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Abstract. Polar Mesosphere Summer Echoes (PMSE) havenosphere allowing the formation of ice clouds, known as
been studied at Andenes (@9, 16° E), Norway, using VHF  noctilucent clouds (NLC). Starting from the initial observa-
radar observations since 1994. One remarkable feature dfons byHansen et al(1989; NLC have been routinely ob-
these observations is the fact that during 50% of the time served applying ground based lidars since 1997 sedler

the radar echoes occur in the form of two or more distinctet al, 2003. These ice particles also give rise to very strong
layers. In the case of multiple PMSE layers, statistical anal-+adar echoes first detected Bygechowsky et af1979 and
ysis shows that the lower layer occurs at a mean height oEcklund and Balsley1981) and which are referred to as po-
~83.4km, which is almost identical to the mean height of lar mesosphere summer echoes (PMSE). The current under-
noctilucent clouds (NLC) derived from observation with the standing of this phenomenon has been summarizegiapp
ALOMAR Rayleigh/Mie/Raman lidar at the same site. To and Lilbken(2004).

investigate the layering processes microphysical model sim- PMSE have been observed at different stations, among
ulations under the influence of tidal and gravity waves wereothers at Andenes (8N, 16° E) (Bremer et al. 2003, at
performed. In the presence of long period gravity waves,Tromsoe (69N, 19 E) (Rottger et al, 1988, at Kiruna
these model investigations predict an enhanced formation of6g° N, 21° E) (Kirkwood et al, 1998, at Svalbard (78N,
multiple PMSE layer structures, where the lower layer is a16° E) (Hall and Rottger, 2001), and also in the Southern
consequence of the occurrence of the largest particles at theemisphere at Davis (8%, 78 E) (Morris et al, 2004
bottom of the ice cloud. This explains the coincidence of the2007), at Halley (76 S, 27 W) (Jarvis et al.2005, and at
lowermost PMSE layers and NLC. During periods with en- Wasa (73S, 13 W) (Kirkwood et al, 2007). Latteck et al.
hanced amplitudes of the semidiurnal tide, the observed NLG2007) have found that PMSE in the Southern Hemisphere
and PMSE show pronounced tidal structures comparable t@ccur with a smaller reflectivity than those in the Northern
the results of corresponding microphysical simulations. AtHemisphere. One remarkable feature of all PMSE is the fact
periods with short period gravity waves there is a tendencythat the radar echoes often occur in the form of two or more
for a decreasing occurrence of NLC and for variable weakdistinct layers KHoffmann et al. 2005 and they show clear
PMSE structures. wavelike structures. Typical PMSE with a double layer struc-

Keywords. Atmospheric  composition and  structure tUre are showninFigl. _ _ _
(Aerosols and particles; Middle atmosphere — composition One of the open questions regarding mesospheric clouds is
and Chemistry) _ Meteoro|ogy and atmospheric dynamicsrelated to the influence of tidal and graVIty waves on the Iay-

(Middle atmosphere dynamics; Waves and tides) ering processes leading to NLC and PMSE. Previous studies
have been directed to the contribution of gravity waves, the

general thermal structure, and Kelvin-Helmholtz-instabilities
on PMSE Rottger, 1994 Klostermeyer 1997 Hill et al.,
1999. Tidal variations of brightness and centroid altitudes
gf NLC have initially been detected lwpn Zahn et al(1998

and were recently summarized Bjedler et al(2005. The
association of PMSE with different tidal modes has been as
Correspondence td?. Hoffmann first detected byVilliams et al.(1995. Particularly, the influ-
(hoffmann@iap-kborn.de) ence of semidiurnal tides on the variation of PMSE has been

1 Introduction

During summer, the thermal state of the polar mesosphere i
characterized by the lowest temperatures of the Earth’s at
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the vertically directed beam on 30 July 1997.

. Fig. 2. Model results of the proxy P (black,left), the calculated
studied byBarabash et af1998, Hoffmann et al.(1999,  packscatter ratio that would be seen by a lidar operating at a wave-

and reC_enﬂy bMorris et al.(2009. _ length of 532nm (red, left), the charged particle number density
Possible reasons for the formation of double layer PMSE(plack, right) and the aerosol particle radius (red, right). This figure

