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Abstract. The ECOMA sounding rocket campaign in 2010 Keywords. Atmospheric composition and structure (Middle
was performed to investigate the charge state and numbetmosphere — composition and chemistry; Instruments and
density of meteoric smoke particles during the Geminids metechniques; General or miscellaneous)

teor shower in December 2010. The ALOMAR Na lidar con-
tributed to the campaign with measurements of sodium num-
ber density, temperature and line-of-sight wind between 80
and 110km altitude over Andgya in northern Norway. This
paper investigates a possible connection between the Gent
inids meteor shower and the mesospheric sodium layer. We
compare with data from a meteor radar and from a rocketOne might expect the Geminids to increase the density or
borne in situ particle instrument on three days. Our mainmodify other characteristics of the sodium layer, at least dur-
result is that the sodium column density is smaller duringing the time of their peak activity. The purpose of this work
the Geminids meteor shower than the winter average at thés to investigate if the influx of meteoric material during the
same latitude. Moreover, during two of the three years con-Geminids meteor shower has any significant influence on the
sidered, the sodium column density decreased steadily durnesospheric sodium layer at high latitudes. The Geminids in
ing these three weeks of the year. Both the observed de2010 had their peak activity in the night from 13 to 14 De-
crease of Na column density by 30 % and of meteoric smokeember. Our data set covers almost 40 h of lidar measure-
particle column density correlate well with a corresponding Ments on six days in 2010 — before, at the peak and shortly
decrease of sporadic meteor echoes. We found no correlafter the Geminids shower activity. Furthermore, we compare
tion between Geminids meteor flux rates and sodium columrsimilar data from 2009 and 2011, as well as meteor radar data
density, nor between sporadic meteors and Na column derfrom December 2010 and in situ particle measurements from
sity (R = 0.25). In general, we found the Na column den- December 2010.

sity to be at very low values for winter, between 1.8 and It has been known since 1929 that emissions in the atmo-
2.6 x 1013m~2. We detected two meteor trails containing SPhere near the sodium (Na) resonance line egsplfer
sodium, on 13 December 2010 at 87.1 km and on 19 Decem1929. Itis well-known that meteors are the source of meso-
ber 2010 at 84 km. From these meteor trails, we estimate &Pheric metal species like sodium, potassium and iron, which

global meteoric Na flux of 121 kgd and a global total me-  €Xist in their atomic state in a layer between about 80 to
teoric influx of 20.2td L. 110km altitude Junge et a).1962. The first lidar obser-

vation of atmospheric Na was reported Bpwman et al.
(1969, and numerous studies have since been carried out
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62 T. Dunker et al.: Development of the Na layer at 69N during the Geminids 2010

