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ABSTRACT: The role of gravity waves (GWs) in a sudden stratospheric warming (SSW) event that occurred in January
2009 (SSW09) is investigated using the MERRA-2 dataset. Nearly 2 weeks prior to the central date (lag = 0), at which the
zonal-mean zonal wind at 10 hPa and 60°N first becomes negative, westward GW drag (GWD) is significantly enhanced in
the lower mesosphere and stratosphere. At 5 days before lag = 0, planetary waves (PWs) of zonal wavenumber 2 (ZWN-2)
in the stratosphere are enhanced, while PWs of ZWN-1 are weakened, which are evident from the amplitudes of the PWs
and their Eliassen-Palm flux divergence (EPD). To examine the relationship between PWs and GWs, a nonconservative
GWD (NCGWD) source term of the linearized quasigeostrophic potential vorticity equation is considered. A ZWN-2
pattern of the NCGWD forcing is developed around z = 55-60 km with a secondary peak around z = 40 km just before the
PWs of ZWN-2 in the stratosphere began to enhance. A significant positive correlation between the NCGWD forcing in the
upper stratosphere and lower mesosphere (USLM; 0.3-0.1 hPa in the present data) and the PWs of ZWN-2 in the strato-
sphere (5-1 hPa) exists. This result demonstrates that the amplification of the PWs of ZWN-2 in the stratosphere before the
onset of SSWOQ9 is likely related to the generation of PWs by GWD in the USLM, which is revealed by the enhanced
downward-propagating PWs of ZWN-2 into the stratosphere from above.
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Middle atmosphere

1. Introduction

Sudden stratospheric warmings (SSWs) are dramatic phe-
nomena associated with rapid temperature increases and polar
vortex breakdown in the high-latitude winter stratosphere,
which cannot only affect large-scale circulations in the strato-
sphere (Holton 1980) but also in the troposphere (Baldwin and
Dunkerton 2001). SSWs have been categorized into two types
based on the vortex structure change in the evolution of
SSWs: vortex-displacement and vortex-split types (Charlton
and Polvani 2007; Butler et al. 2017). These two types of SSWs
have distinct characteristics in planetary waves (PWs) and
gravity waves (GWs), as well as the mean wind and temperature
(Albers and Birner 2014; Song and Chun 2016). More rapid
warming and more abrupt breaking of the polar vortex in the
stratosphere are observed for vortex-split SSWs (Charlton and
Polvani 2007; Harada et al. 2010; Bancala et al. 2012; Song and
Chun 2016; Butler et al. 2017). Among the various vortex-split
type SSW events that occurred during the last approximately
30 years (Charlton and Polvani 2007; Song and Chun 2016), the
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event that occurred on 24 January 2009 (hereafter SSW09) was
the strongest, with temperatures higher than 265K over the
polar regions (Manney et al. 2009; Harada et al. 2010). Around
the central date of SSW09, at which the zonal-mean zonal wind
at 10hPa and 60°N first becomes negative, the polar vortex is
separated into the two located in North America and central
Siberia filled with cold air (Harada et al. 2010).

SSW is a dynamical phenomenon accompanying enormous
changes in atmospheric waves as well as those in the mean wind
and temperature. Since Matsuno (1971), it has been generally
accepted that the interaction between the mean flow and ver-
tically propagating PWs generated from the troposphere is the
essential dynamical mechanism for SSWs (Andrews et al.
1987). Enhanced wave fluxes from the troposphere into the
stratosphere and breaking of PWs with zonal wavenumbers
(ZWN) 1 and 2 in the stratosphere have been considered to be
responsible for generating the vortex-displacement and the
vortex-split SSWs, respectively. However, some recent studies
have noted that enhanced PWs alone may not be sufficient to
explain the occurrence of SSWs, and the role of GWs has
emerged as an additional wave forcing to drive SSW evolution
based on various observations (e.g., Whiteway et al. 1997,
Duck et al. 1998, 2001; Wang and Alexander 2009), numerical
modeling (e.g., Limpasuvan et al. 2011; Gavrilov et al. 2018;
Scheffler et al. 2018), and reanalysis data analyses (e.g., Albers
and Birner 2014; Song and Chun 2016). Whiteway et al. (1997)
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revealed that GW activities observed by Rayleigh lidar were
enhanced along the vortex edge during the evolution of SSWs,
and Wang and Alexander (2009) obtained similar results using
CHAMP/GPS satellite data. Based on mesoscale simulations,
Limpasuvan et al. (2011) showed that significant negative drag
due to the breaking of orographic GWs in the upper strato-
sphere contributes to the deceleration of the polar westerly jet
before the onset of the 2009 major warming. Song and Chun
(2016) investigated the contribution of GWs to the evolution of
22 SSW events selected from four global reanalysis datasets.

Recently, the contribution of GWs to SSW in association
with PWs has been investigated. As GW drag (GWD) changes
the mean flow in the transformed Eulerian mean (TEM)
equation, along with the planetary wave forcing represented by
Eliassen-Palm (EP) flux divergence (EPD), PWs are modu-
lated by GWs either through changes in the wave propagation
condition (Cohen et al. 2014) or by triggering the instability
and resonance of PWs (Albers and Birner 2014; Scheffler et al.
2018). Cohen et al. (2014) noted that GWs play a major role
in PW modulation in the winter stratosphere through changes
in the waveguide of PWs. Albers and Birner (2014) showed
that GWD can be a key element for vortex splitting SSW
events by preconditioning the polar vortex structure toward
its Rossby wave resonance excitation condition. Scheffler
et al. (2018) also showed that GWs can significantly contribute
to preconditioning the polar vortex by triggering a self-tuned
resonance of PWs for the Southern Hemisphere (SH) major
SSW that occurred on September 2002. Sato and Nomoto
(2015) demonstrated the contribution of GWD to the PWs in
the Northern Hemisphere (NH) winter mesosphere that are
generated in situ by barotropic/baroclinic instability processes,
resulting from the secondary circulation induced by anoma-
lously strong negative GW forcing.

Apart from relation to interaction with PWs as in previous
studies, GWD itself can generate PWs in the middle atmo-
sphere as a nonconservative source of the potential vorticity
(PV) equation (Andrews et al. 1987). Perhaps the first study
on the generation of PWs by GWD in the middle atmosphere
was by Holton (1984) to explain the NH winter flow. Using a
simple general circulation model (GCM), Holton (1984) well
demonstrated that mesospheric PWs are generated by zonally
asymmetric GWD (orographic GWD in his case) in the me-
sosphere that propagate through a zonally symmetric strato-
spheric wind where originally no PWs exist. The amplitude of
the PW generated is maximum in the mesosphere where the
GWD is maximum, and it extends down to the stratosphere
(Fig. 4 of Holton 1984) with a nearly barotropic structure.
McLandress and McFarlane (1993) extended the work of
Holton (1984) based on the zonal-mean and linearized per-
turbation PV equations using the orographic GWD parame-
terization by McFarlane (1987). Using systematic numerical
experiments with and without tropospheric PWs propagating
into the middle atmosphere as the lower boundary condition,
as well as turning on and off the in situ generation of PW from
GWD in the middle atmosphere, McLandress and McFarlane
(1993) showed that the amplitude of PWs and resultant EPD in
the NH winter middle atmosphere are strongly related to the
in situ generation of PWs through the zonally asymmetric
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GWD forcing and its relative location with respect to vertically
propagating PWs from the troposphere. Smith (2003) also
showed that stationary PWs in the winter mesosphere can be
generated from GWD, and the amplitudes of the in situ gen-
erated PWs in the upper mesosphere are larger than those of
vertically propagating PWs from the troposphere.

In this study, we examine the role of GWs on a vortex-split-
type SSW (SSW09), focusing on the nonconservative GWD
forcing of the PV equation during the pre-SSW period, using
the Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2; Gelaro et al. 2017).
SSWQ9 is chosen as the best SSW case to examine the inter-
action between PWs and GWs, given that SSW09 was char-
acterized by strong GW activities along the polar vortex before
the SSW occurrence (Thurairajah et al. 2010; Yamashita et al.
2010; Limpasuvan et al. 2011; Albers and Birner 2014; Song
and Chun 2016). The outline of the present paper is as follows.
In section 2, MERRA-2 data used in the present study and the
definition of SSW are described. Formulations of the EP flux
and EPD as well as the TEM equation are given. Residual
mean circulations induced by PWs and GWs based on the
generalized downward control principle (Haynes et al. 1991)
are also described. In section 3, the zonal-mean zonal wind and
temperature and wave fields (both PWs and GWs) during the
evolution of SSW09 are presented. In section 4, characteristics
of the nonconservative GWD (NCGWD) forcing of the line-
arized quasigeostrophic PV (QGPV) equation in the middle
atmosphere are presented, and the correlation between the
NCGWD forcing in the lower mesosphere and PW of ZWN-2
in the stratosphere is examined. The amplification of ZWN-2
PWs associated with downward-propagating PWs generated
by GWD in the USLM is also presented using the Fourier
decomposition method. Finally, a summary and discussion is
given in section 5.