structures have been discussedRittger (2003 based on s reproduced froniRapp et al(2003, copyright by the American
earlier work byRottger(1981), where the relation between Geophysical Union.
waves and thin scattering layers in the stratosphere was stud-
ied. Based on microphysical model simulations Rgpp
et al.(2003, Hoffmann et al(2009 found an enhanced for- €ters are partly based on case studies of wind measurements
mation of multiple PMSE layer structures in the presence ofWwith the VHF radar during the presence of PMSE but mainly
long period gravity waves. on measurements with the Andenes MF radar. This radar
In the current paper we are studying the influence bothcontinuously provides horizontal winds at altitudes between
of short and long period gravity waves and of tidal waves ~70 km and 94 km since 1998 using the full correlation anal-
on both PMSE and NLC. For these purposes, microphysi¥Sis method. More details are givendinger et al(1997).
cal model simulations of the generation and growth of meso-Wind values are derived with a resolution in height of 2km
spheric charged particleRéapp et al.2003 have been car- and in time of 3min. Routinely, the data are averaged in-
ried out to consider the impact of idealized wave disturbance$lependently for each adjacent one hour period and altitude.
with different scales on the microphysics of ice particles. Fi- Prevailing winds, diurnal, and semidiurnal tides are obtained
nally, the results of these simulations are tested using casBom least square fits of 4-day composite days shifted con-
studies with simultaneous wind measurements and commoHnuously by one day (e.gSinger et al.2003. The gravity
volume PMSE and NLC observations either influenced bywave kinetic energy is estimated from MF radar winds by re-
dominating tides in comparison with a reduced activity of Moving the mean winds and tidal components and applying
short period waves or by enhanced activity of short period(Serafimovich et al.2009 the summarized scale-averaged

waves but with relatively weak tidal wave amplitudes. wavelet analysisTorrence and Compd998. For the analy-
sis of short period gravity waves the data have been averaged

only over 20 min instead of the regularly used hourly aver-

2 Data base and model simulations aged wind values. Isolated data gaps have been substituted
_ by interpolated values.
2.1 Observations The ALOMAR Rayleigh/Mie/Raman (RMR) lidar near

Andenes operates on a routine basis to measure air density

PMSE observations are available from 1994-1997 using theysfiles and aerosol particles in the Artic middle atmosphere
ALOMAR SOUSY VHF radar (Arctic Lidar Observatory for during day and nighton Zahn et a).2000. During the

Middle Atmosphere Research/SOUnding SYstem) and sinceymmer months, the observation of NLC is one of the major
1999 with the ALWIN VHF radar (ALOMAR wind radar) at  ¢a5ks of this lidar. NLC are characterized by their volume

Andenes (69N, 16 E). A detailed discussion of these obser- 5 kscatter coefficient and by their centroid altitudes (see

vations is given bygremer et al(2003. For our investigation  Fiagler et al, 2003 Baumgarten and Fied|g2008 for more
we are using data with a resolution of 300m in height anddetails).

about 5min in time obtained during the core PMSE seasons
(June and July). Estimates of gravity and tidal wave param-
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Fig. 3. Histogram of the preferred centroid heights of PMSE and
NLC (1997-2004):(a) for PMSE with only one layer(b) for the
lower layer of PMSE in the case of multiple PMSE layer structures

(blue) together with the centroid heights of NLC (white ); &ofor
the second layer in the case of multiple PMSE layer structures.

3 Results and discussions
3.1 Multiple PMSE layer and their relation to NLC

PMSE layer ranges are identified by an SNR-threshold of
5dB and by the detection of a relative minimum of 10dB
below the corresponding maximéig¢ffmann et al. 2005.
Guided by the knowledge on the physical origin of PMSE Then for each single range the corresponding peak height
(Rapp and iibken 2004 and earlier observations of grav- hmax has been selected by finding the maximum. Applying
ity wave — ice layer interaction®R@pp et al.2009, Rapp this procedure to the observations from 1997-2004, the his-
et al. (2003 developed an empirical proxy for PMSE that togram of the centroid heights is shown in FagAccording
can be realized with combined models of ice particle micro-to that, PMSE with two or more layers occur with a rate of
physics and aerosol charging. In this framework, the radambout 50%. The height distribution shows a mean height of
reflectivity of the PMSE signal is assumed to be proportional84.8 km for single PMSE layers, whereas in the case of mul-
to the product of the charged aerosol number density and théple PMSE layers, the lower layer occurs at a mean height
squared radius of the aerosols. Under dynamically quiet conef ~83.4km and the layer located above at about 86.1 km.
ditions, this proxy reproduces the main features of PMSE andNote that the lower layer of multiple PMSE layers is in sur-
also NLC at the lower edge of the PMSE very well as shownprisingly good agreement with the mean centroid height of
in Fig. 2, where profiles of the proxy and the lidar backscat- NLC (Fig. 3b), and corresponds to the results of the mi-
ter ratio, the charge number density and the ice particle raerophysical model simulation, as shown in the left part of
dius at an arbitrarily selected time during a model simulationFig. 2. The strong correlation between NLC and PMSE is
are presented. To investigate the influence both of short andlso demonstrated in Fig.by the mean diurnal variation of
long period gravity waves and of tidal waves on both PMSEthe PMSE and NLC altitudes derived from all measurements
and NLC, model simulations have been carried out where theand confirms first results byon Zahn and Breme1999
winds and temperatures have been disturbed by single idealvhich were based on a much shorter data set. Note, that the
ized waves using parameter based on realistic observed dathurnal variation of the altitude of the lower multiple PMSE
(more details are given iRapp et al.2002. layer represented by the blue line, is nearly the same as the
NLC height variations. Thus we assume that simultaneously
observed PMSE and NLC layers with a coincidence of their
lower ledges, denoted as “Type 1”won Zahn and Bremer
(1999, are mainly connected with the occurrence of multiple
PMSE layers.

