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Abstract. Comprehensive analysis of the wave activity inthe 1  Introduction

Antarctic summer mesopause is performed using polar meso-

spheric summer echoes (PMSE) measurements for Decem-

ber 2010-January 2011. The 2-day planetary wave is a statidD the polar summer mesopause around 80-90 km altitude,
tically significant periodic oscillation in the power spectrum Strong radar returns are often seen in VHF radar measure-
density of PMSE power. The strongest periodic oscillation Ments, which are called Polar Mesosphere Summer Echoes
in the power spectrum belongs to the diurnal solar tide; the(PMSE). They are caused by a combination of a turbu-
semi-diurnal solar tide is found to be a highly significant har- I€nt medium and plasma processes, in which electrically-
monic oscillation as well. The inertial-gravity waves are ex- charged small aerosols (of several nm in diameter) play a
tensively studied by means of PMSE power and wind compo-dominating role (Cho and&tger, 1997; Rapp andilbken,
nents. The strongest gravity waves are observed at periods &003). PMSE appear in the same season and at similar al-
about 1, 1.4, 2.5 and 4 h, with characteristic horizontal wave-{itudes as noctilucent clouds (NLC) and they are closely-
lengths of 28, 36, 157 and 252 km, respectively. The gra\,_related phenomena, the latter being composed of larger neu-
ity waves propagate approximately in the west-east directiorfr@l ice particles of a few tens of nm in diameter and ly-
over Wasa (Antarctica). A detailed comparison between theind in the lowermost part of a PMSE layer (Nussbaumer et
oretical and experimental volume reflectivity of PMSE, mea- @l 1996; von Zahn and Bremer, 1999). Polar mesospheric
sured at Wasa, is made. It is demonstrated that a new expre§louds (PMC) are observed from space and are nearly the
sion for PMSE reflectivity derived by Varney et al. (2011) is Same phenomenon as NLC. Hervig et al. (2011) have shown
able to adequately describe PMSE profiles both in the mag@ Similar result that the peak PMSE altitude is about 2km
nitude and in height variations. The best agreement, withinhigher than the altitude of the ice mass density peak.

30%, is achieved when mean values of neutral atmospheric PMSE and NLC are wonderful natural laboratories for
parameters are utilized. The largest contribution to the formaStudying the highly dynamical regime of the summer
tion and variability of the PMSE layer is explained by the ice Mesopause, in which turbulent vortices as well as waves
number density and its height gradient, followed by wave-Of different scales from a few km to several thousand km

induced perturbations in buoyancy period and the turbulenfegularly occur (Kirkwood and &hou, 1998; Dalin et al.,
energy dissipation rate. 2004; Klekociuk et al., 2008; Morris et al., 2009; Pautet et

. . . al., 2011). PMSE are extensively exploited to verify the ex-
Keywords. Atmospheric composition and structure (Middle ig4ing theories on the dusty plasma-neutral turbulent state
atmosphere — composition and chemistry) of the mesosphere (Kelley et al., 1987; Cho anitt&er,
1997; Rapp and libken, 2003; Rapp et al., 2008; Var-
ney et al., 2011). Low temperatures are needed to form ice
aerosols while the turbulence and energetic precipitating par-
ticles from the magnetosphere are also important products
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for PMSE formation. In particular, when considering ef- IO AR S i 0]
fects from different contributors to PMSE variability, it is

important to separate strong ionization effects due to ener- *

getic particle precipitation from others players. In particu- o a0

lar, PMSE and NLC have different daily variations: the for- '

mer are observed to be strongest around noon and weakes

in the evening hours, whereas the latter have a maximum_ 1 | i ’ ‘ | o

in the morning hours and a minimum around noon (Nils- 3 1 ‘ - .

son et al., 2008; Smirnova et al., 2010; Fiedler et al., 2005). £ I A |

Thus, it is likely that PMSE have a strong variation compo- r )’
nent due to a highly variable ionization constituent. Thatis “' ‘

why it is important to separate the energetic particle com- '

ponent from the local-time variations of PMSE to estimate *

a “pure” effect of the diurnal component of the ice particle 5
variability (Kirkwood et al., 2010a). In turn, slow modula- 1

tion in local time of ice particles might be responsible for BB B8 B ol o B2 BB

a long-term increase seen in polar mesospheric clouds ob-

served by satellite (Shettle et al., 2009). On the other handfig. 1. En example of PMSE power data in the height-time domain
Smirnova et al. (2010) have demonstrated no statistically sigl" Pecember 2010.

nificant trends in PMSE occurrence rate and length of PMSE

season over the pgriod of 1997-2008 ".1 northern SWEderEon of MARA was made using the galactic noise level.
The issue concerning long-term trends in the properties o

. . . ; efore shipping to Antarctica, MARA was in operation in
ice particles in the polar summer mesopause requires addkiruna (Sweden) during late summer 2006 in order to make
tional comprehensive studies.

. an accurate cross-calibration with the similar MST radar
In this sense, the MST radar MARA (Moveable Atmo-

heric Radar for Antarctica) | bablv the best 100l Si ESRAD. A detailed description of MARA, calibration and
Spheric Radartfor Antarc ica) is pro ably the best 100l SINCE. <5 calibration procedure as well as the measurement tech-
it is located in Antarctica at Wasa station (geographic coor-

dinates: 73.05S, 13.4 W, geomagnetic latitude is 8)Llwith nique can be found in Kirkwood et al. (2007).

a maximum separating distance from the auroral zone (com-

pared to other radars), thus aIIOWing studies of PMSE vari—3 Ana|ysis of wave acti\/ity above Wasa in the
ability without complicated effects of energetic particle pre- 2010—=2011 summer season

cipitation.