2. Data and methodology

In this study, MERRA-2 data (Gelaro et al. 2017) from 1980
to 2015 (36 years) with a horizontal resolution of 0.625° X
0.5° (longitude X latitude) and a temporal resolution of 3 h are
used. The zonal wind (u), meridional wind (v), vertical wind
(w), temperature (7)), geopotential height (%), and the zonal
and meridional components of the parameterized GWD
(hereafter GWD x and GWDy, respectively) from the surface
up to 0.1 hPa are used. The GWD provided from MERRA-2 is
the sum of the orographic GWD by the McFarlane (1987)
parameterization scheme and the nonorographic GWD by the
Garcia and Boville (1994) parameterization scheme. The phase
speeds of the nonorographic GWs at the source level (400 hPa)
in Garcia and Boville (1994) range from —40 to +40 ms ™! with
intervals of 10ms~'. In MERRA-2, the orographic GWD
parameterization is modified from the original McFarlane
(1987) scheme for better simulation of the seasonal transition
of the southern polar night jet, and the nonorographic GWD
parameterization is tuned for internally generated quasi-biennial
oscillations (Molod et al. 2012). All results presented in the cur-
rent study are based on the daily average. Any anomaly field is
defined as the departure from the daily climatology of 36 years
(1980-2015). Note that the daily climatology can be obtained
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using either the data from all years, as in the present study, or
the non-SSW years exclusively, which was as done in Albers
and Birner (2014). Therefore, any anomaly field during the
evolution of a certain SSW event that is calculated using the
climatology defined by all years data should be smaller than
that by the non-SSW years exclusively. The data shown in most
figures in the present study are from 1 December 2008 to
31 January 2009, focusing on the behavior of PWs and GWs
before the onset of SSW09.

a. SSW definition

A central date of the SSW (hereafter lag = 0) is defined
following the criteria of Charlton and Polvani (2007). Note that
lag = —N (lag = +N) hereafter implies days before (after) the
central date. The SSW09 event is classified as a vortex-split
SSW based on the criteria of Charlton and Polvani (2007),
which corresponds to the type-2 SSW based on the criteria of
Ryoo and Chun (2005).

b. TEM equation

The changes in the zonal-mean zonal wind during SSW09
are represented by the TEM momentum equation (Andrews
et al. 1987):

owm .. ou _
o~ U, + W =EPD +GWD, +X,. (1)
EPD = 1 o1
pya COSP Pod COSP
1 9 aF®)

X —[F® + 2
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Here, the overbar denotes a zonal mean, and the prime denotes
a departure from the zonal mean. The variables are defined as
follows: f, is a term including the Coriolis parameter (f), given
by f, =f — d(icosd)/(acosp)ip; p, is the reference density
given as a function of the log-pressure height (z), defined as
z = —Hln(p/py), a is the radius of Earth; ¢ is latitude; H is
atmospheric-scale height (H = 7km); and p and py are the air
pressure and surface pressure (p; = 1000 hPa), respectively.
The last term in (1), X,, is a residual term of the TEM mo-
mentum equation, which may contain unresolved wave forcing
in the model and imbalance from the analysis increment. The
EP flux F is split into F*) and F®, the meridional and vertical
components, respectively; and 7* and w* are the residual mean
meridional and vertical velocity components, respectively,
which are given as follows:
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The residual mean meridional and vertical velocity compo-
nents induced by each wave forcing can be obtained by the
generalized downward control principle (Randel et al. 2002;
Chun et al. 2011):

_ 1 d
v* = S
pya cose iz
_ —om -
- (EPD+GWD, +X -
X —cosqu P, Iz, 7)
: fa
S )
Py cosd I
- o -
- (EPD+GWD, +X -
X —cosng Py 7 i laz|. (8)
z a

Vertical integration is carried out from z to the top of the
MERRA-2 data (0.1 hPa), although it should theoretically be
to the top of the atmosphere. We found that the differences in
v* and w* between (5) and (6) and (7) and (8) are negligible in
the mid- and high latitudes where SSW is considered most,
and thus, 7* and w* obtained by (7) and (8) are used here
(see Fig. 6).

3. Results

a. Wind and temperature changes during SSW09
Figure 1a shows the evolution of the horizontal wind
speed at 10 hPa during 15-27 January 2009, corresponding to

lag = —9 to lag = +3. The elliptical structure of the polar
vortex surrounding the Arctic appears at lag = —9, and a
horizontally extended vortex structure is seen at lag = —3,

as the elliptical structure gradually collapses. The central part
of the ellipse is squeezed, and the vortex suddenly splits into
two parts at lag = 0, which is sustained until lag = +3. Cold
air with temperatures lower than 200K is located near polar
regions with elliptical structures at lag = —9 and —6 (Fig. 1b).
At lag = —3, the cold air splits into air masses over central
Siberia and North America, and the warm air permeates into
the polar regions. At lag = 0, the temperature in the polar
region is 50 K higher than that at lag = —9. The vortex split-
ting structure during the evolution of SSW09 shown in Fig. 1
is consistent with that reported by Harada et al. (2010) us-
ing the Japanese 25-year Reanalysis Project (JRA-25; Onogi
et al. 2007).

Figure 2 shows the zonal-mean zonal wind at 60°N and polar-
cap averaged (60°-90°N) temperature above z = Skm from
1 December 2008 to 31 January 2009, along with their anom-
alies from the 36-yr climatology. The pink vertical solid lines
denote the central date (lag = 0), and the black and brown dots
in Figs. 2c and 2d represent the regions where the anomalies
are statistically significant at 90% and 95% confidence level,
respectively. The westerly jets (Figs. 2a,c) are enhanced during
26 December-10 January (lag = —29 to —14), with a maximum
value of 90ms™' on 8 January. Albers and Birner (2014)
showed that the enhanced westerlies in the stratosphere during
lag = —20 to —10 are the general characteristics of vortex-split
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FIG. 1. Polar stereographic projection maps of the (a) horizontal wind speed and (b) temperature at 10 hPa from 15 to 27 Jan 2009
(corresponding to lag = —9 to lag = +3 when the central date of SSW is defined as lag = 0). The longitudinal (latitudinal) grid lines are

drawn with dotted lines every 30° (15° starting from 30°N).

type SSWs, which can play a major role in the GWD by
modifying the amount of upward-propagating GWs. Aslag = 0
is approached, the westerlies gradually decrease, and their sign
is reversed to easterly, starting from the lower mesosphere on
20 January (lag = —4). A rapid temperature increase of more
than 30K (Fig. 2d) occurs in the upper stratosphere starting
from lag = —5 (19 January 2009), accompanied by the sudden
deceleration of the polar night jet (PNJ). Although the period
of sudden increase in the temperature anomalies generally
coincides with that of a sudden decrease in the PNJ, the tem-
perature increase starts earlier (from 10 January) in a shallow
layer near z = 50km, just above the cold anomalies between
z = 20 and 40km. The temperature above approximately
55km is cold throughout the whole considered period, which
becomes even colder after lag = 0.

Mesospheric cooling accompanied by stratospheric warming
is a well-known phenomenon (Matsuno 1971). The vertical
structure of temperature in the upper stratosphere and meso-
sphere during SSW09 was reported by Coy et al. (2011). Recent
work by Ziilicke et al. (2018) demonstrated that vertical cou-
pling in the polar cap temperature between the stratosphere
and mesosphere is approximately 70% in major SSW cases,
mainly by deep zonal-mean easterlies at 60°N, which guides
GW propagation in the middle atmosphere. Since Holton
(1983), the mesospheric cooling has been attributed to the
GWD. The deceleration of the westerly jet in the stratosphere
during SSWs allows more propagation of GWs with eastward
phase speeds into the mesosphere, and the resultant eastward
GWD induces equatorward mass flow, resulting in the up-
ward motion and adiabatic cooling in the polar mesosphere.

However, PWs are also expected to somehow affect the me-
sospheric temperature during SSWs through direct momentum
forcing due to upward-propagating PWs (e.g., Matsuno 1971)
or PW generation due to zonally asymmetric distributions of
GWs (e.g., Smith 2003). Yet, it is likely that relative roles of
GWs and PWs in the change of thermal structure in the me-
sosphere still remain uncertain and can substantially depend
on individual SSW events (Siskind et al. 2010).

b. PW activities during SSW09

Figure 3 shows time-latitude cross sections of the ampli-
tudes of the geopotential height perturbations of ZWN-1
(Fig. 3a) and ZWN-2 (Fig. 3b) at four specific heights (0.1,
1, 3, and 10 hPa) and their anomalies from the daily climatol-
ogy (Figs. 3c,d), which are superimposed on the zonal-mean
zonal wind in Figs. 3a and 3b. Several interesting features are
found from this figure. First, the amplitude of ZWN-1 is large
before 21 December at most heights except at 0.1 hPa (Fig. 3a),
with a statistically significant anomaly amplitude at 90% con-
fidence level (Fig. 3c), while it suddenly weakened from
31 December to the end of January over 50°-80°N. Second, the
amplitude of ZWN-2 is much weaker than that of ZWN-1
before 31 December (Fig. 3b). Third, rapid enhancement of
ZWN-2 starts from 14 January with statistically significant
anomaly amplitudes at 95% confidence level. The large posi-
tive anomaly amplitude of ZWN-2 at 1 hPa is diminished around
20 January, while that at 10 hPa is sustained until the end of
January around 40°-70°N. Fourth, the amplitudes of PWs of
ZWN-1 and ZWN-2 at 0.1 hPa are much smaller than those at
lower levels, especially for ZWN-2, because PNJ controls the
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FIG. 2. Time-height cross sections of the daily averaged (a) zonal wind at 60°N and (b) polar-cap (60°-90°N)-
averaged temperature during the evolution of the 2009 SSW event. (c),(d) Asin (a) and (b), respectively, but for the
anomalies from the 36-yr (1980-2015) climatological mean of each day. The black and brown dots in (c) and
(d) denote the region where the anomalies are statistically significant for the 90% and 95% confidence level,
respectively. The pink solid lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

propagation of PWs in the middle atmosphere. The PNJ
maximum located at approximately 1 hPa (see Figs. 2a and 3a)
causes PWs to propagate toward lower latitudes or to dissipate
under the PNJ (Andrews et al. 1987), resulting in weaker PW
activity at 0.1 hPa than below that level.