to investigate the mesospheric metal layers at different lat{Borovicka 2006H. The Na abundance by mass is 0.6 %
itudes. (Mason 1977 under the assumption that most meteoric ma-
The mesospheric Na layer exhibits a seasonal variation. Irerial has the composition of ordinary chondrites.
the summer months (June, July, August), Na density is small- Rietmeijer (2003 mentions a scenario where influx of
est, while it is greatest during the winter months (November,high-velocity comet meteoroids and low-velocity near-Earth
December, January). The Na density decreases and increasasteroids could be the cause for seasonal variations in meso-
gradually during spring and autumn (eRjane et a].1999. spheric sodium, potassium and carbon abundance. The Gem-
Their study was performed for mid-latitude conditions, but inids have a high entry velocity of about 36 kmis(Sto-
the same annual pattern is visible at high latitudégner ber et al, 2019. They are of cometary originBprovicka,
and von Zahn(19889 measured during the 1985/86 winter 20063, but their parent body is the near-Earth asteroid
at Andgya. They found an average Na column density 0f3200 Phaethon. This obvious contradiction is underscored by
5.6 x 101 m~2 and no obvious trend for that winter season. the comet-like orbit of 3200 Phaeton and the fact that its sur-
Chemistry plays a key role in the abundance of meso-face is very dark and that it never develops a cometary tail.
spheric Na (se€’lane 2003 for a review of metal chem- Hughes(1978 estimated the global annual mass influx
istry in the atmosphere). The major reservoir for Na belowfrom the Geminids as 15t, the influx from the Perseids and
90 km is believed to be the molecule NaHgQvhich has  Quadrantids as only.8t each. The Geminids are also the
a relatively long lifetime in the mesospher@ldne 2000. meteor stream with the greatest densit@@lx 10° kgm=3),
Above 95 km, N4d is the major reservoir species for atomic about three times greater than the density of sporadic mete-
Na (Helmer and Planel993. Another sink is the uptake of ors and all the other known meteor showetisighes 1978.
NaHCG; and Na on meteoric smoke particles, likely highly Modern meteor smoke simulations, for instari€alash-
efficient, where Na species adsorb on silica (§i€urfaces  nikova et al.(2000, typically assume a particle bulk density
(Plang 2004. Models for the mesospheric Na layer have of 2.5 x 10°kgm~3, but for meteors in general, not for the
been developed bielmer and Planél993 andMcNeil et Geminids. In this paper, we use neither of these values, but
al. (1995. Their results indicate that more than 90 % of the merely report the scatter of values we have found in the lit-
total Na at 95 km occurs as atomic Na. erature. A much greater mass influx for the Geminids of 35t
There are only a few studies that have investigated thedistributed over ten days of activity is reported®grreira et
abundance of Na in the mesosphere and lower thermo- al. (2010, but the mass influx is not equally distributed over
sphere.Kopp (1997 published the results of five sound- those ten days. Almost all material is ablated between 12 and
ing rocket launches, one of them on 30 November 1980 atl4 December$tober et al.2012), yielding a greater mass
Kiruna, Sweden (679N, 21.F E), which is located east of influx during the peak activity than the average o &1
the Scandinavian mountain range, almost at the same latigiven byCorreira et al(2010.
tude as the Andgya Rocket Rang@pp (1997) calculated a An influence by meteor showers on the neutral metal lay-
Nat column density of B x 1012m~2 for four of the rocket  ers has long been suspected. Yet, evidence has not always
flights and found that the ion abundance during the launctbeen found. There have been some studies investigating a
close to the Geminids was not different from periods without possible correlation between neutral metal densities and the
meteor shower activity. influx of meteor material during meteor showers. Some of the
The Geminids are a major meteor shower with a zenithalauthors report an influenc&l¢hiumi et al, 1993 Gerding et
hourly rate of 120 meteor<prreira et al. 2010, making  al., 1999 Hoffner et al, 1999, but mostly for a very short
the Geminids (together with the Quadrantids) the most protime. From four hours of lidar measurements, a fourfold in-
nounced of all meteor showers. Meteor shower activity startscrease in Na density was reportedtdgke et al(1972. No
around 9 December, peaks at 13/14 December and decaysfluence has been found bioffner et al. (2000 andChu et
rapidly thereafter, with the last activity around 16 Decem- al. (2000. Concerning the metal layer topside, above 110 km
ber. The Geminids can be well distinguished from sporadicaltitude, Hoffner and Friedmait2004 found evidence for a
meteors by their radiant, the apparent direction of their ori-connection between meteoric influx and the potassium and
gin in astronomical coordinates. The peak meteor flux occursalcium densities at #hlungsborn, Germany, and Arecibo,
at a solar longitude of 262 Between 40% and 50% of all Puerto Rico.Correira et al.(2010 used GOME satellite
observed radar meteors originate from the Geminids radiantiata to study the magnesium atom (Mg) and ion {\gol-
during peak activity $tober et a].2012). umn density in the atmosphere for the period 1996 to 2001.
Borovicka (20063 reported a significant Na depletion for They have not found an increase in column density for these
most of the Geminids, among other meteor showers. How-species during meteor shower activity.
ever, depletion is not complete, and the amount of Na varies Clemesha et a[1978 first reported on the occurrence of
from meteoroid to meteoroidBprovicka 20063, with the  sporadic Na layers. These authors have proposed that direct
level of depletion being a measure for the meteoroid’s agemeteor input might cause these sporadic Na layers. Later,
A spectroscopic analysis revealed that the level of Na depleClemeshg1995 andClemesha et a{1999 did not rule out
tion is stronger in the meteors occurring before the maximumdirect meteor input, but stated that evidence for a correlation
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between occurrence of sporadic Na layers and meteor show2ms-! and 2K, respectively. Mesospheric temperature mea-
ers was not conclusive€ox and Plan€1998 suggested an surements using the N, resonance line were first reported
ion-molecule formation mechanism for sporadic Na layers,by Gibson et al(1979 and byThomas and Bhattacharyya
that was tested experimentally bieinselman et al(1998 (1980. The measurement principle is based on probing the
and Heinselman(2000. Clemesha et al(1999 concluded  Doppler broadening and Doppler shift of the Na resonance
the ion-recombination mechanism to be the most likely causdine D»,, a method described Wyricke and von Zah(i1985.

for sporadic Na layers. Other studies of sporadic Na layers byT'he altitude range depends on season, because the extent of
lidar at high latitudes have suggested mechanisms for theithe Na layer exhibits a seasonal variation with the largest ex-
generation unrelated to direct meteor inpugn Zahn et al.  tentin winter. The lidar measures atomic Na, but no molecu-
(1987, von Zahn and Hansg1988, Hansen and von Zahn lar or ion species.

(1990, Heinselman et al1998, Nesse et al(2008, Hein- The Na Weber Lidar operates at 50Hz and emits laser
rich et al.(2008. pulses with a wavelength of 589 nm and a duration.@fr&

We will first describe our instruments, briefly investigate FWHM (full width at half maximum). A cycle of three fre-
the atmospheric conditions during the lidar measurementgjuencies is emitted by the lidar, one at the, frequency
and then concentrate on the Na layer properties and their reaf Na (589189 nm) and the other two at630 (£ 50) and
lation to meteor flux rates and meteoric smoke particles.  —630 (4 50) MHz relative to theDo, frequency.

At first, continuous-wave (cw) 589 nm light with a power

of up to 70 mW is created through sum-frequency generation
2 Instruments of two cw Nd:YAG beams at 1319 nm and 1064 nm. This