In this paper we use PMSE data obtained with MARA. In the present section, we want to estimate gravity wave
The present study is done in two directions. Firstly, PMSE characteristics which are typical for the Antarctic summer
variability for the austral summer season of December 2010-mesopause based on the PMSE power signal and informa-
January 2011 is investigated in order to get information ontion on the wind. Radar measurements with height resolu-
dominating dynamical processes in the Antarctic summettion of 600 m and temporal resolution of 1 min were obtained
mesopause. In the second part, case studies on comparisah Wasa from 14 December 2010 to 12 January 2011. The
between model and experimental PMSE reflectivity, mea-2010-2011 period was chosen as a test period for the har-
sured in the austral summer of 2008, are considered with thenonic analysis since it has a small number of interruptions
aim to investigate the relative importance of the number denin the recorded time series (which is of importance for a har-
sity of ice particles and wave perturbations in PMSE reflec-monic analysis), and also, it has a medium length of recorded
tivity. data sets compared to other four seasons; that is the 2010—

2011 period is a characteristic period of PMSE observations

over Wasa which obeys the requirements of the Fourier anal-
2 Data source ysis. In the present study, we use data averaged for 15 min to

filter out noise variations at high frequencies. PMSE are very
MARA is Moveable Atmospheric Radar for Antarctica, often modulated by wave propagation both in the vertical di-
which is a 54.5 MHz wind-profiler radar. MARA was oper- rection and in the time domain, and can be seen in typical
ating during austral summer campaigns at the Wasa Swedisplots (Fig. 1). Sometimes one can see double layers, which
station (7303 S, 1325 W) for 2007-2011. MARA is presumably are built by upward propagating gravity waves.
planned to operate at the Troll Norwegian station from Two-dimensional filtering analysis more clearly reveals
November 2011 on a year-round operation basis. MARAmodulation of PMSE layers. Figure 2 illustrates downward
is designed to be easily set up and disassembled with minprogressing wave disturbances with observed periods of
imal impact on the ground and environment. The calibra-about 4h and vertical wavelengths of 4-6km. A 4-pole
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Fig. 2. An example of gravity wave patterns presented in the PMSE

power data. A 2-D filtering procedure was applied to the data. Fig. 3. Power spectral density of the time series of PMSE power
averaged for the height range of 85.0-89.5km. The red curve rep-
resents the 95 % confidence level of the red noise. The periods of

bi-directional Butterworth filter (both in space and time) was Significant harmonic oscillations are indicated.
applied to the PMSE power data. The Butterworth filter has
been constructed to extract waves with periods of 2—7 h and.

vertical wavelengths of 1300-7000 m. A bi-directional filter r'gg; aredvx{elltr(]establlsh |r: PMSE (Kwkw(;)od ancé@hcc)jut, th
ensures that no phase changes are induced by the filterin ) and in the upper atmosphere, and correspond to the

algorithm emi-diurnal and diurnal solar thermal tides, respectively.
Now we aim to identify typical periodicities observed The 2.3-day oscillation is due to a westward/eastward propa-

around the high-latitude mesopause during the 2010/201 ating quasi 2—da)_/ plan.eta.rywave,which Is also a well estab-
A . T ke it cl h : ical ished atmospheric periodic process |n.t.he upper atmosph(_are
ntarctic summer. To make it clear what periods and Vertlcal(Muller and Nelson, 1978). Other significant observed peri-

advanced multiple-taper method (MTM) has been used to os0ds are caused by upward propagating inertia-gravity waves,

timate the power spectral density (PSD) of the variations inWh'(I:(h ?rebcorfégmens 'gedly Stu.d'et?] bglgva. Alﬁ.o ,ht_he_r N dl's a
original data (Percival and Walden, 1993). This method use:?ea l?tha ou (f' 5 3ys) 'r ? » W 'g tlfhl'n |ca—k
linear or nonlinear combinations of modified periodograms lon o the presence ot a 5- _ay.p anetary wave, but this pea

in order to minimize spectral leakage outside of the analyzeé;(:ks stgtlsucal significance; this feature is considered in the
spectral band. Spectra of the PMSE power have been consi 2Iscussion.

ered both in the time and space domain. To estimate the sig- 'I_'he fra(_:tio_n_ of the total PMS.E variability due_ to the sta-
nificance of extracted harmonics the red noise and its 9500'3'"(33‘"y significant wave var|at|0ns_ can be estmateq from
level of significance has been found in the PSDs. Spectra}he sa.m.pled power sopectrum density presentgd n Fig. 3, as
peaks which are above the 95 % confidence level should b omprising about 20 % of the total PMSE van:_:\bl.hty. Note
at PMSE should not equally respond to variations at all

regarded as significant harmonic oscillations in a time series. . . I d . .
A detailed description of the application of the MTM to geo- periods since oscillations at different periods have different

X . .amplitudes.
Eﬂhgr?:::]g?_t:easnag;ge red noise procedure can be found i Figure 4 shows the PSD of PMSE power in the height

Figure 3 demonstrates the PSD of the PMSE power in thedomain. We have Cafef‘_‘”y examin_ed th_e entire data_seF .Of
time domain, with PMSE data being averaged for the heightthe 2010/20.11 summerin order 10 identify the most signifi-
interval between 85 and 89.5km in order to guaranty theCant wave dls'turb'ances in the height range of PMSE occur-
presence of periodic variations in almost whole height rangerences. Two time intervals on 30 Decemb_er 20.10 g_nd 12 Jan-

ary 2011 have been found, representing significant har-

of PMSE occurrence. Several significant spectral peaks ardd lati th vertical lenaths of about 3 k
clearly seen in the power spectrum: about 1 and 1.4 h, 2 ginonic osciliations with vertical wavelengtns ot abou m

4, 12 and 24 h as well as 2.3 days. Note that we carefully(h lenath | tatother i inth
estimated the noise level at 75—-80 km and subtracted it frorﬁ esewavelengins are also present at other imes in the course

PMSE power data to ensure that no galactic noise variation%’f the 2010/2011 austral summer, but they have less statisti-

are presented in the PMSE time series. The 12 and 24 h peC—al significance at other time intervals.

upper panel) and of about 6 km (lower panel). Note that

www.ann-geophys.net/30/1143/2012/ Ann. Geophys., 30, 114857, 2012
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. 30 December 2010 whereA is a scaling constant, and overbars denote averages
over a number of independent spectra, to remove the effects
of incoherent motions. The degree of polarization of the wave
d(m) is expressed by the equation:

10

D?%(m) + P%(m) + Q?%(m)
12(m)

PSD [(dB)? / meter]
=
o
T

d?(m) = (3

105 Verical wavelengih merers] o The values ot/ (m) changes in the range of D. Parameter
d(m) is an analog to the cross-spectrum value but the former
12 January 2011 . . . .
10" does not depend on the rotation of the semi-major axis of
the wave ellipse and therefore it represents better the wave-
variance content. The phase of elliptici(m), the orienta-
tion of semi-major axes of the ellipge(m) and axial ratio
R(m) are defined by the following equations:

PSD [(dB)? / meter]

O (m) = arug%

" : O(m) = jarcig pos @

Vertical wavelength [meters] R(m) — tg (%arc S|n<d(n£3)(r}12m) ))
Fig. 4. Power spectrum density of PMSE power in the height do-
main. The thin line is the 95 % confidence level of the red noise. The axial ratio of the polarization ellipse and direction of
The upper panel is for 30 December 2010, the lower panel is forthe wave propagation are determined from the Stokes analy-
12 January 2011. sis of the wind measurements, as is the vertical wavenumber.
The observed frequencyg) of periodic oscillations is found