Figure 4 shows time-height cross sections of the ampli-
tudes of the geopotential height perturbations of ZWN-1 and
ZWN-2 at 65°N (Figs. 4a,b) and their anomalies (Figs. 4c,d)
from the 36-yr (1980-2015) daily climatology during the evo-
lution of SSW09. In addition, the evolutions of the amplitudes
of ZWN-1 and ZWN-2 at 10 hPa, along with the daily clima-
tology and plus and minus one standard deviation, are shown in
Figs. 4e and 4f, respectively. The latitude of 65°N is where the
maximum enhancement of ZWN-2 and decrease in ZWN-1
appear in Fig. 3. The amplitude of ZWN-1 (Figs. 4a,c) is en-
hanced above approximately z = 30km for nearly 3 weeks
from 1 to 21 December, while it decreases significantly at most
altitudes above approximately z = 20 km from 31 December to
the end of January. It seems that the increase/decrease in the
amplitude of ZWN-1 above z = 20 km is not strongly related to
that below (Fig. 4c), while the vertical connection is more ev-
ident for ZWN-2 (Figs. 4b,d) with relatively strong positive
anomalies below z = 40 km before 21 December. Atlag = —5,
the amplitude of ZWN-2 in the stratosphere is significantly
enhanced (Fig. 4d) with the maximum geopotential height
anomaly of higher than 900 m at z = 35-50 km (5-1 hPa), which

is statistically significant at 95% confidence level. The en-
hanced ZWN-2 from lag = —5 above 5 hPa is not sustained for
long after lag = 0, while that below approximately z = 20km
remains until the end of January (Fig. 4d).

The 36-yr daily mean amplitude of ZWN-1 (Fig. 4e) at
10hPa and 65°N calculated from the MERRA-2 data from
1 December to 31 January is approximately 900 m, which is
significantly larger than that of ZWN-2 (Fig. 4f), which is ap-
proximately 300 m. Considering that the 36-yr mean includes
years of SSW occurred, an approximately 600 m difference in
the amplitude between ZWN-1 and ZWN-2 is quite significant.
Given that the amplitude of ZWN-1 is generally predominant
in the high-latitude winter stratosphere (Andrews et al. 1987;
Matsuno 1970; McDonald et al. 2011; Pancheva et al. 2009), a
larger amplitude of ZWN-2 than ZWN-1 during the evolution
of SSW09 and other type-2 (or vortex-split type) SSWs is a
distinctive phenomenon. The amplitude of ZWN-1 for SSW09
is significantly larger than the climatological mean before
27 December and is larger than one standard deviation before
18 December. However, after 28 December, the amplitude of
ZWN-1 is less than the climatological mean and is continu-
ously less than one standard deviation after 30 December. On
12 January, the amplitude of ZWN-1 is even less than two
standard deviations, as also denoted by a brown dot at 10 hPa
in Fig. 4c. In contrast, the amplitude of ZWN-2 for SSW09 is
in the range of plus and minus one standard deviation before

0202 49qWaAOoN 01 U0 Jasn S3TTILNY S3A ILISHIAINN A Jpd 6£000ZPSEl/F760005/1.2E€/01/L L/APA-B1o1E/SEl/BI0 d0SI0WE S[eUINO(//:dRY Wol) papeojumod



JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

(a) (b) H’ (ZWN-2) () H anomaly (ZWN-1) (d)  H anomaly (ZWN-2)

20098SW | | 0.1 hPa 200988W . 0.1hPa
0 90 : 90 .

— 80 — 80 — 80 ] i = I
g 70 g 70 g 70 il 5 +
8 60 8 &0 £ 50 k i
g 50 é 50 § 50 -
o o © |
= 40 = 40 = 40 - ot
® 0 y f f y " 30 30 . 4 Hts I B B

T phe— T y T y
1Dec 11 Dec 21 Dec 31 Dec 10Jan 20 Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan

, 2009 SSW 1hPa

20098SW 1hPa

80
70
60
50

80
70
60
50
40 i : g
30 -4 — - 30
1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan

T

Latitude (deg)
Latitude (deg)
Latitude (deg)
Latitude (deg)
g
L

™

y T u T T T
1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan

Day
20098SW 3 hP,

5 W NI

30

T T T 30 T T T T T
1Dec 11 Dec 21 Dec 31 Dec 10Jan 20 Jan 30 Jan

1Dec 11 Dec 21 Dec 31 Dec 10Jan 20 Jan 30 Jan

_3Pa

2009 SSW

Latitude (deg)
Latitude (deg)
Latitude (deg)
2
L

Latitude (deg)

T

y WS a *a30;
30 - ; - et
1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan

1Dec 11 Dec 21 Dec 31 Dec 10Jan 20Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan

Day Day Day
o oo £20OSSW | 10 hPa oo LO00SSW . 10 hPa oo LB SSW_, | . 10 hP

T

— 80 -~ = — 80 *.

o = =] =3 s

g = L 3 70 4 2

3 60 - 3 L4 2 60 *)

3 8 g 2 |

2 50 J 1 = E Z 50

3w L 3 3 LR

E u T T T frtietef

1Dec 11 Dec 21 Dec 31 Dec 10Jan 20 Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10Jan 20Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan 1Dec 11 Dec 21 Dec 31 Dec 10 Jan 20 Jan 30 Jan
Day Day Day Day
.
300 700 1100 1500 1900 (M) -900 -600 -300 O 300 600 900 (M)

FIG. 3. Time-latitude cross sections of the daily averaged amplitudes of the geopotential height perturbations of zonal wavenumbers
(a) 1 and (b) 2 at (top to bottom) 0.1, 1, 3, and 10 hPa calculated using the MERRA-2 dataset. (c),(d) Asin (a) and (b), respectively, but for
the anomalies from the 36-yr (1980-2015) climatological mean of each day. Zonal-mean zonal winds are overplotted with black contours
in (a) and (b). The black and brown dots in (c¢) and (d) denote the regions where the anomalies are statistically significant for the 90% and

95% confidence level, respectively. The pink solid lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

13 January, while the amplitude increases rapidly between 13
and 27 January. In fact, the amplitude of ZWN-2 at 10 hPa is
even larger than two standard deviations during 14-26 January,
which is also denoted by brown dots in Fig. 4d.

PWs can deposit their momentum to the zonal-mean zonal
wind when they are breaking, which is best represented by the
EPD in the TEM equation. In Fig. 5, the evolution of the PW
forcing during the pre-SSW period of SSW(9 is examined
through the EP fluxes and EPD at lag = —25, —15, and —5 by
all waves, ZWN-1, and ZWN-2, respectively. The zonal-mean
zonal wind at each time is overlaid in the left panels. The EP
fluxes and EPD at lag = —25 (31 December 2008) by all waves
are similar to those of the daily climatology on 31 December
(not shown). The contribution by ZWN-2 to the total EPD
is larger than that by ZWN-1 at lag = —15, and it becomes
predominant at lag = —5 with a maximum magnitude of
116 ms~ ! day ' at 0.1 hPa, which is more than 90% of the total
EPD. In fact, EP flux and EPD at lag = —5 are significantly
larger than those at the previous times, mainly by ZWN-2,
which is responsible for the zonal-mean zonal wind reversal at
0.1 hPa, as shown in Fig. 2a. Note that the contribution of PWs
with ZWN = 3 to the total EPD is negligibly small (not shown)

atlag = —25, —15, and —5, implying that the EPD represents
mostly forcing by PWs of ZWN-1 and ZWN-2, without sig-
nificant contribution by resolved GWs, which is somewhat
different from the result of Sato and Nomoto (2015) where
EPD by resolved GWs, which was defined by ZWN = 4, is
significant in the mid- to high latitudes of winter mesosphere.