589 nm beam is locked to the Lamb dip at the Ng, res-
We have measured with the ALOMAR Weber Na lidar onance line (58489 nm) using Doppler-free spectroscopy.
and the Andenes SKiYMET meteor radar, on the Norwe-An acousto-optic modulator generates two additional fre-
gian island Andgya, on several days in the period fromquencies at630 MHz, relative to theDy, line. These three
26 November until 19 December 2010, covering the timefrequencies are emitted in cycles with lengths of 15s, such
of the Geminids meteor shower. These lidar and radar meathat each frequency is emitted for five seconds. This cw light
surements were part of the ECOMA programme, a German-enters a Spectra Physics Quanta-Ray Pulsed Dye Ampli-
Norwegian sounding rocket project with a last campaign infier 1, consisting of three dye cells, i.e. amplification stages.
December 2010 at the Andgya Rocket Range. The acronyrthe dye amplifier is pumped by a pulsed, frequency-doubled
ECOMA stands for “Existence and Charge state Of mete-Spectra-Physics Quanta-Ray PRO 230 Nd:YAG operating
oric smoke particles in the Middle Atmosphere”. During the at 50 Hz, yielding the pulsed 589 nm beam. The spectral
campaign, the rockets ECOMA 7, 8 and 9 were launched. AlIFWHM of the lidar pulses is 130 MHz, corresponding to
three rockets were launched under similar conditions, wherf.15pm. The output beam is guided through a beam ex-
there was a quiet ionosphere and no auroral particle prepander, such that the beam diameter is widened to 20 mm
cipitation. The ground-based instruments covered the rockeand the divergence is reduced to 450 prad. A beamsplitter
launches on 13 and 19 December. The atmospheric volumegivides the beam into two branches of equal power. Beam-
that were probed by rocket and lidar were separated horizonsteering mirrors guide the beams to the atmosphere and move

tally by approximately 20 to 40 km. each beam such that there is a full overlap with the lidar field
of view at the Na layer altitudes. The lidar field of view is
2.1 ALOMAR Weber Na lidar 600 prad (full angle). Due to the laser divergence, the instru-

ment probes an atmospheric volume with a diameter of 45 m

The Na lidar at ALOMAR (Arctic Lidar Observatory for at 100 km altitude.
Middle Atmosphere Research) is a narrowband resonance The photons emitted by the laser are scattered by the meso-
fluorescence lidar located at 379 m above mean sea levedpheric Na atoms, and the backscattered photons are col-
on top of Ramnan mountain (69.8, 16.0° E), about 2km  lected with two telescopes &1.8 m). The telescopes be-
south-southwest of the Andgya Rocket Range, on the northlong to the RMR lidar, owned and operated by the Leibniz-
ern Norwegian island of Andgy&he et al(2002, Arnold Institute of Atmospheric Physics iniflungsborn, Germany
and She(2003 and Kaifler (2009 have described this Na (von Zahn et al.2000. They can be pointed to zenith an-
lidar in detail. It is owned and operated by GATS, Inc., the gles between®and 30 and azimuth angles between 270
University of Tromsg and the Andgya Rocket Range. Formei360° and 90 to 180, respectively. Fibres guide the photons
co-owners were Colorado State University and Colorado Reto a mechanical chopper that operates at 50 Hz, cutting off
search Associates, whose expertise has been transferred parts of the tropospheric signal. After the chopper, the pho-
GATS, and FFI. tons pass an interference filter with a bandpass of 1 nm, cen-

The Na lidar measures Na number density, line-of-sighttered at 589 nm. Finally, the photons are counted with pho-
wind speed and temperature in the altitude range betweetomultiplier tubes (Hamamatsu R932-02) and stored to disk
about 80 and 110 km with uncertainties better thahrmo®, with an altitude bin size of 150 m.
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Table 1. Beam specifications for the ALOMAR Na lidar, including Table 2. Rocket launches and lidar observations during the
lidar field of view (as of 21 December 2010). For the 589 nm laserECOMA campaign 2010. Only days with more than three hours
beam, only data for th®,, frequency is given. Beam divergence of data are listed. Times are given in [hh:mm] format in UT. Local
is given as full angle. Pulse length is given as full width at half time is UT plus one hour.

maximum (FWHM).

Day Rocket launch Na lidar observation
Beam spec. Pulsed 589 nm 26 November - 16:38-23:12
Power [W] 1 4 December 04:21 (ECOMA7) 19:32-23:07
Rep. rate [Hz] 50 5 December - 18:37-22:37
Pulse energy [mJ] 20 7 December - 13:25-18:35
Pulse length [ns] 6.7 13 December  03:24 (ECOMA 8) 02:40-07:20

. 19 December  02:36 (ECOMA 9) 01:34-08:48

Beam diameter [mm] 20 13:14-21:52
Beam div. [urad] 450 i i

Sum [hh:mm] 39:51

The geophysical variables can be calculated from the
recorded photon count profiles at the three frequencies, buAssuming a Gaussian profile for each of the recorded Na den-
some necessary corrections have to be applied to the datity profiles, the FWHM of the Na layer can be calculated,
(Heinrich, 2007 Heinrich et al, 2008. The background has which is related to the RMS widttGardner et a).1986.
to be subtracted from the data, we have to correct for the Lidar specifications during the ECOMA campaign 2010
deadtime of the photomultipliers and for the different pulsedare given in Tablel. During the campaign, we operated the
output power at the three frequencies, also over time. TheNa lidar between 26 November 2010 and 19 December 2010,
photon count profiles at the altitudes of the Na layer are norwhenever there was clear sky. The operational dates and
malized to the photon counts from the stratosphere at 38 kmtimes are listed in Tabl2.
which we assume as aerosol-free. In that case, all counts are For this study, we use a running mean of ten altitude bins,
purely due to Rayleigh scattering. The emitted frequenciesjielding a height resolution of.Bkm. The temporal reso-
are so similar that the Rayleigh scattering coefficient is asdution is five minutes, unless otherwise noted. The data pre-
sumed to be the same. Hence, the photon counts depend ondégnted here was taken with the two telescopes always pointed
on output power, but not on frequency, and can be normalizedo north and east, respectively, with a zenith angle ¢f 20
to each other. Above the normalization altitude, we considereach. This was done in order to measure the meridional and
the atmospheric transmission to be unity, but we correct forzonal wind components. We concentrate on the data from
differential extinction in the Na layer. We obtain the atmo- the northward pointing beam because the uncertainties are
spheric density at the normalization altitude from ECMWF slightly better compared to the eastward beam. Both beams
reanalysis data, issued every six hours for Andenes. The Nahow essentially the same time development of the Na layer.
number densities can then be measured direEtlicke and The exception is the Na column density data from 2011,
von Zahn 1985. Doppler broadening and Doppler shift of when the telescopes pointed to zenith.
the NaDy, resonance line are used to measure temperature
and line-of-sight windsHricke and von Zahn 985 Arnold 2.2 Andenes meteor radar
and She2003.