_ -~ o o . from the PSD of PMSE power variations. The gravity wave
~ Where we have identified statistically significant period- narameters (intrinsic frequency and horizontal wavenumber)
icities in PMSE variability in the time-height domain, it is 51 pe deduced by solving the equation system of the disper-
worth of estimating the whole set of gravity wave parametersgjon, rejation and Doppler equation, which can be found else-
for the harmonic oscillation we have found. It is possible t0 \yhere (for example, Cho, 1995). Finally, the horizontal and

do this by analyzing simultaneous and common volume vari~ertical components of the wave phase velocity are given by
ations in wind components (zonal, meridional and vertical), {ho following equations:

which are measured by the spaced antenna technique when
the PMSE signal is present. Uph =&/ k
To quantify gravity wave parameters, we have applied thev,, = &/m
Stokes parameter spectra technique, which was used in a
number of publications (Eckermann and Vincent, 1989; Vin-where® is the intrinsic frequency (relative to the ambient
cent and Fritts, 1987; Eckermann, 1996; Dalin et al., 2004) air) of the gravity wavexk is the horizontal wavenumber and
The essential point of the technique is that a given verticabn is the vertical wavenumber. The horizontal and vertical
profile of zonal and meridional velocity perturbatiori(¢) ~ components of the group velocity of the wave are defined as
and V (z)) is assumed to contain several harmonic oscilla-follows:
tions. Fourier transforming them over their full height ranges n
yields complex components: vgh = 00 /0k
Vg = 0w/0m

®)

(6)

U@m) = Ug(m)+iUj(m)

Figure 5 shows an example of the Stokes spectral analysis
V(m) = Vr(m) +iV; (m) (1) g P P y

for the case on 30 December 2010. One can see a peak in
(the degree of polarization at about 3km meaning that there
was an almost pure harmonic oscillation at this particular
wavelength. Note that this vertical wavelength is the same
as was found in the spectral analysis of the PMSE power
Im)=A (Uz%(m) + U,Z(m) + V,?(m) + V,z(m)) data, confirming the presence of a gravity wave with verti-
cal wavelength equal to 3 km both in the wind measurements
D(m)=A (Ulzg (m) + U?(m) — V2(m) — Vlz(m)) and PMSE power. As the Stokes analysis determines the ori-
P(m) =24 (UR(m)VR(m) LUV, (m)> (2 entation with a 180 ambiguity, we choose the direction of
the wave propagation with a component against the mean
Q(m)=2A (UR (m)Vi(m) —Ur(m)Vg (m)> wind; otherwise there is a large probability for a gravity wave

wherem is the vertical wave number. Then, power spectra
densities for the standard four Stokes parameter®( P,
Q) are defined by the following equations:

Ann. Geophys., 30, 1143157 2012 www.ann-geophys.net/30/1143/2012/
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Degree of polarization (%) variations can move the air above and below the frost point
temperature, and cold and warm phases of the wave favour
growth of ice particles or their sublimation, respectively. The
wave-driven variations in wind components with height can
also play a significant role since they create an imbalance in
the relation between the stability of the air and wind shear,
w00 Phase and Orentation of the elpse producing variations in the gradient Richardson number, to

i
@ 9
3 3
T
I

Degree [%)]
3
T
L

sl , e which the PMSE reflectivity is proportional (see Sect. 4). Fi-

%.’, of em ANLYTST S S . nally, there is a general dependence of radar reflectivity on

S R AN TR 1 NS S N 0 O T e g static stability (Hocking, 1985), and this parameter is per-
“100L L turbed by waves.

Axial ratio of the ellipse

4 Modeling of PMSE reflectivity and comparison with
experimental data

Ratio

PMSE height profiles are utilized in the present study for the
austral summer of December 2007/January 2008, a time in-
terval which is characterized by quiet geophysical conditions
Fig. 5. Stokes spectral parameters of the wind measurements oQyhich minimizes the ionization effects due to precipitating
30 December 2010. energetic particles. The latter is a challenge to take into ac-
count when modeling, and it is a matter of future research.
Also, the average relation between PMSE reflectivity and
atellite measurements during this period has been studied
y Kirkwood et al. (2010a) and we continue to investigate
his time interval, looking more at PMSE variability (see be-
low). Experimental values of PMSE reflectivity were calcu-
lated based on the algorithm described in detail in Kirkwood
et al. (2007).

In the present section, we want to estimate what quan-
es of the neutral-dusty plasma mesospheric environment
influence PMSE variability in relation to a newly derived ex-
pression for PMSE reflectivity by Varney et al. (2011), their
Eqgs. (44)-(46). We reprint these equations since it is impor-
%ant for understanding the mechanism of PMSE formation:

Wavelength [meter]

to meet a critical level at certain height where the wave is
destroyed and its energy is distributed into the backgrouncf)
wind. The results of gravity wave parameter estimations are
presented in Table 1.

From Table 1 it follows that gravity waves prefer to prop-
agate approximately in the west-east direction, with char-
acteristic horizontal wavelengthd.) of 28 and/or 36 km
(middle-scale range) and of 157 and/or 252 km (Iarge-scal%ti
range), with horizontal phase velocities,f) about 9 and
18ms! and vertical phase velocities){;) about—0.7—
0.9ms! and—0.4-0.6 ms?, respectively. Note that these
parameters are close to and partly within the range of thos
estimated from an analysis of gravity wave activity above
the Scandinavian ridge by the ESRAD VHF radar and the
Andenes MF radar, which showed a middle-scale gravity s o fugRi
wave of Lp = 415km, vy, =6.3mst, v,, =-03mst  nk)=8r"r¢
above Esrange and a large-scale gravity wavelLgkE
169km, v,, = 156mst, v,, =—-051ms?! above An-
denes (Dalin et al., 2004). The Wasa station is located on ( N )

e

- - k)2
— svaSZMzk_3eXp<$) (7)
r CL)B C

a small nunatak at 440 m above sea level and about 200§ = 7

above the surrounding glaciers; in addition, the Vestfjella

Mountains (of 500-900 m height) lie in close proximity,

about 40-50 km southwest of Wasa. The simulations made

by Arault and Kirkwood (2012) have demonstrated that -, {®&Na dNg Ng )

these mountains are capable of generating strong gravity - dz H,

waves, which can propagate up to the lower stratosphere

when there is not too much shear in the zonal wind. Thuswhere n is PMSE reflectivity,k is the Bragg scattering

it seems that this kind of gravity wave is a common charac-wavevectorwg is the angular Brunt-®isala frequencyg is

teristic of the summer mesopause, which could be inducedhe turbulent energy dissipation ratg, is the electron ra-

by the orographic source. dius,Riis the Richardson numbey is the Kolmogorov mi-
In general, the wave-driven periodicities act on PMSE in acroscaley, is the kinematic viscosity of aig is the Batch-

similar way as any periodic motion in the atmosphere acts orelor constant,f,, is the proportionality constanBrt is the

clouds composed of ice particles. The periodic temperaturdurbulent Prandtl numbegcis the Schmidt numbewe, N;

— 8
Ne+ Z2Ni ©)
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Table 1. Gravity wave parameters estimated for the summer of 2010-2011 over Wasa. The vertical wavenumbers and the orientations of
semi-major axes of the ellipses are estimated for two time intervals: 30 December 2010 at 19:30-21:15UT and 11-12 January 2011 at
18:45-02:30 UT.

