vorticity is a quantity which is proportional to the dot product of vorticity
and stratification. Vorticity is mathematically defined as the rotation of the velocity
field of the flow. Since PWs are considered on a plane (z,y) which is independent of the
z component, the vorticity vector is always parallel to the z-axis and therefore can be
viewed as a scalar field. Thus, the potential vorticity is a conserved quantity following
the flow. Equation (2.7) becomes

o 0N, 07
<8t +uam> q +v 3y 0. (2.10)

This equation is the starting point for every further consideration of the general char-
acteristics of PWs.



2.1 Generation mechanism of PWs

The development of PWs is considered by the simple case of a homogeneous, incom-
pressible fluid of uniform depth, i.e., a barotropic PW without vertical propagation.
Thus, the potential vorticity is proportional to the absolute vorticity which is defined
as

gi=E+f (2.11)

where £ is the relative vorticity owing the rotation of the fluid and f the planetary
vorticity owing the rotation of the fluid around the earth (e.g., Holton and Alexander,
2000). Here, the planetary vorticity is equal to the Coriolis parameter f = 2Qsin(¢). It
has its maximum at the pole, minimum at the equator and is negative in the southern
hemisphere.

Figure 2.4(a) shows a schematic of the development of a barotropic PW in cartesian
coordinates and Figure 2.4(b) in spherical coordinates in the northern hemisphere in
four steps.

f increases

E<0
clockwise
rotation

f increases

£<0
clockwise
rotation

Figure 2.4(a) Schematic of the development of a barotropic PW in cartesian coor-
dinates in four steps.

I Consider a fluid parcel at a certain latitude ¢, and assume initially that & = 0,
i.e., no rotative motion of the fluid parcel around itself.

IT The fluid parcel is displaced northward, for example by the Rocky Mountains,
see Figure 2.4(b). This means that the Coriolis parameter f increases and since
equation (2.11) is conservative (Dg/Dt = 0), £ has to decrease. Thus, the fluid
parcel begins to rotate clockwise and therefore induces a southward movement.

IIT This southward movement has enough energy to transport the fluid parcel south
of its initial latitude ¢,, the equilibrium. With this southward movement f de-
creases again and thus & increases and becomes positive south of its initial latitude.
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Therefore, the clockwise rotation of the fluid parcel weakens and reverses to an
anti-clockwise rotation which induces a northward motion of the fluid parcel. In
spherical coordinates a splitting occurs of the initially circular structure into a
positive and negative part.

IV Thus, the fluid parcel oscillates around its initial latitude (equilibrium) and a PW
is generated. Hence, the restoring force of a PW is the latitudinal variation of the
Coriolis parameter.

PWs that are generated as described above can propagate vertically and horizontally
only under certain conditions. These are discussed in the following sections.

Figure 2.4(b) Schematic of the generation of a barotropic PW in the northern
hemisphere in spherical coordinates in four steps.

2.2 Horizontal propagation

The starting point for the derivation of general characteristics of PWs is the linearized
quasi-geostrophic potential vorticity equation (2.10) as mentioned above. Following
Holton and Alexander (2000) for the horizontal propagation of a PW, it is assumed
that the streamfunction ¢’ and the zonal mean wind % are given by

@ = e PHR@=ct)ihy 2)  and @ = a(y, 2) (2.12)

S

acos(¢)
and H the scale height. Inserting this into equation (2.10) gives

where k = is the zonal wavenumber in cartesian coordinates, c the phase velocity

Po SO (04)oy L, f N
Y2 N2822+<u—0_k _N24H2>w_0 (213)
~

where n is called the refractive index of a PW. The squared refractive index n? indicates
regions in which a PW can horizontally propagate. PWs can horizontally propagate in
regions where n? > 0 and avoid regions where n? < 0. Regions where % = ¢ and thus
n? — oo are called critical layers.

Consider for example the stationary wave (¢ = 0). Thus, the squared refractive index
n? is larger than zero if the zonal wind is eastward and not too strong. This is valid for
the winter hemisphere at mid- and polar latitudes. Toward the equatorial zero wind
line (u = 0) the refractive index increases rapidly and PWs can no longer propagate
southward.

10



2.3 Charney-Drazin Criterion

2.3 Charney-Drazin Criterion

The conditions under which vertical propagation of PWs is possible are described in
the Charney-Drazin criterion (Charney and Drazin, 1961). Based on equation (2.13),
we further assume that the zonal mean zonal wind is constant (¢ = const) and the
streamfunction is given by zﬂ = woeimz sin(ly) where [ is the meridional and m the
vertical wavenumber. Thus, the term e represents the vertical wave propagation.
From this assumption it follows that 9q/0y = [ becomes constant. Inserting this
simplification into (2.13) gives:

b —(k:2+l2)—f—2 m P =0, (2.14)
uU—c N2 4H?
Hence it follows
U—c= ff — (2.15)
B2+ P+ (m? + gp2)
For the vertical propagation 0 < m? < oo follows
0<t—c<Ugqit = b R (2.16)

Equation (2.16) is called the Charney-Drazin criterion which implies that PWs can only
propagate upward in eastward winds that are not too strong. The critical speed limit
Uit depends on the zonal and meridional wavenumber and decreases with increasing
wavenumber and thus narrowing the window for the zonal wind in which a PW can
propagate upward.

To illustrate the Charney-Drazin criterion, Figure 2.5 shows at the top the seasonal

variation of the zonal wind at Andenes (69°N, 16°E) for the year 2009 from assimilated
model (MERRA?) data (20 — 72 km) and MF radar® data (74 — 96 km). At the bot-
tom, the seasonal variation of upward propagation ability of the stationary wave 1 is
shown, i.e., the application of the Charney-Drazin criterion to the seasonal variation
of the zonal wind. Orange colored regions represent the ability and white/blue regions
the disability of PWs to propagate upward. White regions mark areas where westward
winds dominate and blue regions where the eastward wind is too strong.
During summer, westward winds dominate and hence an upward propagation of PWs
from the troposphere into the mesosphere is not possible. Only at the mesopause where
the wind reverses, upward propagation of PWs is again possible . The winter months
are dominated by eastward winds and thus allow PWs to propagate upward from the
troposphere into the mesosphere. One exception can be found at the end of January
where the zonal wind reverses between the troposphere and mesosphere to westward
wind for a few days. This phenomenon is called a Sudden Stratospheric Warming and
is one of the main topics of this thesis. It is closer investigated in chapter 6.

2MERRA is an assimilated model from NASA and is described in chapter 3.
3The Mid Frequency (MF) radar is described in chapter 3.
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Chapter 2 Planetary waves and their general characteristics
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Figure 2.5 Top: Seasonal variation of the zonal wind at Andenes in 2009. Bot-
tom: Seasonal variation of the vertical propagation ability of the stationary wave
1 (c=0,s =1) at Andenes (69°N) in 2009, i.e., application of the Charney-Drazin
criterion to the seasonal variation of the zonal wind. Orange colored regions mark
the possibility for upward propagation of the stationary wave 1. White/blue regions
mark the disability of the PW to propagate upward due to westward/too strong
eastward winds.

Applying the Charney-Drazin criterion to other stationary and transient waves gives
in general a similar picture as in Figure 2.5. During summer it is hard for PWs to
propagate upward from the troposphere into the mesosphere while the dominating
eastward winds during winter allow a vertical propagation of PWs from the troposphere
into the mesosphere.

2.4 Dispersion relation

The dispersion relation of a wave describes the property of a wave to travel in a certain
medium and connects the frequency, wavenumber and phase velocity of a wave with
each other. Following Andrews et al. (1987), the dispersion relation follows directly
from equation (2.15). The resulting phase velocity ¢ is then given by

w o B
c=—=u-— 5 . (2.17)
F k2 412+ (%) (m? + )
A 26 o
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2.5 Wave-mean flow interaction

The last term on the right hand side of this equation is always positive. Thus, the zonal
phase propagation of a PW is always westward relative to the mean flow. Thereby, PWs
differ from other waves like gravity waves which are able to propagate westward and
eastward relative to the mean flow.

2.5 Wave-mean flow interaction

In general, PWs transport heat and momentum flux from the equator to the pole.
To understand how coupling processes arise, it is important to know under which
circumstances PWs interact with the mean flow, i.e., when they deposit their energy to
the mean flow. Again, Charney and Drazin (1961) formulated conditions under which
no wave-mean flow interaction takes place. This is known as the Charney-Drazin
theorem or the non-acceleration theorem. The Charney-Drazin theorem declares that
there is no wave-mean flow interaction if the wave

i. is steady,
ii. non-dissipative (no critical layer in the zonal wind) and
iii. has small amplitudes.

Thus, PWs with these characteristics have no influence on the mean flow and can not be
responsible for vertical coupling processes like SSWs. This changes if there is a critical
layer or the waves have extraordinary large amplitudes. A discussion of the applica-
bility of the Charney-Drazin theorem to SSW conditions can be found in chapter 5. A
detailed derivation of the Charney-Drazin theorem is beyond the scope of this thesis
but can be found in Charney and Drazin (1961) or for example in Andrews et al. (1987).

On the bagis of the PW theory described in this chapter also the propagation of the
stationary PW flux can be considered. This flux can be calculated by means of the
two dimensional Eliassen-Palm flux or the more general and three dimensional Plumb
flux. The Plumb flux is used in this thesis for the study of the stationary wave flux
during SSWs. A description of the Plumb flux is given in section 3.4.4 and a derivation
is found in Appendix B.

Summarizing the general characteristics of PWs, the restoring force of PWs is the
latitudinal variation of the Coriolis force. They can only propagate horizontally and
vertically in eastward winds that are not too strong (Charney-Drazin criterion) and
propagate only westward relative to the mean flow. PWs which are steady, conserva-
tive and have a small amplitude do not interact with the mean flow (Charney-Drazin
theorem).

To investigate characteristics of PWs like period, amplitude, wavenumber and prop-
agation direction during vertical coupling processes, a combination of high-resolution
local radar measurements at different locations, global satellite observations and assimi-
lated model data are used. The following chapter 3 gives an overview of the instruments
and models used in this thesis as well as of the data interpretation methods.

13



Chapter 3 Instruments, models and data
interpretation methods

To study the characteristics of PWs during coupling processes in the middle atmosphere,
three different types of data sets are analyzed: high-resolution local radar measure-
ments, global satellite observations and global assimilated model data. By combining
high-resolution radar measurements with global satellite observations, the period and
wavenumber as well as the temporal development of a PW can be analyzed. With the
help of the assimilated model data the radar gap in the stratosphere is filled and the
3-dimensional Plumb flux, characterizing the impact of stationary PWs on the back-
ground atmosphere, can be calculated.

In the following the characteristics of the here used radar and satellite instruments as
well as of the assimilated models are described and data interpretation methods are
presented.

3.1 Radar

Temporal and vertical high-resolution continuous wind measurements are obtained in
the mesosphere from radar observations. Therefore, two different radar systems are
used in this study: the Meteor Radar (MR) and the Mid Frequency (MF) radar. The
characteristics of these radar systems as well as the wind calculation methods are
described shortly in the following.

3.1.1 Meteor radar

When a meteor enters the atmosphere it is leaving behind a trail of ionized gas between
75 and 105 km at which radio waves of a MR can be specular reflected. The All-Sky
Interferometry MR (SKiYMET') used in this study consists of one transmitting antenna
and 5 receiving antennas which are arranged in an asymmetric cross with distances of 2
and 2.5 wavelengths of the emitted radio wave on the short and long axis, as presented
in Figure 3.1. This asymmetry enables one to determine an almost unambiguous meteor
position using interferometry. For the estimation of the wind field the so-called Doppler
method is used. Therefore, the radial drift of the underdense meteor trail, due to the
atmospheric neutral winds, is measured by observing its Doppler shift. Due to the
broad beam of the MR, the radial velocity of a sufficient number of meteor echoes is
derived in different directions of the upper atmosphere and therefore enables to fit an
average wind field in the MLT region. A detailed description of the SKiYMET and of
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3.1 Radar
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Figure 3.1 Scheme of the antenna array for a meteor radar like in Andenes.

the wind measurements can be found in Hocking et al. (2001).

In this thesis, meteor wind measurements from four different locations are used: Tavi-
stock (43°N, 81°W), named CMOR!, Juliusruh (54°N, 13°E), Andenes (69°N, 16°E)
and Eureka (80°N, 86°W). CMOR operates at three frequencies (17.45, 29.85 and
38.15 MHz) while the other three MRs operate at 32.55 MHz. A summary of the
specific characteristics of the four MR systems is given in Table C.1 in Appendix C.

3.1.2 MF radar

A radio wave emitted from a MF radar is partially reflected or scattered at a boundary
between media of different refractive indices of ionized irregularities between 60 and
110 km. A MF radar consists basically of a transmitting and a separate (spaced)
receiving antenna array which is important for wind measurements. Figure 3.2 shows
the structure of MF radars used in this study at Saskatoon (52°N, 107°W), Juliusruh
(54°N, 13°E) and Andenes (69°N, 16°E) which operate at a frequency of 2.22, 3.17 and
1.98 MHz respectively. A detailed description of the characteristics of each MF radar
can be find in Meek and Manson (1987), Keuer et al. (2007) and Singer et al. (1997)
and a summary of the characteristics in Table C.2 in Appendix C.

For the estimation of the horizontal wind field the Full Correlation Analysis (FCA)
is used. The underlying assumption of the FCA method is the Taylor hypothesis which
says that the refractive index irregularities are carried with the wind. The spaced
receiving antennas receive the same signal at different times where the time delay is

!CMOR = Canadian Meteor Orbit Radar

15



Chapter 3 Instruments, models and data interpretation methods

Saskatoon Juliusruh Andenes

o8 N

antenna

transmitting

A2
12

antenna

++++ XX XX A

P X ox X o

receiving arrays transmitting antenna receiving array ><

Figure 3.2 Schemes of the antenna arrays for the MF radars at Saskatoon, Juliusruh
and Andenes.

calculated by cross correlation of the signals. From this the horizontal wind velocities
can be obtained. A detailed description of the FCA method is given in Briggs (1984).

A global view of all MR and MF radars used in this thesis is shown in Figure 3.3.
The figure shows a map of a part of the northern hemisphere in which the MR locations
are marked with a black point and the MF radar locations with a red point.

Meteor radar
MF

Figure 3.3 Map of all radar stations used in this thesis split into MR and MF radar
stations.

3.2 Microwave Limb Sounder onboard the Aura satellite

In the following, the Aura satellite as well as its instrument, the Microwave Limb
Sounder (MLS), will be compactly described. For more information on the Aura satel-
lite see Schoeberl et al. (2006) and on MLS see Waters et al. (2006). Aura is a National
Aeronautics and Space Administration (NASA) satellite which was launched on July
15, 2004 to provide information of the Earth’s middle atmosphere as a part of the
Earth Observing System (EOS) programm. It was launched into a sun-synchronous
polar orbit at 705 km altitude with 98° inclination. Aura is part of the Afternoon
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3.2 Microwave Limb Sounder onboard the Aura satellite

Train, short ”A-Train“, an extended instrument package focusing on climate change,
named after its equator crossing time which is within several minutes of 1:30 pm local
time. More detailed information about the A-Train can be found in NASA (2003).
Aura itself has 4 instruments (see Figure 3.4): the High Resolution Dynamics Limb
Sounder (HIRDLS), the here used Microwave Limb Sounder (MLS), the Ozone Mon-
itoring Instrument (OMI) and the Tropospheric Emission Spectrometer (TES). The
frontal position of MLS on Aura (see Figure 3.4) and the therefore forward looking
direction of MLS allows a vertical scan of the limb in the orbital plane (see Figure 3.5).
Thus, MLS has a coverage between 82°S and 82°N, i.e., nearly from pole to pole. Nev-
ertheless, the actual temporal resolution at one location is one day. Observations of
MLS on the ascending (north going) and descending (south going) side of the orbit
have approximately the same local solar time.

Figure 3.4 Model of the Aura satellite showing the location of the four instruments
HIRDLS, MLS, OMI and TES, taken from Waters et al. (2006).

MLS itself contains five radiometers with different frequencies each useful for the
measurement of thermal emission of special constituents. For example, the 118 GHz
radiometer measures the thermal microwave emission from Og molecules to provide
temperature and geopotential height (GPH) data which are used in this thesis. MLS
scans the limb from the ground upward 240 times per orbit with ~14 orbits per day.
This gives an along track separation of 165 km or 24.7 s between adjacent limb scans.
After each scan all radiometers are calibrated by mirror rotating to the view of cold
space and to the on-board ambient temperature THz black body calibration target.
Thus, each limb scan inclusive calibration needs ~ 25 s.

The MLS raw data go through three data processing levels which are described in
detail in Livesey et al. (2006). The retrieval algorithm gives beside the estimated
atmospheric state also information about data quality. Temperature and GPH are
coupled through the assumed hydrostatic balance. Thus, their characteristics are very
similar. The scientific useful height range of both products is 316 hPa to 0.001 hPa
(approximately 8 — 97 km) with a vertical resolution of 5.6 km at 316 hPa, 5.2 km
at 100 hPa, 3.5 km at 31.6 hPa, 4.3 km at 10 hPa , 6.5 km at 3.16 hPa and up to
14 km at 0.01 hPa. Comparison of MLS measurements with assimilated model data
and pre-validated satellite observations show an observed bias of —2 to 2 K in the
troposphere and stratosphere and a cold bias of —4 ... —9 K in the mesosphere for
temperature measurements. The GPH product has an observed bias of 50 m to 150 m
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Figure 3.5 Line of sight of the MLS instrument on Aura

in the troposphere and stratosphere and up to —450 m at 0.001 hPa. More information
about the validation of MLS temperature and GPH products can be found in Schwartz
et al. (2008) and about the products in general in Livesey et al. (2007).

3.3 Model data

In this thesis also assimilated model data are used to fill the radar gap in the strato-
sphere, to consider latitudinal variations of the zonal wind and to estimate the sta-
tionary wave flux (Plumb flux). Assimilated models or reanalysis integrate a variety of
observations with numerical models and are therefore able to provide a wide selection
of atmospheric variables with observational influence that are not easy to observe with
such a spatial and temporal resolution. In the following an overview is given of the
three assimilated models used in this thesis.