The amount of Na atoms in an atmospheric column is'"€ Leibniz-Institute  of ~Atmospheric =~ Physics  at
given by the column density: Kihlungsborn operates a standard all-sky SKiYMET

meteor radar at Andenes. The system is located approxi-
2H mately 15 km east of the ALOMAR observatory. The radar

C= /n(z) dz. (1) operates at a frequency of .38 MHz and transmits a peak

power of 30 kW. The antenna array consists of five receiving
and one transmitting antenna. The radiation pattern is almost
In Eq. (1), zo andzy denote the bottom and the top altitude of symmetrical due to the use of crossed dipole antennae
the Na layer, respectively, with the Na number density) (Singer et al. 2004. A more detailed description of the
at the corresponding altitude The centroid heightc of the  experiment configuration is given IStober et al(2012).
Na layer can be calculated using E@).(This parameter is The specular meteor observations are suitable to investi-
rather insensitive to wave perturbations and therefore a googate the astrophysical properties of the meteoroids, like the

<0

indicator of the Na layer staté&@rdner et a).1986. source radiant (on a statistical basis), entry velocity, altitude,
- q meteor count rate and the ablation rate (electron line density).

2= S 1@ -zd @) The radar is also capable of measuring atmospheric winds in
Zon n(z) dz the altitude range between 78 and 100 km.
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Andenes meteor number 2010 counts until 14 December, when the maximum total meteor
‘ ‘ . count rates are measured. After that, the total meteor count
rates decrease rapidly, indicating that the meteor shower is al-
most over, see alsBtober et al(2012. The maximum total
number of meteors occurs each day from around 23:00 UT
w© until approximately 05:00 UT the next day. The peak activ-
» ity of the Geminids 2010 was reached on 14 December, with
maximum total meteor flux rates of 1000 to 1200 meteors per
Fig. 1. Time series of total meteor counts per altitude for the period hour, integrated over all altitudes. The maximum total me-
10 to 14 December 2010, measured with the Andenes SKiYMETteor flux rate on 13 December 2010 was slightly lower than
meteor radar. Peak activity on the night from 13 to 14 December,0n 14 December (about 1000 meteors per hour).
with almost equal activity on the night before. Note the strong de-
crease in total meteor counts in the night from 14 to 15 December.3.2  Sodium layer

altitude / km
meteor / #

10/Dec 11/Dec 12/Dec 13/Dec 14/Dec 15/Dec

. We only use measurement data of at least three hours’ dura-
2.3 The ECOMA particle detector tion that were taken during darkness. Even though the sun

. . . does not rise during late November and in December, the

Each of the three sounding rockets carried an ECOMA parti- kv b ' : . :
; . . . too bright t thout daylight filt

cle detector as described in detail Byapp and Strelnikova Sy becomes 100 bright to measure Without dayignt THers

i . at Andenes between about 10:00 and 13:00 UT. We only use
(2.009 and R_app et al(2019. Brlgfly, this detector com- data from the beam pointed northward with a zenith angle of
bines a classical Faraday cup design (Bgmes etal1999 2(°. The eastward beam (zenith anglé P@ssentially shows
for the detection of naturally charged heavy particles with an

i hoto-ionizati f heri K il _thfeatures similar to the northward beam (see also Stk
active photo-ionization of MESOSPhETIC SMOKE particies wi Using this telescope setup, the volumes probed by the lidar

a Xenpn flash lamp and the subsequeqt detection of corr beams are separated horizontally by 51 km at an altitude of
sponding photoeleciron pulses. A classical Faraday cup baiOO km. An exception is the data from December 2011, see

spally consists of a cylindrical metallic bucket whlch con- Fig. 7. On those four days the telescopes were pointed to
tains the detector electrode at the bottom of the cyllndrlcalZ enith

structure. This structure is exposed to the ambient air flow By chance we also observed two meteor trails, confirm-
by the rocket motion because it is mounted on the payload’:?ng the known fact that sporadic meteors contair,l Na, and
top deck and aligned with the rocket axis. The structure iSprobany some Geminids as well. Figizashows a mete’or

covered with two shielding grids biased-aB V (outer grid) trail at 84 km. It was neither observed during the previous

and +3V (second grid) to prevent positive ions and elec- 30, nor during the following. This trail must be from a spo-

trons from entering the detector volume and creating a “Uadic meteor, several days after the end of the Geminids. Be-
rent at the electrode. Only large and heavy aerosol particle

. . . ause of its vertical extent, we can assume that it has had
have sufficient energy to pass these potential barriers, reac everal seconds to minutes to diffuse to such a diamete. The
the electrode, and create a current if they are charged. Thiﬁ‘dar observes the trail because it contains atomic Na. The
method is affected by aerodynamical effects. For instance eteor increases the Na number density at 84 km to about
too light particles can be deflected by the shock front ahea