¢. Contribution of GWD during the evolution of SSW09
Figure 6 shows the latitude-height cross sections of the zonal
wave forcing induced by all resolved PWs (EPD), the zonal
component of parameterized GWD (GWDy), and the contri-
bution of GWDy to the total wave forcing (EPD + GWDy).
The residual mean velocity vector (v*, w*) induced by EPD
and GWDy is overlaid on Figs. 6a and 6b, respectively. Each
wave forcing is averaged between lag = —30 and lag = —5. A
negative EPD forcing (Fig. 6a) exists in most regions, except
near z = 50-60 km and 60°-70°N where a localized positive
EPD forcing exists, which is likely due to the positive EPD in
the lower mesosphere near 50°~70°N at lag = —25 and near
55°-80°N at lag = —15 shown in Fig. 5a. The negative EPD
forcing in the mid-high-latitude stratosphere can induce direct
residual mean circulation in the NH (Andrews et al. 1987,
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FIG. 4. Time-height cross sections of the daily averaged amplitudes of the geopotential height perturbations of
zonal wavenumbers (a) 1 and (b) 2 at 65°N during the evolution of the 2009 SSW event. (c), (d) Asin (a) and (b),
respectively, but for the anomalies from the 36-yr (1980-2015) climatological means, which are shown as dashed
lines in (e) and (f), respectively. The shading in (e) and (f) represents =1 standard deviation and thick solid lines
denote wave amplitude for SSW09 case. The black and brown dots in (c) and (d) denote the regions where the
anomalies are statistically significant for the 90% and 95% confidence level, respectively. The pink solid lines
denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

Cohen et al. 2014; Song and Chun 2016; Martineau et al. 2018),
resulting in adiabatic warming in the polar region by the
downdraft (negative w*). The general features of the EPD
during the pre-SSW period are well presented in the SSW09
case, albeit with a much larger magnitude than for other SSW
cases (Harada et al. 2010; Harada and Hirooka 2017). The
positive EPD near z = 50-60 km and 60°~70°N shown in Fig. 6a
is somewhat interesting, and we have checked whether this is
similar to the eastward-propagating traveling PWs generated
in situ through the baroclinic instability processes, which was
proposed by Sato and Nomoto (2015). We found that there

exists some similarities and difference between the current
results and those from Sato and Nomoto (2015), which will be
discussed in the last section (with Fig. 17).

The GWD forcing is negative in the pre-SSW period
(Fig. 6b), mostly above 10 hPa with a maximum magnitude
of 38ms ! dayfl at 0.1 hPa, 70°N and a secondary maximum
of 34ms 'day ! at 4hPa, 66.5°N. Clarifying the sources of
GWs is not straightforward given that the parameterized
GWD used in this study is the sum of the orographic and
nonorographic GWs. However, one aspect that is clear is that
the GWD schemes used for MERRA-2 are based on the
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FIG. 5. Latitude-height cross sections of the Eliassen—Palm fluxes (EP fluxes; green vectors) and their divergences (EPD; shading) at
lag = (top) —25, (middle) —15, and (bottom) —5 by (a) all waves, (b) zonal wavenumber 1, and (c) wavenumber 2. The zonal-mean zonal
wind is contoured by solid lines for westerlies and dashed lines for easterlies. For better visualization, F* and F® are multiplied by

cosd/(poar) and cosd/(py10°), respectively.

columnar propagation for both orographic and nonorographic
GWs, as in most current GWD schemes (Kim et al. 2003), and
the strong negative GWDy in 50°-80°N is likely mostly from
nonorographic GWs, considering that major mountains exist
near 30°-50°N in the NH. A weak GWDy in the low strato-
sphere near z = 15-25km at 30°-50°N (Fig. 6b) is likely due
to orographic GWs, given that large-amplitude orographic
GWs break easily at low altitude, resulting in a relatively weak
GWD due to the large density there. The strong negative

GWD above z = 60 km stems from both nonorographic GWs
and relatively weak orographic GWs that could survive to the
mesosphere before breaking. The residual mean vertical ve-
locities induced by GWD y are predominantly negative, with
the maximum magnitude in the lower mesospheric layer be-
tween 0.3 and 0.1 hPa over 75°-85°N and the secondary maxi-
mum in the upper stratospheric layer between 10 and 3 hPa at
70°N. The adiabatic warming by the downdrafts concentrated
in 60°-85°N can contribute to the warming of SSW09, as shown
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FIG. 6. Latitude-height cross sections of the (a) Eliassen—Palm flux divergence (EPD) by all resolved waves, (b) zonal gravity wave drag
(GWDy), and (c) the percentage of GWDy to the total wave forcing (|EPD| + |GWDy]|) averaged between lags = —30 and —5 (25 Dec
2008 and 19 Jan 2009). The residual mean velocity vector (v*, w*) induced by EPD (GWD) calculated using Egs. (7) and (8) is overlaid in
(a) [(b)]. For better visualization, w* is multiplied by 333 in the residual mean velocity vector shown in (a) and (b).

in Figs. 1 and 2. Although GWDy is mostly smaller than EPD
except in the upper stratosphere, the ratio of GWDy to the
total wave forcing (Fig. 6¢) is up to 90% at some latitudes and
heights during the pre-SSW period of SSW09, such as 65°-
80°N, 10-3 hPa and 60°-70°N over 0.3 hPa. This demonstrates
the importance of GWs in SSW, which is consistent with the
work by Albers and Birner (2014) based on the composite
analysis including all SSW events that occurred during
1980-2011.

Figure 7 shows the GWD y superimposed on the zonal-mean
zonal wind (Fig. 7a) and their anomalies (Fig. 7b) from the
daily climatology at 70°N. Here, 70°N is selected as the mag-
nitude of the negative GWDjy (Fig. 6b) and the GW contri-
bution to the total wave forcing (Fig. 6¢c) were at their maxima
there. Temporal and vertical distributions of GWDy (Fig. 7a)
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show (i) predominant negative values in the lower mesosphere
at most times before 20 January, with larger magnitudes from
mid-December to mid-January, (ii) negative values in the
stratosphere above 10 hPa from mid-December to mid-January,
although with much smaller values than in the upper meso-
sphere, and (iii) a sign reversal (from negative to positive) at
lag = —3, starting from the lower mesosphere and extend-
ing down to the upper stratosphere (3hPa) until 31 January.
In the GWDy anomaly field (Fig. 7b), the westward GWD is
weaker (positive anomaly) before 19 December 2008, mostly
above 0.3 hPa, while it is stronger (negative anomaly) between
19 December 2008 and 19 January 2009 than the daily clima-
tology, mostly above 10 hPa; the exception is on 28 December
2008, where the anomaly extends down to z = 10 km. Given that
the sign of GWD y is proportional to the sign of GW momentum
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FIG. 7. Time-height cross sections of (a) zonal GWD (GWDy) and (b) its anomaly from the 36-yr (1980-2015)
climatological mean for each day at 70°N. Zonal-mean zonal wind and their anomaly at 70°N are superimposed with

red contours in (a) and (b), respectively. The contour interval is 10m s~

! with negative values dashed. The black

and brown dots denote the regions where the anomalies are statistically significant for the 90% and 95% confidence
level, respectively. The green solid lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).
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flux (Lindzen 1981), which is determined by the sign of ¢-U
(where ¢ is the GW phase speed and U is the background
wind), the large negative GWD y shown in Fig. 7 is likely due
to the dissipation of GWs with phase speeds less than the
westerly background wind speed, either through critical-
level filtering under strong wind shear or wave breaking.
The positive GWD y after 20 January can be explained by
the same mechanism except for the nonorographic GWs
with phase speeds larger than the easterly background wind
(i.e., negative background wind). It is interesting that sta-
tistically significant anomalies at 90% and 95% confidence
level denoted by black and brown dots, respectively, exist
more in the middle stratosphere than in the lower meso-
sphere, although the magnitude of enhanced negative GWD x
is much larger in the lower mesosphere. The extremely
strong GWDy in the stratosphere during SSW09, including
the lower to midstratosphere below 10hPa during 25-
29 December and the mid- to upper stratosphere during
5-10 January, is quite unique, which is ideal for studying
the contribution of GWs to SSW.

The period of the negative (positive) GWDy anomaly is
generally matched to that of the positive (negative) zonal-
mean zonal wind anomaly centered near 1 hPa (Fig. 7b). The
impacts of the zonal-mean zonal wind on the magnitude of
GWDy in the middle atmosphere are not straightforward and
depend on both the phase speed spectrum of GW sources and
the dominant wave dissipation process (wave breaking or
critical-level filtering). Note again that the GWD provided
from MERRA-2 is based on the columnar GWD parameteri-
zation schemes, exclusively allowing for the vertical propaga-
tion of GWs, and thus, the horizontal wavenumbers and
frequency (and horizontal phase speed) cannot be changed
during wave propagation. Under this restriction, a strong
background wind is not a favorable condition for wave
breaking for an orographic GW (Lindzen 1981; Andrews et al.
1987). For nonorographic GWs with a wide phase speed
spectrum, strong wind shear associated with PNJ, rather than
the magnitude of PNJ, may be positively correlated with the
magnitude of GWD in the stratosphere through the critical-
level filtering process. Several previous studies have shown
that high stratospheric wind speeds correspond to increased
GWD in the winter stratosphere (McLandress et al. 2000;
Venkat Ratnam et al. 2004; Wang and Alexander 2009) as well
as for vortex-split SSW events (Albers and Birner 2014; Song
and Chun 2016), which is consistent with the current result
(Fig. 7b). In contrast, the GWD for vortex-displacement SSW
events is anomalously weakened for a strong PNJ period
(Albers and Birner 2014; Song and Chun 2016).