3.3.1 ECMWF

The European Centre for Medium-Range Weather Forecasts (ECMWEF) has a multiple
set of products. For this study the reanalysis ERA-Interim is used which contains data
from 1979 to present. The underlying model of ERA-Interim is the ECMWF Integrated
Forecast System (IFS) which incorporates an atmospheric general circulation model, an
ocean wave model and a land surface model. For the data assimilation the majority of
observation comes from satellites (e.g., ozone, brightness temperature, total precipitable
water, ...) but also from ships, drifting buoys and land stations (e.g., surface pressure,
2 m relative humidity, 10 m winds) and from radiosondes, pilot balloons, aircrafts,
dropsondes and wind profilers (e.g., upper-air temperature, wind and upper specific
humidity). The observations are combined with prior information from the forecast
model IFS to estimate the evolving state of the global atmosphere. ERA-Interim has
a temporal resolution of 6 hours and a horizontal resolution of 1° in the longitude and
latitude. ERA-Interim includes 21 pressure levels between 1000 hPa and 1 hPa (0 —
48 km). For a detailed description of ERA-Interim see Dee et al. (2011) and for a
description of the ERA-Interim product archive see Berrisford et al. (2009).
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3.3.2 MERRA

MERRA is the acronym for Modern-Era Retrospective Analysis for Research and Ap-
plications. The underlying model of MERRA is the GEOS-5 Atmospheric General Cir-
culation Model (AGCM) from the Global Modeling and Assimilation Office (GMAO)
which is part of the NASA. For the data assimilation a variety of observational sys-
tems and observed variables is used: radiosondes, wind profiles, dropsondes, aircraft
reports, diverse satellite observations of atmospheric parameters, buoys, ships, surface
land observations and rain rate. A detailed list of all observational data sources used
in MERRA can be found under http://gmao.gsfc.nasa.gov/merra. With these ob-
servations MERRA is able to cover a time period from 1979 to present and started
its production in March 2008. Similar to ECMWF, MERRA is available in different
products. The version used here has a horizontal resolution of 1/2° in the latitude
and 2/3° in the longitude and has a temporal resolution of 6 hours with data provided
at 0, 6, 12 and 18 UTC. In the vertical, there are 72 model and pressure levels from
985 hPa to 0.01 hPa (0.1 — 75 km) with a variable vertical resolution between 100 m in
the troposphere and up to 4 km in the lower mesosphere. The advantage of MERRA
compared to ECMWF is the vertical range up to the lower mesosphere while ECMWF
has values only up to the upper stratosphere (48 km). Due to the later availability of
MERRA, ECMWF was used in the earlier studies of this thesis.

MERRA shows a good agreement with ECMWF (e.g., Rienecker et al., 2011) and MLS
(e.g., Yoo et al., 2013). For a detailed description of MERRA see Rienecker et al. (2011)
and for an overview of MERRA products see Lucchesi (2012).

3.3.3 CMAM20

CMAM20 is an assimilated version of the Canadian Middle Atmosphere Model (CMAM)
which is nudged to reanalysis data below 1 hPa between 1991 and 2011, i.e., 20 years
of data. CMAM itself is a chemistry-climate model which extends from the surface to
~100 km and is described in detail in de Grandpré et al. (2000), Jonsson et al. (2004)
and Scinocca et al. (2008). The horizontal winds and temperatures of CMAM20 are
nudged to the horizontal winds and temperatures of ERA-Interim below 1 hPa. How-
ever, it is a free-running model above 1 hPa. CMAM20 has a horizontal resolution of
3.75° in latitude and longitude and a temporal resolution of 6 hours. CMAM?20 con-
sists of 71 pressure levels between 1000 hPa and 0.008 hPa with a vertical resolution
of several tens of meters in the lower troposphere and 2.5 km in the mesosphere. The
official early release of the CMAM20 model is available since December 2012.

For the study of a vertical coupling process during the fall transition, called “Hiccup”,
a pre-version of the CMAM20 is used with data between 1989 and 2009. This study
developed from a collaboration with Theodore Shepherd at the University of Toronto
and is presented in chapter 7. The pre-version of the CMAM20 differs from the above
described official version only in lower temporal resolution which is 11 hours.

The above described instruments and models have different height ranges and tempo-
ral availabilities which are shown in Figure 3.6. Winds in the mesosphere are predom-
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inantly shown from MF radar observations in this thesis. Corresponding data cover
lower altitudes than MR data and thus providing a better view on the mesospheric
wind behavior. However, above 82 km the wave analysis is made using MR winds since
it is well known that MF radar winds have too low bias (e.g., Jacobi et al., 2009).
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Figure 3.6 Overview of the height range and operation times of all instruments and
models used in this thesis.

In general, composite analysis, as conducted in chapters 6 and 7, need long time

series for stable results. In chapter 6 these analyses are conducted and compared with
different instruments and models. Therefore, the interpretation of these analyses should
include a consideration of the different length of time series of the different instrument
as well as the different height ranges.
The assimilated model data differ in their height range and temporal availability. As
mentioned before the advantage of MERRA compared to ECMWF is the extended
height range of MERRA up to 75 km. CMAM20 covers an even larger altitude range
than MERRA and is hence used for the study of the Hiccup during the fall transition
(see chapter 7). While it would have been interesting to use CMAM?20 data also
for other studies in this thesis, we note that this was only possible for the Hiccup-
study which was jointly conducted with one of the CMAM-PIs, i.e., Prof. Theodore G.
Shepherd.
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3.4 Data interpretation methods

For the study of the characteristics of PWs a combination of high-resolution radar
measurements and global satellite observations is used. The periods and temporal de-
velopment of PWs are investigated first by temporal and altitudinal high-resolution
radar measurements with the Wavelet analysis. Afterwards, with the help of the spec-
tral analysis of global space-time series the wavenumber and propagation direction of
a PW is estimated. To study the stationary wave flux, the so-called Plumb flux is cal-
culated from global assimilated model data. These methods as well as the estimation
of the prevailing wind, estimated from radar winds, are described in the following.

3.4.1 Estimation of the prevailing wind

The mesospheric wind field is dominated by strong thermal tidal activity. Thus, to
study the prevailing wind, the terdiurnal, semidiurnal and diurnal tide has to be re-
moved from the original estimated wind. This can be done by a least squares fit of
hourly mean winds for a 4-day interval shifted by one day. The basic function describing
these tidal components is given by

3
2 2
v =U+ Z <A] CoS %ti + Bj sin ;tl> (31)
= J J

with the periods T; = (8 h,12 h, 24 h) and where U, A; and B; are the coefficients to be
fitted and y; the wind value at the time t;. The coefficient U represents the prevailing
(background) wind where the tidal activity is subtracted. Note, that for wave analyses

the tides are not removed.

3.4.2 Wavelet analysis

A Wavelet analysis is similar to a Fourier analysis — a convolution of the time series
with a wavelike basic function. The big advantage of a Wavelet analysis compared
to a Fourier analysis is that beside the information of the included frequencies also a
temporal development of them is given. The basic function of a Wavelet transform, the
Wavelet function s ,(t), is generated from the Mother-Wavelet ¢(t) by dilation and
translation

Ys,r(t) = \}gdj <t . 7-) . (3.2)
There are two conditions for a function to be a Wavelet: First it has to be localized in
the time and frequency space and second it has to have a zero mean (e.g., Farge, 1992).
For geophysical applications the Morlet-Wavelet ¢, (t) = 7~ /4 exp(iwgt) exp(—t2/2), a
plane wave modulated by a Gaussian, is used in general. The nondimensional frequency
wq is chosen to be wy = 6 and thus satisfying the above mentioned two conditions of
a Wavelet. For a time series x, with n = 0,..., N — 1 and equal time spacing dt the
Wavelet transform is given by

N-1 .

L[ (i—=mn)ot\ 1

Whi(s) = i)t | ———— | —= (3.3)
; ( s ) Vs
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where ()* denotes the complex conjugate. The convolution theorem indicates that
f*g=3YF(f) T(g9)) where § denotes the Fourier transform. Applying this to the
Wavelet transform gives

N-1
Wa(s) = Y &th* (swy) e(no) (3.4)
k=0
with ~
2
2k e k< Y
Wk ok N (3.5)
_N75t fO'r k > 5

With this, the Wavelet transform can be very efficiently calculated via FFT (Fast
Fourier Transformation). Therefore, by varying the scale s and translation along the
localized time index n one can construct a picture showing the amplitudes and their
temporal development of the frequencies in the time series. To compare the Wavelet
transform at each scale s with each other a normalization is necessary. Usually, this
normalization is chosen to be \/0t/s. The amplitude of the Wavelet transform can

then be calculated by \Wn(s)|\/5—7

S
In this study also the fluctuations in amplitude of a specific band of scales are investi-

gated. The calculation of the scale-averaged Wavelet amplitude W,;*® over the scales
Savg = {Smys o) Smk} is performed as

1o [Wa(sm,)|
Wit =2 (3.6)
kS Ve

J=1

The Wavelet transform is a two parametric function generated from an initially one
dimensional function. Thus, it is not possible to get an arbitrary accurate resolution
in frequency and time space of a Wavelet transform due to the uncertainty relation.
Therefore, the interpretation of a Wavelet transform has to be done carefully.

The mathematical definition of a Wavelet transform includes an unbounded integral. In
practice, data sets are finite and influence therefore the boundary area of the Wavelet
transform, the so called cone of influence (COI), where edge effects become important.
To avoid these effects in the time period that is investigated an extended time interval
is chosen.

In this thesis the Wavelet transform is conducted using the software provided by Tor-
rence and Compo (1998). For a detailed description of the mathematical background
see Daubechies (1995) and for more information of the practical use of the Wavelet
analysis see Farge (1992) and Torrence and Compo (1998).

3.4.3 Spectral analysis of space-time series

The spectral analysis of space-time series is a two dimensional least squares fitting
technique originally invented and described in detail by Wu et al. (1995). The advantage
of using a least squares method is that it can handle unevenly spaced samples, as it is
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the case with the MLS data set used here. The basic function is given by
y = Acos(2m{wt — sA}) + Bsin(2n{wt — sA}) (3.7)

where y is the value measured at the universal time (UT) ¢ in days and at longitude
A normalized by 360° at a chosen frequency w and wavenumber s. By varying the fre-
quency and wavenumber the frequency/wavenumber spectrum of a wave is obtained.
A negative wavenumber means westward propagation and a positive eastward propa-
gation of the PW.

The two dimensional space-time analysis can be reduced to a single variable by making
the transformation w't’ = wt+s\. Thus, there is no fundamental difference between the
one and two dimensional fitting technique. The amplitude R(w, s) and phase p(w,s)
of a wave with frequency w and wavenumber s is calculated as

R(w,s) = \/A2(w, s) + B2(w, s) and  p(w,s) = arctan(B/A). (3.8)

Therefore, the two dimensional spectral analysis is a useful tool for obtaining the ampli-
tude and phase of a wave if the periodicity is known. The periodicity is here estimated
applying a Wavelet analysis (see subsection 3.4.2) to the radar measurements in the
mesosphere. The combination of local radar measurements and global satellite obser-
vations allows us to determine the characteristics of a PW.

The spectral resolution of this analysis technique is given by

(AwT)? + (As)? = a? (3.9)

where T is the total sample length, Aw the resolution in frequency, As the resolution
in wavenumber and a a constant with values between 1 and 1.45 (see Wu et al., 1995).
Thus, the resolution for the frequency can be improved by increasing the total sample
length but not the wavenumber. To distinguish between a 10- and 9-day wave with the
same wavenumber a data set of a total length of at least 90 days is needed, which is
much longer than the duration of the wave event and therefore smooths the signal. The
solution is to study not a single period but a period range with a sample length that is
four times longer than the mean period of the investigated period range. This is a good
compromise between resolution and signal smoothing. In this study, especially the 10-
and 16-day waves are investigated. Thereby, the 10-day wave contains periods between
8 and 12 days and is analyzed with a sample length of 40 days while the 16-day wave
contains periods between 12 and 20 days and is analyzed with a sample length of 70
days.

The interpretation of the frequency/wavenumber spectra has to be made carefully.
Since the solution of equation (3.7) is not unique, aliasing effects may occur. Due to the
irregular sampling of the MLS data set their magnitude is smaller than the magnitude of
the original wave. Aliasing effects have to be considered especially during investigations
of PWs with lower periods as it is discussed for the 2-day wave by Tunbridge et al.
(2011).

To test the aliasing effects of the here investigated 10- and 16-day wave, Figure 3.7
shows the period/wavenumber spectra of a synthetically generated 10-day wave (left)
and 16-day wave (right) with wavenumber —1 (westward propagating) sampled like
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Figure 3.7 Aliased signal of a synthetic generated PW with a period of 10 days (left)
and 16 days (right), each with a wavenumber —1 (westward propagating) sampled
like MLS at 70°N.

the MLS data at 70°N. The amplitude of the aliased wave components is much smaller
than that of the actual wave. These components have a similar period as the actual
wave but differ in their wavenumbers. Hence aliasing effects can be easily distinguished
from the original wave in these cases.

3.4.4 The three-dimensional Plumb flux

The three-dimensional Plumb flux is a generalization of the better known and two-
dimensional Eliassen-Palm flux (EP flux). The Plumb flux is an indicator of the prop-
agation of stationary wave activity and its zonal mean is consistent with the EP flux.
The derivation of the Plumb flux can be found in Appendix B and is taken from Plumb
(1985). The three-dimensional Plumb flux vector in spherical coordinates is defined as
(see Plumb, 1985):

,U/2 _ 1 8(v’<1>’)
2Qasin2¢ O
Fplumb = (F)\, Fd)’ Fz) = pCOS(¢) —ulv’ + ma(g’f’) (310)
20 sin ¢ 1 b
7 VT = saaem 26 A (T'®")
oT T
with J = 5 + % (static stability) (3.11)

where F\, Fyy and F, are the longitudinal, latitudinal and vertical components of the
Plumb flux vector and where A is the longitude, ¢ the latitude, z the altitude, u and v
are the zonal and meridional wind components, ® the geopotential, T' the temperature,
p the pressure divided by 1000 hPa, a the Farth’s radius, H the scale height, 2 the
Earth’s angular velocity and x = % ~ 0.286. A bar (~) denotes the zonal mean and a
prime ()’ the deviation from it.

Note, that the interpretation of a single arrow (see e.g., Figure 6.12) should be made
with caution since the Plumb flux is not a strictly local quantity due to the definition

of the stationary wave field by the deviation from the zonal mean flow. However, the
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3.4 Data interpretation methods

three-dimensional Plumb flux is a good diagnostic tool for the propagation of stationary
wave flux. To present the Plumb flux in practice, one of the three dimensions has to
averaged or restricted to a certain range or area.

The combination of local radar measurements and global satellite observations and
their corresponding analysis methods allows a study of the characteristics of PWs. From
chapter 2 it is known that there is a seasonal difference in the vertical propagation
ability of PWs due to the Charney-Drazin criterion. Before we start investigating
PWs during vertical coupling processes, we first introduce the seasonal and year-to-
year variability of PWs in the stratosphere and mesosphere at Andenes (69°N) in the
following chapter.
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Chapter 4 Seasonal and year-to-year
variability of PW activity

Due to the Charney-Drazin criterion (see section 2.3) the ability of PWs to propagate
upward from the troposphere into the stratosphere and mesosphere varies throughout
the year. Thus, the PW activity varies with the season in the middle atmosphere. In
this chapter the seasonal and year-to-year variability of transient and stationary PWs
in the middle atmosphere is studied using local radar observations at Andenes as well
as satellite and model data at 69°N.

4.1 Seasonal variability of PWs

To study the seasonal variability of PWs the year 2009 was representatively chosen. In
section 2.3, Figure 2.5 (top) shows the seasonal variation of the zonal wind at Andenes
from MERRA (20 - 70 km) and MF radar (74 — 96 km) for 2009. The summer months
are dominated by westward winds up to the mesopause where the wind reverses to
eastward winds. Contrary to the summer season, the winter months are dominated by
eastward winds in the stratosphere and mesosphere. Hence, there is a wind reversal
from eastward/westward to westward/eastward during spring/autumn. During winter
especially the mesosphere is highly variable in time while the summer occurs very
stable with only little variability. The short term wind reversal in the stratosphere and
mesosphere from eastward to westward wind at the end of January is remarkable. This
phenomenon is an effect of the later more closely investigated Sudden Stratospheric
Warming (SSW).

This seasonal variation of the zonal wind is typical at mid and high latitudes and
representative also for other years (e.g., Andrews et al., 1987; Hoffmann et al., 2002,
2010). Only the SSW induced wind reversal in the winter months varies with time and
strength (e.g., Hoffmann et al., 2002). SSWs can be roughly classified into minor and
major ones (see e.g., Labitzke and Naujokat, 2000). In 2009 a major SSW occured, i.e.,
the zonal mean zonal wind at 10 hPa reverses while during minor warmings the zonal
wind only weakens but does not reverse.

From the Charney-Drazin criterion we know that the vertical propagation ability of
PWs depends on the background wind and thus has also a seasonal variation. Fig-
ures 4.1 and 4.2 show the wavelet spectrum of the meridional wind at Andenes at
85 km derived from MR data for the four seasons in 2009: winter 2008/09 (December
to February), spring (March to May), summer (June to August) and autumn (Septem-
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Figure 4.1 Wavelet spectrum of the winter 2008/09 from December to February (left)
and of spring 2009 from March to May (right) at 85 km from Andenes MR.

ber to November). Note that with local radar measurements only transient PWs can
be observed.

During winter 2008/09, where eastward winds dominate, an increased PW activity
occurs in the mesosphere due to the ability of PWs to propagate upward from the
troposphere into the mesosphere as shown in section 2.3. Here, a strong 10-day wave
(period: 8 — 12 d) occurs at the end of January simultaneously with the wind reversal
in the stratosphere and mesosphere (see Fig. 2.5) while a weaker 16-day wave (period:
12 - 20 d) occurs almost throughout the whole winter. These waves seem to be the
most dominant ones during SSWs (e.g., Jacobi et al., 1998b; Palo et al., 2005; Pancheva
et al., 2008b; Matthias et al., 2012a). In the period range between 2 and 8 days, there
occur less intense PWs during winter compared to the dominating 10- and 16-day wave.
There are also strong semidiurnal tides as well as the much weaker and less frequently
occurring diurnal tides. The tidal behavior is beyond the scope of this thesis but is
investigated for example in Lindzen (1967) or more recently by Pancheva et al. (2009a)
and many more.

During spring the wave activity decreases with time simultaneously with the wind
reversal from eastward to westward wind in the stratosphere and mesosphere. The two
dominating PWs during winter vanish completely in spring. Only PWs with periods
below 6 days occur occasionally during spring (e.g., Jacobi et al., 1998b) but get weaker
towards the summer. Similar to the winter period, there is a strong semidiurnal tidal
activity as well as an increased diurnal tidal activity (e.g., Jacobi et al., 1999).

The summer is the most quiet season referred to the PW activity due to the dominat-
ing westward wind in the stratosphere and lower mesosphere. Besides a strong diurnal
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Figure 4.2 Wavelet spectrum of summer 2009 from June to August (left) and of
autumn 2009 from September to November (right) at 85 km from Andenes MR.

and semidiurnal tidal activity, the only occurring PWs in the mesosphere are the 2-

(period 1.6 — 3.3 d) and 5-day waves (e.g., Jacobi et al., 1998b; Wu et al., 1994).
During autumn the wave activ-

ity increases with time simultane-

B ously with the wind reversal from
f’ 140 westward to eastward wind in the
fc_j‘ 120 stratosphere and mesosphere. Sim-
T 100 € ilar to the spring period, only

PWs with periods below 6 days oc-
cur and become stronger towards
the winter. The semidiurnal tidal

(2}
o
Amplitude (

- 40
é - activity is again strong (e.g, Ja-
= o cobi et al., 1999) while the di-
‘§ urnal tidal activity decreases with
time.
0 20 40 60 80 . .
Latitude (N) This seasonal variation of the zonal

wind and PW activity is typical for
Figure 4.3 Averaged seasonal structure of the |4 214 high latitudes in the north-

2-day wave with wavenumbers between —5 . hemisphere (e.g., Jacobi et al.,
and 5 from MLS GPH data for the winter 1998b; Chshyolkova et al., 2006; Hoff-
2008/09 (top) and summer 2009 (bottom). mann et al., 2010). Summarizing,
there is a high wave activity of transient PWs in winter in the mesosphere with a
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4.1 Seasonal variability of PWs

large variety of periods while the summer remains very quiet with only planetary 2-
and 5-day waves in the mesosphere.