-1950x 10°m~3, an increase by 25 % relative to the back-
of the detector and never reach the electrode. Therefore, th|around density at that altitude. We do not classify this thin
type of meteoric smoke particle detection only works above '

. . layer as a sporadic Na layer due to the very short time (visi-
b (C.Ut'OﬁV 80km). For the purpose of the ble for less than a minute) and the very narrow altitude range.
current study, we will solely focus on the detection of these

wrally ch d particles. Further details about th el Figure 2b shows a fresh meteor trail, most likely from
haturally charged particles. Further details about the particle, gemninig. Each line shows the 5-s integral of normal-

detector measurements are presented in the companion PARGEY counts for the datafile starting on 13 December 2010

by Rapp et al(2012). at 03:31:52 UT, lasting for 15s (i.e. five seconds per fre-
qguency). Each colour represents one of the three transmit-

3 Results ted lidar frequencies (see figure caption). TheDg reso-
nance frequency (red line) is the first emitted frequency of

3.1 SKiYMET Andenes meteor radar each cycle. We see a steep increase of counts by approxi-

mately 60 % near 87 km. In the upshifted frequency (green
The total meteor fluxes (sporadic and shower meteors) medine), the increase is approximately a factor of five over the
sured with the Andenes SKiYMET meteor radar are shownNa background at that height, while the intensity has de-
in Fig. 1. The time resolution is 30 min and the time period creased to less than 60 % five seconds later, when the lidar
ranges from 10 December 2010, 00:00 UT until 14 Decem-transmitted the downshifted frequency (blue line). Because
ber 2010, 23:59 UT. We see a gradual increase in total meteaof the trail’s small vertical extent (less than 150 m) and short
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1107 tude (3910x 10° m~3). Figure2b does not show Na density
i in absolute numbers.
105; p Figures2a and 2b show the only meteors observed with
K the lidar during 39:51 h of measurements in November and
g 100: ] December 2010. From the fact that we did not observe only
o r one meteor, and not three, we can put limits on the amount
5 95; 1 of sodium ablated at this latitude in December from me-
= C teors that are above the detection threshold of this lidar:
< 90; B The mean Na density of both meteor trails is approximately
- ] 2.9 x 10°m—2. The Na meteor trail has a vertical extent of
r about 150 m. From these values, we estimate an Na flux of
80 L L L B 2.3x 10 Bkgm2d~L. Thus, the global Na flux at 85km
0 500 1000 1500 2000 is approximately 121 kgd'. The global meteoric input per
Sodium density [10° m?] day is approximately 2@td-! if we assume that 0.6 % of

the meteor mass is sodiuriviéson 1977). Plane(2004 re-

Fig. 2a. Sodium number density on 19 December 2010, ports that the daily global meteoric input has to be smaller

00:38:30 UT. Average of 30s. Beam pointing: zenith. The sporadicthan 20td!. The detection limit of the Na lidar is a mete-
meteor trail at 84 km was observed for less than a minute.

Altitude [km]

100

=
o
o

(o}
o
BRI

oric flux of about 161 kgm—2s1.

The time series of Na column density for selected days of
the ECOMA campaign are shown in Figsto 5. We con-
centrate on the days of the rocket launches, i.e. 4, 13 and
19 December 2010. The measurement periods and durations
for all days of the campaign are given in TalleFor com-
parison, we have also included measurement data from De-
cember 2009 and December 2011 in FigMeasurements
were performed at different times of day, but always in dark-
ness. The distribution of our measurements compared to any
tidal variation happened to be rather even, so that any tidal
variation would change the mean and median values only by
a small amount. We see that the Na column density is subject

T T T to variation, but according tGranier and Mgie (1982 and
100 200 300 400 500 Clemesha et a(1982) the Na layer does not exhibit a signif-
Counts icant diurnal variationPlane(2004) has shown that the lack

of a diurnal variation of the Na layer can be caused by the up-
Fig. 2b. Sodium resonance signal (normalized photon counts) Otake of NaHCQ (the major Na reservoir species below about
13 December 2010, 03:31:52 UT. Each colour represents the 5-5 ingg 1) o meteoric smoke particles. That study was carried
tegral from one of the lidar frequencies. Solid red line: unshifted . .

) e . out for mid-latitudes.

D2 frequency‘.green and blue. lines: up- and downSh.'ﬂed frequen- If the actual atmospheric density at our normalization alti-
cies. The Geminid meteor trail at 87 km has a maximum of 240 ! .
counts. It is first visible at th®,, frequency (red line). The meteor tUde (see Se@ 1) deviated from the ECMWF reanalysis that
trail was visible for 15 in the lidar beam and only in one altitude W€ Use by 1 to 2%, the values and variations of Na column
density in Figs3to 5 would contain a systematic error by the
same amount. Also, if the the stratosphere at the normaliza-
tion altitude did contain aerosol contrary to our assumption,
duration (small horizontal extent of the trail drifting through we would underestimate the actual Na density.
the lidar beam), this must be a fresh meteor trail. On this The first rocket of the 2010 campaign, ECOMA 7, was
day the meteor radar observed nine times more Geminidéaunched on 4 December at 04:21 UT. Lidar observations
than sporadic meteors, therefore the probability that Hig. were not possible during the launch due to clouds, but be-
shows a Geminid trail is about 90 %. Because the duratiorgan 14 h later, lasting from 18:12 UT until 23:37 UT. FigG@re
of the meteor trail signal is shorter than a full lidar measure-shows the time series of Na column density. On 4 December,
ment cycle of 15s, we can only estimate the amount of Nathe Geminids had not yet begun.
deposited by assuming unchanged temperature and line-of- The second rocket (ECOMA 8) was launched on 13 De-
sight wind. It would have been interesting to compare thecember at 03:24 UT, during the peak activity of the Gemi-
actual Na temperature inside the meteor trail with the ambi-nids. This rocket launch was covered by lidar observations
ent temperature, but the duration was too short. We estimattasting from 02:40 UT until 07:20UT. The time series of
3900x 10° m—23, almost equal to the Na density at peak alti- Na column density is shown in Fig. No rapid and large