30 December 2010 11-12 January 2011
f (rads™1 —140x 1074 —1.40x10~4 —140x 1074 —1.40x 1074
0 (+northward of east southward of east) 7 7° —16° —16°
27 /m (km) —2.8 2.8 -56 5.6
2l (h) 1.4 1.1 4.0 25
2716 (h) 1.1 0.86 3.8 2.4
27 /k (km) —358 276 —2523 —1570
vpn (Ms™) -8.95 -8.93 -182 -179
Upz (ms™1) —0.70 —0.91 —0.40 —0.64
Ugn (Ms™1) —-8.88 —-8.89 —17.0 175
vgz (Ms™1) 0.69 0.90 0.38 0.62

andNgy are the electron, ion and dust/ice density, respectivelyto gravity waves of 5-10 K (Rapp et al., 2002). Thus, we have
dNg/dz is the dust density gradierny is the signed number  allowed the temperature to vary between 110 and 170K, that
of the dust elementary chargh, is the neutral scale height, is the range of any possible realistic temperatures around the
g is the gravitational acceleration. The values we use here fosummer mesopause. Calculations demonstrate that the neu-
the above mentioned quantities @re- 2.28 rad nt! for the  tral scale height is changed between 3 and 5 km with a mean
MARA radar, g = 9.55ms 2 considered as an appropriate value of about 4 km, which is applied in the present study.
value for the mesopause height. The neutral scale height of 1 km used by Varney et al. (2011)
We perform model calculations using the following mean is too low, and should not be considered in any model studies
atmospheric parameters as suggested by Varney et al. (201Telated to the summer mesopause environment.
e=60mWkg?, Ri=0.81,75x =2.0m, ¢ =4.08, f, =2, The next important parameter is the Brurkisala fre-
Prt = 1.0, Sc=6506, Zq = —1. For the quantitiesg, Ne, quency. This parameter is a function of temperature gradi-
N4, Hn, va, dNg/dz — we aim (and we are able) to estimate ent, and PMSE reflectivity is approximately a quadratic func-
more accurate values. It should be noted that while Varneytion of wg. Since the wind components are measured during
etal. (2011) used = 4.08 following Hill and Mitton (1998) = PMSE occurrence, it is possible to estimate temperature per-
and Hill et al. (1999), Rapp et al. (2008) and Li et al. (2010) turbations due to gravity wave propagation. We use the re-
have used = 2. lation (B3) derived by Muraoka et al. (1989) which relates
The ion-chemical model for the lower ionosphere from 50 temperature perturbations with vertical wind ones. An exam-
to 110km (the D-region) developed at the Polar Geophysi-ple of temperature perturbations and induced variations in
cal Institute is used to estimate the electron density profilegdhe Brunt-\aisala period (gy) is presented in Fig. 7. Here
around the summer mesopause (Smirnova et al., 1988; Kirkene can see typical temperature disturbances (5-10K) pro-
wood and Osepian, 1995; Osepian et al., 2009; Barabash @luced by a medium-scale gravity wave with a period of about
al., 2012). The PGI model has been shown to reproduce ele h, which induce variations in th&sy between 2 and 8 min.
tron density in the D-region adequately both under disturbedlhe reference (undisturbed) temperature profile was calcu-
and quiet geophysical conditions. The recently updated vertated based on the NRLMSISE-00 model.
sion of the model yields electron density with a 1 km height The kinematic viscosity of air is an intrinsic property of the
resolution at any geographical point on the Earth’s surfacemixture of atmospheric gases and is controlled by their ther-
The three profiles used in this study are shown in Fig. 6 (themodynamical state. We follow the calculations of the viscos-
reason for selection of these times is given below). It is seerity described by Banks and Kockarts (1973). The kinematic
that the model electron density profiles are rather smooth andiscosity of air can be estimated using the following relation:
are free of sharp gradients, which could potentially modulate
PMSE profiles. va=AT%%/p (10)
The next revised parameter is the neutral scale height. This
parameter is important for the absolute value of PMSE re-With
flectivity since the latter is inversely quadratically propor- , o _
tional to H,. As this quantity is a function of temperature, A=) Aini/ ) n (11)
we have carefully considered the polar mesopause temperayhere A; are the numerical factors of the main atmospheric
ture using the NRLMSISE-00 neutral atmosphere model (Pi-componentss; in the upper atmosphere (see Banks and
cone et al., 2002), with imposed temperature variations du&ockarts, 1973)p is the atmospheric density taken from the

Ann. Geophys., 30, 1143157 2012 www.ann-geophys.net/30/1143/2012/
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Fig. 6. Modeled electron density profiles for the three cases ana_Fig. 8. Profiles of the kinematic viscosity of air calculated for three
lyzed: 15 January 2008 at 03:00 UT (thick line), 19 January 2008 acases.on 15 Jaquary 2008 at02:45 UT (red line), 19 January 2.008 at
00:45 UT (dashed line) and 19 January 2008 at 20:00 UT (thin Iine).oo'30 UT (blue line) and 19 January 2008 at 19:45 UT (black line).