To check the robustness of GWD in the MERRA-2, we used
the total wind tendency due to model physics provided by the
ECMWEF Coupled European Reanalysis of the Satellite Era
(CERA-SAT) (Schepers et al. 2018) forecasts made using the
ECMWEF Integrated Forecasting System (IFS) model Cy42rl
with nonorographic GWD scheme (Scinocca 2003). The total
wind tendency can be assumed to be almost same as GWD in
the stratosphere (Albers and Birner 2014) considering the
negligible wind tendencies by turbulence or moisture physics in
the middle atmosphere. The total physics tendencies retrieved
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on 137 model levels with a horizontal resolution of 0.5° X 0.5°
are used. For the analysis of PWs and mean flows, winds and
temperature in the MERRA-2 are used because the USLM of
the MERRA-2 where Aura MLS data are assimilated (Gelaro
et al. 2017) can be more realistic compared with the ECMWF
CERA-SAT. All variables on the model levels are interpolated at
47 pressure levels up to 0.01 hPa (~80.6 km). We used the mean
of 10 ensemble members for analysis. Some similar results are
found in CERA-SAT. First, the enhanced westward GWD dur-
ing prestage of SSW09 and their sign reversal around the central
date of SSWO09 appear at approximately 0.1 hPa (Figs. Sla,bin the
online supplemental material). The characteristics of GWD in
CERA-SAT as a possible source of PW generation will also be
compared with MERRA-2 in the following section.

4. Nonconservative GWD forcing in the QGPYV equation

To investigate the role of GWD on PW generation, a line-
arized disturbance QGPV equation in log-pressure coordi-
nates is considered (Andrews et al. 1987):
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Here, ¢’ is the perturbation QGPV, # is the zonal-mean zonal
wind, v is the perturbation meridional wind, g is the zonal-
mean QGPV, X’ and Y’ are the perturbation zonal (GWDYy)
and meridional (GWD),) components of GWD, respectively,
Q' is the perturbation diabatic heating rate, T, is zonal-mean
reference temperature defined as the monthly averaged value,
¢/ is the perturbation streamfunction (¢ = ®'/f,, where @’ is
the perturbation geopotential), and A is longitude. The two
bracketed terms on the right-hand side of (9) are so-called the
nonconservative forcing terms of QGPV (Andrews et al. 1987),
which are associated with the momentum forcing by small-
scale waves such as GWs and diabatic heating effect, respec-
tively. Although the nonconservative forcing terms have been
ignored in most previous studies, it is worth investigating
whether the nonconservative GWD forcing defined by Z' be-
low, the terms in the first bracket on the right-hand side of (9),
is related to the rapid enhancement of PWs before the onset of
the SSW09 event:
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FIG. 8. Polar stereographic projection maps of the (a) tendency of QGPV perturbation (d¢'/dt), (b) zonal advection of ¢’, (c) meridional
advection of planetary potential vorticity, (d) nonconservative GWD forcing (Z') of Eq. (9), and (e) zonal wind averaged over 0.3-0.1 hPa
at lag = —6 (18 Jan 2009). For each variable, the components with zonal wavenumbers 1-3 are used in (a)—(d) for clarity, and a polar
stereographic projection map is plotted from 30°N to the North Pole with an interval of 15° latitude.
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We first examine whether the NCGWD forcing term (Z')
is nonnegligible compared with other terms in (9). Figure 8
shows the first four terms in (9): (Fig. 8a) dq'/at, (Fig. 8b)
udq'/(acosd)or, (Fig. 8¢c) v'dg/add, and (Fig. 8d) Z', along with
(Fig. 8¢) zonal wind averaged over 0.3-0.1 hPaatlag = —6. The
vertical height range and time shown in Fig. 8 are selected, as
GWDy is maximum at 0.3-0.1 hPa (Fig. 7) and the anomalous
ZWN-2 at 10 hPa, where the PW amplitude associated with
SSW is evaluated, is maximum at lag = —6 (Fig. 4f). In the
calculation of each term in (9), large-scale components with
ZWNs 1-3 are used exclusively. We found that there is no
significant difference in Z' when all ZWN components of
GWDy and GWDy are considered (not shown). Several in-
teresting features are found in Fig. 8. First, the zonal advection
of perturbation PV by the mean flow (Fig. 8b) and meridional
advection of mean PV by the perturbation wind (Fig. 8c) are
the two major terms, which are concentrated along the two
spiral PNJs that extended down to the lower latitudes (Fig. 8e).
Second, the major two terms (Figs. 8b,c) largely canceled each
other, and consequently, the local tendency of the perturbation

PV is much weaker than the two major terms. Third, Z’ is
similar to d¢q’/dt in its magnitude and phase poleward of ap-
proximately 30°N, with a clear ZWN-2 structure at 50°-80°N.
The pattern correlation coefficients between Z' and dq’'/ot
are 0.47 and 0.64 at 50°-80°N and 40°—60°N, respectively. These
correlation coefficients are statistically significant at 95% con-
fidence level when effective spatial degrees of freedom (Wang
and Shen 1999) is considered. This result demonstrates that
the NCGWD forcing in the lower mesosphere is nonnegligible
and can play an important role in determining the ZWN-2
structure PWs through the tendency of ¢'. Note that the mag-
nitude of nonconservative forcing by the diabatic heating rate
and analysis increment is about 15 times and 3 times smaller
than Z', respectively.

a. Relationship between PWs and the NCGWD

during SSW09

To understand the relationship between PWs and the
NCGWD forcing term simultaneously during the evolution
of SSW, longitude-height cross sections of Z’' and geo-
potential height perturbations (H’) averaged over 50°-80°N
from 12 (lag = —12) to 27 January 2009 (lag = +3) are shown
in Fig. 9. Note that the NCGWD forcing and geopotential
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FIG. 9. Longitude-height cross sections of Z' (shading) and geopotential height perturbations (H") (contours) averaged over 50°-80°N
from 12 to 27 Jan 2009 (corresponding to lag = —12 to lag +3).

height perturbation shown in Fig. 9 include all PW compo-
nents, unlike in Fig. 8, where ZWNs 1-3 are used exclusively.
At lag = —12, the ZWN-2 pattern of PW is not clear in the
stratosphere (Fig. 9a), whereas they are predominant in the
mid- to upper stratosphere from lag = —9 to lag = 0 (Figs. 9b—
f). After lag = 0, the ZWN-2 pattern of PW diminishes (Fig. 9f)
in the lower mesosphere, while it still remains in the mid-
stratosphere. The ZWN-2 pattern of the Z’ is developed be-
tween lag = —9 and lag = -3, especially in the lower
mesosphere (at 0.3-0.1 hPa), with the secondary maximum at
approximately 5 hPa. Although the ZWN-2 structure of Z' was
already shown in Fig. 8d at 0.3-0.1hPa and lag = —6, the
predominant ZWN-2 pattern of Z' in the lower mesosphere
and stratosphere is somewhat unexpected, considering the
relatively localized GWD forcing in the middle atmosphere
and even more localized NCGWD forcing term that involves
horizontal derivatives of the zonal and meridional components
of GWD. For the NCGWD forcing to generate PWs of ZWN-2
in the linearized QGPV equation [Eq. (9)], the ZWN-2 pattern
of the forcing is generally required, as for any linearized forced
wave equation. At lag = +3, there is no coherent zonal
structure of Z' in the whole stratosphere.

The relative importance in the ZWN-2 components of the
NCGWD forcing during the evolution of SSW09 is further
examined through spectral analysis. Figure 10a shows the
temporal variations in the power of Z’ averaged over 50°-80°N
and 0.3-0.1 hPa with respect to the zonal wavenumber. Except
for a short period before 6 December, where the largest power
exists at ZWN-1, the ZWN-2 structure of Z' is predominant,

with three peak times on 6-21 December, 31 December—
8 January, and 15-20 January. These three periods are gener-
ally matched with those of the positive anomaly of ZWN-2 at
65°N, as shown in Figs. 4d and 4f. It is interesting that although
the power of the ZWN-2 component of Z' is larger during the
first period (6-21 December) than during the third period
(15-20 January), the amplitude of PW of ZWN-2 (see Fig. 4) is
larger in the third period than in the first period. The enhanced
ZWN-2 component of Z' can be found in other vortex-split
type SSW cases, such as the January 1985 SSW event (not
shown), which is accompanied by enhanced PWs with ZWN-2
during the pre-SSW period.