From the above presented results we have seen that one of the few PWs occuring
during winter and summer in the mesosphere is the 2-day wave. Figure 4.3 shows the
average seasonal latitudinal and altitudinal structure of 2-day waves with wavenum-
bers between —5 and 5 from MLS GPH data for the winter 2008/09 and summer 2009.
Typical wavenumbers for a 2-day wave are between —2 and —4 in summer and winter
(e.g., Pancheva et al., 2004; Limpasuvan et al., 2005). During winter there is a strong
polar activity of the 2-day wave in the stratosphere and mesosphere decreasing with
decreasing latitude. However, the 2-day wave in summer occurs only in the mesosphere,
has its maximum at 30°N and decreases with increasing latitude.

Winter

Height (km)

Amplitude
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Height (km)
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Figure 4.4 Amplitude of the 2-day wave at Andenes (top) and Juliusruh (bottom)
for the winter 2008/09 (left) and summer 2009 (right) from meridional wind data
from the corresponding MR.

The latitudinal differences of the mesospheric 2-day wave activity are also observ-
able in MR wind measurements. Figure 4.4 shows the amplitude of the 2-day wave
at Andenes and Juliusruh during winter 2008/09 and summer 2009 from meridional
wind data of the corresponding MR. Similar to the global observation above, the 2-day
wave has stronger amplitudes in winter at high latitudes than at mid latitudes and in
summer vice versa.

These results together with the Charney-Drazin criterion allow the presumption that
the 2-day wave in summer is not generated in the troposphere as during winter but in
the mesosphere. Actually, the 2-day waves in the summer mesosphere are in-situ gener-
ated by baroclinic instabilities in the lower mesosphere (e.g., Plumb, 1983; Offermann
et al., 2011).
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The PWs with the largest ampli-
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the end of January. In chapter 6
it is shown that the PW activity
after a warming decreases rapidly
due to the reversed zonal wind.
The stationary wave 2 is in general
much weaker than the stationary wave 1 and occurs also only during winter months.
However, the occurrence rate of the stationary wave 2 is smaller than that of the sta-
tionary wave 1.

Figure 4.5 Seasonal variation of the amplitude
of the stationary wave 1 (top) and stationary
wave 2 (bottom) from MLS GPH data at 70°N
+2.5° for the year 2009.

Even if these seasonal results of transient and stationary PWs are roughly repre-
sentative for other years there are still considerable year-to-year variations in the PW
activity. Therefore, the next section compares the PW activity of the three sequentially
years 2009, 2010 and 2011.

4.2 Year-to-year variability of PWs

PWs vary in strength and occurrence time from year to year. This variation is exem-
plarily shown for the years 2009, 2010 and 2011 in this section. Figure 4.6 shows the
mesospheric wave spectra for the years 2009, 2010 and 2011 similar to Figure 4.1. Com-
parisons of the winter months in 2009 and 2010 with 2011 show that there is a strong
activity of a 10- and 16-day wave in 2009 and 2010 but only a weaker one in winter
2010/11. These differences in the PW activity affect the occurrence of a SSW as later
discussed in chapter 6. Note, that during winter 2008/09 and 2009/10 a major SSW
occurs while the winter 2010/11 remains very quiet with respect to SSWs. Noticeable
is also that the PW activity with periods above 8 days extends more into spring in
2011 without a SSW than in 2009 and 2010 with a major SSW.

There are also differences in strength and occurrence in the PW activity with periods
below 8 days during winter. They are more variable and their relation to SSWs are
still not completely clear (see e.g., Liu et al., 2004; Gu et al., 2013).
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Figure 4.6 Seasonal variation of the wavelet spectrum of PWs of the meridional wind
at 85 km from Andenes MR, of 2009, 2010 and 2011. The black dashed lines on the
edge mark the cone of influence. Waves underneath are trustable.

The activity of the 2-day wave during summer varies also from year to year. While
the summer 2010 shows only low activity, there occurs a very strong 2-day wave in
2009. The seasonal variation of the tidal activity is roughly the same during all years
but shows in detail distinctive differences due to the different wave-tide interactions
(e.g., Pancheva et al., 2002; Pancheva, 2006; Hoffmann et al., 2007).

2009 2010

Amplitude (m)

Summer

0 20 40 60 80 20 40 60 80 20 40 60 80
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Figure 4.7 Averaged seasonal latitudinal structure of the 2-day wave with wavenum-
bers between —5 and 5 from MLS GPH data for the corresponding winter (top) and
summer (bottom) for the years 2009, 2010 and 2011.

As before, the activity of the 2-day wave is considered in more detail in Figure 4.7
as a mean over the summer and winter months in 2009, 2010 and 2011. The strongest
2-day wave activity occurs during winter 2011 in the high latitudinal stratosphere and
mesosphere and the weakest one in summer 2011 in the mesosphere. One reason for
these differences is the nonlinear wave-wave interaction not only on a year-to-year basis
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but also on a daily basis (e.g., Jacobi et al., 1998a). The behavior of the 2-day wave
during summer and winter and especially during SSWs is still not completely under-
stood but is beyond the scope of this thesis.

The year-to-year variability of the stationary wave 1 and 2 from MLS GPH data is
shown in Figure 4.8 for the sequential years 2009, 2010 and 2011. Again the stationary
waves are active only during winter months but vary in strength and occurrence from
year to year. At the beginning of 2009 and 2010, where a major SSW occurs in each
year, the stationary wave 1 activity is temporally shorter and weaker than in 2011
where no significant warming occurs. However, the stationary wave 2 is strongest in
January in 2009 compared to the other years due the vortex splitting during the 2009
SSW (e.g., Manney et al., 2009). Hence, the activity of the stationary wave 1 and 2
depends on the occurrence of a SSW.
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Figure 4.8 Seasonal variation of the amplitude of the stationary wave 1 (left) and
stationary wave 2 (right) from MLS GPH data at 70°N for the years 2009, 2010 and
2011.

These results emphasize that the stationary and transient PW activity depends on
SSW occurrence or is at least connected to SSWs during winter. The main topic
of this thesis is the role of PWs during SSWs since this is the most prominent and
impressive vertical coupling process observed in the middle atmosphere. Before we
present a detailed study of PWs during major SSWs our current understanding of
SSWs is shortly reviewed and our corresponding objectives are identified.
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Chapter 5 SSWs: State of the art and
objectives of this thesis

Sudden stratospheric warmings are the most impressive and prominent vertical coupling
process in the middle atmosphere. They are caused by the interaction of upward
propagating PWs with the mean flow (e.g., Matsuno, 1971; Andrews et al., 1987). The
first comprehensive model of how a SSW is generated was presented by Matsuno (1971).
Since then a lot of theoretical and practical studies have improved this first model but
there are still open questions.

This chapter presents the behavior of the middle atmosphere during SSWs by the
example of the major warming in 2009 as well as an overview of the Matsuno (1971)
theory on the generation of a SSW and its refinements during the last decades.
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N
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r"g 150" 2009. This figure shows the
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0 . 20‘ 40‘ o0 2 temperature derived from

Day of year 2009 MLS at Andenes for win-

ter 2008/09. During Jan-
Figure 5.1 Seasonal variation of mean temperature uary 2009 a strong warming

around Andenes (0 —30°E) in a 5° latitude band from (W) of up to 80 K occurred
December 1, 2008 until March 31, 2009 from MLS tem- ;,, ¢} stratosphere within a

perature data. few days with a simultane-
ous cooling (C) in the meso-

sphere. This event also shows an elevated stratopause (ES) up to 80 km after the
warming which then moves down to normal stratopause heights with time. This effect
is not observable during every SSW (e.g., Manney et al., 2005; Limpasuvan et al., 2012).
Besides this dramatic temperature change the zonal mean zonal wind weakens sig-
nificantly or even reverses in the stratosphere and mesosphere during SSWs. Figure 5.2
shows the zonal wind from MERRA (10 - 72 km) and MR (82 - 94 km) data at Andenes
as an example for the major warming in 2009. Here, the dominant eastward wind is
reversed to a strong westward wind from the mesosphere to the stratosphere. This wind
reversal is longer lasting in the stratosphere than in the mesosphere. After the SSW
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the zonal wind reverses again to a dominant eastward wind (normal winter condition)
but occurs stronger than before the warming in the mesosphere and upper stratosphere.
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Figure 5.2 Zonal wind at Andenes for winter 2008/09 Jjor and minor warmings is

derived from MERRA (10 — 72 km) and MR (82 — given in chapter 6. Another
94 km) data. classification scheme relies

on the position of the polar
vortex (e.g., Charlton and Polvani, 2007). This scheme distinguishes between vortex
displacements and splitting events. During vortex displacement events the polar vortex
is displaced off the pole, during vortex splitting events it is split into two smaller vor-
tices. The SSW of 2009 is a major warming accompanied by a vortex splitting (Manney
et al., 2009).

As stated before, the rea-

son for the generation of SSWs SR MR @ 85km [
is the interaction of PWs with 122
the mean flow. Especially the =< 29 10E
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1998b; Pancheva et al., 2009¢,b).
Therefore, Figure 5.3 shows the
Wayvelet spectrum of PWs with
periods larger than six days. The
data are derived from meridional Figure 5.3 Wavelet spectrum of the meridional
MR winds at Andenes at 85 km wind at Andenes at 85 km from MR for winter
for the winter 2008/09. While 2008/09. The dashed line marks the beginning of
PWs are active throughout the the wind reversal at 10 hPa during the SSW.
winter a particulary strong 10-

day wave occurs during the warming and a weaker 16-day wave occurs before and
after the warming in the mesosphere. The propagation direction and wavenumber of
these waves is then estimated by global temperature data from MLS. Figure 5.4 shows
the period/wavenumber spectra of the 10- (left) and 16-day wave (right). Both waves
have a wavenumber —1/2 which is evidence for a superposition of an oscillation and a
westward propagating PW 1 (Matthias et al., 2012a). Note that this interpretation is
supported by arguments presented in Pancheva et al. (2009¢) and by using synthetic
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data with realistic sampling which allows a reproduction of a wavenumber —1/2 (not
shown). This result is also typical for other SSWs even though we note that wavenum-
bers between —1 and 1 also occur (see e.g., Pancheva et al., 2009b,c).
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Figure 5.4 Period/wavenumber spectra from MLS temperature data at 69°N in a
5° latitude bin at 81 km for a 10-day wave (left) and a 16-day wave (right). Analyses
were made between January 10 and February 19, 2009 for the 10-day wave and
between December 21, 2008 and March 1, 2009 for the 16-day wave. For the study
of the 10-day wave an interval of 40 days and for the 16-day wave an interval of 70
days is used, both centered at the time with the maximum amplitude of the PW
detected from meteor radar wind observations.
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based on MLS GPH data. There
is a strong 10-day wave in Figure 5.5 Amplitude of the 10-day wave with

the stratosphere in January and wavenumber -1 to 1 of MLS GPH data at 69°N
at the beginning of February. in a 5° latitude band. The dashed line marks the
Around the stratospheric warm- beginning of the wind reversal at 10 hPa.

ing, there is an increased 10-day

wave activity from the stratosphere up to the upper mesosphere. These features
strongly indicate that PWs propagate from the lower atmosphere up to the mesosphere
during this event.

To understand the development of SSWs one has to consider the zonal mean cir-
culation of the middle atmosphere during winter months. The middle atmosphere
circulation is driven by the transfer of energy and momentum from the lower atmo-
sphere. Vertically propagating PWs, as they occur in the winter hemisphere, transport
energy and momentum upwards from the troposphere and equatorwards. This disturbs
the equilibrium of the zonal flow and a compensatory circulation is needed — the resid-
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Figure 5.6 Schematic cross section of the wave driven residual circulation in the
middle atmosphere and its role in transport with concentration on the winter hemi-
sphere. The dotted line denotes the stratopause. Solid lines are contours of the TEM
meridional circulation driven by wave-induced forcing (shaded region). Wavy double-
headed arrows denote meridional transport and mixing by eddy motions. Based on
Brasseur and Solomon (1986), their section 3.6.2.

ual circulation. The residual circulation in the winter stratosphere and mesosphere is
described by the Transformed Eulerian Mean equations (TEM). Based on this picture,
Figure 5.6 schematically shows the residual circulation of the middle atmosphere. The
residual circulation in the stratosphere is dominated by an upward transport of mass
and trace chemicals in the tropics with a poleward transfer by a meridional drift in the
lower stratosphere and a downward transport in the extra tropics. The mesospheric
residual circulation is dominated by an upward motion from the equatorial troposphere
into the summer pole mesosphere, a meridional drift from the summer to the winter
hemisphere and a downward motion in the winter polar region. Note, that the resid-
ual circulation in the stratosphere is driven by dominating PWs while the mesospheric
circulation is driven by dominating gravity waves (e.g., Holton, 2004). A detailed de-
scription of the atmospheric circulation pattern can be found for example in Andrews
et al. (1987) and Holton (2004). Note, that only the middle atmosphere is illustrated
and therefore the streamlines are not closed.

As mentioned before, Matsuno (1971) was the first who modeled the development of
a SSW. He noted that in application of the Charney-Drazin theorem (see section 2.5)
a steady and non-dissipative PW with small amplitudes has no influence on the mean
flow and therefore sought for conditions under which this theorem is violated. Among
other points he found that PWs with growing amplitudes in time violate the Charney-
Drazin theorem.

After Matsuno a SSW takes place in two phases as schematically shown in Figure 5.7.
During the first phase of the SSW the upward and westward propagating PWs with
growing amplitudes in time and height (due to the decreasing density) interact with
the mean flow in the upper stratosphere. They lead to a westward acceleration of the
flow and thus decelerate the eastward wind. Finally, the PWs reverse the zonal wind
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Figure 5.7 Schematic of the two-stage model of Matsuno (1971) of the generation of
SSWs.

to a westward wind and a critical layer is generated (horizontal dashed line).
The second phase includes the absorption of the PWs at the critical layer. The PWs are
prevented from propagating further upward by the critical layer due to the Charney-
Drazin criterion. This results in a westward acceleration of the mean flow at the
bottom of the critical layer and hence the critical layer moves downward. Now the
westward wind dominates above the critical layer while below the critical layer the
eastward wind still dominates. This changes the PW pattern in the middle atmo-
sphere and therefore the residual circulation.
This changed residual circulation is
schematically shown in Figure 5.8. Be-
low the critical layer, an upward mo-
tion occurs in the tropics and a down-
ward motion in the polar region as under
undisturbed winter conditions. Above
the critical layer, the circulation changes
its sign. Here, a downward motion oc-
curs in the tropics and an upward mo-
tion in the extratropics with a poleward
meridional drift in the critical layer and
an equatorward drift above. This modi-
fication of the middle atmosphere circu-

Figure 5.8 Scheme of the changed resid- lation pattern together with the thermal

ual circulation during SSWs. Based on wind relation and mass conservation is re-
Andrews et al. (1987). sponsible for the adiabatic stratospheric

warming and mesospheric cooling during
SSWs. This mechanism is generally accepted as the basic process underlying the de-
velopment of a SSW.

Nevertheless, over the decades there have been a lot of studies with General Circula-
tion Models (GCMs) which allows insights into the relevant processes beyond Matsuno’s
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model. Such studies used GCMs like for example the TIME-GCM' (Liu and Roble,
2002), WACCM? (Beres et al., 2005) and KMCM? (Ziilicke and Becker, 2013) to name
just a few. However, the models still fail to reproduce several of the salient features of
SSWs as they are observed. For example, Charlton et al. (2007) show in a comparison
of results from six GCMs with NCEP-NCAR* reanalysis data that the number of SSW
events and their frequency of occurrence in each month as well as the ratio between
vortex splitting and vortex displacement events differs not only from model to model
but differs also from the climatology of 40 years of reanalysis data.

Another open issue of modeling work concerns the influence of SSWs on the MLT re-
gion which has not at all been considered before the first successful simulation by Liu
and Roble (2002). To illustrate the current abilities of models, Pedatella et al. (2014)
compare the wind, temperature and PW behavior of four different nudged GCMs with
each other and with MLS observations for the record warming 2009 up to the MLT
region. This comparison shows that the stratospheric warming is well reproduced in
all models compared to MLS observations. However, MLS observations reveal a meso-
spheric cooling associated with the SSW which is reproduced by only three of the four
GCMs. Pedatella et al. (2014) found also differences in the altitudinal and latitudinal
behavior of wind and PW behavior between the models itself but also compared with
global MLS observations. Thus, current circulation models make significant steps be-
yond Matsuno’s model but they still fail to entirely reproduce and explain all salient
features of SSWs.

Besides the model studies, the last decades have also produce a large number of ob-
servational studies. These studies confirm Matsuno’s model but also reveal other effects
of SSWs which are not included in Matsuno’s model. For example, the mesospheric
cooling was first observed by Quiroz (1969). Above this cooling, Liu and Roble (2002)
additionally found a warming in the lower thermosphere of 20 — 30 K with simulations
with the TIME-GCM/CCM3® model. This result was confirmed with observations by
e.g., Siskind et al. (2005), Goncharenko and Zhang (2008) and Funke et al. (2010).
Following Matsuno, the zonal wind weakening or reversal during a SSW mostly takes
place in the stratosphere. A few years later, Gregory and Manson (1975) observed a
wind reversal or weakening also in the MLT region during major and minor SSWs.
These observations have later been confirmed by many authors, e.g., Cevolani (1989,
1991), Jacobi et al. (1997), and Hoffmann et al. (2002, 2007) to name just a few. It
is now generally accepted that SSW effects (temperature increase/decrease and wind
weakening or reversal) can be observed from the stratosphere up to the lower thermo-
sphere.

In the last decades, the 10- and 16-day wave have been determined as the major drivers
of SSWs (e.g., Jacobi et al., 1998a; Kriger et al., 2004; Palo et al., 2005; Pancheva et al.,

!Thermosphere, Ionosphere, Mesosphere, and Electrodynamics General Circulation Model (TIME~
GCM) from National Center for Atmospheric Research (NCAR)

Whole Atmosphere Community Climate Model (WACCM) from NCAR

#Kiihlungsborn Mechanistic Circulation Model (KMCM) from IAP

“National Centers for Environmental Prediction-National Center for Atmospheric Research
(NCEP-NCAR)

STIME-GCM/ Climate Community Model version 3
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2008b) even though also other waves occur as well (e.g., Azeem et al., 2005; Chshyolkova
et al., 2006, 2007; Pancheva et al., 2009c¢).