channel (150 m). See text for details.
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Fig. 3. Time series of Na column density for the northward pointing Fig. 4. As Fig.3, but 13 December 2010. The vertical line indicates
beam on 4 December 2010. The temporal resolution is five minutesthe launch of ECOMA 8.

increase in Na column density is visible, even though the col-1988), with the exception of 13 December. The temperature
umn density varies over time. The total meteor count rates argenerally decreases with increasing altitude throughout De-
shown in Fig.1. The FWHM of the Na layer is very narrow cember 2010, but this changes on 13 December, when tem-
on 13 December, only.82 km, but the peak density is greater peratures increases at 85, 91 and 97 km and a mesospheric
than on the other days (see TaB)e The bottom of the Na inversion layer is observed (s&zewczyk et a).2012 for
layer is, as usual, at about 80 km altitude, and the layer bethe study of a mesospheric inversion layer on 19 Decem-
comes undetectable above only 103 km. Despite the metedser 2010). On 13 December, the Na lidar measured the high-
shower, we did not observe an increased topside abundan@st temperatures between 90 and 95 km.
(Hoffner and Friedmar2004) or sporadic Na layers as sug-  On time scales of days, sodium density and temperature
gested byClemesha et a[1978. are positively correlated through chemistry, but the correla-
Figure 5 shows the time series of Na column density tion is not entirely linearRlane et a].1998. On time scales
on 19 December 2010, when the third and final rocketof gravity waves (minutes to hours), Na density and temper-
ECOMA 9 was launched (02:36 UT). We performed Na li- ature vary due to dynamicdilgner and von Zahr(1988
dar observations from 00:18 until 08:48 UT and again fromreported an average Na column density df % 103 m—2
13:14 until 21:52 UT. The centroid height of the Na layer is for the winter season 1985/86, with no significant seasonal
90.97 km, the lowest value measured during the campaigntrend. For the same winteNeuber et al(1988 reported
but the FWHM increased to 184 km. The median column mean temperatures of 200 to 205K for the region between
density is 181 x 103 m~2, also the smallest value of the 90 and 95km.
campaign. On 19 December, the Geminids meteor shower If a higher temperature always led to an increase of Na, we
was already overStober et a].2012. Thus, the variations of  should have seen a larger abundance on 13 December 2010
Na column density on this day cannot be due to the meteothan on the other days of the campaign. This is not the case.
shower. The peak density is, however, greater on 13 December than
The ALOMAR Weber Na lidar was also used to measureon the other days, but this has no effect on the column den-
the temperature at the Na layer altitudes (Fdgand Ta-  sity. Because the measured temperatures are not unusual for
ble 3). In the following, we discuss mean values for each December, the generally low and decreasing values of Na
night's lidar observations. At 91 km, approximately at the column density cannot be explained by temperature alone.
altitude of the Na peak density, the temperature rises from We have computed the median Na column density and un-
201K (26 November) to 207 K (4 December), and decreasesertainty for each day, see Fig. On 26 November 2010,
to 199K on 5 December. The minimum value is reachedwell before the onset of the Geminids, the column density
on 7 December with 198 K. On 13 December, the temperais largest (258 x 1013 m~2). It decreases over time until 19
ture has risen to almost 222 K. These temperatures measurddecember, when the median i81x 1013 m—2, the smallest
by the Na lidar are consistent with temperatures measure@alue measured during the period. This means the Na column
with the Andenes meteor radar (not shown here). Throughdensity decreased by 30 % within 24 days.
out December, the temperatures appear to be normal for the Measurements with the Na lidar were also performed in
winter seasonl(Ubken and von Zahr 991, Neuber et al. December 2009 and 2011. The times are given in Tdble
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Table 3. Peak density, FWHM of the Na layer, median centroid height, median Na column density and mean temperature at 91 km of
both lidar beams for days given in the left column. No FWHM of the Na layer and no temperature were calculated for 5 December and
19 December, respectively.

Date 2010 Peak density FWHM Na layer Centroid height Nacolumn dens. Mean temperature at 91 km

26 November  393% 10F m—3 11.38km 9203 km 258 x 1013 m—2 2008K

4 December 3369 10° m—3 11.45km 9295 km 229x 10183 m—2 1993K

5December 3258 10°m—3 - 9228km 231x 10183 m=2 1992K

7 December 3125 10°m—3 11.65km 9145km 212x 10183 m=2 1980K

13 December 4498 10°m—3 7.82km 9131 km 195x 1013m—2 2219K

19 December  397% 10°m—3 10.64 km 9097 km 181 x 1013m—2 -
] E ——— 9% 230 T 1
F Na column density Median centroid height: ] F * 85 km ]
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Fig. 5. As Fig. 3, but 19 December 2010. The vertical line indicates _ _ _
the launch of ECOMA 9. The data gap from 08:48 to 13:13UT is F|g 6. Time series of temperature at 85km (blaCk aSterISkS), 91 km
due to daylight conditions. (red plus signs) and 97 km altitude (blue squares) measured with

the ALOMAR Na lidar. The temperature values are the mean val-
ues of each day from both lidar beams. Dates are given as day of

o _December, i.e.~4” corresponds to 26 November 2010.
The data from 2009 exhibits an even stronger decrease in

Na column density £39%), and on a shorter time scale.