To examine whether the ZWN-2 structure of NCGWD
forcing exists at other altitudes, a time-height cross section of
the amplitude of the ZWN-2 component of Z' during SSW09
evolution is shown in Fig. 10b. The ZWN-2 structure of Z' is
predominant in the lower mesosphere (0.3-0.1 hPa), with the
secondary maximum in the midstratosphere (10-3 hPa), which
is expected from the magnitudes of GWDy (Fig. 7) and Z’
(Fig. 9). Although the magnitude is relatively small, the tem-
poral variation in Z" at 10-3 hPa is similar to that in the lower
mesosphere (0.3-0.1 hPa), with spectral peaks being matched
almost simultaneously in the two layers on 5-21 December
2008, 1-9 January, and 15-21 January 2009. Considering that
the rapid enhancement of PWs with ZWN-2 above the mid-
stratosphere during the evolution of SSW09 (Figs. 4b,d) is well
correlated with that of Z’ (Fig. 10) and considering that dq’/dt
is almost in phase with Z' in the mid- to high latitudes of the
lower mesosphere (Fig. 8), it can be postulated that PWs in the
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FIG. 10. (a) Time series of the amplitudes of the Z" averaged over 50°-80°N and 0.3-0.1 hPa for zonal wave-
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(b) Time-height cross section of the amplitudes of Z’ averaged over 50°-80°N for the ZWN-2 component. The pink
solid lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

stratosphere and lower mesosphere are related to those gen-
erated by the NCGWD forcing either from higher levels or the
same level. Indeed, Holton (1984) and Smith (2003) demon-
strated through modeling studies the in situ generation of PWs
by GWD in the winter mesosphere and the vertical spread of
PWs down to the winter stratosphere.

This possibility is examined further through calculation
of the correlation coefficient between the PW of ZWN-2 in
the stratosphere and the NCGWD forcing in the upper
stratosphere and lower mesosphere (USLM). Figure 11
shows the lag-correlation coefficients between the ZWN-2
component of Z" averaged over 30°-80°N at 0.3-0.1 hPa and
the PWs (H') of ZWN-2 averaged at 30°-90°N above z =
20 km where the PWs of ZWN-2 are significantly enhanced,
which is calculated using 1-month daily data from 1 to 31 January
2009. Here, a positive time lag means that Z' precedes H' of
ZWN-2. Statistically significant correlations for the 95% confi-
dence level are denoted by blue dots. The ZWN-2 component of
Z' at 0.3-0.1 hPa and the PWs of ZWN-2 in the stratosphere have
significant positive correlations mainly at positive time lags, indi-
cating that the temporal variation of Z' of ZWN-2 precedes the
change of H' of ZWN-2. In other words, the result shown in Fig. 11
demonstrates that the abrupt amplification of PWs of ZWN-2 in
the stratosphere before the onset of SSW09 is closely related to
the enhanced ZWN-2 pattern of Z' at 0.3-0.1 hPa prior to the
enhanced PW of ZWN-2 in the midstratosphere. The positive
correlation coefficients have peaks at the longer positive lagged
times as they descend to the lower altitude. This finding implies
that the enhanced ZWN-2 component of Z' in the lower meso-
sphere can generate the PW of ZWN-2 in the lower mesosphere,
which can extend down to the midstratosphere and contribute
to the enhanced PW of ZWN-2 a few days later. To clarify the
possibility of the downward propagation of PWs, wave depo-
sition is performed in the following section.

b. Decomposition of the PW of ZWN-2
To examine the possibility of downward-propagating PWs
of ZWN-2 generated by Z' in the lower mesosphere, PWs

of ZWN-2 are decomposed into upward- and downward-
propagating components based on a 2D (zonal, time) Fourier
analysis. The Fourier decomposition is carried out as follows:
First, 11-day time windows moving at a 1-day interval are
considered. The results of the Fourier analysis within each
moving window are placed at the centers of each window.
These sliding time windows cover two months (from
December 2008 to January 2009), which are used to investigate
the evolution of SSW09 in this study. The 11-day window can
include PWs with a 2-11 day period. The 11-day windows are
chosen based on the fact that PWs with periods of 4-25 days
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Fi1G. 11. Vertical distributions of time-lagged correlations of
the ZWN-2 component of the amplitudes of the Z’ averaged over
50°-80°N at 0.3-0.1 hPa with the amplitude of the geopotential
height perturbation (H') of ZWN-2 averaged over 30°-90°N. Daily
averaged values from 1 to 31 Jan 2009 are used to calculate the
correlations. A positive time lag means that Z’' precedes H' of
ZWN-2. Statistically significant correlations for the 95% confi-
dence level are denoted by blue dots.
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exist during the NH winter season (Hirooka and Hirota 1985;
Sassi et al. 2012) and that longer time windows can cause un-
certainties in the wave analysis due to the rapid changes in the
mean fields during the evolution of the SSW09. Especially,
Kishore et al. (2012) showed that the PW with a period of about
7-11 days (7-13 days) is one of the significant PW components
in the polar winter stratosphere (mesosphere) during the
evolution of SSW09.

Then, the Fourier decompositions within the given time
windows are conducted on the PWs for any 2D variable f(A, ¢):

F(k,w) = (%)2£J1f()\,t)e*'“”wt) drde,  (13)

where F(k, w) is the complex coefficient with respect to a ZWN
(k) and frequency (w). f(A, f) can be expressed as follows by the
inverse Fourier transform:

f 0= JlJlF(k, )t di dey (14)

Following Kao (1968), a covariance term consisting of the
perturbations of two variables f(A, f) and g(A, f) can be ex-
pressed as follows:

(g - J:J:cco ) di doo (15)

Here, the mean field is defined as the zonal (overbar, =) and
time averaged (square brackets, [---]) value, and the pertur-
bations are a departure from the mean field. COy ,, is the co-
spectrum of f’ and g/, which can be written as follows:

CO, , =Re[F'G™], (16)

where F' and G’ are the Fourier transforms of f’ and g/, re-
spectively, and G™ is the complex conjugate of G'. A 2D
Fourier component consisting of a certain £ and w will have
either a positive or negative zonal phase speed, depending on
the sign of w for the positive zonal wavenumber. The stationary
(i.e.,¢ = w = 0) component is also available in this analysis with
11-day windows. To investigate the evolution of the PWs of
ZWN-2 during SSW09, a case with wavenumber 2 (k = 2;
ZWN-2) is exclusively considered in the section. The verti-
cal component of the EP flux (F®) calculated based on the
2D Fourier decomposition described above is used to separate
the upward (F® > 0)- and downward (F® < 0)-propagating
components of PWs. Considering that the amplitudes of the
Fourier components with high frequencies (jw| = 2) are
relatively small (not shown), we focus on the results of the
low-frequency components, including the stationary com-
ponents (Jjw| = 1). The PWs of v = 1 (w = —1) correspond
to the eastward (westward)-propagating wave with a period
of 11 days.

The 2D decomposed geopotential height perturbations
of ZWN-2 with stationary (w = 0) and @ = 1 components
over 50°-65°N at lag = —7 are shown in Fig. 12. The w = 1
components are chosen because of their substantial downward-
propagating features in the stratosphere during the evolution
of the SSWO09, which is suitable for analyzing the PWs
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generated by the GWs in the USLM, while no apparent
downward propagations are found in the PWs with w = —1
components. When we performed above mentioned 2D de-
composition of PWs using a 25-day time window in addition to
the currently used 11-day time window, dominant downward-
propagating signals are found at periods of 12.5 and 8.3 days
(not shown). This confirms that downward-propagating PWs of
ZWN-2 from USLM to the stratosphere during SSW09 have a
period of about 10 days.

The H's are decomposed into upward (Figs. 12b,e)- and
downward-propagating (Figs. 12c,f) components based on
the sign of F within the given latitude and height ranges. For
the stationary components, westward-tilted structures with a
maximum amplitude of approximately 1000 m at 5-1 hPa are
evident, suggesting the dominant upward propagation of PWs
(see Figs. 12b,c). However, for the @ = 1 components, H's have
mixed structures of the upward (westward-tilted)- and down-
ward (eastward-tilted)-propagating PWs with a maximum
amplitude of approximately 240 m near 1hPa. In particular,
clear downward-propagating signals appear at 5-0.3 hPa, and
the signals gradually descend to the lower stratosphere, as
shown in Fig. 13, where temporal variations in the downward-
propagating ZWN-2 PWs with w = 1 are presented, along with
the nonconservative GWD forcing (Z') from lag = —9 to
lag = —4. At lag = —9, the downward-propagating signals
appear above 1hPa, reach approximately 3hPa (~41km) at
lag = —4, and disappear thereafter in the stratosphere. At
lag = —9, the ZWN-2 and w = 1 components of Z' (shading)
are in quadrature with those of the downward-propagating
PWs (contour) in the USLM. This confirms that the downward-
propagating PWs are generated by Z’ in the USLM in that the
tendency of ¢’ is in quadrature with Z’ (i.e., 9¢'/0t «« —iq' o« Z')
and ¢’ is proportional to —H' (i.e., ¢’ « V2 « —f/ « —H') asin
Egs. (9) and (10).