2.2 Model simulations

www.ann-geophys.net/26/4013/2008/ Ann. Geophys., 26, 41122-2008
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Fig. 5. Model results:(a) Temperature variations under the influence of a semidiurnal tidal vayeesulting PMSE strengths (coloured)
and lidar back scatter ratio at 532 nm (black lines).
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Fig. 6. Observational results: (left) Amplitude of the semidiurnal tide derived from the Andenes MF radar, (right) Variation of hourly
meridional winds. Daily mean background winds are removed.

In Hoffmann et al.(2009, the underlying layering pro- sented inHoffmann et al.(2005 using MF and VHF radar
cesses for the formation of multiple PMSE layers have beerwind measurements during the PMSE observations. In a case
investigated by microphysical model simulations, wherestudy, ALWIN VHF radar wind measurements have been
winds and temperatures were disturbed by a gravity waveused, and indeed evidence for a long period gravity wave dur-
with a vertical wavelength of 6 km and a period of 470 min ing the occurrence of a multiple PMSE layer was found. A
(seeHoffmann et al. 2005 Fig. 3a—c). Summarizing their climatological test was based on the kinetic energy of grav-
results, it has been shown that the gravity wave induced temity waves of different scales derived from continuous MF
perature variations have a strong influence on the resultingadar winds during the main part of the PMSE period. It has
proxy distribution leading to multiple PMSE layer structures. been found, that the strongest correlation between MF Radar
According to the model calculations, the layering should bewinds and daily occurrence rate of multiple PMSE layer oc-
particularly pronounced in the presence of long period grav-curs with the variances of meridional winds at 86 km for pe-
ity waves with periods of about 6 h, i.e., waves with a “cor- riods between 5 and 7 idpffmann et al. 2005 Fig. 6), thus
rect” timing between ice particle nucleation, growth and sed-confirming the results of the model predictions.
imentation. Experimental tests of this approach were pre-
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ALWIN Radar and ALOMAR RMR lidar Andenes, 2-4 Aug 2000 (12:00 - 24:00)
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Fig. 7. Observational results: Simultaneous and common volume measurements of PMSE and NLC (white contour lines) during the period
of enhanced semidiurnal tidal wave activity. The line at the top indicates when lidar observations have been carried out.
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Fig. 8. Simulation of the influence of a short period gravity wave on PM@Etemperature variations caused by a gravity wave with a
period of 1 hy(b) resulting PMSE strength.

3.2 Influence of tidal waves on layering processes realistic during PMSE observations (eCarter and Balsley
1982. Note also that the exact value of the vertical wave-
As mentioned in the introduction, the observations of NLC length is not critical for these simulations as long as the ver-
and PMSE show strong tidal variations (efdedler et al. tical wavelength is large compared to a typical vertical extent
2005 Morris et al, 2006, mainly determined by the semidi- of a PMSE layer, i.e.;»10km. The temperature variations
urnal component as the dominant mode at high latitudes. Tainder the influence of this wave are shown in .
investigate the influence of tidal waves on the formation of The time-altitude development of the PMSE-proxy to-
PMSE and NLC, microphysical model simulations have beengether with the lidar backscatter ratio at a wavelength of
carried out where the winds and temperatures have been di$32 nm is presented in Fi§b. The results clearly show that
turbed by a single idealized wave with a period of 12 h andthe wave induced temperature variations have a strong in-
a vertical wavelength of 25 km, which can be considered adluence on the resulting reflectivity which is determined by a

www.ann-geophys.net/26/4013/2008/ Ann. Geophys., 26, 41122-2008
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Fig. 9. Example of a short period variation of the lower edge of an observed PMSE.