Disturbances of temperature T on 19 Jan 2008 at 00:30 UT mean value of 1 st used by Varney et al. (2011) in mod-
eling the PMSE reflectivity. Note that, has a weak depen-

7 dence on the temperature, and sinck) o« ,/va in the small

] k limit (as valid for MARA), small variations i, produce a
small effect on the variability in the PMSE reflectivity. Nev-
ertheless, we use our wave-perturbed model profiles of the
. viscosity of air to model the reflectivity as precisely as pos-

Altitude [km]

sible.
R The turbulent energy dissipation rate is required to be cor-
Disturbances of T, on 19 Jan 2008 a1 00:30 UT rgctly estimated anq we can do this using a procgdure of es-
9 < — ‘ timating the correlation life timeTp s) of the diffraction pat-

tern of the radar echo. Thk 5 quantity is estimated with
full correlation analysis (FCA), and it is the fading time of
86 ‘ 7 the structure in the reference frame of the mean background
a1 ] wind. It can be correctly estimated only at times when the
signal-to-noise ratio (SNR) is greater than unity. Then the
correlation time is unambiguously converted to an estimation

Altitude [km]

80, . . ‘ . g L of a turbulent root mean square velocitgdg):
Tav [minutes]
_ _ _ rv2In2
Fig. 7. Upper panel: temperature disturbances due to propagatind/fca = W (12)
105

gravity wave on 19 January at 00:30 UT. Lower panel: Induced dis-

turbances in the Bruntisala period (thick line); the thin line is  \yhere is is the radar wavelength. THes quantity has an

the undisturbedpy - advantage over spectral width estimation since it removes the
influence of horizontal winds on spectral width (Holdsworth

) ) . etal, 2001; Satheesan and Kirkwood, 2010). Then the en-
NRLMSISE-00 model as a synoptic density. We use realis-g gy gissipation rate can be estimated as follows (Hocking,
tic temperature profiles, i.e. the synoptic temperatures fromy ggs).

the NRLMSISE-00 model combined with temperature varia-

tions induced by gravity waves. The calculated profiles for, — g 4. Vf%a' 0B (13)

the kinematic viscosity are illustrated in Fig. 8. It is seen

that the viscosity slowly increases from 0.5 to 2sn? in Note that the constant 0.4 is only approximately known. For
the height range 81-88 km and these values are close to thexample, Wilson (2004) used a constant equal to 0.47 in
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Fig. 9. Turbulent energy dissipation rate calculated on 15 Jan-Fig. 10. Three profiles on the ice number density used for the

uary 2008 at 02:45 UT (red line), 19 January 2008 at 00:30 UT (blueanalysis. Measurements are made with the SOFIE instrument on

line) and 19 January 2008 at 19:45 UT (black line). 15 January 2008 (red line), 19 January 2008 (blue line) and 20 Jan-
uary 2008 (green line).

this expression. Note that PMSE reflectivity dependsson
asn (k) « /e in the smallk limit. If the energy dissipation dient Richardson number, but it is out of the scopes of the
rates typically vary from 30 to 300mWKg in the meso- present paper. That is why we use the fixed Richardson num-
sphere (Rapp et al., 2008), then uncertainty duedan be a  ber of 0.81 as was proposed in the model study by Varney et
factor of 3 or even more. So it is worth estimating the turbu- al. (2011).
lent energy dissipation rate as precisely as possible, and three The two final important quantities to be estimated ade-
profiles of this quantity is shown in Fig. 9. It is seen that the quately are the number density of ice particles and its height
turbulent energy dissipation rate varies differently and in agradient. Nowadays there are available regular measurements
broad range for three cases: between 2 and 250 mM&g  of parameters of ice particles in the polar summer mesopause
15 January 2008 at 02:45 UT, from 20 to 170mWkgn  performed by the SOFIE instrument onboard the AIM satel-
19 January 2008 at 19:45 UT, whereas on 19 January 2008 dite. A description of the SOFIE instrument, identification of
00:30 UT it varies from 0.6 to 70 mW kg-. mesospheric ice clouds, and the overview of the AIM mission
Theoretically, since we have wind measurements, itis posean be found in Gordley et al. (2009), Hervig et al. (2009),
sible to estimate another important turbulent parameter, theand Russell et al. (2009), respectively. We have managed

gradient Richardson number: to find three profiles of the ice number density: on 15 Jan-
uary 2008 at 02:48 UT, 19 January 2008 at 01:47 UT and on
Ri = w%/((du/dz)er (dv/dz)2> (14) 20 January at 01:55 UT, which are relatively close in geo-

graphical proximity to Wasa. These profiles are illustrated
where di/dz and dv/dz are the vertical gradients of the hor- in Fig. 10. In fact, these profiles are good examples demon-
izontal components of wind velocity. But in reality, the un- strating the variety of the ice nhumber density at different
certainties in the mesopause winds estimated by the raddreights: low, medium and high concentrations with modula-
are considerable, producing huge variance in the derivativesion in height. These values as well as their height gradients
of the horizontal components. And hence, the uncertainty ofwere utilized to calculate three theoretical profiles of PMSE
estimating the Richardson number is the same order of magreflectivity.
nitude as its average value. Thus, direct estimation of the Now itis possible to model PMSE reflectivity and to inves-
gradient Richardson number from horizontal wind compo-tigate the significance of each variable component in PMSE
nents does provide any reliable information for estimatingvariability. The theoretical profiles along with experimental
the level of the turbulent state of the medium around the sumeones of PMSE reflectivity are presented in Figs. 11-13. For
mer mesopause. Since the PMSE reflectivity is proportionathe measured reflectivities, the error bars are shown as the
to the Richardson number, this provides great uncertaintiestandard deviation for a 15 min time interval. These repre-
in modeling. Some sophisticated techniques, based on windent relative uncertainties. The absolute uncertainty for vol-
measurements, should be developed for estimating the graime reflectivities at MARA is estimated to be 20% (see
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Mara data is on 15 Jan 2008 at 02:45 UT, AIM data is at 02:48 UT at 25.7°W 68.1°S MARA data is for 19 Jan 2008 at 00:30 UT. AIM data is at 01:47 UT, 10W, 68.9°S
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Fig. 11. Comparison between model (black, blue and green lines)Fig. 12. Comparison between model (black, blue and green lines)
and experimental profile of PMSE reflectivity (red line). The black and experimental profile of PMSE reflectivity (red line). The black
line is for Tgy equal to 5min with the fixed turbulent dissipation line is for Tgy equal to 5min with the fixed turbulent dissipation
rate e = 60mwWkg L. The blue line is for varied’gy changing rate e = 60 MW kgL. The blue line is for variedigy changing
from 2 to 9min ands = 60mWkg L. The green line is for var-  from 2 to 8 min ands = 60 mW kg 1. The green line is for var-
ied Tgy ande with height. The error bar for the measured PMSE ied Tgy ande with height. The error bar for the measured PMSE
reflectivity is the standard deviation for 15 min. reflectivity is the standard deviation for 15 min.