While the median column density is largest on 8 Decem-

ber 2009 (B2 x 1013 m~2), it decreased within a week to

2.16 x 103 m~2 on 15 December. There is no measurement

data available for 14 December 2009. cember was a period of Na column density decrease in the
In December 2011, we operated the Na lidar on 8, 9,three years considered.

13 and 16 December. The data show a much larger Na The mean winter value (i.e. December, January and Febru-

column density than in 2010, but a similar pattern overary) of Na column density in 1985/86 wass5¢< 103 m—2

time. On 8 December 2011, the median column density wagTilgner and von Zahn1988. This means that our mea-

4.34% 1018 m~2, and 409x 103 m~—2 on 9 December 2011. sured values in 2010 correspond to only 32% to 41 % of

Near the Geminids maximum (13 December), the mediarthat value. In a six-hour Na lidar observation from 10/11 De-

column density decreased to78 x 101¥m~2. It increased ~ cember 1997, which even included a moderate sporadic Na

to 4.36 x 103 m—2 on 16 December 2011. layer,Heinselman et al1998 observed column densities of
From the three years, ten pairs of consecutive values cannly 1x 103 m~2to 3x 103 m~2. Together with our results,

be formed. Of these, only three pairs do not show a decreasthis suggests that the Na column density at high latitudes is

of median daily Na column density, two show an increase andgenerally significantly smaller during the Geminids than oth-

one shows no change. The day-to-day scatter around a fitteelrwise in December to February, or at least smaller than in

linear trend (not plotted) is definitely smaller than the linear 1985/86. This also means that the year-to-year variability of

decrease over a week. Only the last pair of values in 201INa column density is much larger than any effect of the me-

does not fit this description. We therefore conclude early De-teor shower.
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S5 ‘ T ] Table 4. Na lidar measurements in December 2009 and 2011. Only
— [ %2009 Lo ] days with more than three hours of data are listed. Times are given
€ [ +2010 ] ! ! o ] in [hh:mm] format in UT. Local time is UT plus one hour.
g, 02011 O 3 3 E
-‘% o 3 Di Day Na lidar observation
3 ab L E 7 December 2009 13:53-22:33
E L ] 8 December 2009 18:19-23:54
8 Tt S ] 15 December 2009 13:19-16:24
z ++ n L x ] 8 December 2011 15:03-23:12
520 o 1 9 December 2011 13:13-21:12
< | | E 13 December 2011 17:49-22:53

15 ! ! ] 16 December 2011 17:22-20:40

5 0 5 10 15 20

Day of December

Fig. 7. Time series of daily median value of Na column density (in as derived from the Faraday cup channel data of the ECOMA

10'3m—2) as a function of date. Only data for the beam pointed particle detector (see Se@t3). Details about the determina-

north with a zenith angle of 20is shown for 2009 (red stars) and  tion of these column densities are presented in the companion

2010 (plack plus signs). Data for 2011 (blue squ_ares) is the_mediarbaper byRapp et al(2012. Figure9 shows that the mete-

of the five-minute averages from both beams pomted to zenith. Th%ric smoke particle column density decreased steadily from

_measurement uncertainty is tvx_/o orders of magnitude _smaller_, an%'zx 1012 m~2 on 4 December. via.8x 101 m—2 on 13 De-

is therefore not plotted. See Figsto 5 for the geophysical vari- ol m-2 ' ber. Wi te that thi

ability. The vertical dashed lines indicate the approximate period ofcember 0 D 107" m™“on ?‘9 December. We note that this .

the Geminids peak activity. Dates are given as day of December, i.¢M€ans that there are three independent data sources showing

“_4” corresponds to 26 November. a decrease of meteor related quantities over the considered
period of observations. Both the Na column density, the flux
of sporadic meteors, as well as the meteoric smoke patrticle

3.3 Correlation of meteors and Na density column density all show a steady decrease. We will discuss
possible explanations for these observations in Sect.

The correlation between Na column density and the num-

ber of meteors entering Earth’s atmosphere is investigated

in Fig. 8, covering the time period of the Na lidar measure- ) i

ment on 13 December 2010 from 02:40 UT until 07:20UT, 4 Discussion

The left panel shows only meteors that originated from the

Geminids radiant, while the right panel shows the number ofSiNce meteors are the source of mesospheric metal species,
sporadic meteors. The correlation coefficien®is= —0.04 ~ One could expect their abundance to increase during a ma-

between Na column density and Geminids meteors Rard jor meteor shower like the Geminids. However, our data does
0.13 between Na column density and the total number of"0tShow such an increasdake etal(1972 reported a more
meteors, that is Geminids plus sporadic meteors (not showthan fourfold increase of the Na layer during about four hours

here). Thus, we detect no correlation between Geminids me2" 13/14 December 1971. This may suggest that the Na con-
teors and Na column density. tent of the Geminids varies from year to year, or even has de-

A very small correlation R = 0.25) exists between the Ccayed between 1971 and 2010. It cannot be ruled out, though,
number of sporadic meteors and the Na column densit)lhatlsomth'”g else than the Geminids was the reason for this
(Fig. 8, right panel). particular increase. _