gravity waves can be neglected during this period. Simulta-
neous and common volume observation of PMSE with the
7500 ALWIN VHF-radar and of NLC with the ALOMAR RMR-
lidar show a clear tidal structure in the PMSE (Fy.and
6000 strong NLC in the lower edge of the PMSE. The observations
correspond very well to the modeled PMSE/NLC structure
4500 (Fig. 5b), clearly indicating that the timing between nucle-
ation, growth and sedimentation of the ice particles on the
3000 one hand and the phase propagation on the other allows the
formation of the observed structure with relatively large ice
1500 particles leading to the large volume backscatter ratios de-
rived from the observed NLC structures. Interestingly, the
0 SDT does not lead to multiple PMSE layers like in the case of
gravity waves with periods in the 5-7 h range. The reason for
this can be found in the very different vertical wavelengths,
a) of the SDT, here with values of 25 km, but large compared
Fig. 10. Results of the Wavelet transform of horizontal winds from t0 a typical vertical extent of a PMSE layer of abop0 km,
ALOMAR SOUSY radar measurements at an altitude of 84.5km.and b) of the gravity waves in the 5-7 h range with vertical
The bold green line outlines the region with 95% significance level. wavelengths in the order of about 6 km and leading to the
enhanced formation of multiple PMSE layers.

2 2
|Wu| + |Wv|, 20 June 1997, 84.5 km m2/s?
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3.3 Influence of short period waves on PMSE and NLC

12 h variation and lead to strong PMSE structures, again with
NLC at the lower edge of the PMSE. To investigate the influence of short period gravity waves

To check this idealized situation with real data, we selectedon PMSE and NLC, a simulation was performed where the
from the Andenes MF radar measurements a period withwinds and temperatures were disturbed by an idealized wave
strong semidiurnal tides (SDT). Such periods start at highwith a period of 1 h and a vertical wavelength of 20 km.
northern latitudes at the end of July and maximizes aroundlhe resulting temperature variations are shown in Bay.
the autumn equinox (e.qRiggin et al, 2003. With the ad-  Here, the wave prohibits the growth of large ice particles such
ditional condition of simultaneous occurrence of PMSE andthat NLC formation does not occur (Figb) (see alsdrapp
NLC we identified from our wind observations a period of et al, 2002 for more details of the relevant microphysical
enhanced SDT with amplitudes of about 30 m/s from 3-4processes). Instead, there is a pronounced up- and down-
August 2000 (Fig6, left panel). Note that the variation of ward motion of the PMSE. Such up- and downward motions
hourly winds (Fig.6, right panel) indicate a dominant influ- of the lower or upper edge of the PMSE can regularly be
ence of tidal waves so that the contribution of short periodfound in observations (Fig®) and are related to observed

Ann. Geophys., 26, 4013622 2008 www.ann-geophys.net/26/4013/2008/
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Fig. 11. Observations at Andenes from 28-29 June 2gagPMSE ~ F19- 12.As Fig. 11, but from 30 June-1 July 2003.

observation with the ALWIN-VHF-Radar(b) Signatures of NLC

derived from simultaneous observations with the ALOMAR-RMR-

lidar, represented by their volume backscatter coefficients. The line The gravity wave activity per mass unit is derived from the

at the top indicates when lidar observations have been carried ouMF radar winds using a summarized scale-averaged wavelet

(c) Wind variances of gravity waves with period between 2-4 h de-power. This method is very efficient (e .goffmann et al,

rived from the Andenes MF radar. 2006 2007) and comparable to the variances estimated after
a classical Butterworth band-pass filtering. To improve the

characteristics of short term gravity waves. The presence ofesolution, the data have been averaged only over 20 min in

short period gravity waves has been identified by a Morlet-the altitude range between 80-88 km instead of the regularly

wavelet transform (e.gSerafimovich et al.2005 of zonal used hourly averaged wind values.

and meridional winds at an altitude of 84.5 km (Fl§) de- The wind variances have been estimated for periods be-
rived from the VHF radar measurements during the presencéveen 0.5-1.5h and are presented in the lower panels of
of PMSE on the same day. Figs.11and12 At altitudes of~84—86 km, periods of en-