Kirkwood et al., 2010b). As the measurements of the icetively. Note that the buoyancy perturbed value of the second
number density were not made exactly in the same volumenodel peak at 86.4km is increased about twice due to the
with PMSE, we have selected experimental PMSE profilesincreasedlgy value up to 7 min. When variations inare
which are close in time to the ice measurements and havéaken into account (green line), it produces noticeable varia-
similar height behavior to the theoretical profiles of PMSE tions in the lowermost, middle and uppermost model peaks
reflectivity. of 50 %, 27 % and 20 %, respectively. Although the times of
Figure 11 shows an interesting double layer of measuredaking measurements of PMSE and ice profile are nearly the
PMSE with two peaks at 83-84km and at 87.5km. Thesame, the distance between Wasa and the measured ice den-
model profile (black line) was calculated under assumingsity profile is rather large and equal to 712 km, thus the ac-
a fixed value of the Brunt-¥isala period of 5min, fixed tual ice humber density inside the PMSE layer was likely
Ri=0.81 ands =60 mW kg representing moderate level different, and the model PMSE layer at 86 km may not have
of turbulence, that is the same values used in modeling byoeen present in the actual PMSE layer above Wasa. Never-
Varney et al. (2011). One can see that the uppermost modeheless, we consider this example demonstrates rather good
peak is 600 m higher than the experimental one, and thegreement of the order of magnitude between the model and
model reflectivity exceeds the measured value by 1.7 timesexperimental PMSE reflectivity.
The second modeled peak at 86 km altitude is not seen in the Figure 12 illustrates a single experimental PMSE peak at
experimental profile. It could be that little active turbulence is 86.5 km on 19 January 2008 at 00:30 UT (red line). The the-
present at this altitude relative to the layers above and beloworetical PMSE profile shows a good agreement both for ab-
However, moderate values of the turbulent energy dissipasolute value and for variations in height (black line), with the
tion rate from 20 to 45 mW ko' between 85 and 87 km (see model peak value being by 27 % greater than the observa-
Fig. 9) do not support this explanation. Note that turbulencetion. Taking into account changes in the Brurii¥ala pe-
has its smallest levek(= 2 mW kg™ 1) inside the main peak riod (blue line), the model peak is less by 17 % than those
at 87.6 km. The lowermost model peak around 83 km is closdor Tgy equal to 5min, and is very close to the experimental
to the experimental one both in altitude and magnitude. Vari-PMSE value (by 8 % greater) dueTgy decreased to 4.5 min
ations in7Tgy (from 2 to 9 min) modulate all the three model (see Fig. 7). At this particular height, variationTgy com-
peaks and lead to an increase in magnitude of all three modeetes and compensates the increased ice number density (see
eled peaks due to the increasdiy of 9, 6, 7and 5.5minat  Fig. 10). If¢ is allowed to vary with height, then the model
the particular heights at 82.2, 82.8, 86.4 and 88.2 km, respegeak perfectly matches the experimental, with the measured
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MARA data is for 19 January 2008, 19:45 UT, AIM data is for 20 Jan 2008 at 01:55 UT, 12W, 69.1°S the absolute value and height variations, with the model peak
92 \ \ \

—PWSErelecty being less by 11%. However, a secondary peak at 86.5km
MODEL reflectivity with . N . . . -
T Tgy =5 min and 60 mWikg is observed in the model data, which is absent in the experi-
MODEL reflectivity with . .
9 T, flom 3.5 t0 6 min and e=60 mWikg || mental profile. The buoyancy period changes to a lesser ex-
MODEL reflectivity with Ty, and e varied tent, from 3.5 to 6 min, within the height range from 82 to
90 km, due to smaller temperature wave variations at this par-
| i ticular time, and the change in the buoyancy period equal to
4.5min produces a small deviation from the nominal value
| | of 5min at the height of the PMSE maximum. This case is

characterized by rather small and medium values of the tur-
| | bulent energy dissipation rate gradually increasing from 0.65
347// o : | to 70mWkg L. If ¢ is allowed to vary with height (green
line), then the model PMSE value is by 78 % less than the
measured one at the main peak at 84.6 km, because of the
82l 7 small values =5mWkg . Since no active turbulence is
indicated by the measurements within this strong and thick
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ PMSE layer, except in the uppermost part between 87.0 and
0 08 ' Y8 pefeciaty (W] s 35 ok 87.6 km, the ice number density and its variations with height
should control the PMSE reflectivity in this particular case.
Fig. 13.Comparison between model (black, blue and lines) and ex-Indeed, the greatest values reached by the ice number den-
perimental profile of PMSE reﬂeCtiVity (red |ine). The black line S|ty and the ice density gradient make it possib'e to produce
is for Tgy eq“‘i‘ to 5min with the fixed turbulent dissipation rate gych |arge values in PMSE reflectivity. It is also possible that
g;fosm".v kg d:'-_r%eobluekl"lel ' I:or Va“e({BV .C?a”g'”_g gom fossil turbulence might be responsible for the observed high
Stobminand =60mWkg . The greenlineisforvariefisy  o\01 of PMSE reflectivity even in case if active turbulence
ande with height. The error bar for the measured PMSE reflectivity . ) - . .
is the standard deviation for 15 min. is ended.. Since .radgr reﬂectl'vl'ty expongptlally decays. Wlth
the ambipolar diffusion coefficient, fossilized irregularities
at VHF wavelengths can survive for a long time from 20 min
to several hours (Rapp andibken, 2003), and those turbu-
e value equal to 53 mW kg that is close to the fixed value of lent irregularities could be present at around 84-85km and
60 mW kg™. Note that only three model points of the green could be responsible for high values of PMSE reflectivity
line are available for comparison with the measured profile,at 84.6 km seen in Fig. 13, even if the actual turbulent pro-
since, from the one hand, thevalues are reliably estimated cess has ended. It is important to note that the PMSE profile
only between 85.2 and 88.2km where SNR is greater tharand ice density profile are not for the same time (time differ-
unity, and on the other hand, there are no measurements @&nce is about 6 h) since PMSE had almost disappeared during
the ice number density above 86.7 km for this case. The difthe time of the AIM measurements at the closest position to
ference in the geographical positions of the measured ice prowasa, which is close to local midnight with very low elec-
file and the actual location of PMSE is rather large, abouttron densities. We selected this PMSE profile to demonstrate
480 km for this case. This can explain the fact that two lowera good agreement between the model and experimental pro-
peaks are clearly seen in the model PMSE profile, but ardile for high values of PMSE reflectivity and high values of
absent in the experimental data. In spite of this spatial differthe ice humber density and its gradient. It might be readily
ence, we conclude that the model provides a very good agregzossible that a similar ice profile was observed over Wasa at
ment between the theoretical and experimental PMSE prothe moment of PMSE measurements on 19 January 2008 at
file for this case. Note that this event was also considered by19:45 UT. On the other hand, the difference in the ice con-
Kirkwood et al. (2010a) and the authors have demonstrated@entration might explain the discrepancy between the model
similar height-time behavior between ice mass density andand measurement values at the secondary peak at 86.4 km.
PMSE volume reflectivity. Probably, the actual ice number density and its gradient at
Figure 13 demonstrates the third comparison example be86.4 km above Wasa were smaller than those measured by
tween model and experimental PMSE, with the greatestAlM.
values of the ice number density reaching a maximum of Itis worth considering how the Schmidt number influences
2370cnT? at about 85.5km (see Fig. 10). The most impor- the reflectivity. We have done additional calculations with
tant, for this case, is that the ice density gradient reaches itgarying Schmidt numbers in a wide range from 500 to 6506
maximum value (77 x 1 m~*) at 84.6 km altitude. Such (large part of this range was considered by Rapp et al., 2008),
large values result in high PMSE reflectivity, attaining and have found that PMSE reflectivities change by 15%
10-13m~1 (red line). Here we can see a good agreement beeonly, i.e. within the statistical confidence interval for PMSE
tween the model and experimental peak at 84.6 km both in