Figure 14 shows temporal variations in the amplitudes of H's
with ZWN-2 and w = 0 (Figs. 14a—c) or 1 (Figs. 14d—f) during
the evolution of SSW09. The PWs of ZWN-2 with stationary
components have features similar to those of all ZWN-2 PWs,
as shown in Fig. 4b: (i) enhanced amplitudes above 30km at
around lag = —5 and (ii) long-lasting enhanced amplitudes
below 30 km. The stationary components mainly propagate
upward except in the upper stratosphere after the central
date and near the tropopause from mid-December to mid-
January. On the other hand, the w = 1 components have two
peaks over z = 30-50 km at around lag = —12 and lag = —2
with relatively smaller magnitudes than the stationary
components. As shown in Fig. 12, the o = 1 components
have mixed structures of the upward- and downward-
propagating PWs. The downward-propagating PW with
the @ = 1 components can be found in 4 regions: (i) near the
tropopause, (ii) above 30 km in early-mid-December, (iii)
above 50km at approximately lag = —20, and (iv) above
35km during lag = —10 to lag = —4. In particular, the re-
gions of (ii)—(iv) are consistent with the regions where the
enhanced ZWN-2 patterns of Z' appear in Fig. 10. The
strongest downward-propagating PW signals in region (iv)
gradually descend from 0.1 hPa at lag = —10 and reach 5-
3 hPa at approximately lag = —5, where the maximum value
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FIG. 12. Longitude-height cross sections of geopotential height perturbations (') of zonal wavenumber 2 decomposed into (a)—(c)
stationary (w = 0) and (d)—(f) @ = 1 components (corresponding to a period of 11 days) averaged over 50°~65°N at 17 Jan 2009 (lag = —7).
Each H' is separated into (b),(e) upward- and (c),(f) downward-propagating components based on the sign of the vertical component of
the EP fluxes in the area. The contour intervals in (a)—(c) and (d)—(f) are 200 and 40 m, respectively. See the text for more details about the
methodologies of the 2D wave decomposition and separation into the upward- and downward-propagating waves.

of the PWs of ZWN-2 and stationary components appear, as
shown in Fig. 12b. This coincidence of the enhanced Z’' and
the downward-propagating PWs of ZWN-2, especially just
before the central date in the stratosphere, suggests the
potential for PW generation by the NCGWD forcing in the
USLM and their effects on the amplification of the PWs in
the stratosphere before the central date of SSW09.

To examine whether the downward-propagating PWs in the
USLM are related to other mechanisms, such as wave reflec-
tion or in situ generation by the baroclinic instability process,
the refractive index squared (n2) and the meridional PV gra-
dient (dg/ad¢p) given by (11) are considered. The refractive
index squared associated with specific k is given by the fol-
lowing equation:
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FI1G. 13. Longitude-height cross sections of geopotential height perturbations (H'; contours) and nonconservative GWD forcing (Z';
shading) of zonal wavenumber 2 and w = 1 component averaged over 50°-65°N from 15 to 20 Jan 2009 (corresponding to lag = —9to lag =
—4). Only the downward-propagating H’, which is separated based on the sign of the vertical component of the EP flux is represented.
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F1G. 14. Time-height cross sections of the amplitudes of the geopotential height perturbations (H's) for zonal wavenumber 2 with
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40 m, respectively. The pink solid lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

ni(¢,z) =

2
(@ —c)ai 2N_H) '

Here, the phase speed (c) is determined by dividing @ by k.
In general, PWs can propagate vertically or latitudinally in
positive n2 regions, while they are reflected in regions where
n? changes its sign. Additionally, note that a negative dg/ad¢
is a necessary condition for baroclinic instability (Andrews
et al. 1987).

Figure 15 shows latitude-height cross sections of the Z’ de-
composed into ZWN-2 components with stationary (o = 0)
and w = 1 at lag = —7. The vectors in black indicate the EP
fluxes corresponding to each w component. The magenta and
blue contours represent the zero nZ (k = 2 in this figure) and
zero dqlad¢ lines, respectively. The EP flux vectors of the
stationary ZWN-2 PWs are similar to those of the total ZWN-2
PWs revealed in Fig. 5c: upward and equatorward propagation
into the stratosphere at latitudes lower than 70°N, avoiding
strong PNJ in the high latitudes. The maximum of Z' withw = 0
exists near 65°N, while Z’ with @ = 1 has two peaks at 50°-60°N
and 70°-85°N in the USLM. The peak of Z’ at 70°-85°N may
not be associated with the vertically propagating PWs given
that a negative nZs appears in these regions. On the other
hand, poleward- and downward-propagating PWs mostly appear
from the peak of Z’ located in the USLM at 50°-60°N within
the positive nZ regions, implying the generation of the PWs by
Z' in the USLM and their downward propagation into the
midstratosphere. Although a small portion north of the peak
Z' near 55°-60°N in the lower mesosphere is included in the

regions of baroclinic instability (within thick blue contours),
the baroclinic instability is unlikely related to the poleward-
and downward-propagating PWs at 50°-65°N, considering the
directions of EP flux vectors. The downward-propagating
PWs are mainly shown at 50°-65°N and descend to approxi-
mately S5hPa (~37km). The downward-propagating PWs
generated in the USLM and their poleward propagation into
the stratosphere during lag = —9 to —5 can be clearly seen in
Fig. 15c. Although the magnitude of the EP flux of the w = 1
component is one order smaller than that of the stationary
component, the role of the downward-propagating PWs on the
amplification of the ZWN-2 PWs in the stratosphere is not
negligible, as the magnitude of PWs of w = 1 is not much
smaller than that of the stationary component (see Figs. 12 and
13). The amplitude of the downward-propagating = 1 com-
ponent of ZWN-2 PWs is approximately 10%-20% of the
upward-propagating stationary ZWN-2 PWs. Therefore, the
downward-propagating PWs can act as an additional (but not
negligible) contributor to enhanced PWs of ZWN-2 in the
stratosphere during the evolution of SSW09. The downward-
propagating eastward and poleward traveling PWs generated
in situ from the NH winter mesosphere are also shown in Sato
and Nomoto (2015, their Fig. 10a), although the generation of
PWs is explained primarily by the baroclinic instabilities and
PW generation and propagation are mostly between z = 60—
70 km without propagating down to the stratosphere, contrary
to the present study.

Figure 16a shows the simultaneous enhancement of Z’
of ZWN-2 and w = 1 in the USLM and the downward-
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Fi1G. 15. Latitude-height cross sections of the nonconservative GWD forcing Z' and the EP fluxes (black vectors) by zonal wavenumber 2
with frequencies of (a) @ = 0 and (b) w = 1 on 17 Jan 2009 (lag = —7). Note that the magnitude of the reference vector in (a) is 16 times larger
than that in (b). The thick magenta and blue contours indicate zero refractive index (n%) and zero meridional PV gradient [dg/(add)],
respectively. (c) As in (b) but during lag = —9 to lag = —5. Only the downward-propagating PWs denoted by black vectors in (c).

propagating PWs into the midstratosphere during the evolu-
tion of SSW09. Note that the directions of the positive x and
z axes indicate the poleward and upward propagations of the
EP flux (vector), respectively. To highlight the downward-
propagating PWs, the EP fluxes with positive F*) are not
plotted. The Z’ and EP fluxes are averaged over 50°-60°N and
50°-65°N, respectively, considering the potential source re-
gions of the downward-propagating PWs in the USLM and
the poleward-/downward-propagating PWs in the midstrato-
sphere, as shown in Fig. 15b. Enhancements of the Z’ in the
USLM and downward-propagating PWs with ZWN-2 and w =
1 are found in mid-December 2008 and mid-January 2009.
The downward-propagating PWs, which are mainly directed
toward the equator during December, begin to propagate
poleward near lag = —9 and reach approximately 5hPa at
lag = —5. The temporal variation of Z' of ZWN-2 and w = 1
calculated using CERA-SAT forecasts is shown in Fig. S1d,
which is qualitatively similar to Fig. Slc (same as Fig. 16a).
However, the peak of Z' in CERA-SAT appears slightly earlier
than that of MERRA-2 (Figs. Sla,b), and the peak of Z' in
CERA-SAT is located slightly lower than that at 0.1 hPa in
MERRA-2. The simultaneously enhanced Z' of ZWN-2 and

® = 1 and the downward-propagating PWs in the USLM are
seen in both MERRA-2 reanalysis and CERA-SAT forecasts.
Figure 16b shows the Z’ of ZWN-2 and w = 1 overlaid with the
regions (gray) where the downward-propagating PWs appear.
The H's larger than 35 m are shown in this figure. The yellow
arrow represents a vector with a vertical group velocity of
5.5kmday ™!, which corresponds to the group velocity of ver-
tically propagating Rossby waves of ZWN-2, as shown in Esler
and Scott (2005).

Although the analyses of the traveling PWs are conducted
for ZWN-2 components exclusively for the present study, in
order to explain rapidly enhancing PWs of ZWN-2 in the
stratosphere associated with SSW09, we additionally calcu-
lated traveling PWs in the USLM for PWs of ZWN-1 of
which most previous studies on the PWs in the winter me-
sosphere are interested in (e.g., Sassi et al. 2012), and the
results are shown in Fig. S2. As expected from the amplitude
of PWs, as shown in Figs. 3 and 4, the amplitude of F* by the
total ZWN-1 (~0.2 X 10*kms~?) are significantly smaller
than that by total ZWN-2 (~3.0 X 10*kms~?). Interestingly,
however, eastward- and upward-propagating traveling PWs
with periods around 10 day are predominant to the stationary
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lines denote the central date of the 2009 SSW event (lag = 0; 24 Jan 2009).