To investigate the influence of short period gravity waveshanced activity of these waves have been derived on 29 June,
on both PMSE and NLC, we selected a period with long last-~10:00 UT, and 1 July, 00:00-08:00 UT. Note that during the
ing simultaneous and common volume PMSE and NLC ob-selected period the SDT shows maximal amplitudes of only
servations and enhanced variances of short period wind fluc10-12 m/s (Fig13), thus indicating a reduced influence of
tuations identified from our MF radar observations from 28 tidal waves in comparison to the case study with enhanced
June to 1 July 2003. Note that this period belongs to theSDT activity from 3—4 August 2000 (Fi@, left panel).
core period of PMSE and NLC observations. PMSE observa- The results of the long lasting NLC observations show a
tions have been characterized by their signal-to-noise ratioselatively low occurrence of NLC on 29 June, the absence of
(Figs. 11a and12a), whereas signatures of NLC (Fidslb NLC on 1 July and only weak PMSE during or after the pe-
and12b) are represented by their volume backscatter coeffi+iods of enhanced activity of short period gravity waves, thus
cients Fiedler et al. 2003. The lines at the top of Figd.1b confirming the predictions of the microphysical model simu-
and12b indicate when lidar observations have been carriedation (Fig.8). This means that the wave will cause only an
out. up- and downward motion of the PMSE layer and suppress

www.ann-geophys.net/26/4013/2008/ Ann. Geophys., 26, 41122-2008
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simulations of the generation and growth of mesospheric
charged particles have been carried out to consider the im-
pact of idealized wave disturbances with different scales on
the microphysics of ice particles. The results of these simu-
20 lations have been tested using simultaneous observations of
10 winds, PMSE, and NLC.

The observations of PMSE at Andenes (68 16° E),
Norway, show that the radar echoes occur with a rate of about
-10 50% in the form of two or more distinct layers. In the case
of multiple PMSE layers, statistical analysis shows that the
lower layer occurs at a mean height-e83.4 km, which is
almost identical to the mean height of NLC derived from ob-
servation with the ALOMAR Rayleigh/Mie/Raman lidar at

amplitude 12 h tide (zonal) (m/s) the same site.
90 | | | | | The influence of gravity waves on the formation of multi-
4 4 6 ple PMSE layers has been investigated in detalbjfmann
6 5} 8 et a_I.(ZOOE) using mlcrophysmal mc_)del sm_ﬁulatlons an_d ex-
8 8 A0 perimental validations. Summarizing their results, simula-
40 tions under the influence of gravity waves with periods of
about 6 h predict an enhanced formation of multiple PMSE
layer structures, where the lower layer is a consequence of
30 the occurrence of the largest particles at the bottom of the ice
cloud. This explains the coincidence of the lowermost PMSE
layers and NLC, experimentally confirmed here by the his-
20 tograms of the centroid heights of PMSE and NLC and by
their mean diurnal variations.
Microphysical model simulations were also performed un-
10 der the influence of tides and short period gravity waves. The
wave parameter were chosen due to realistic and observed
data. To test the obtained results experimentally, periods with
8 N 0 simultaneous and common volume PMSE and NLC obser-
vations have been selected. During periods with enhanced
6 6 amplitudes of the semidiurnal tide, the observed NLC and
75 - PMSE show pronounced tidal structures comparable to the
‘ ‘ ‘ ‘ ‘ results of corresponding microphysical simulations under the
28 June 29 June 30 June 1 July influence of an idealized semidiurnal tidal wave, clearly in-
2003 dicating that the timing between nucleation, growth and sed-
imentation of the ice particles on the one hand and the phase
propagation on the other allows the formation of the observed
Fig. 13. Mean zonal wind and amplitudes of their semidiurnal and structure with relatively large ice particles. Interestingly, the
diurnal variation derived from Andenes MF radar observations fromSDT does not lead to several PMSE layers in the vertical pro-
28 June-1 July 2003. file. This can be explained by the difference between the ver-
tical wavelength of the SDT which is larger than the vertical
extent of the PMSE layer and of the vertical wavelength of
the mesospheric ice formation due to the larger time constaniphout 6 km for the gravity waves with periods between 5-7 h
necessary for the ice layer formation in comparison to thejeading to the enhanced formation of multiple PMSE layers.
wave period. Microphysical simulations under the influence of short pe-
riod gravity waves predict that such waves only cause pro-
nounced up- and downward motions of the PMSE, but pro-
4 Conclusions hibits the growth of large ice particles and hence the forma-
tion of NLC due to the larger time constant necessary for the
In this paper, we have investigated the influence of short andce layer formation in comparison to the wave period. These
long period gravity waves as well as of tidal waves on layer-results have been confirmed in case studies during long last-
ing processes in the polar summer mesopause region leadirigg simultaneous measurements of PMSE and NLC, where
to NLC and PMSE. For these purposes, microphysical modetluring and after the periods of enhanced activity of gravity
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waves with periods of about 1 h a markedly reduced occurHansen, G., Servazi, M., and von Zahn, U.: First detection of a
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