Altitude [km]
o]
o
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measurements. Thus, PMSE reflectivity has a very weak dehaving a peak at 250-300 km; the study included both hemi-
pendence on the Schmidt number at VHF wavelengths. spheres between 70 and°&0r the summer seasons of 2007
and 2008. Our estimation of horizontal wavelength equal
to 252km perfectly fits this result. Meanwhile, Taylor et
5 Discussion al. (2011) have found that the distribution of horizontal wave-
length had a strong peak at the shortest wavelengths, with
It has been demonstrated in a case study of gravity wavever 75 % of the gravity wave events having wavelengths less
excitation and propagation over Wasa (Arnault and Kirk- than 100 km. The authors estimated the direction of motion
wood, 2012) that mountain waves are excited over the nearef the waves was predominantly zonal, which is in agree-
by mountains and are able to propagate up to the lowement with the results of the present study. The authors have
stratosphere, where they break, exciting a cascade (secondauyilized the CIPS data set for the July 2007 period and iden-
waves) of inertial-gravity waves with wavelengths betweentified over 450 quasi-monochromatic wave events. It is in-
15 and 40 km. Theoretical studies by Fritts et al. (2009) sup-+teresting to note that previously Chandran et al. (2009) have
ports this picture showing that wave breaking and wave-waveobtained similar results, i.e. most of the waves had wave-
interactions may generate secondary waves. This partly caengths less than 100 km, but later Chandran et al. (2010)
incides with the major wavelengths of medium scales (28have argued that it was due to the visual detection method
and 36 km) obtained in the present study for the mesopauseaf wave patterns in CIPS images and “... Visual analysis of
We speculate now that inertial-gravity waves observed in theCIPS images is biased toward the smaller scale structures. ..
summer polar mesopause over Wasa might have a stratoFhe visual analysis is biased towards picking wave events in
spheric source, where prevailing zonal winds dominate, thusndividual clouds and very often the larger scale structures
fostering the excitation of gravity waves on average in thewill be missed”. So it seems that retrieving of gravity wave
east-west direction, which we have found under this researclparameters from satellite data is a function of the technique
Further comprehensive researches on the gravity wave a@applied.
tivity in the stratosphere-mesosphere are needed to resolve Study of planetary waves with PMSE time series is also
characteristic sources of inertial-gravity waves seen in thea fruitful topic for current investigations of the dynamic
polar summer mesopause over Antarctica. features of the polar summer mesopause. The 2-, 5- and
Pautet et al. (2011) have analyzed 30 cases of short-periotl0—15-days planetary waves have been studied with PMSE
gravity waves in NLC of the Northern Hemisphere at 60— measurements in a number of publications (Kirkwood and
65° N and have revealed that the majority of this type of wave Réchou, 1998; Klekociuk et al., 2008; Morris et al., 2009).
has horizontal wavelengths in the range of 20-30 km withThe quasi 2-day planetary wave is also a well known at-
a mean value of about 25km. Also, it is interesting to notemospheric periodic process in the upper atmosphere (Muller
the study of the climatology of short-period gravity waves and Nelson, 1978; Rodgers and Prata, 1981; Salby, 1981,
in the mesosphere over Antarctica at Halley Station &iS76 Pogoreltsev, 1999). The 2-day planetary wave also was found
(Nielsen et al., 2009). The authors have treated the airglowto be a significant wave disturbance in noctilucent clouds
data for the two winter seasons in 2000 and 2001 and es{Dalin et al., 2008).
timated that the majority of gravity waves have horizontal It is important to note that Morris et al. (2009) have found
wavelengths in the range of 15-40km with a mean valuethe 2-day wave being a dominating planetary wave oscilla-
of 26 km. This result was obtained with an all-sky airglow tion above Davis station (6%) during the course of four
imager, which is a completely different technique from the consecutive austral summer seasons for 2004—2005, 2005—
one utilized in the present study. However, our result that the2006, 2006—-2007 and 2007-2008. The period of the quasi
most powerful gravity waves have a horizontal wavelength2-day wave has been shown to vary between 1.7 to 2.3 days
of 28 km for the Antarctic summer mesopause perfectly fitsfrom year to year. Moreover, the authors have found a type
the mean value obtained by Nielsen et al. (2009). Of coursepf planetary wave (among others) propagating eastward with
it might be just a coincidence but rather it is likely a common zonal wavenumber equal to 2 and having a period of 2.2
characterization of the gravity wave activity both in summer days, which is close to the period of 2.3 days we have found.
and winter seasons over the Antarctic, and moreover, gravOn the other hand, it is well known that the 5-day planetary
ity waves with horizontal wavelengths of 25-40 km seem towave has a strong seasonal and inter-annual variability in the
be common for the mesopause of both hemispheres. Thispper stratosphere, based on long data sets for 1992—2001
topic requires further considerations using PMSE data setgFedulina et al., 2004). We have also found periodic signals at
for other seasons, which we plan to perform in future. about 2 and 5 days in PMSE over Wasa, the latter with statis-
Currently, large-scale gravity waves are also extensivelytical significance below the 95 % confidence level. However,
studied with satellite measurements. Chandran et al. (2010this 5-day oscillation is clearly present in the power spectrum
have used images of polar mesospheric clouds made with thimdicating that the 5-day wave magnitude was not so strong
CIPS instrument onboard the AIM satellite and have foundcompared to the 2-day wave magnitude for the 2010/2011
the distributions of horizontal wavelengths of gravity waves austral summer. All these findings are in good agreement
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with the all above mentioned features for the 2-day and 5-tion rate, then model PMSE reflectivities can significantly
day planetary wave activity. differ (by about 80%) from the measured value. Special
We cannot test the alternative model proposed by Rapp etare should be given for estimating the Richardson number,
al. (2008) since their model is a strong function of the elec-which may vary significantly in height and time, which in
tron number density and electron density gradient, which arg¢urn might produce large deviations from measured PMSE
not available, on a regular base, as in-situ measurements irvalues, since the reflectivity is proportional R. Accord-
side PMSE layer. It was point out by Varney et al. (2011) ingly, it is required to develop a special technique to cor-
that “The expression for reflectivity corresponding to this rectly estimate the derivatives of the horizontal wind compo-
solution, i.e. Eq. (44), is identical to that derived by Rapp nents, which is not possible with the present measurements.
et al. (2008) except the leading term involving the electronAt the same time, we have demonstrated that all major PMSE
density and density gradient has been replaced by a term irpeaks are explained in terms of the ice number density and
volving the dust density and density gradient and the relativats height gradient. Smaller model peaks, which are not seen
densities of electrons and dust”. On the other hand, nowain the measured PMSE profiles, have been formed by the ice