A large number of case studies during the last ten years describe the individual re-
sponse of SSWs in the stratosphere and MLT region, e.g., Mukhtarov et al. (2007),
Labitzke and Kunze (2009), Manney et al. (2009), and Kurihara et al. (2010). They
show that every SSW is connected with different effects, e.g., regarding the strength
and temporal development of the temperature changes, the wind reversal and the wave
structure. Thus, each SSW reveals its own particular properties even if some of the
features are repeatable from event to event and hence, form a characteristic pattern.
This characteristic pattern was investigated in the troposphere and stratosphere for ex-
ample by Charlton and Polvani (2007). They constructed a mean climatology of vortex
displacement and vortex splitting events from reanalysis data between 1958 and 2002.
The comparison of the mean vortex displacement and splitting event shows differences
in the seasonal distribution as well as in the tropospheric and stratospheric structure.
A summary of the response of the mesospheric wind field to stratospheric circulation
changes during the winter months between 1989 and 2000 was presented by Hoffmann
et al. (2002). They showed a relation between the mesospheric wind variations and
the changes of the meridional temperature gradient between 90°N and 60°N at 10 and
30 hPa. In addition, an indication for an enhanced long period wave activity (periods
larger than 16 days) during SSWs was found.

The average behavior of waves in the troposphere and stratosphere was published by
Limpasuvan et al. (2004). They studied the mean atmospheric flow and eddy fluxes of
heat and momentum during the life cycle of a SSW from reanalysis data of 39 minor
and major SSWs between 1958 and 2001. They found an anomalous wavenumber 1
forcing in the stratosphere and troposphere as well as a downward propagation of the
anomalies during SSWs.

So far, only a few papers study the mesospheric wind behavior during SSW events (e.g.,
Ziilicke and Becker, 2013). The majority of the SSW studies focus on the tropospheric
and stratospheric behavior only. Thus, the question arises: What is the average
behavior of wind and especially of PWs in the middle atmosphere during
SSWs?

To answer this question, section 6.1 in the next chapter studies the composite behavior
of wind and PWs from radar, satellite and assimilated model data of 6 major SSWs at
the polar latitudes between 1998 and 2013.

Matsuno mentioned in his model temperature anomalies during SSWs also in the
tropics which act vice versa to those at polar latitudes (cf. Figure 5.7). The first ob-
servations of temperature anomalies in the tropical stratosphere were done by Fritz
and Soules (1970) with global satellite observation during the SSW in 1970. Later,
a composite analysis of reanalysis data by Kodera (2006) confirmed these results and
showed a clear effect of SSWs on the equatorial stratospheric temperature.

However, Matsuno did not consider the latitudinal expansion of SSW related polar

effects and processes like the wind reversal or the PW activity in his model. Nev-
ertheless, there are a lot of studies based on observations (e.g., Manney et al., 2005,
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2007; Manson et al., 2006; Hoffmann et al., 2007) and models (e.g., Limpasuvan et al.,
2004; Liu et al., 2010) which show that SSW effects like the stratospheric warming,
are strongest at polar latitudes, become weaker southward and vanish at mid-latitudes
around 50°N.

During the DYANAS® campaign in 1990, Cevolani (1991) and Singer et al. (1994) ob-
served a strong perturbation of the zonal wind between the upper stratosphere and
lower thermosphere at mid-latitudes which was in some cases similarly strong compared
to polar latitudes (Singer et al., 1994). More recently Stober et al. (2012) observed a
stronger westward wind at mid than at polar latitudes in the mesosphere during the
SSW of 2010. This effect was also observed by Chen et al. (2012) over Langfang (39°N,
166°E) who additionally found a continuous westward wind band from the pole down to
the tropics during the 2010 event from MLS gradient winds. This continuous westward
wind band is an unusual phenomenon and even if Chen et al. (2012) studied the latitu-
dinal and altitudinal structure of the wind reversal during the event in 2010 they gave
no possible explanation for this phenomenon. Thus, the question arises: Are there
latitudinal and longitudinal variabilities of SSWs and if so, which process
determines these variabilities?

There are only a few studies considering the latitudinal extension of the circulation
changes during SSWs. Most of them are based on model simulations. The compos-
ite analysis of Charlton and Polvani (2007) with the NCEP-NCAR model shows that
SSW effects like the zonal wind reversal expand more southwards during splitting than
during displacement events. Limpasuvan et al. (2012) showed an enhanced effect of
SSWs on the circulation at latitudes south of 40°N in connection with splitting events
using the WACCM model. These studies found a southward extension of the SSW
only in splitting events but the SSW in 2010, where the continuous westward wind
band occurred, is categorized as an displacement event (e.g., Kuttippurath and Nikulin,
2012). Thus, it is still unclear if this phenomenon was unique and how it developed.
First initial studies of the latitudinal and altitudinal structure of the zonal wind during
recent SSW events show that beside 2010 also the major warming in 2009 and the mi-
nor warming in 2012 show this continuous westward wind band too. Thus, the aim of
section 6.2 in the next chapter is to compare the latitudinal and altitudinal structure of
wind, temperature and PWs during normal and latitudinal displaced SSW events. For
a latitudinal normal SSW, the event in 2006 was representatively chosen and compared
to the three latitudinal displaced SSW events in 2009, 2010 and 2012.

Hence, to get a better process understanding of SSWs, the next chapter will consider
at first the average behavior of wind and PWs during SSWs in polar latitudes which
then is followed by a comparison of the latitudinal and altitudinal structure of wind,
temperature and PWs of different SSW events.

SDYANA = DYnamics Adapted Network for the Atmosphere
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Chapter 6 Characteristics of PWs during
Sudden Stratospheric Warmings

Within this chapter the average characteristics of PWs during SSWs as well as their
latitudinal variability are studied. In section 6.1, the average behavior of winds and
PWs in the stratosphere and mesosphere during six major SSWs between 1998 and
2013 is investigated at polar latitudes with the help of a composite analysis. Normally,
SSWs occur strongest at the pole, become weaker towards the south and vanish at
mid latitudes. However, there are SSWs which indicate a zonal wind reversal at lower
latitudes as well. Section 6.2 therefore compares the latitudinal and altitudinal struc-
ture of wind, temperature and PWs of the latitudinally normal SSW 2006 with the
latitudinally displaced SSWs in 2009, 2010 and 2012. Longitudinal variabilities which
also occur are briefly discussed in section 6.3.

a) major SSW b) minor SSW
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Figure 6.1 Zonal mean zonal wind (black) at 60°N at a) 10 hPa and b) at 1 hPa
and zonal mean temperature gradient (red) between 90°N and 60°N at 10 hPa for
the winters of a) 2008/09 and b) 2011/12 from MERRA data. The blue dashed line
marks the central day d. of the corresponding SSW.

To analyze different SSWs by means of a composite analysis, a reference day, the so
called central day d., is needed. For major SSWs the central day is defined, following
Labitzke and Naujokat (2000), as the day where at 60°N at 10 hPa the zonal mean zonal
wind reverses and the temperature gradient between 60°N and 90°N at 10 hPa has a
maximum. As an example, Figure 6.1(a) shows the temporal development of the zonal
mean zonal wind (black) at 60°N and the temperature gradient (red) between 60°N
and 90°N both at 10 hPa for the winter 2008/09 from MERRA data. At mid January
the zonal mean zonal wind begins to decrease and reverses on January 22 where at the
same time the temperature gradient has a maximum. This day is the central day for
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the major warming in 2009.

The central day of a minor warming is defined as the day where the zonal mean zonal
wind at 10 hPa has its minimum (e.g., Hoffmann et al., 2002). Only in some cases like
in 2012 this criterion is not clear enough, because the wind changes do not extend low
enough into the stratosphere. In such cases the zonal mean zonal wind is considered at
1 hPa instead of 10 hPa. Figure 6.1(b) shows the temporal development of the zonal
mean zonal wind in the winter of 2011/12 from MERRA data at 1 hPa. The minimum
occurs on January 17 2012.

The central days of all SSWs considered in this study are listed in Table 6.1.

major warmings

year central day minor warmings
1998 15 December year central day
2004 10 January 2005 27 February
2006 22 January 2007 7 February
2009 21 January 2011 3 February
2010 28 January 2012 17 January
2013 o January

Table 6.1 Central days of the major (left) and minor (right) SSWs considered in this
study.

6.1 Composite analysis of the temporal development of
PWs during SSWs!

The superimposed epoch analysis is applied to local wind measurements at Andenes
(69°N) and global satellite data (MLS) to investigate the average behavior of wind and
PWs in the stratosphere and mesosphere. This study is focused on those major SSWs
which have a reinstalled regular winterly circulation after the warming. This is valid
for six events in the available data set of 16 years: 1998/99, 2004, 2006, 2009, 2010 and
2013. Note that the major warming in late February 2008 is not included due to the
unfulfilled condition of the reinstalled winterly circulation after the warming (see e.g.,
Wang and Alezander, 2009). Additionally, a comparison of the composite of the major
events and the weak minor warming in 2011 is shown in order to distinguish between
normal winter and special major SSW structures.

A composite of the zonal wind at Andenes during major SSWs is shown in Figure 6.2
(left) from MERRA (10 - 70 km) and MR (82 — 96 km) data of the years 1999, 2004,
2006, 2009, 2010 and 2013. There is a rapid wind reversal from eastward to westward
wind which extends from the stratosphere up to the upper mesosphere with an earlier

1This section was published in a similar form in the Journal of Atmospheric and Solar-Terrestrial
Physics (Matthias et al., 2012a). It was co-authored by Peter Hoffmann, Markus Rapp and Gerd
Baumgarten at the Leibniz Institute of Atmospheric Physics.
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Figure 6.2 Left: Composite of zonal wind centered on central day d. (d = 0) at
Andenes for the years 1999, 2004, 2006, 2009, 2010 and 2013 (0 — 72 km: MERRA;
74 —92 km: MF radar). Right: Zonal wind at Andenes for the winter 2010/11 from
MERRA (0 — 72 km) and MR (82 — 96 km) data. The dashed lines show the central
days of the SSWs respectively.

onset of the wind reversal in the mesosphere of around 4 days. This is confirmed by
a cross-correlation between the wind in 84 and 32 km (not shown). Similar observa-
tions were made by Kurihara et al. (2010) during the record warming in 2009. They
found this downward propagation of the wind reversal from the mesosphere down to
the stratosphere within a few days, too.
The composite shows also a longer lasting summerly westward wind in the stratosphere
than in the mesosphere. This was also observed by Manney et al. (2009) during the
SSW in 2009. Additionally, the eastward winds in the mesosphere occur much stronger
after the warming than before. Note that the wind reversal differs in strength, duration
time, altitude and onset time from event to event. Nevertheless, the composite shows
clear structures that occur in most of the major warmings.
By the way of comparison, Figure 6.2 (right) shows the zonal wind development during
the winter of 2010/11 at Andenes, from MERRA and MR data, with a small minor
warming (dashed line) at the beginning of February. While a wind reversal occurs in
the upper mesosphere, no significant wind reversal is observable in the stratosphere
compared to the composite. This missing stratospheric wind reversal is the most dis-
tinctive difference between the composite of the major warmings and the minor warm-
ing in 2011. Another difference is the very stable stratosphere and lower mesosphere in
2011 compared to the composite of the major warmings. However, both show a high
variability in the upper mesosphere. This variability is caused by an increased PW
activity which generally occurs winter months (see e.g., Day et al., 2011).

As discussed in chapter 4, the transient 10- and 16-day waves are the most important
PWs for SSWs besides the stationary waves. The composite of the amplitude of the
10- (top) and 16-day wave (bottom) of meridional mesospheric winds from MR at
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Andenes of the major SSWs in 2004, 2006, 2009, 2010 and 2013 is shown in Figure 6.3.
A strong 10-day wave occurs
around the central day as well
as a weaker 16-day wave. The
weak 16-day wave is also ob-
servable before the warming
in the mesosphere.  Compar-
isons of these results with Fig-
ure 8 from Matthias et al.
(2012a), where the same anal-
ysis was conducted but with-
out the major warming of 2013,
show that the results are ro-
bust for the 10-day wave but
shifted toward the central day
in the current analysis due to
a strong 16-day wave around
-60 -40 -20 0 20 40 60 the central day in 2013 (not
Day of SSW (d) shown).
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Figure 6.3 Composite of the amplitude of the 10-
day (top) and 16-day wave (bottom) of meridional From local .radar data alone,
wind centered on the central day d. (d = 0, dashed only the_z amplitudes of the PWs
line) at Andenes for the years 2004, 2006, 2009, and their temporal development

2010 and 2013 from MR data can be derived in the mesosphere
but no further characteristics.

As discussed in chapter 5 and
shown in Figure 5.4 on page 35, most of the PWs considered in this study have
wavenumbers between —1 and 1. Hence, in the following wave analysis with global
MLS data only 10- and 16-day waves with wavenumbers between —1 and 1 are consid-
ered.

The composite of the 10- and 16-day wave with wavenumbers between —1 and 1 in
the middle atmosphere is shown in Figure 6.4 (left) from MLS GPH data at 69°N in
a 5° latitude band of the SSWs in 2006, 2009, 2010 and 2013. The 10-day wave shows
strong amplitudes 20 days around the central day extending from the stratosphere up
to the upper mesosphere. The 16-day wave occurs strongly in the stratosphere and
lower mesosphere and has a small minimum at the same time where the 10-day wave
occurs. Note that single SSWs could have different PW patterns. In 2010 for exam-
ple, the 16-day wave is much stronger in the mesosphere than the 10-day wave (not
shown). Studies of the major warming in the winter of 2003/04 published by Pancheva
et al. (2009b) using global SABER? satellite data show a strong 16-day wave before
the warming in the stratosphere and mesosphere at 50°N. Other studies of Palo et al.
(2005) show a strong 10-day wave during the record warming of 2002 in the southern
hemisphere from the stratosphere up to the lower thermosphere as well. These observa-
tions of the PW activity around a single major SSW fit well to the composite analysis

2SABER = Sounding of the Atmosphere using Broadband Emission Radiometry
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Figure 6.4 Left: Composite of the amplitude of the 10-day (top) and 16-day wave
(bottom) with wavenumber —1 to 1 of GPH data from MLS centered around the
central day d. (d = 0, dashed line) at 69°N in a 5° latitude band for the years 2006,
2009, 2010 and 2013. Right: Same as left just for the winter of 2010/11. The dashed
line marks the central day of the minor warming in 2011.

although one must consider that each SSW has its own characteristics.

Comparisons of these results with the quiet winter of 2010/11 (see Figure 6.4 right) also
show a strong 10-day wave around the central day in 2011 but only in the stratosphere
and not in the upper mesosphere like during the major events. In 2011 the 16-day wave
occurs strongly in the stratosphere and lower mesosphere like in the composite analysis
but does not have a minimum where the 10-day wave occurs.

Composite of minor SSWs This comparison suggests that the
. 'Em v \ height range in which a strong PW
activity is observable is crucial to the
occurrence of a major or minor warm-

;gg ing. Hence, Figure 6.5 similarly to
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in the stratosphere and lower mesosphere without a minimum around the central day.
These results strengthen the assumption that if PWs can propagate upward into the
upper mesosphere a major SSW occurs, otherwise a minor warming develops. Minor
warmings are not in the main focus of the community. Only Cevolani (1989) studied
long period waves during minor SSWs at mid latitudes in the mesosphere and thermo-
sphere. Below 100 km he also found a 10- and 16-day oscillation but he considered it
not to be in connection with the stratospheric behavior of PWs. It would be interest-
ing to compare the wind, temperature and the PW activity before minor and major
warmings to find indications for the upward propagating ability of PW during major
SSWs. Nevertheless, it is beyond the scope of this thesis, but it would be a reasonable
project for the future.
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Figure 6.6 Left: Composite of the amplitude of the stationary wave 1 (top) and
2 (bottom) centered around the central day d. (d = 0, dashed line) at 69°N in a
5° latitude bin for the SSWs in 2006, 2009, 2010 and 2013 from MLS temperature
data. Right: Same as left but for the amplitude of the stationary wave 1 during
winter 2010/11.

Another type of PWs which are important for the development of a SSW are sta-
tionary waves. The composite of the stationary wave 1 and 2 for the major warmings
in 2006, 2009, 2010 and 2013 from MLS temperature data is shown in Figure 6.6. The
stationary wave 1 is strongly active in the stratosphere and mesosphere throughout the
winter until the onset of the SSW. A rapid decrease of the stationary wave activity fol-
lows. It takes approximately 30 days to reestablish the stationary wave 1 and therefore
the polar vortex. The stationary wave 2 is much weaker and has a maximum at the
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6.1 Composite analysis of the temporal development of PWs during SSWs

central day in the stratosphere. These results agree with a study of Pancheva et al.
(2009b) of the altitudinal and temporal structure of PWs in the winter of 2003/04 and
of Palo et al. (2005) during the southern hemispheric SSW event in 2002. The low sta-
tionary PW activity after the central day is in good agreement with the Charney-Drazin
criterion (see section 2.3). Since the zonal wind is still reversed in the stratosphere (cf.
Figure 6.2) an upward propagation of waves from the troposphere is not possible.

The quiet winter of 2010/11 (see Figure 6.6 right) shows a strong stationary wave 1
throughout the winter with only a small and short minimum after the central day of
the minor warming in 2011 with respect to the major event results. The decrease in
the amplitude after day 65 is caused by the transition from winter to summer.

These composite analyses of wind and PWs include the record warming of 2009. To
exclude a dominating effect of this event in the composite analyses, the analyses were
repeated without the event in 2009 and show very similar results (not shown). One
exception is the amplitude of the stationary wave 2. Since the record warming of 2009
was a vortex splitting event (e.g., Manney et al., 2009) the composite of the stationary
wave 2 is dominated by this event.

Summarizing, the composite analyses of effects during major SSWs at polar latitudes
show the onset of the wind reversal in the mesosphere around 4 days earlier than in
the stratosphere at Andenes (69°N). A strong 10-day wave occurs around the central
day from the stratosphere up to the upper mesosphere while the 16-day wave strongly
occurs in the stratosphere only. The stationary wave 1 is strong until the central day
and decreases rapidly afterwards while the stationary wave 2 is much weaker and oc-
curs strongest around the central day. The comparison of the major event results with
the composite of minor SSWs allow the assumption: If a PW can propagate up to the
upper mesosphere then a major warming occurs, otherwise it is a minor event.

This study shows average characteristics of SSWs at polar latitudes where the SSW
effects occur strongest in general. One might ask whether these results also hold for
mid latitudes — the edge of the poler vortex? Comparisons of the zonal wind and PW
activity at mid and high latitudes by Stober et al. (2012) show a stronger westward
wind during the SSW in 2010 at Collm and Juliusruh (mid-latitudes) than at Andenes
(polar latitudes). This southward shift of the SSW effects and PW activity was also
observed in initial studies during two further events: during the major warming in 2009
and during the minor warming in 2012. The next section shows a comparison of these
three latitudinal displaced events with a normal occurring SSW by an investigation of
latitudinal differences of the zonal wind, temperature and PW activity and tries to find
reasons for the latitudinal displacement.
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6.2 Latitudinal variabilities of SSWs3

In general, SSWs are strongest at the pole, become weaker towards the south and vanish
around 50°N (e.g., Limpasuvan et al., 2004; Liu et al., 2010). However, recently there
were three events (the major SSWs in 2009 and 2010 and the minor SSW in 2012)
where the westward wind occurred similar strong or even stronger at mid than at polar
latitudes either in the mesosphere or in the stratosphere. In this section a comparison
is shown of the differences in the latitudinal structure of the zonal wind, temperature
and PW activity between a “normal” polar dominated event, where the SSW in 2006
was representatively chosen, and the latitudinal displaced events in 2009, 2010 and 2012.