We caution that such correlations should not be expected, A decrease in Naabundance of the observed strength in the
either. By dividing the the column abundance of Na atoms bycourse of December is not present in previously published
the estimated meteoric ablation input 40’ m—2s-1 (Plane observation or model _result§|(gner and von Zahn1988
2004, we obtain an average residence time of a given NaPlane et al.1999 Gerding et al.1999.

atom of about one week. Therefore, the Na layer integrates OUr measurements reveal unusually low values of Na col-
variations in the daily input over about one week umn density for wintertime. Temperatures were measured at

around 200K at 91 km altitude, which is typical of the Arctic
3.4 In situ measurements of meteoric smoke particles ~ winter mesopause region. These temperatures cannot explain
such a low Na density.
We present in situ data on meteoric smoke particles (MSP) as Because the ALOMAR Weber Na lidar was the only metal
measured during the three sounding rocket flights on 4, 13resonance fluorescence lidar at ALOMAR during the obser-
and 19 December 2010 (Fig). For the current purpose we vations reported here, we were not able to measure the ratio
only consider column densities of meteoric smoke particlesof Na to other metallic species from a meteor trail by lidar.
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Fig. 8. Scatter plots of Na column density versus Geminids meteor number (left panel) and Na column density versus number of sporadic
meteors (right panel) for 13 December 2010, 02:40 to 07:20 UT. Data points are averaged over 15 min. The correlation cogffiarents (
printed in the upper right corner of each panel. The number of Geminids meteors are separated from the sporadic meteors by their radiant o

origin.

Fig. 9. Column density of meteoric smoke particles (MSP) mea-

6x107 Na abundance and meteoric smoke particles and a correla-
o g : tion between meteoric smoke particles and sporadic meteor
& sx107 e 4 echoes.
- S e ] The factors we have used to normalize the two other
2 4x10” 3 T datasets to Na column density indicate that there are on aver-
35 g age 44 free Na atoms per observed meteoric smoke particle
g 3%107 g U in the upper mesosphere/lower thermosphere. We also get an
= g indication of the number of free Na atoms ablated and the
8 ; number of meteoric smoke particles generated per sporadic
(n,.) 2x10 3 echo observed with the Andenes meteor radar. The latter is,
= 1%107 g however, dependent on the radar’s sensitivity and not purely

5

10

15 20

Day of December 2010

sured in situ during the launches of ECOMA 7 to 9.

There was no mass spectrometer on board the ECOMA rock

ets, thus no ion species could be identified.

The inter-annual variation of Na column density appears
larger than the variation during the Geminids meteor shower
in each of the three years. This seems to indicate that othe
processes than the Geminids meteor shower play a muc
greater role for the abundance of Na. These could be chen}
ical processes, transport of constituents, sporadic meteors

a combination of these.

Figure 10 shows a fairly convincing correlation between
sporadic meteor echoes (Fig. 7 $tober et al(2012), left
panel, black line) and Na column density of 2010 from
Fig. 7 and that it is in agreement with a correlation between

Ann. Geophys., 31, 61#3, 2013

a geophysical constant.

The error bars show the geophysical variability of Na col-
umn density from Figs3 to 5. The uncertainty of each data-
point is only approximately 1 % of each value.

With reference to Fig. 7 oBtober et al(2012, both me-
teoric smoke particles and Na definitely do not vary as the
number of observed Geminid echoes as shown by the red
line in their figure. Therefore, our observations are in agree-
ment with an assumption that the Geminids meteor shower
contributes very little or nothing to the total number of mete-
oric smoke particles or to mesospheric Na, but that sporadic
meteors definitely do.

These results, and with referenceStber et al(2012),
uggest that the Geminids do not contribute a relevant frac-
ion to the meteoric mass input. They contain many large, vis-
ble meteors, but much fewer small meteors than the sporadic
eteor population. We conclude that mainly small meteors
(< 10712108 kg) are relevant for meteoric smoke particles
and for the ablation of Na.

Generally, we can rule out photochemistry as a reason for
a decrease in atomic Na because we have only taken data in
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30— T T T T T T The weak decrease of the number of sporadic meteors in
2010 as measured with the meteor radar correlates well with
corresponding decreases of Na column density and mete-
oric smoke particle column density. This correlation suggests
that the sum of sporadic meteors contains more material, and
more Na, than the sum of Geminids meteors.

We suggest that the Na content of Geminids meteors may
vary from year to year, or even has decreased over the last
four decades.

We did not happen to observe any sporadic Na layer, but
two very short-lived meteor trails at 84 and 87 km. From
- MSP column density these two meteor trail observations, we calculated a global
-~ Sporadic meteor echoes meteoric Na flux of 121 kgd* and a global total meteoric
O o o 5  influxof 202td .

Day of December 2010 The vertical extent of the Na layer was only8Z km dur-
ing the Geminids peak activity, much narrower than usual.
g’he topside reaches the detection limit near 103 km.

We did not observe effects of meteors on the topside, as
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Fig. 10.Comparison of sporadic meteor echoes (blue dash-dot line)
Na column density (black asterisks; error bars indicate the standar
deviation of the geophysical variability), and MSP column density N .
(red diamonds) in December 2010. The y-axis is correct for Na col-r(apOrted byHoffner and Friedma(2004).

umn density in 2. The values must be multiplied by27 x 10~2 Our measurements reveal unusually low values of Na col-
for absolute MSP column density. The values multiplied 15310 umn density in 2010 for wintertime.

give the correct number of observed sporadic meteor echoes. The

number of meteor echoes on 17 to 19 December is interpolated, be-

cause the radar was out of order on these days.
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