days there are continuous ice measurements around the poleonstituent measured by AIM at significant distances from
summer mesopause provided by the SOFIE instrument, anWasa, which probably have been different from those lo-
it is a good opportunity to check the correctness of the modetated in the mesopause directly above Wasa. Thus, the major
proposed by Varney et al. (2011) since there are regular meaole in PMSE formation and their variability should be given

surements of PMSE.

to the ice number density and its gradient. This is in line

We have carefully inspected the actual values of the threavith the results obtained by Hervig et al. (2011) who have
terms entering thé/-term (see Eq. 9) and have found that performed a detailed comparison of PMSE data measured
these terms are of the same order of magnitude if the dustvith the ALOMAR wind (ALWIN) radar and the SOFIE
density has low and moderate values. It means that the threiee particle data and demonstrated a consistent relationship
terms compete with each other when producing PMSE rebetween PMSE reflectivity and ice concentration at all alti-
flectivity of low and moderate magnitudes. In addition, the tudes around the summer mesopause, and the authors con-
first term responsible for PMSE reflectivity (Eq. 7) is in- cluded that “PMC and PMSE are different manifestations of

versely quadratically proportional to the Brun&igla fre-
quency. Thus, the ice number density, its gradient and the
ice gradient due to variations in the buoyancy frequency —

the same ice layer”.

all these factors are of importance for PMSE formation andé Conclusions

variability.

Note that Gibson-Wilde et al. (2000) have simulated a 1.

turbulent layer generated by a Kelvin-Helmholtz instability
which has demonstrated formation of two strong layers in
the radar backscattered power, separated by 1.2 km in height,
with the buoyancy period varying from 4 to 15 min inside the
turbulent layer. The authors pointed out that the buoyancy
frequency is spatially and temporally variable, and highly de-
pendent on the resolution of any temperature measurements
available. In general, if considering a turbulent scatter from
the atmosphere, the radar reflectivity depends both on the
three-dimensional power spectrum of fluctuations of the re-
fractive index (b, (k)) and the gradient of the mean dust den-
sity (M) (Booker, 1956; Hocking, 1985; Rapp et al., 2008;
Varney et al, 2011). In turn, the last two quantities depend
on the static stability of air parcel, that @, (k) o a)gz and

M x a)é (in case of small dust number density and its height
gradient), with reflectivityy (k) oc M2.

In general, we have found a good agreement between
model and experimental PMSE volume reflectivity both in
the magnitude and height variations, when neutral atmo-
spheric parameters are close to their mean values. Consid-
ering variability due to variations imé due to waves, model
PMSE ferlectivities can change by up to a factor 2. If one
considers actual variability of the turbulent energy dissipa-
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For the first time, a detailed comparison between the-
oretical and experimental PMSE volume reflectivity,
measured above Antarctica, has been made. It has been
demonstrated that a new expression for PMSE reflec-
tivity derived by Varney et al. (2011) is able to ade-
quately describe PMSE profiles both in the magnitude
and in height variations. The best agreement, within
30%, is achieved when mean and fixed in height neu-
tral atmospheric parameters are utilized. If profiles of
the turbulent energy dissipation rate derived from data
are considered, then model PMSE reflectivities might
be significantly different (by 80 %) from those calcu-
lated with the fixed parameters. We have found that the
most contribution to the formation and variability of the
PMSE layer is explained in terms of the ice concen-
tration and its height gradient, followed by the turbu-
lent energy dissipation rate. Special care is required to
estimate the Richardson number, which may vary by
several orders of magnitude in time and space around
the summer mesopause. When modeling, it is also im-
portance to consider variations in the Bruriisala
frequency due to upward propagating inertial-gravity
waves. The inverse quantity of the last parameter (the
buoyancy period) can vary from 2 to 9 min under actual
atmospheric conditions, which can lead to deviations in
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PMSE reflectivity from those calculated for the nominal Chandran, A., Rusch, D., Palo, S. E., Thomas, G. E., and Taylor, M.:
value of the buoyancy period (usually taken as 5 min for ~ Gravity wave observations from the Cloud Imaging and Particle

the summer mesopause) by about a factor of 2. Size (CIPS) Experiment on the AIM Spacecraft, J. Atmos. Sol.-
Terr. Phy., 71, 392-400l0i:10.1016/j.jastp.2008.09.042009.

2. We have comprehensively analyzed the wave activityChandran, A., Rusch, D. W., Merkel, A. W., Palo, S. E., Thomas,
in the Antarctic summer mesopause over Wasa based G. E., Taylor, M. J., Bailey, S. M., and Russell lll, J. M.: Po-
on PMSE measurements for December 2010-January lar mesospheric cloud structures observed from the cloud imag-
2011. Signatures of the 2- and 5-day planetary waves ing and particle size experiment on the Aeronomy of Ice in the
have been found in the power spectrum density of Il\/Ies_osg'herle spags;_crqft: at:‘nospheric ﬁrayitylwa(;/es as drivers for
PMSE power, with the former being highly significant ongitudinal variability in polar .r_nesosp eric cloud occurrence, J.
and more powerful. The strongest periodic oscillation in Geophys. Res., 115, D1310#i:10.1029/2009JD013183010.

th hol ¢ bel to the di I sol Cho, J. Y. N.: Inertio-gravity wave parameter estimation from cross-
€ whole power spectrum Delongs 10 the diurnal Solar — gnera) analysis, J. Geophys. Res., 100, 18727-18737, 1995.
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