6.2.1 Zonal wind characteristics

Figure 6.7 shows the zonal wind at Andenes (black) and Juliusruh (red), representa-
tively for polar and mid latitudes, at 85 km (MR data) and at 49 km (MERRA data)
centered on the central day of the SSWs in 2006, 2009, 2010 and 2012. Note that since
the MR in Juliusruh started operating later in 2006 this data was substituted by MF
radar data also located at Juliusruh.

Starting with the SSW in 2006, the mesospheric wind reversal from eastward to west-
ward wind occurs before the central day at Andenes and at the central day at Juliusruh.
The maximum of the westward wind is stronger at polar than at mid latitudes which is
also true for the stratosphere. Different from the mesosphere, the wind reversal starts
before the central day in the stratosphere at both locations but first at Juliusruh and
after that at Andenes. After the central day the zonal wind at Andenes shows a rapid
increase of the eastward wind in the mesosphere with no significant wave activity while
the eastward wind at Juliusruh is weaker and shows strong wave activity. In the strato-
sphere at 49 km, Juliusruh again shows a wave-like structure after the central day while
the zonal wind at Andenes remains quiet. In contrast to the mesosphere the eastward
winds occur more strongly after the central day at Juliusruh than at Andenes. This
behavior is referred to as a “normal” SSW with a typical latitudinal behavior. Thus, the
SSW of 2006 is representative for all normal SSWs and will therefore in the following
be used for comparison with the other three events considered here.

In contrast to the normal event in 2006, the events in 2009, 2010 and 2012 show a simul-
taneous or even earlier wind reversal in the mesosphere at Juliusruh than at Andenes
and a temporal variation in time of the onset of the wind reversal in the stratosphere.
During the events in 2010 and 2012 the westward wind is even stronger at Juliusruh
than at Andenes in the mesosphere and vice versa in the stratosphere. However, the
vortex splitting event in 2009 shows a stronger westward wind at Juliusruh than at
Andenes in the stratosphere but not in the mesosphere. Nevertheless, the westward
wind is stronger at Juliusruh than at Andenes either in the mesosphere or in the strato-

3This section was published in a similar form in Annales Geophysicae (Matthias et al., 2013).
It was co-authored by Peter Hoffmann and Gunter Stober at the Leibniz Institute of Atmospheric
Physics, Markus Rapp at the Deutsches Zentrum fiir Luft und Raumfahrt in Oberpfaffenhofen, Alan
Manson and Chris Meek at the University of Saskatchewan and Peter Brown at the University of
Western Ontario.
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Figure 6.7 Zonal wind at Andenes (black) and Juliusruh (red) at 85 km (left) from MR
and 49 km (right) from MERRA data centered around the central day (black dashed
line) of the respective SSW of 2006, 2009, 2010 and 2012. Terdiurnal, semidiurnal
and diurnal tides were removed for the MR data. This figure is taken from Matthias

et al. (2013).

sphere during the latitudinal displaced events. Additionally, these three events show
an increased wave activity in the mesosphere before and after the central day compared
to 2006. One exception is Juliusruh after the central day in 2012 where no wave-like
behavior is observed. In the stratosphere the wave activity after the central day varies.
While in 2009 Andenes and Juliusruh show a strong wave activity after the central
day, the event in 2010 has no significant wave-like behavior at both locations. The
minor warming in 2012 shows a wave-like behavior only at Andenes after the central
day. As in 2006, the eastward wind after the central day is stronger at Juliusruh than
at Andenes during the three latitudinal displaced events but occurs weaker in Julius-
ruh compared to 2006. These results indicate an unusual latitudinal behavior of the
events in 2009, 2010 and 2012 with stronger SSW effects at mid- than at polar latitudes.

For a global view of the zonal wind behavior of the four SSWs, Figure 6.8 shows
the zonal mean zonal wind from MERRA as a function of latitude and altitude 5 days
before, at the central day and 5 days after the central day. Five days before the cen-
tral day of each warming except for 2009 a weak wind reversal occurs at the pole in
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the stratosphere and mesosphere whereas these reversals are separated by an eastward
wind around 50 to 60 km. In contrast to this a strong eastward wind appears at high
and mid-latitudes 5 days before the central day of the record warming in 2009.
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Figure 6.8 Zonal mean zonal wind 5 days before, at and 5 days after the central
day of the years 2006, 2009, 2010 and 2012 as a function of latitude and height from
MERRA data. This figure is taken from Matthias et al. (2013).

On the central day, the zonal wind behavior of the three latitudinal displaced events

differs strongly from the one in 2006. While in 2006 the wind reversal occurs from polar
mesosphere and upper stratosphere to stratospheric mid-latitudes, the other events in
2009, 2010 and 2012 show a continuous westward wind band between the pole and
20°N. Hence, the most remarkable difference between the latitudinal displaced events
and the normal event in 2006 is the continuous westward wind band between the pole
and the tropics.
Five days after the central day the wind reversal pattern of each SSW looks very similar
to the one on the central day, but it has moved downward. However, in 2012, the polar
latitudes show a strong eastward wind from stratosphere to mesosphere, i.e., the wind
reverses back from westward to eastward. The westward wind still dominates at mid
and lower latitudes in the stratosphere. It seems that the wind reversal breaks down
from the polar mesosphere to the lower latitude stratosphere in 2012. Note that there
is a dependence from the selected central day. For example, in 2010 a second longer
lasting wind reversal occurs after a short one around January 28, which was chosen as
the central day in this thesis. Chen et al. (2012) discussed the definition of the central
day for 2010 and rescheduled the central day on February 2, 2010 in his study.
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These results are corroborated by case studies of the SSW in 2010 by Chen et al.
(2012) using MLS gradient winds and by Stober et al. (2012) using local radar mea-
surements at 54°N. However, the continuous westward wind band between the pole and
20°N could not be observed by the composite analysis of 39 major and minor warmings
of Limpasuvan et al. (2004) with NCEP-NCAR reanalysis data. Only the distinguished
composite analysis of vortex displacement and splitting events of Charlton and Polvani
(2007) with NCEP-NCAR and ECMWTF reanalysis data showed a wind reversal from
the pole down to 30°N during splitting events, but without a continuous westward wind
band from the pole to the tropics. A possible explanation for the continuous westward
wind band is discussed later in this section.

This study shows three exceptional SSW events with respect to their latitudinal struc-
ture within a short period of time (2009 — 2012). Thus the question arises whether
those events really are exceptions or not. The composite analysis of 39 major and
minor warmings between 1958 and 2001 from NCEP-NCAR reanalysis data of Limpa-
suvan et al. (2004) shows no evidence for a continuous westward wind band during
the warmings. Only the composite analysis of Charlton and Polvani (2007) shows a
lightly southward extended westward wind during vortex splitting events but again no
continuous wind band between the pole and lower latitudes. Also case studies for indi-
vidual events as were published for example in Hoffmann et al. (2007) and especially in
Mukhtarov et al. (2007) show no evidence for a latitudinal displaced SSW other than
the one considered in this study. Therefore, the latitudinal displaced events studied
here are exceptional even if they occur in a temporally short interval.

6.2.2 Temperature characteristics

Once the zonal mean zonal wind shows a continuous westward wind band during the
latitudinal displaced SSW, one can assume that similar structures are observable in
the latitudinal and altitudinal pattern of the zonal mean temperature. Therefore, Fig-
ure 6.9 shows the daily mean zonal mean MLS temperature at 20, 40, 59 and 81 km as
a function of time and latitude for 2006, 2009, 2010 and 2012. The white dashed line
marks the central day of the corresponding SSW. In the following, each altitude from
bottom to top will be described separately for all years.

At 20 km a long lasting warming occurs after the central day of each SSW. In 2006 this
warming is observable from the pole down to 60°N while in 2009 and 2010 it occurs
from the pole down to 50°N. An exception is the event in 2012 where this warming
occurs between 50°N and 70°N, i.e., not at the pole. Thus, a continuous band of high
temperatures between the pole and 20°N as observed in the zonal wind reversal is not
observable in the latitudinal temperature structure at 20 km. Note that in 2010 the
warming has a time delay of around ~15 days after the central day. The cause for this
time shift might be the temporal development of the zonal wind in 2010 as discussed
above. The rescheduled central day by Chen et al. (2012) on February 2, 2010 is in good
agreement with the warming at 20 km observed here. The extraordinary behavior of
the temperature changes during the warming of 2012 will be further investigated later
in this section.
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Figure 6.9 Zonal mean temperature at 20, 40, 59 and 81 km from MLS for the winters
of 2005/06, 2008/09, 2009/10 and 2011/12 . The vertical white dashed line marks
the central day of the respective SSW and the horizonal black dashed line at 60°N is
inserted to guide the eye.
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6.2 Latitudinal variabilities of SSWs

At 40 km all SSWs show a warming from pole down to ~60°N at the central day, but
again no continuous band to the tropics. After these warmings a temperature increase
occurs in the subtropics between 20°N and 40°N. This indicates an equatorward pro-
gression of the warming in the stratosphere around 40 km which can be influenced by
the mean meridional residual circulation. However, there is no latitudinal difference in
the temperature changes during the warmings between the normal event in 2006 and
latitudinal displaced events in 2009, 2010 and 2012. Only the behavior of the tempera-
tures at mid-latitudes around 50°N before the central day shows significant differences.
While in 2006 the low polar temperatures before the warming reach down to 60°N,
they are also observed down to 40°N and 50°N during the SSWs of 2009, 2010 and
2012. Thus, the stratospheric mid-latitudinal temperature is much lower before the
latitudinal displaced events than before the normal event 2006.

The mesospheric temperature at 59 km shows a cooling from the pole down to ~60°N
after the corresponding central days which varies in length of time and strength from
event to event. During this polar cooling a warming, which starts around 50°N, occurs
and spreads out to the pole with time. The polar and mid-latitudinal mesospheric
temperature before all events is very variable due to increased PW activity and more
stable afterwards due to the decreased PW activity after SSWs (see section 6.1).

At 81 km the mesospheric cooling is narrower during all events than at 59 km and
occurs around the central day. This cooling occurs from pole down to ~60°N during
all events except in 2009, where the low temperatures are observable from the pole to
the tropics. Nevertheless, the minimum of these low temperatures is located between
the pole and ~60°N. After the central day a strong warming occurs at polar latitudes
whereas this warming appears weaker in 2010 and 2012 than in 2006 and 2009. Again,
the polar mesosphere is very variable in all cases before the SSW. This can be also
attributed to the increased PW activity.

Besides the latitudinal variations of the temperature a downward progression from
mesosphere to stratosphere is observable during all events. This downward progres-
sion could also be observed in the temporal development of the zonal wind reversal as
mentioned above. Here, the mesospheric cooling first occurs in the upper mesosphere
at the central day and then moves downward to the lower mesosphere around 59 km
where it also lasts much longer. This downward movement can also be continued to
stratospheric altitudes where after the stratospheric polar warming the temperature
decreases again to a typical polar stratospheric level. Thus, there is a downward move-
ment of the mesospheric cooling to stratospheric heights. A similar behavior can be
observed in the stratosphere. At 40 km the stratospheric warming occurs around the
central day while the warming at 20 km in the lower stratosphere appears afterwards
and lasts much longer. Note that this downward movement of the cooling/warming
during SSWs is consistent with the downward progression of the wind reversal as dis-
cussed by Hoffmann et al. (2007) and found in the composite analysis of Matthias et al.
(2012a).

Summarizing, in general there is no continuous band of high/low temperatures in the
stratosphere /mesosphere between the pole and lower latitudes during the latitudinal
displaced SSWs as it was found in the zonal wind reversal. Nevertheless, some tempera-
ture changes reach further south during the latitudinal displaced events than during the
SSW in 2006. Additionally, the exceptional SSWs in 2009, 2010 and 2012 (with a con-
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tinuous westward wind band between pole and lower latitudes) show low temperatures
between 35°N and 60°N in the upper stratosphere before the central day compared to
the polar dominated event in 2006. Besides the stratospheric equatorward movement
of the warming a downward progression of the stratospheric warming and mesospheric
cooling is also observed during all events.

6.2.3 PW characteristics

As mentioned before, SSWs are caused by the interaction of PWs with the mean flow.
Thus, it is assumed that the reason for the continuous westward wind band from the
pole to lower latitudes and the temperature changes at mid and lower latitudes during
the latitudinal displaced SSWs is the increased PW activity at the same latitudes.
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Figure 6.10 Amplitude of the 10-day (period: 8 — 12 d) and 16-day (period: 12 —
20 d) wave from MLS GPH. Amplitude is calculated by the maximum of a sliding
window of 40/70 days shifted by one day between day 335 of the previous year and
day 60 of the actual year. The dashed line at 60°N is used for the help of orientation.
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6.2 Latitudinal variabilities of SSWs

Since the two most dominant transient PWs during SSWs are the 10- and 16-day
wave, Figure 6.10 shows the amplitude of the 10- and 16-day wave with wavenumbers
between —1 and 1 as a function of latitude and height for the four considered winters
from MLS GPH data. The amplitude is calculated as the maximum amplitude of a
sliding window of 40 days for the 10-day wave and of 70 days for the 16-day wave
at each latitude and height between day 335 of the previous year and day 60 of the
actual year. In 2006, the 10- and 16-day wave show an increased activity between the
pole and 50°N in the mesosphere and upper stratosphere which is in a good agreement
with the latitudinal expansion of the wind reversal during this event. The maximum
amplitudes occur at polar latitudes during all winters considered in this study except
for the 16-day wave in 2010 where the maximum amplitude occurs at 60°N, i.e., shifted
towards the south. However, in 2009 there is a second smaller maximum of the 10-day
wave activity at 50°N which reaches down to 30°N. The latitudinally displaced events
in 2009, 2010 and 2012 show an increased PW activity between the pole and 30°N.
Thus, their PW activity reaches further south than during the normal polar dominated
event in 2006.
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Figure 6.11 Amplitude of the respective dominating stationary wave of SSW events
of 2006, 2009, 2010 and 2012 as a function of latitude and height 5 days before,
at the central day and 5 days afterwards. GPH data are obtained from MLS. The
vertical dashed line at 60°N is used for the help of orientation. This figure is taken
from Matthias et al. (2013).

Besides the transient PWs the stationary waves are also important (e.g., Charlton
and Polvani, 2007). These waves are the PWs with the largest amplitudes. Figure
6.11 shows the latitudinal structure of the amplitude of the stationary wave 1 of the
SSWs in 2006, 2010 and 2012 and of the stationary wave 2 for the event in 2009. The
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selection of the wavenumbers shown here is a result of the type of the corresponding
SSW. Thus, for the splitting event in 2009 (e.g., Manney et al., 2009) the dominating
stationary wave 2 is shown. The left column of the figure displays the amplitude 5 days
before the central day, the middle one at the central day and the right column 5 days
after the corresponding central day.

Five days before the central day an increased stationary wave 1 activity occurs from
the pole to around 50°N (2006) to 45°N (2010, 2012). However, the stationary wave 2
shows an increased activity between 35°N and 75°N 5 days before the central day in
2009 and not at the pole like in the other events. At the central day, the normal polar
dominated SSW in 2006 shows an increased wave activity from pole to mid-latitudes
as before. The other three events show a clearly increased activity from the pole down
to 30°N, whereas the event in 2009 is not active at the pole. Five days after the central
day the amplitudes decrease in every event. All events show an increased wave activity
down to 30°N. Nevertheless, the increased activity in the mesosphere at lower latitudes
in 2006 is much weaker than at the central day. While in 2009 and 2012 the latitudinal
and altitudinal structure of the stationary wave is very similar to the one at the central
day, a third maximum occurs above the other two maxima in the upper mesosphere/
lower thermosphere in 2010. Summarizing these results, the stationary waves also show
a southward extended latitudinal structure during the events in 2009, 2010 and 2012 in
comparison to the polar dominated event in 2006. Thus, the continuous westward wind
band and the southward extended warmings in the stratosphere are directly connected
to an increased transient and stationary PW activity between 30°N and 50°N.

To find an indication about why the zonal wind and temperature changes as well
as the PW activity is shifted or extended southward during the latitudinal displaced
events, a comparison of the three-dimensional Plumb flux (see section 3.4.4) is con-
ducted between the four SSWs. Thus, Figure 6.12 shows the wave flux activity vectors
from MERRA as a function of longitude and latitude averaged between 25 km and
50 km for a 5 day mean after the corresponding central day of each SSW considered in
this study. The chosen height range is the area in which the continuous westward wind
band occurs during the latitudinal displaced events. The colored background represents
the flux divergence, i.e., red colored regions are sources of stationary PW flux and blue
colored regions are sinks.

In 2006, the flux vectors indicate a wave 1 structure between the pole and 60°N.
South of 60°N the flux vectors are directed equatorward and symmetric around the
zero meridian but decrease rapidly below 30°N. The flux divergence shows a strong
source of wave flux around the zero meridian between 60°N and 80°N with 2 smaller
features between 40°N and 60°N. The sources and sinks alternate between the pole and
20°N with a light eastward shift below 60°N.

The vortex splitting event 2009 shows a wave 2 structure symmetric around 60°N with
an equatorward flux around 100°E and 100°W. The sources and sinks of stationary
wave flux alternate around 60°N between 180°W and 180°E. At 100°E and 100°W there
are additional features of eastward and equatorward alternating sources and sinks.

The stationary flux vector structures of the events in 2010 and 2012 are very similar

56



6.2 Latitudinal variabilities of SSWs

17. - 22.01.2012

rr

22. - 27.01.2009 28.01. - 02.02.2010

or
o

NN

: :
, 7o N e e Y R .
N\ L - St
! SEl o 177 % o . ... 4
270 ‘”::. O | PR ) TN .
560 EXR Y I X a1 e h T #
E50 ‘ SN B T e IR 0o
b= RN TN AN\ AR | SRR -f SRR o
= 40 \ i d | 3 -
30§ ' f
20

t
N’

[o2]
o
T

Latitude (°N)
[e)]
o

IS
o
T

N
o
T

-100 Lmolgitude1oo 0.85 -100 Lonogitude 100 1.27 -100 Longoitude 100 172 -100 Long?tude 1001;072
Figure 6.12 Stationary wave activity flux vectors following Plumb (1985) of each
SSW considered in this study of a five day mean after the central day averaged over
the height range between 25 and 50 km, where the colored background represents the
flux divergence (red: source, blue: sink); top with flux divergence, bottom without
(for a better representation of the arrows). The fluxes were calculated using MERRA
data provided by NASA GMAO. This figure is taken from Matthias et al. (2013).

whereas the intensity is stronger in 2010 than in 2012. Both events show a two-stripe
pattern of equatorward movement between the pole and 20°N. The weaker stripe occurs
between 40°N and 80°N and between 100°W and the zero meridian in each case. The
stronger one is shifted parallel to the first one and occurs between 70°N and 30°N and
between 50°W and 90°E. The sources and sinks of the stationary wave flux alternate
within these stripe patterns equatorward with a slight eastward shift. In contrast to
the flux pattern of 2006 these fluxes reach from the pole down to 20°N and not only
from 60°N to 20°N as in 2006.