PWs as well as downward-propagating traveling PWs for
ZWN-1, contrary to the ZWN-2 case. Although the upward-
propagating PWs of ZWN-1 in the USLM that are generated
in situ from the nonconservative forcing of QGPV equation
may not contribute to the rapid enhancement of PWs of ZWN-
2 in the stratosphere during SSW09, they may contribute to the
mesospheric circulation by providing positive EPD in the zonal
wind for the recovery stage of SSW09. This is an interesting
subject for the future research.

5. Summary and discussion

The SSW accompanied by a record-breaking temperature
and wind change occurred on 24 January 2009. During the
evolution of the SSW event, the polar vortex surrounding the
Arctic regions has been broken up and clearly split into two
parts. As the polar vortex breaking evolves, cold air confined
within the vortex is split into two areas, while warm air intrudes
into polar regions, which suddenly increases the polar air
temperature by more than 50 K. The split-vortex structure and
temperature increase are associated with the PW structures
with ZWN-2.

At around lag = —5, the PWs of ZWN-2 are rapidly en-
hanced, while the PWs of ZWN-1 are significantly weakened in
the stratosphere. These characteristics of the evolution of the
ZWN-1 and ZWN-2 PWs can be found throughout a vertical
range from 0.1 to 10 hPa, with maximum values at 3 hPa. The
ZWN-2 PWs deposit strong westward forcing in the strato-
sphere during the evolution of the SSW09, even though the
ZWN-1 PWs provide much stronger forcing than the ZWN-2
PWs during the normal winter.

The contributions of GWs to the evolution of the ZWN-1
and ZWN-2 PWs during the pre-SSW stage of SSW(Q9 are in-
vestigated using the parameterized GWD provided by
MERRA-2. During lag = —30 to —5, strong negative (west-
ward) GWDy exist in the high-latitude upper stratosphere
with a magnitude larger than 20ms ™' day ™ !. Secondary max-
imum regions of negative GWDy are located at 60°-70°N

and 5-3 hPa (~35-40 km) with a magnitude of approximately
5ms~'day~!. The mountains in high latitudes of the NH and
strong westerly jets during the winter season seem to be asso-
ciated with the strong negative GWD in the stratosphere.
During the pre-SSW period, a high percentage of GWDy to
the total wave forcing up to approximately 90% is found in
the high-latitude stratosphere.

The role of the GWD on the PWs in the stratosphere during
the pre-SSW stage is investigated by analyzing the NCGWD
forcing in the QGPV equation (Z'). Clear ZWN-2 patterns of
Z' are found, especially in the USLM, prior to the onset of
SSW09. To examine the characteristics of PWs generated by
NCGWD forcing, a 2D Fourier wave decomposition is con-
ducted on PWs using the 11-day time window moving daily
for two months during December 2008-January 2009 to sepa-
rate the upward- and downward-propagating components.
During lag = —13 to lag = 0, enhanced upward propagations
of the ZWN-2 PWs from the troposphere to the stratosphere
are found, which are mainly from the stationary component.
On the other hand, downward-propagating PWs of ZWN-2
with a period of 11 days appear in the USLM around lag = —10
and then gradually descend to the midstratosphere. Albers
and Birner (2014) demonstrated that SSW09 can be caused
by wave resonance, which is characterized by wave reflection
and trapped wave energy in the stratosphere. Although this
possibility is examined by calculating the refractive index
squared (n7) and the meridional PV gradient (dg/ad¢), the
areas of negative n2 and dg/ad¢ are sufficiently apart from
the downward-propagating PWs. The downward PWs in the
USLM are likely generated by the NCGWD forcing, given
that the downward-propagating PWs are accompanied by
the enhanced Z' in the USLM (see Fig. 16) and the phase
structures of the downward-propagating H' are similar to the
Z' (see Fig. 13).

Several previous studies have shown the possibility of gen-
eration of PWs in the stratosphere or the mesosphere by
barotropic/baroclinic instabilities. Sato and Nomoto (2015)
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FIG. 17. Latitude-height cross sections of (a),(e) zonal-mean zonal wind, (b),(f) EPD, (c),(g) meridional PV gradient, and (d),(h)
amplitude of Z’ (shading) with EP fluxes (vectors) by ZWN-2 and w = 1 on (a)-(d) 14 Dec (lag = —41) and (¢)—(h) 17 Jan (lag = —7). The
thick magenta and blue contours indicate zero refractive index and zero meridional PV gradient, respectively.

demonstrated that anomalous westward GWD in the meso-
sphere induce cooling in the midlatitudes, leading to negative
meridional PV gradient in the mesosphere. However, such
GW-forced baroclinic instability is not observed during the
evolution of SSW09. Garcia et al. (2005) showed generation of
the PWs with 4-day period in the mesosphere and lower ther-
mosphere (MLT) by instability using SABER observation
data. Liu et al. (2004), Chandran et al. (2013), and Sassi and Liu
(2014) also showed PWs generation due to the baroclinic in-
stabilities using numerical simulation. Rodas and Pulido (2017)
performed statistical analysis of PW generation by instability in
the SH using MERRA. In the presence of traveling PWs in-
duced by instability, the traveling PWs can interact with sta-
tionary PWs. Smith (1985) demonstrated that the SSW can be
triggered through constructive and destructive interference
between stationary and transient PWs. Although wave tran-
sience as a source of wave-mean interaction is not considered
in this study, it is noteworthy that the stationary and transient
PW contribute simultaneously to the SSW09. Therefore, fur-
ther study on wave amplification by interaction between two
different waves should be a continuing research topic for
SSW09 case.

Figure 17 shows the zonal-mean zonal wind (Figs. 17a,e),
EPD (Figs. 17b,f), dg/ad¢ (Figs. 17c,g), and amplitude of Z’
(Figs. 17d,h) with EP fluxes of ZWN-2 and @ = 1 on
14 December (lag = —41) and 17 January (lag = —7) when
downward-propagating PWs exist as revealed in Fig. 15. The
possible source of PWs in the USLM during mid-December
is not clearly distinguishable because the generated PWs
are propagated from the regions of enhanced Z’ and negative PV
gradient. On the contrary, near the time of rapid enhancement of

PWs of ZWN-2 in the stratosphere (lag = —7), the source re-
gions (e.g., enhanced Z’' regions) of the downward-propagating
PWs are relatively far from the region where baroclinic insta-
bility can occurs. The positive EPD (Fig. 17b) by eastward-
propagating in situ PWs on the poleward side of PV maximum
(Fig. 17c) at lag = —41 is generally consistent with that shown
in Fig. 10a of Sato and Nomoto (2015).

The downward-propagating PWs have magnitudes of ap-
proximately 10%-20% of the upward-propagating stationary
PWs, which contribute to the wave amplification near 5hPa
where the strongest enhancement of the ZWN-2 PWs occurred
during the SSW09. The downward-propagating signals are
dominant in the PWs propagating eastward with a period of
11 days. The downward-propagating signals are also found at
12.5- and 8.3-day waves when 25-day time window is applied.
The PWs with periods about 11 days have been reported in
several previous studies: Sjoberg and Birner (2012) found that
SSWs are preferentially generated by a wave forcing with a
period of approximately 10 days, although they focused on a
forcing in the troposphere, and Lu et al. (2017) showed that
ZWN-2 and ZWN-3, with a period of approximately 10 days,
play an important role in the resonant growth of PWs in the
stratosphere. Pancheva et al. (2007, 2008) observed PWs with
a period of 11 days as one of the three significant PW com-
ponents that appeared in the polar stratosphere during SSW
occurred in the winter of 2003-04. Kishore et al. (2012) dem-
onstrated, using MERRA, that PWs with periods of 7-11 days
and 7-13 days are one of the dominant PW components at 52
and 62 km, respectively, during the evolution of SSW09.

Prediction of the spatiotemporal evolution and intensity of
SSW is important for weather prediction in the troposphere,
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given that significant temperature and wind anomalies in the
stratosphere can propagate down toward the troposphere on
weekly time scale (Baldwin and Dunkerton 2001). Therefore,
better understanding of the effects of GWs on SSW will con-
tribute to the improved forecast of SSW and weather system.
Kim and Flatau (2010) showed that the better forecasts of
stratospheric circulation and troposphere-stratosphere cou-
pling are attributed to a new unified orographic GWD scheme
implemented in the Navy Operational Global Atmospheric
Prediction System (NOGAPS). With the new unified GWD
scheme, enhanced PW activity can be found in the upper levels
(stratosphere and mesosphere), resulting in successful simu-
lation of SSW09, compared with the operational version of
NOGAPS which failed to simulate SSW09.

In the present study, we investigated the role of GWD on
SSW09, focusing on the generation of traveling PWs by the
NCGWD forcing in the QGPV equation, using the MERRA-2
global dataset. The results of this study can be extended further
using the idealized GCM, which is currently underway.
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