This changed wave flux indicates that the reversed westward wind in 2009, 2010 and
2012 is carried south by the stationary wave flux from polar latitudes to 20°N and a
continuous westward wind band arises. The equatorward movement of the stationary
wave flux during the latitudinal displaced events can also be held responsible for the
southward spread of the warming at 20 km and 40 km in 2009, 2010 and 2012 in
Figure 6.9. In other words, the changed stationary wave flux during the latitudinal
displaced events in 2009, 2010 and 2012 is connected to the southward extended SSW
effects. Nevertheless, the reason for this changed wave flux is still unclear.

To find an explanation for the distinctive low temperatures at mid latitudes in the
stratosphere before the latitudinal displaced events, the stationary wave flux is con-
sidered averaged in the 30 days before the central day. Thus, Figure 6.13 shows the
zonally averaged wave flux vectors as a function of latitude and height for a 30 day
mean before the corresponding central day of 2006, 2009, 2010 and 2012. Qualitatively
there is no visible difference between the stationary wave flux of the polar dominated
event in 2006 and the two latitudinal displaced events in 2010 and 2012. They show a
strictly poleward flux between 20°N and 40°N which passes into a strictly upward flux
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Figure 6.13 Stationary wave activity flux vectors of each SSW considered in this
study of a 30 day mean before each corresponding central day zonally averaged and
scaled by (F, F.) — (p/po)"V/?(F,, 100 - F,), following Plumb (1985). The fluxes
were calculated using MERRA data provided by NASA GMAO. This figure is taken
from Matthias et al. (2013).

around the pole. However, the vortex splitting event in 2009 shows differences in the
flux pattern compared to the other events. Here, the poleward flux reaches from 20°N
to 80°N and therefore passes much later into the upward flux than during the other
three events. Thus, the differences between these flux patterns might arise from the
different SSW types but not from their latitudinal variabilities. However, the cause of
the low stratospheric temperatures before the latitudinally displaced events between
60°N and 30°N is still unclear.

These low temperatures were also observed by Orsolini et al. (2010). The aim of
their paper was to show that mesospheric HoO and temperature measurements by the
Odin satellite allow to distinguish between the formation of an elevated stratopause and
the descent of dry mesospheric air into the polar stratosphere. Among other things,
Orsolini et al. (2010) show the temperature profile at 1 hPa as a function of latitude
and time between July 2001 and July 2009 . During the winter months the low polar
and mid-latitudinal stratospheric temperatures vary from year to year with respect to
their latitudinal extension. In 2009 for example the low temperatures reach as far south
as 30°N, but during other years, for example in 2006, low temperatures are present only
up to 50°N. Note that there is an altitudinal difference between our study and Orsolinig
et al. (2010) which explains the latitudinal differences in the low temperatures.

From Figure 6.10 and 6.11 it is known that besides the southward extended wind and
temperature changes an increased PW activity also occurs between 30°N and 50°N dur-
ing the latitudinal displaced SSWs. Thus, the question arises: Do the low stratospheric
temperatures at mid-low latitudes occur due to the southward extended PW activity
or is the PW activity increased at lower latitudes due to the lower temperatures at
mid-low latitudes? Since the PWs extend between the pole and lower latitudes, they
are influenced by tropical phenomena like the QBO?* which was discussed for example
by Chen and Huang (1999). Labitzke (2004) even shows a statistical relation of SSWs

“The quasi-biennial oscillation (QBO) is an equatorial variability in the stratosphere which is
characterized by downward propagating eastward and westward wind regimes, with a variable period
of approximately 28 months.
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on the QBO and on the solar cycle. Unfortunately the record warming of 2009 did
not fit to this statistical relation (Labitzke and Kunze, 2009) which produces new open
questions.

Thus it is a good idea to consider in which phase of the QBO each events occurs.
The normal polar dominated SSW in 2006 occurs on the westerly phase of the QBO
while the other latitudinal displaced events occur on the easterly phase in the hight
region between 25 and 50 km where the continuous westward wind band occurs (see
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo). There is a study
of Naito and Yoden (2006) which investigates the behavior of the PW activity be-
fore and after SSWs in connection with the dominating QQBO phase. They found that
the dominant zone of the upward and equatorward Eliassen-Palm flux in the lower
stratosphere was shifted southward during the eastward phase and poleward during
the westward phase of the QBO during a SSW. This result agrees with the above men-
tioned observation of an equatorward stationary wave flux from the pole down to 20°N
between 25 and 50 km during the latitudinal displaced events (see Fig. 6.12). So there
might be a connection between the QBO phase and the latitudinal displacement of
SSWs. Nevertheless, this requires further investigations which are beyond the scope of
this thesis.

6.2.4 Extended discussion

The study of the latitudinal structure of the zonal mean temperature (see Figure 6.9)
reveals an unusual latitudinal effect during the SSW of 2012. The stratospheric warm-
ing of this event occurs at 20 km between 45°N and 75°N but not at the pole like during
the other events considered in this study. To investigate a possible cause of the south-
ward shifted warming in 2012, Figure 6.14 shows the projection of the temperature
from MERRA at 20 km in the northern hemisphere five days after the central day of
the respective SSWs in 2006, 2009, 2010 and 2012.

The cold part of the global temperature pattern of the events in 2006, 2009 and 2010 is
located between 45°W and 90°E but not on the pole. In contrast to this, the cold part
of the temperature pattern in 2012 also lies between 45°W and 90°E but is rotated by
90° about the longitudinal axis and is located partly on the pole. This rotation explains
the southward shifted warming at 20 km in 2012. The rotation is only observable in
the lower stratosphere and not at upper altitudes. The cause of this unusual rotation of
the low temperature pattern after the SSW in the lower stratosphere in 2012 is unclear
and should be further investigated which is beyond the scope of this thesis.

Figure 6.9 is a firework of information and contains more information than already
discussed. Independent from the SSW an equatorward movement of the warming at
40 km is observed, as mentioned before. This agrees with a study of Shepherd et al.
(2007). Besides a warming at tropical stratospheric altitudes they found mesospheric
variabilities in the tropics which are correlative in time with the SSW. They explain
the mesospheric variabilities with an increased PW activity in the mesosphere. Thus,
one can assume that the stratospheric tropical warming after each SSW observed here
occurs due to the enhanced PW activity not only in the mesosphere but also in the
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Figure 6.14 Projection of the MERRA temperature data at 20 km over the northern
hemisphere 5 days after the central day of the respective SSW. This figure is taken
from Matthias et al. (2013).

stratosphere at lower latitudes.

Additionally, the zonal mean temperatures in Figure 6.9 show a mid-latitudinal
warming between 40°N and 55°N in the mesosphere at 80 km simultaneous to the
polar cooling during the events in 2006, 2010 and 2012. This warming occurs strongly
in 2006 and 2012 but much weaker in 2010. It seems that this phenomenon occurs
only during vortex displacement events and not during splitting events like in 2009
where the mesosphere shows low temperatures at all latitudes during the SSW. Since
this mid-latitudinal mesospheric warming is unexpected, the mesospheric temperature
variation is validated at different locations with MR data in Figure 6.15. The figure
shows the day-to-day variability of the relative temperatures in 2009, 2010 and 2012
from MR at Andenes and Juliusruh representative for the eastern hemisphere and at
Tavistock (CMOR, (43°N, 81°W)) for the western hemisphere. Note that the year 2006
is missing because the MR at Juliusruh was installed later in 2006. The temperatures
are derived from the MR by the combination of the altitude variations in the meteor
decay time around the peak of the meteor layer at around 90 km and an empirical

60



6.2 Latitudinal variabilities of SSWs

40 FAndenes
20 :_Juhusruh
o]
-20
¥ _40 ,
= 40 Andenes
2 90 r Juliusruh
-
5 A
g 0
o
&
S -40L ,
2 40 fAndenes
Juliusruh

20

Day of SSW

Figure 6.15 Relative temperature from MR at ~90 km at Andenes and Juliusruh
for the eastern hemisphere and at Tavistock ((43°N, 81°W), CMOR) for the western
hemisphere centered around the central day of the respective SSW. The black dotted
line marks the central day. This figure is taken from Matthias et al. (2013).

model of the mean temperature gradient at 90 km (for details see e.g., Singer et al.,
2003; Hocking et al., 2004; Stober et al., 2012). Note that MR temperatures depend on
the assumption of an empirical temperature gradient model and are therefore not suit-
able as total values. Thus, the mean temperature is subtracted from the observation
period of each temperature profile and only the day-to-day variability is investigated.
During the record warming of 2009 all three locations show a temperature decrease
around the central day as it was observed in the zonal mean temperatures from MLS
in Figure 6.9. The other two events show a cooling in the eastern hemisphere while the
western hemisphere shows no significant cooling in connection with the SSW in 2010
and even a warming during the SSW of 2012. Thus, from the local measurements it
seems that the mid-latitudinal warming occurs mainly in the western hemisphere and
depends strongly on the longitudinal location.

A more global view of this mid-latitudinal mesospheric warming is given in Figure
6.16. The figure shows the projection of MLS temperatures at 81 km at the central
day for each SSW considered in this study. The white points mark the location of the
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Figure 6.16 Projection of the MLS temperature data at 81 km over the northern
hemisphere of the central day of the corresponding SSW. The white points mark
the local meteor temperature measurements for A) Tavistock, B) Andenes and C)
Juliusruh. This figure is taken from Matthias et al. (2013).

MR measurements in Fig. 6.15. Note that the MR temperatures are observed around
90 km while the MLS temperatures are measured at 81 km with a vertical resolution
of 10 km. Thus, there is an altitudinal discrepancy that should be considered.

During all SSWs Andenes and Juliusruh are located on the cold part of the global tem-
perature pattern and thus the SSW effects are strongest there. In contrast, the CMOR
radar is located at the much warmer part of the temperature pattern during the events
in 2006, 2010 and 2012. Only during the vortex splitting event in 2009, CMOR lies
between the warm and the cold part of the temperature pattern. These longitudinal
differences explain, why the local measurements at Andenes and Juliusruh do not show
the mid-latitudinal warming in the mesosphere. Thus, there is a longitudinal variabil-
ity of SSW effects that should be considered in the comparison of local measurements
among each other and among zonal mean values.

The cause of this mid-latitudinal mesospheric warming could be the increased station-
ary wave 1 activity (cf. Figure 6.11) in the mesosphere around the central day of the
SSWs 2006 and 2012 and after the central day in 2010.

These last two figures show how important it is to classify local measurements into

the global context. For local measurements it is important to know the phases of the
PWs especially if one wants to compare observations from different hemispheres dur-
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6.3 Longitudinal variability of SSWs

ing winter months. The next section will intensify the discussion on the longitudinal
variability of SSWs to raise the awareness for the differences of local measurements and
zonal mean values.

Summarizing the results of this section, a comparison was conducted between the

normal polar dominated SSW in 2006 and the latitudinal displaced events in 2009, 2010
and 2012. These displaced events show a continuous westward wind band from the pole
down to lower latitudes as well as a southward extended stratospheric warming. These
changes occur due to the changed equatorward stationary wave flux from the pole down
to 30°N compared to the normal event in 2006.
The low mid-latitudinal stratospheric temperatures before the latitudinally displaced
warmings are not in connection with a changed stationary wave flux even though an
increased transient and stationary PW activity is observed between 30°N and 50°N
around these SSWs compared to the one in 2006. Therefore, an indication was found
for a connection of the occurrence of latitudinal displaced SSWs and the QBO phase.
Other effects which occur besides these latitudinal differences are an equatorward move-
ment of the stratospheric warming and a downward progression of the zonal wind and
temperature changes. The investigation of a mid-latitudinal mesospheric warming even
reveals a longitudinal variability of SSW effects which should be considered by classify-
ing local measurements into the global context and which is discussed in the following
section.

6.3 Longitudinal variability of SSWs

Besides latitudinal variabilities the previous section also indicated longitudinal vari-
ations of wind and temperature changes during SSWs. It is clear that the strong
stationary wave activity during winter months (see chapter 4) divides the northern
hemisphere, for example, into cold and warm parts. Thus, for the comparison of differ-
ent local measurements the position of each location with respect to the global pattern
needs to be considered. This section is intended to motivate the investigation of the
longitudinal variability of SSW effects and its connection to PWs. The longitudinal
variability during SSWs is shown using the example of the major SSW in 2010 with
local radar measurements from four different locations and global assimilated model
data from MERRA concentrating on the zonal wind variations.

To demonstrate how diverse local measurements during winter months can be, Fig-
ure 6.17 shows the zonal wind at mid- and polar latitudes. Juliusruh and Andenes are
representative for the eastern hemisphere and Eureka and Saskatoon are representative
for the western hemisphere. The data are derived from the respective radar in the
mesosphere at 85 km and from MERRA together with the zonal mean in the strato-
sphere at 32 km.

Before the central day, Saskatoon and Juliusruh show a similar zonal wind behavior
in the mesosphere. When there is a maximum of the zonal wind at Juliusruh, there is
a maximum at Saskatoon at almost the same time. After the central day the minima
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Figure 6.17 Zonal wind at Saskatoon and Juliusruh (left) and at Eureka and Andenes
(right) during the winter of 2009/10. The dashed line marks the central day of the
major SSW in 2010. Top: The zonal wind at 85 km is derived from the respective
radar measurements. The diurnal, semidiurnal and terdiurnal tides are removed.
Bottom: The zonal wind and the zonal mean zonal wind, averaged between 50°N
and 60°N for the mid-latitudes and between 7T0°N and 80°N for the polar latitudes,
are derived from MERRA at 32 km.

and maxima, of the zonal wind at Juliusruh are much more pronounced than those at
Saskatoon and their behavior is sometimes the opposite. In the stratosphere Juliusruh
and Saskatoon differ strongly. The zonal wind at Juliusruh is much stronger and shows
a different behavior than that in Saskatoon. Additionally, the zonal mean zonal wind
lies mostly between Saskatoon and Juliusruh but from time to time also shows a differ-
ent behavior at both locations. The zonal winds at polar latitudes in the eastern and
western hemisphere differ strongly from each other in the mesosphere and stratosphere.
The zonal wind behavior of Eureka is the opposite of Andenes. When Eureka has a
maximum in the zonal wind, Andenes has a minimum. Even the zonal mean zonal
wind in the stratosphere shows large differences to both Andenes and Saskatoon. Only
after the central day, where normal winter conditions dominate, the zonal wind at both
locations and the zonal mean zonal wind show a very similar behavior.

The longitudinal variability of the mesospheric wind behavior was also studied by Hoff-
mann et al. (2007). They compared the wind at Andenes (69°N, 16°E) with Resolute
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Bay (75°N, 95°W) during the winter of 2005/06 and with Poker Flat (65°N, 147°W)
during the winter of 1998/99. They found distinctive differences in the meridional
wind behavior during both winters but a similar zonal wind behavior of both stations
around the major warmings. Manson et al. (2011) also showed distinctive longitudinal
differences in the monthly mean zonal wind behavior between Eureka (80°N, 85°W)
and Svalbard (78°N, 16°E) between 2006 and 2009.

28.01. 2010

I
N
o

Zonal wind (m/s)

|
I
@)

Figure 6.18 Projection of the zonal wind at 32 km from MERRA on the northern
hemisphere for January 28, 2010. The black dots mark the location of the radar
stations: A) Saskatoon, B) Eureka, C) Andenes and D) Juliusruh.

The longitudinal differences in the zonal wind occur due to the PW activity and the
position of the polar vortex. To have a more global view of the zonal wind, Figure 6.18
shows the projection of the zonal wind on the northern hemisphere from MERRA at
32 km on January 28, 2010, the central day of the major warming. The dots shown in
Figure 6.17 mark the location of each radar. The zonal wind curls around the north
pole like a helix with an eastward and westward wind arm. Thus, Saskatoon and An-
denes are located within the westward arm while Eureka and Juliusruh are located
still within the eastward part of the helix. Between 70°N and 80°N the westward wind
dominates which was also shown in Figure 6.17. Between 50°N and 60°N the eastward
and westward winds are uniformly distributed. However, we note that the eastward
wind is stronger.

This helix structure was also observed by Charlton and Polvani (2007) in GPH data
from NCEP-NCAR during the vortex displacement event in 1984 and in the zonal wind
by Manson et al. (2011) for January 2008 from the CMAM-DAS?® data in combina-
tion with longitudinal differences in the zonal wind between Eureka and Svalbard, as

SCMAM - Data Assimilation System (CMAM-DAS): The first data assimilated version of the
Canadian Middle Atmosphere Model (for details see Polavarapu et al., 2005)
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mentioned before. Manson et al. (2011) explain the longitudinal differences with the
occurrence of a SSW but they do not go into detail why they occur.
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Figure 6.19 Wavelet spectrum for the win-
ter of 2009/10 from December to March
at 85 km from Fureka, Andenes, Saska-
toon and Juliusruh. Data are derived
from meridional winds from the respective
radar. The dashed line marks the central
day of the SSW in 2010.

Figure 6.17 indicated a distinctively
different zonal wind behavior between
the eastern and western hemisphere es-
pecially in the polar latitudes. In
what way these differences also oc-
cur in the PW spectrum is shown
in Figure 6.19.  This figure shows
the Wavelet spectrum of the merid-
ional wind from FEureka, Andenes,
Saskatoon and Juliusruh at 85 km
of the winter of 2009/10. At po-
lar latitudes a strong 16-day wave
dominates before the central day and
passes over to a 10-day wave around
the central day. A detailed in-
vestigation shows a slightly tempo-
rally shifted activity at Andenes com-
pared to Eureka. Especially the
smaller waves with periods between
two and eight days do not occur
at the same time at both loca-
tions.

Before the central day, the 16-day
wave reveals a much smaller amplitude
at mid latitudes as compared to polar
latitudes. However, the amplitude at
Juliusruh is larger than at Saskatoon.
The 10-day wave behaves in the oppo-
site way. It is stronger at Saskatoon
than at Juliusruh. It occurs at Saska-
toon from the beginning of December
until the SSW starts, whereas the tem-
poral occurrence at Juliusruh is much
shorter and even shows an interruption.

Manson et al. (2006) compared the occurrence of the 16-day wave during the winter
of 2001/02 at 5 different locations (Saskatoon (52°N, 107°E), Wakkanai (45°N, 141°E),
London (43°N, 81°W), Plattville (40°N, 105°W) and Yamagawa (31°N, 130°E)). They
found a longitudinal variability especially between Wakkanai and Plattville, which are
on the opposite site of the northern hemisphere to each other.

Even though one would assume that the PW activity is approximately the same all
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6.3 Longitudinal variability of SSWs

around a latitude band, Figure 6.19 also indicates differences within one band. There-
fore, Figure 6.20 shows the fitted zonal wind from Eureka and Andenes for the 16-day
wave and from Saskatoon and Juliusruh for the 10-day wave of the winter of 2009/10.
It is striking that the amplitude of the 10- and 16-day wave is larger in the eastern
hemisphere than in the western hemisphere. This was also shown to be an example for
a PW depending on longitude in Figure 2.2 on page 5 from MLS temperature data. At
mid and polar latitudes a phase shift of the 10- and 16-day wave occurs which is not
surprising due to the longitudinal separation of the locations.
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Figure 6.20 Fitted zonal wind for the 16-day wave at Andenes and Eureka and for

the 10-day wave for Juliusruh and Saskatoon at 85 km in winter of 2009/10. Data
are derived from the MR or MF radar, respectively.
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This brief discussion of the longitudinal variability of SSWs shows that there are
local differences not only during SSWs but also during the whole winter. These differ-
ences occur due to the PW activity and the different PW phase relative to the wave.
Thus, comparisons of winds and temperatures at different locations should always take
the PW activity as well as the phases of these waves into account. Additionally, local
phenomena like gravity waves influence the local measurement. To avoid those local
effects, one can also use the sectoral mean as hinted by Matthias et al. (2012a). In the
previous section (sec. 6.2) a continuous westward wind band was found in the zonal
mean zonal wind. Figure 6.18 on page 65 shows that this wind band did not occur at
all latitudes and longitudes in 2010, hence also the comparison of local measurements
with zonal mean values should be done carefully.
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Chapter 6 Characteristics of PWs during Sudden Stratospheric Warmings

This chapter showed the characteristics of winds, temperatures and PWs during the
most prominent and impressive vertical coupling process in the middle atmosphere, the
SSW. Other examples for coupling processes are the spring and fall transition where
the wind reverses from winterly eastward to summerly westward winds in the middle
atmosphere. During some fall transitions a small warming occurs in the stratosphere
with a simultaneous cooling in the mesosphere. Additionally, the zonal wind weakens
at the same time in the middle atmosphere. This coupling process, which acts like a
mini SSW, is called the "Hiccup“. In the next chapter the characteristics of the Hiccup
as well as the role of PWs during the Hiccup is investigated. Additionally, a comparison
of Hiccups with the SSWs is conducted to illustrate the differences in the generation
processes.
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Chapter 7 Characteristics of the “Hiccup”
of the fall transition?!

The spring and fall transitions are expected to reveal changes in the middle atmosphere
dynamics since the mean flow has to reverse from winterly eastward to summerly west-
ward wind or vice versa. For a long time the transitions have been considered as a
smooth process between summer and winter or respectively vice versa. Shepherd et al.
(1999) were the first to observe large perturbations of a few days during the springtime
transition of 1992 and 1993. These perturbations last for only a few days in the local
measurements of temperature and airglow emissions. However, in WINDII? observa-
tions on the UARS? satellite, the perturbations are seen for about two weeks in wind
and airglow emission rates. In a personal discussion, Theodore G. Shepherd? named
this phenomenon the “Hiccup”, which will be used in the following. The Hiccup occurs
during spring and fall transitions but appears more clearly during the fall transition
due to a more stable atmosphere during summer. Therefore, this chapter describes
the wind and temperature characteristics of a Hiccup taking the example of the fall
2006. A composite analysis of winds, temperatures and PW activity during the Hiccup
is following. Finally, the characteristics of the Hiccup are compared with that of the
SSW where the similarities and differences are worked out for both coupling processes.

7.1 The Hiccup during fall 2006

The Hiccup during fall 2006 is a particulary strong and nice event, why it was ex-
emplarily chosen to show how Hiccups behave temporally, altitudinally and globally.
To start, Figure 7.1 shows the seasonal variation of the zonal mean temperature de-
rived from MLS in the stratosphere at 32 km (red) and in the mesosphere at 86 km
(black) at 70°N during 2006. During the fall transition a large perturbation of about
10 K occurs with a warming in the stratosphere and a cooling in the mesosphere

1This section was accepted for publication in the Proceedings of the 13th International Workshop
on Technical and Scientific Aspects of MST Radar (MST 13), (Matthias et al., 2012b). It has been
co-authored by Theodore G. Shepherd at the University of Reading, Peter Hoffmann at the Leibniz
Institute of Atmospheric Physics and Markus Rapp at Deutsches Zentrum fiir Luft und Raumfahrt in
Oberpfaffenhofen.

2WIND Imaging Interferometer (WINDII): for details see Shepherd et al. (1993)

3Upper Atmosphere Research Satellite (UARS)

“formerly at the Department of Physics at the University of Toronto, CA; now at the Department
of Meteorology at the University of Reading, UK
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Figure 7.1 Seasonal variation of the zonal mean temperature at 86 km (black) and
32 km (red) at 70°N from MLS for 2006. This Figure is taken from Matthias et al.

(2012b).

(dashed rectangle), called the Hiccup. This behavior is similar to that during SSWs

but with a distinctively smaller magnitude.
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Figure 7.2 Longitude-time cross-section of the
temperature from MLS (top) and the zonal
wind from CMAM20 (bottom) averaged be-
tween 65°N and 75°N at 32 km during the fall
transition of 2006.

The longitudinal behavior of the
Hiccup in the temperature and zonal
wind at 32 km in a 10° lati-
tude band centered around 70°N is
shown in Figure 7.2. The data
are respectively derived from MLS
and CMAM20°. The longitude-
time cross-section of the tempera-
ture from MLS measurements shows
a temporal development of a cooling
during the fall transition which is in-
terrupted by a warming in the east-
ern hemisphere (0 — 180°) between
day 290 and 310. Note, that the lon-
gitudinal structure around the Hic-
cup indicates a wave 1 structure
similar to the SSW which will be
discussed later. A similar behav-
ior is shown in the zonal wind from
CMAM20 data. At the beginning of
the fall, between day 260 and 270,

the wind reverses from westward to eastward and becomes stronger with time. This
increase of the eastward wind is interrupted by a weakening of the zonal wind in the
eastern and western hemisphere between day 287 and 310 and thus a little earlier than

the temperature changes.

5The CMAM?20 data are used due to the collaboration with Theodore Shepherd, formerly at the

University of Toronto.
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Latitudinally, the Hiccup shows

! ' . i ' ' : 40 a similar behavior like a nor-
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Day of year 2006 the fall, gets stronger with time,

and has a weakening between
day 287 and 310. The weaken-
ing is strongest at the pole, be-
comes weaker towards the south
and vanishes around 60°N. For-
mer observations of Shepherd et al. (1999) and Taylor et al. (2001) in the MLT region
show perturbations of the fall transition at mid-latitudes while TIME-GCM® model
data of Liu et al. (2001) indicate also a perturbation in the mesosphere and ther-
mosphere at polar latitudes. These results agree with the here observed latitudinal
behavior.

Figure 7.3 Latitude-time cross-section of the zonal
mean zonal wind from CMAM20 at 32 km of the
fall 2006. This Figure is taken from Matthias et al.
(2012D).
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Figure 7.4 Altitude-time cross-section of the zonal mean zonal wind from CMAM?20
averaged between 65°N and 75°N during the fall 2006.

The height variation of the Hiccup is finally shown in Figure 7.4 for the zonal mean
zonal wind from CMAM20 averaged again between 65°N and 75°N. It seems that the
wind weakening starts around day 287 in the troposphere and propagates upward into
the mesosphere within a few days whereas the weakening is small between 40 and 60 km
compared to the troposphere and mesosphere. Earlier studies of Shepherd et al. (1999),

STIME-GCM = Thermosphere-Tonosphere-Mesosphere-Electrodynamics General Circulation
Model
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Taylor et al. (2001) and Liu et al. (2001) described the fall transition perturbation only
as a mesospheric and thermospheric phenomenon induced by the altitude range of their
measurement or model types.

7.2 Composite analysis of the temporal development of
the Hiccup

To study the average behavior of Hiccups, the events are categorized into minor and
major ones, similar to SSWs. A major Hiccup can be imagined like the event in the
fall 2006 where the temperature in the stratosphere and mesosphere shows a small
maximum and minimum during the fall transition in form of a peak (cf. Figure 7.1).
Minor Hiccups are shaped like a small step (not shown), i.e., the temperature decrease
in the stratosphere pauses for a few days on a certain level before decreasing further.
For the composite analysis of the Hiccup only the major events are chosen due to the
larger effects compared to the minor ones. Similar to the composite analysis of SSWs
in section 6.1 a reference day is needed. Here the reference day is called the Hiccup
onset day and is defined as follows: The Hiccup onset day is the first day where at
10 hPa and around 70°N

i. the zonal mean zonal wind is larger than 15 m/s,
ii. du/dt <0 for at least three days and

iii. the mean zonal wind increases after the Hiccup again.

As an example, Figure 7.5 shows the zonal mean zonal wind averaged between 65°N
and 75°N and its temporal deviation from CMAM20 during the fall transition of 2006.
The black dashed line marks the Hiccup onset day. After day 287 (Hiccup onset day)
the zonal wind decreases for ~10 days before it increases again. Note that the first
condition is chosen due to the established requirement that a stationary wave may form
if the zonal wind is larger than 15 m/s (Nash et al., 1996).
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Figure 7.5 Zonal mean zonal wind from CMAM20 averaged between 65°N and 75°N
(black) and its deviation du/dt (red) during the fall transition of 2006.
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7.2 Composite analysis of the temporal development of the Hiccup

From the 20 years of CMAM20 data (1989 — 2009), nine events are categorized as
major Hiccups: 1991, 1994, 1996, 1998, 2003, 2004, 2005, 2006, and 2009. These events
have a Hiccup onset day on day 301, 305, 295, 295, 275, 286, 286, 287 and 278 of the
respective year whereby the Hiccup starts between the end of September and the be-
ginning of October. These events are in the following used for a composite analysis of
the zonal wind, temperature and stationary wave activity.

Figure 7.6 shows the composite of the zonal mean zonal wind (left) and temperature
anomaly (right) relative to the Hiccup. The zonal wind weakening seems to start in the
troposphere and propagates upward with time into the mesosphere. Additionally the
composite of the zonal wind deviation shows an increase of the zonal wind before the
Hiccup and a vertical wave structure around the Hiccup onset day. The temperature
changes seem to lag the wind changes by a few days in the stratosphere. Similar to
the zonal wind, the temperature deviation shows a cooling before the Hiccup onset
day in the stratosphere and a warming in the troposphere simultaneous to the wind
weakening right after the Hiccup onset day. The temperature anomalies show similar
to the zonal wind a vertical wave structure around the Hiccup onset day and an upward
propagating wave with time afterwards in the stratosphere and mesosphere.
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Figure 7.6 Composite of the zonal mean zonal wind (left) and temperature anomaly
(right) averaged between 65°N and 75°N from CMAM20.

The zonal wind and temperature changes are assumed to be induced by the sudden
turn-on of the PW propagation into the stratosphere during the fall transition which
can then be communicated up to the MLT region through filtering of gravity wave
propagation, as in the case of SSWs (Holton, 1983). This assumption is in agreement
with Liu et al. (2001) who assumed, that the large temperature variabilities in the
mesosphere and thermosphere are caused by fast changes of phase and amplitude of
PWs due to the interaction of wave transience and the transition of the mean flow. An
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indication of a wave 1 structure was already found in Figure 7.2. Therefore, Figure 7.7
shows the composite of the stationary wave 1 activity obtained from the zonal wind at
70°N from CMAM20 data. The stationary wave starts its activity shortly before the
Hiccup onset day between 50 and 60 km, has a small minimum right after the Hiccup
onset day, and increases afterwards with time. This result confirms the assumption
that the sudden turn-on of the PW activity is responsible for the Hiccup of the fall
transition and is in a good agreement with model results of Liu et al. (2001) who ob-
served a rapid increase of the PW 1 in the mesosphere around the fall equinox.
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Figure 7.7 Composite of the stationary wave 1 activity at 70°N of the zonal wind
from CMAM?20. This Figure is taken from Matthias et al. (2012b).

During the study of the Hiccup the idea came up to use the free-running version of
CMAM for the composite analysis instead of CMAM20 data to have a larger number of
events. Unfortunately, this data set only barely shows the Hiccup during the fall transi-
tion (not shown). The only difference between the free-running model CMAM and the
nudged version CMAM20 is the data assimilation in the troposphere and stratosphere.
This confirms the assumption that the Hiccup is excited in the troposphere and then
propagates upwards into the mesosphere.

Summarizing, the Hiccup appears like a small SSW with a warming in the strato-
sphere and a cooling in the mesosphere at polar and mid latitudes. The zonal wind
weakening seems to propagate upward from the troposphere into the mesosphere whereas
a zonal wind increase is observed before the Hiccup. The temperature changes seem
to lag the wind changes by a few days in the stratosphere whereas an increase of the
temperature occurs in the troposphere simultaneously with the wind weakening. The
assumption that the Hiccups occur due to sudden start of the PW activity is confirmed
by sudden turn-on of starting stationary wave 1 activity shortly before the Hiccup onset
day.

The Hiccup as well as the SSW are coupling processes which occur due to the inter-
action of PWs with the mean flow. As mentioned before the Hiccup shows similarities
with the SSW albeit the Hiccup seems to propagate upward while the pattern of the
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SSW seems to propagate downward. To identify the similarities and differences of these
two coupling process the next section 7.3 compares the SSW with the Hiccup regarding
their corresponding morphologies of winds, temperatures and PW behayvior.

7.3 Hiccup vs. SSW

In this thesis two coupling processes were considered where PWs play an important role
in the generation process. First of all, the most impressive coupling process, the SSW,
occurs during winter and is known for its effects on the temperature and wind regime
in the middle atmosphere. The second one, the Hiccup, occurs during the transition
periods and shows very similar effects as the SSW, but with a distinctively smaller
magnitude. This section compares the characteristics of SSWs with that of the Hic-
cup and highlights the similarities and differences between these two coupling processes.

Both coupling processes are characterized by a warming in the stratosphere and a
simultaneous cooling in the mesosphere. Similar as during SSWs the zonal mean zonal
wind weakens during the Hiccup. However, this effect occurs simultaneously with the
temperature changes during the SSW while the temperature changes seem to lag the
wind changes by a few days during the Hiccup. Additionally, the wind weakening oc-
curs during the SSW mostly in the middle atmosphere while it appears also in the
troposphere during the Hiccup (cf. Figure 7.4 and 6.2 page 43). Before the Hiccup, a
zonal mean zonal wind increase and a temperature decrease occurs in the stratosphere
(see Figure 7.6) which is not observed before the SSW (see Figure 6.2 page 43). Con-
sidering the propagation direction of both processes another difference occurs. While
the effects of a SSW propagate downward, they seem to propagate upward from the
troposphere into the mesosphere during the Hiccup. The latitudinal extension of both,
the SSW (polar dominated) and the Hiccup, is from the pole down to mid latitudes
(cf. Figure 7.3 and 6.8 (top) page 50). Thus, while the effects and their extension of a
SSW and a Hiccup are very similar, the background processes seem to be different.
The reason for the occurrence of both coupling processes is very similar at first sight.
They occur due to the interaction of PWs with the mean flow. Nevertheless, while
during a SSW the PW activity is very high (cf. Figure 6.4 page 45 and 6.6 page 46),
it is low and only starts around the Hiccup (see Figure 7.7 and 4.2 page 28) compared
to the SSW. Therefore, the generation processes are also different. While for SSWs it
is assumed and generally accepted that a high transient PW activity is responsible for
the SSW, the Hiccup is assumed to occur due to the sudden turn-on of the PW activity.

All these similarities and differences between the SSW and the Hiccup are summa-
rized in Table 7.1 (page 76). The last column of the table shows that the SSW and
the Hiccup have far more differences than similarities. Even if they are very similar re-
garding the occurring effects in the middle atmosphere their generation processes seem
to be different although both are generated by the interaction of PWs with the mean
flow.
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Chapter 7 Characteristics of the “Hiccup” of the fall transition

similarities ¢/

activity

PW activity

SSW Hiccup differences X
warming/cooling in stratos-/mesosphere v v v
. . t t later th
temperature vs. wind changes simultaneously eruperature fater than b 4
wind in stratosphere
. . temperature decrease,
... before process in stratosphere no abnormality .. b 4
wind increase
o . . troposphere to
altitudinal extension middle atmosphere b 4
mesosphere
propagation direction downward upward X
latitudinal extension polar to mid polar to mid v
PW activity high low (starting) X
. high ient P den turni f
(assumed) occurring reason igh transient PW sudden turning on o X

Table 7.1 Comparison

of the characteristics of SSWs with the Hiccup.
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7.3 Hiccup vs. SSW

Summarizing, the Hiccup of the fall transition is a vertical coupling process with ef-
fects similar to that of a SSW but with smaller magnitudes. A comparison of the wind,
temperature and PW behavior between SSWs and the Hiccup indicates that different
dynamical processes underlie both coupling processes. The assumption that the Hic-
cup is induced by the sudden turn-on of the PW activity was confirmed in this study.
However, the generation mechanism of the Hiccup is still not completely understood.
To design a model for the Hiccup, like Matsuno (1971) did for the SSWs, further in-
vestigations especially of the transient and stationary wave activity in the troposphere
and middle atmosphere are necessary.
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Chapter 8 Summary and Outlook

To understand the role of PWs in vertical coupling processes, the main aim of this
thesis was to study the altitudinal and latitudinal behavior of PWs during SSWs as
well as to study the dynamics during the Hiccup of the fall transition in the middle
atmosphere. This was done by combining local high-resolution radar measurements
with global satellite observations and assimilated model data.

By composite analysis of the zonal wind at Andenes (69°N, 16°E) and of the PW
activity at 69°N, the average behavior of wind and waves during major SSWs between
1998 and 2013 were considered. The zonal wind shows an earlier onset of the wind
reversal in the mesosphere than in the stratosphere by four days which was confirmed
by a cross-correlation between 84 and 32 km. The two dominating transient PWs dur-
ing SSWs show a strong 10-day wave in the stratosphere and mesosphere around the
central day where at the same time the elsewhere strong 16-day wave has a minimum in
the stratosphere. A comparison with the composite of minor warmings indicates that
major SSWs develop only if the 10-day wave is strong in the stratosphere and in the
mesosphere. The stationary wave 1 is highly active in the stratosphere and mesosphere
until the central day and decreases rapidly afterwards while the stationary wave 2 is
much weaker and has a maximum at the central day in the stratosphere.

Normally, SSWs are strongest at the pole, become weaker towards the south and typ-
ically vanish at mid-latitudes. However, within this study, three southward extended or
shifted SSWs where found in 2009, 2010 and 2012. These latitudinally displaced SSWs
were compared with the normal polar dominated SSW in 2006, which was chosen as
a representative case, with respect to the global zonal wind, temperature and PW be-
havior. The latitudinally displaced events show a continuous westward wind band from
the pole down to the lower latitudes and a southward extended or shifted warming in
the stratosphere in contrast to the normal event. These southward extended effects
were linked to a changed equatorward stationary wave flux (Plumb flux) from the pole
down to 30°N around the central day which is not present during the normal polar
dominated event. Additionally, a southward extended or shifted transient and station-
ary PW activity was observed in the latitudinally displaced events compared to the
normal event in 2006 which was indicatively connected to the QBO phase.

How do these results contribute to a refinement of our conceptual understanding of

SSWs? This is illustrated in Figure 8.1 which extends a schematic originally going back
to Matsuno (1971). Matsuno divided the generation of a SSW in two phases. The first
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phase covers the interaction of transient PWs with the mean flow and the second phase
is characterized by the warming/cooling in the stratosphere/mesosphere as well as the
downward propagation of the wind reversal from the stratosphere. For the first phase
of Matsuno’s model our composite analysis indicates a difference in the height range of
the occurrence of PWs between minor and major warmings. We find that the properties
of minor SSWs are well described by Matsuno’s model (see Figure 8.1a). However, for
the major SSWs mainly considered here, we find significant deviations from his original
work (see Figure 8.1b) especially in the mesosphere. The latitudinally displaced SSWs
show an increased PW activity from the pole down to 30°N and thus a southward ex-
tended wind reversal (see Figure 8.1c). These results require additional model studies
in the future in order to identify the mechanism leading to this morphology.

| Phase 1 - minor SSW | | Phase 1 - major SSW | | Phase 1 - latitudinal displaced SSW

) b) % B)
50km Mesosphere . Mesosphere Mesosphere,

Troposphere Troposphere Troposphere
Equator Pole Equator Pole Equator Pole

Figure 8.1 Enhancement proposal of Matsuno’s model divided into three different
SSW types: a) minor warming (original version of Matsuno’s model) b) major warm-
ing and c¢) latitudinal displaced warming.

The Hiccup of the fall transition shows effects similar to that of a SSW, i.e., tem-
perature increase/decrease in the stratosphere/mesosphere and zonal wind weakening,
but with a distinctively smaller magnitude. The composite analysis of the zonal wind
variation during the fall transition shows an increase of the zonal wind before the Hic-
cup and an upward propagation of the zonal wind weakening after the Hiccup onset
day. The temperature changes lag the wind changes by a few days in the stratosphere
but show a warming in the troposphere at the same time as to the wind decreases. The
assumption that the Hiccup is induced by the sudden turn-on of the PW activity is
confirmed.

While the Hiccup and the SSW show very similar effects in the middle atmosphere,
the underlying processes seem to be different. In the case of a SSW the zonal wind
changes seem to propagate downward, however they propagate upward during the Hic-
cup. Additionally, the PW activity is generally high around the SSW, in contrast it
is generally low and only starts around the Hiccup. Thus, both coupling process have
similar effects on the middle atmosphere but the processes causing these effects are not
the same. For the SSW, the general process was described by Matsuno (1971). The
process behind the Hiccup is still unclear but the above mentioned assumption about
the role of PWs was confirmed.

One of the future plans concerning the study of SSWs includes a further comparison
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Chapter 8 Summary and Outlook

of the wind and temperature variations, as well as the PW activity of minor and
major SSWs to get a better understanding of the preconditioning phase up to the MLT
region of SSWs. The differences in the wind and temperature behavior before and
during these two types of SSW could possibly be identified with a composite analysis
of the corresponding variations. The longitudinal variation of SSWs, briefly discussed
in section 6.3, is planned to be studied with global satellite and reanalysis data in the
stratosphere and mesosphere as well as with a chain of radars in a longitude band in the
mesosphere covering Europe, North America and Japan. This will allow us to put the
local measurements into a global context and to check in how far the local observations
are representative for the zonal mean.

To improve our understanding of the dynamics of the Hiccup a further analysis of the
PW activity (stationary and transient) as well as of the stationary wave flux is planned.
In addition, the tropospheric and mesospheric wind morphology should be studied in
more detail using both reanalysis data and local MF radar data.
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Appendix A The quasi-geostrophic
potential vorticity equation

In the following the derivation of the quasi-geostrophic potential vorticity equation,
describing the behavior of PWs in the middle atmosphere, is shown from the primitive
equations on a beta plane for quasi-geostrophic flow. The derivation is adapted from
Andrews et al. (1987).

As mentioned in chapter 2, the primitive equations on a beta plane for quasi-

geostrophic flow result from the primitive equations, describing approximately the
Earth’s atmosphere, due to a geometrical simplification and dynamical approximation.
The geometrical simplification includes the change from spherical to cartesian coordi-
nates (projection on a plane). The Coriolis parameter is then presented by f = f, + Sy
where f, = 2Qsin(¢) and 8 = 2Qa~! cos(¢).
The dynamical approximation restricts the resulting equations to large-scale flow, i.e.,
the Coriolis effect is roughly balanced by the vertical component of the geopotential.
Thus, the horizontal wind is a composition of the geostrophic and ageostrophic wind
velocities:

U= Ug + Uq, v = Vg + Vg, W = wq (A1)

whereas the vertical wind equals the vertical component of the ageostrophic wind and
the horizontal geostrophic wind is defined by the geostrophic stream function

Ug = ——— Vg = ——. (A.2)

The thermal wind agz” is then described by:

Oug _ R (cneym® O Ry 99

_ 0 A
0z Hf, oy’ dz  Hf, ox (A-3)

with 0, = 0 — 0y(2) = %e—mz/H%.

With this simplification and approximation as well as a further scaling analysis the
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Appendix A The quasi-geostrophic potential vorticity equation

primitive equations on a beta-plane for quasi-geostrophic flow follows:

D
ug fgva ﬁyvg =X (A.4a)

Dt I+ foua + Byug =Y (A.4b)

oug, Ov, 10

~ 2 (pwy) = A4
8x+8y+p8z(pw) 0 (A.4c)
Do, oy
Dt —|—wa—8z =Q (A.4d)

where

D _ 0 +u 0 +v 0

Dt ot Y0z Yoy
This is the basis from which the quasi-geostrophic potential vorticity equation is de-
rived.

This set of equations is still unhandy. The goal is to get a single useful equation.
This is done in two steps. First of all, the derivations of the first two equations are
subtracted from each other (0/0x(A.4b) — 0/0y(A .4a)) as follows:

0 (D, 0 ( Duy Y 09X
o ( +f0ua+5yug> " oy < Dt + fova — 5yvg> “or oy
(A.5)
0 Duy, Oug 8ug 0 Dug Ovg 81)9 oY 00X
ar Dt 1% TP “ayoe  Tay TP TS, T e T ey
(A.6)

Consider first:

0 Dvg vy Ouy vy 0%vy n % Ouyg d%vg,
dr Dt ozdt | 9r oz | Yox2 " 9r oz g@x@y

— 2% 4 8U9 <aug 4 8”-‘7)

Dt 0x Oox \ Oz ox
=0, since (A.2)
_ Doy
Dt 9z’

Analog follows:

0 Dug D 8ug
dy Dt Dt dy

Consider now

D(fo+By)  9(fo+ By) A(fo+ By) A(fo+ By)

R A A T
—_———
-0 -0 =5
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Thus, for equation (A.6) follows:
D dvg  Ouyg Oug 0y, Ovg 8ug _ oYy 0X

o (0o ) 0 (e 5) oo (G + 52) -
=:£ —

1 9pwg =0, with (A.2)
p Oz

D¢ foopw, 0OY 00X
s _ - _ = A.
Dt p 0z + dr Oy’ (A-8)

where ¢ is the geostrophic approximation of the beta-plane form of the vertical com-
ponent of the absolute vorticity.

The goal of the second step is to eliminate the vertical ageostrophic wind w,. This is
done by multiplying (A.4d) with p/(96y/0%) and inserting the result into (A.8). Thus,

DS fo O pQ D pbe oy  ox (A.9)
Dt p 0z \00y/8z Dt dby/dz or Oy’ '
Consider closely the term:
fod D pbe _Jo|O0 O pbe  Ougd pbe O O phe
p 0z Dtd0/dz  p |0tDz000/0z 0z 0x00y/0z 0z 0z 80y/0z

Ovg 0 pbe o 9 9 pbe

8z 0x 0000z %0z 0z 00,0z
_foD 0 ol Oug 0 pbe Ovg 0 pbe
" p Dtz (090 /az> dz 01 000/0z ' 0z dx 000/0z

=0 with (A.3)
Dk (o
Dt p 0z \00y/0z) "

Inserting this result into equation (A.9) yields:

fo O pOe _fod pQ oy o0X
Dt <£+ p Oz <890/8z>>  p 02000/02 o Ay’ (A.10)

The term on the left hand side is the quasi-geostrophic potential vorticity q:

e o0 (Pl vy Bug  fo O ( ple
=&t p 0z (690/82> = Jo+ Byt dr Oy T, p 02 \00p/0z )" (A-11)

Thus, equation (A.10) can be rewritten as

Dqg fo 0 pQ oY 0X
Dg_fo @ _9X A2
Dt~ p0:00,)0: 0z Oy (A.12)

and presents the quasi-geostrophic potential vorticity equation.
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Appendix B The three-dimensional Plumb
flux

The following derivation of the three-dimensional Plumb flux was originally presented
in Plumb (1985). The initial point of this derivation is the quasi-geostrophic potential
vorticity equation (A.12) which is derived in Appendix A.

In addition, the vertical gradient of the streamfunction ¢ is needed. It is related to
the potential temperature 6 by the hydrostatic relation for a perfect gas by
oy Rp"0

0z  fH

(B.1)

where R is the gas constant, f the Coriolis parameter, p the pressure divided by
1000 hPa, z = —H Inp with scale height H and & = g s % where ¢, is the spe-
cific heat at constant pressure.

The terms on the right hand side of the quasi-geostrophic potential vorticity equation
are summarized to a term .S which represents the sources and sinks of potential vorticity.
Equation (A.12) can be rewritten as:

Dq _0q 0q  0q

Just for recollection, the quasi-geostrophic potential vorticity ¢ is given by :

R R R )
R P <390/82 ' (B.3)

However, Plumb (1985) uses the pressure p instead of the density p. Thus, by inserting
p = p/RT and using ﬁ?@z = %g—f follows for the potential vorticity

1=IAPy e e T N oz

P 0% f*0 oY
ot (W) (B4

To linearize equation (B.2) the perturbation ansatz (a = @ + ') is applied. For the
single parameters holds:

u:U<yaz)7 Vg :’U;a w:\:[l(yvz)_‘_w/v
1=Qy,2)+q, 0=0(y,z)+0"
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and hence for the potential vorticity and the geostrophic meridional wind

ale 821/)/ f2 a p awl

r_ J_ Y (P YY

7= 912 oy? + p 0z <N2 82) (B.5)
r_ oV(y, 2) 871/}/ _ %

YT o + or Oz’ (B.6)

Inserting this into the potential vorticity equation yields:

AQ(y,2) +¢') 2Qy,2) +4) | ,0Q(y,2) +q)

I
5= ot +U(y, 2) oz + Ay
2Q( q 2Q( oq’ , (0Q(y,2) | O¢
7ﬁ % 7ﬁ % gy 2) B.
Dt +6t+U( )< o o)\ Ta, ta,) B8P
_dg | ,0Q(y,2) d_ 0 9
= +v By where priley +U(y, 2 )ax.

Note, that the term v;%—[g vanishes due to the linearization.

The next step is to multiply equation (B.7) with ¢/, which gives:

/ ,dq’ / ,8Q(y, z)
S =dy; dt v dy
,0q oq' 2Q(y,
= 1 Uy, 2) S + v U.2)
ot ox g oy (B.8)
10¢% 1 o, ,00(y,2) . '
== — — h 1
5 Bt + 2U(y, z) o + vgq Dy (chain rule)
o 1dq/2 , 00y, 2)
T2 dt + Vg4 oy
Consider now the term v/ q more closely:
, o, 1oy 82¢/ 82¢/ 9 0 p O
_ -9 B.
Yl p Ox p8x2+ 82+f N2 9z (B.9)
The deviations of the streamfunction can also be written as:
O (06 _ 00
Ox \ Ox 83: ox?’
o (00w 82w'%+8ﬁ2w'
oy \ 0z Oy )] 0Oydxr 0y  Ox Oy?’
9 (00N _ v o
Oz \ Oy 8y 0xdy’
Inserting these translations into equation (B.9) gives:
= L2 (BN p 0 (N0 (0w o
99 = P 28x Ox 20z \ Oy 8y ox Oy
0 (OO p 00 p 9 (9
CIN ey (R e U . . e B.1
+f (82' (NQ) Ox 0z + N29z 0x 0z 2N20x \ 0z (B.10)
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Appendix B The three-dimensional Plumb flux

Combining the deviations with respect to z results in:
oL p 0 (0N _pd (0N 0 (oo
v,q = — | —z=| ) tp=—
g 20z \ Oz 20x \ Oy oy \ oz dy

Y
f*p 9 (o o' o
v (5) v (5 (5 %))

- B ()15 (%))
g pl| 0 ox Oy 2N2 \ 0z

o' oy f? oy 9y’ B.12
e (83: ay>+ az< <ax m)” (542

(B.11)

where N2 = (%%) and
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By using the geostrophic wind definition (see eq. (A.2)) the vector can be rewritten as:

v —F
g
B=p| _yu (B.14)
Uglyg
fvy6'/(0©/0z)
where
1 an9/2
E=_(u+v+ ). B.15
2 (“9 Yt H(00/02) (B.15)
Inserting now equation (B.12) into equation (B.8) follows:
r 1 dq/2 10Q(y, 2) ] 2Q(y, 2)
i hl . B - . B.16
pS'd _pdd® 1 5
V.-B B.17
< 00/oy ~ 2 dt 9Qjoy (B.17)
—_ Y
—C _dA
dt
A .
:C:%+V~B (B.18)
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_p q/2
where A = 39079y

This equation represents the conservation relation for wave activity where C' is the

source and sinks of the waves, %? is the rate of change following the mean flow of

density A of the wave activity to the divergence of the radiative flux B. Note, that the
flux B differs from the Eliassen-Palm flux only in a zonal component.
Most applications will be with time-averaged data. Thus, the time-averaged term

% = 0. Hence, it is useful to rewrite equation (B.18) as
0A 0A
C=—"—+U=—+V-B B.19
o "ar T (B.19)
_0A "
—— 4+V-(B+UA B.20
= V(B 04 (8.20)
=BT
_0A
BT B.21
oot v ( )

with U = (U,0,0) whereas the term BT is the total flux (radiative and advective) of
wave activity.

To study only stationary waves the phase dependence has to be removed from BT.
This is done by time-averaging for transient waves and by adding the nonconservative
quantity V - G to equation (B.21):

0A

C="+V-B"|+V.G (B.22)
ot
@CS:C+V-§:%?+V~§T+V-§ (B.23)
DA 4
=5tV (Bl 16 (B.24)
=F,
94
F B.2
=25 TV (B.25)

For Plumb, a suitable choice for G for stationary waves is

82 w/Q 2 b o w/2 2 g’
( )_|_f7(i( >) 2y
G= g _9P(?) (B.26)

where 7’ is a nonconservative perturbation quantity defined by

or'

52 =5 (B.27)
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Thus, the vector 151; is given by

—

F,=B+UA+G

U
() () £ (3) i
ox oy 2\ 0z 0Q/dy

N
1 82(w/2) f2 b 8(’[/)'2) 2!
_b +§ < Oy? + p 0z % 0z - 8(5/%3/
2 25‘#}' adj/ . 182(1[1/2)
or Jy 2 0xzdy
ﬁalﬁ/ 6¢/ f7262(w/2)

N2 Ox 0z  2N2?2 0z0z

2 2 2
oY’ 2 2Q oY’ oy’ 9%y
(8x> +(Uq’—r’q’)/7y—(ay) +<8y> +¢/8y2

o) 2 (o oy’ v’ \? &2y
P TN oz +2p<(9z(]\1/32) 9z T am 8z) + 20z
2 287’(,[}/61,[1/ . aw/wil_wlaQw/
ox Oy oz Jy 0xdy
£(phra -y _yiy)
N2 or 0z Or 0z O0x0z
2
o’ 0%y’ 0
(6#;) _w/ 8:3; +w'q’+(Uq’2—r’q’) /8765
P oy oy 1 9%y’
2 ox Oy 1/} 0xdy
12 (fw' o W@)
N2 \ 0z 0z 0x0z

(B.28)

(B.29)

(B.30)

(B.31)

Further, inserting equation (B.27) into equation (B.7) gives for stationary waves

(time-averaged) together with the geostrophic wind

of | ov'oQ _ o

or  Ox Oy Ox

Integrating and multiplying this equation with ¢’ gives

0
1/J/q,87y+Uq/2+T/q,=0

(B.32)

(B.33)

whereas 7/, ¢/ and ¢’ are perturbation quantities whose integral over x vanishes.

Thus, the vector Fj, can be rewritten as

2
Y’ 16%y’
(W) —V e

~ p ’ ’ 2,11
= — o' 9 0
F 5 ) 1/’_1// Y

or Oy 0xdy
ﬁ 8’([)/ 8w/ . /82wl
N2 \ Oz 0Oz 0x0z

This vector is called the Plumb flux vector in cartesian coordinates.
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The Plumb flux in spherical coordinates

To apply the 3-D Plumb flux on observations, an extension to spherical coordinates is
needed. The derivation of the Plumb flux vector in spherical coordinates is analog to
that shown above for the cartesian coordinates and can also be find in Plumb (1985).
The geostrophic wind in spherical coordinates is defined by

1oy 1w
Ug = —5%7 Ug = 7acos(¢)a (B35)

where the streamfunction 1 is defined by ¢ = ﬁn(dﬁ with U is the geopotential, 2
the Earth’s rotation rate, a the Earth’s radius, ¢ the latitude and X\ the longitude.
The derivation of the Plumb flux is now analog to above shown derivation in cartesian
coordinates. The three-dimensional Plumb flux vector in spherical coordinates is given

by

1 [(aw’)zw/aw}
2a2 cos?(¢) ) o2

—

F; = pcos 1 oY’ o’ 0%y’ . B.36
plumb = P 03(9) FaToos(d) (ﬂ% - Wm&p) (B.36)
202sin?($) (aw’ el " 6211/)

NZ2acos(¢) \ OX 0z ONOz

The application of the Plumb flux to real data requires a rewriting of equation (B.36)
by using the geostrophic and thermal wind relation:

v~ QQaslin2<;5 5(?9/:\1)/)
ﬁplumb =pcos(¢) | —u/v + m% (B.37)
HIE T — s 5 (T'P)
where
J= gf + % (B.38)
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Appendix C Tables

Tavistock (CMOR) Juliusruh  Andenes Eureka
(43°N, 81°W)  (55°N, 13°E) (69°N, 16°E) (80°N, 86°W)

Frequency 17.45, 29.85, 32.55 MHz 32.55 MHz 32.55 MHz
38.15 MHz
Power 6 kW 12 kW 18 kW 12 kW
PRF 532 2114 2094 2094
Coherent integ. 1 4 4 4
Height range 70 - 120 km 80 — 100 km 80 — 100 km 80 — 100 km
Sampling resol. 3 km 2 km 2 km 2 km
Wind analysis DBS DBS DBS DBS

Observation since 1999 — today 2007 — today2001 — today 2007 — today

Table C.1 Technical details of MR systems at Tavistock (CMOR), Juliusruh, Andenes
and Eureka.

Saskatoon Juliusruh Andenes
(52°N, 107°W) (55°N, 13°E) (69°N, 16°E)

Radar MF MF MF
Frequency 2.22 MHz 3.17 MHz 1.98 MHz
Peak power 20 kW 128 kW 40 kW
Beam width ~ 15° ~ 15° ~ 60°
Height range 60 — 110 km 70 -94 km 70— 94 km
Sampling resolutuion 2 km 2 km 2 km
Wind analysis FCA FCA FCA

Observation since 1978 — today 1990 — today1998 — today

Table C.2 Technical details of MF-radar systems at Saskatoon, Juliusruh and An-
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