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Abstract. We present summer Na-densities and atmospheriecegion (e.g. Lie-Svendsen et al., 2003; Rapp afitbken,
temperatures measured 80 to 110 km above the Arctic LidaR004; Baumgarten and Thomas, 2006). The cold temper-
Observatory for Middle Atmosphere Research (ALOMAR). atures cannot be explained using the radiative heat balance
The Weber Na Lidar is part of ALOMAR, located atg9 in alone. They are caused largely by upwelling and adiabatic
Norway, 150 km north of the Arctic Circle. The sun does not expansion of air masses above the polar cap (e.g. Murgatroyd
set here during the summer months, and measurements rand Singleton, 1961; Garcia and Solomon, 1985; Becker and
quire a narrowband Faraday Anomalous Dispersion OpticalSchmitz, 2002). This upwelling is related to a modification
Filter (FADOF). of the mean zonal circulation due to gravity wave breaking
We discuss an observed sudden enhancement in the Nand the resulting momentum flux divergence (e.g. Lindzen,
number density around 22:00 UT on 1 to 2 June 2006. Wel981; Gavrilov et al., 2000; Fritts et al., 2002).
compare this observation with previous summer measure- Regular temperature measurements with good time and al-
ments and find a frequent appearance of Na number derttude resolution in the polar mesosphere can only be done
sity enhancements near local midnight. We describe the timgy lidar. Routine radiosonde measurements do not reach
of appearance, the altitude distribution, the duration and thehe mesosphere and satellite observations are only possible
strength of these enhancements and compare them to wintgyith a coarse altitude resolution and limited local time cov-
observations. We investigate possible formation mechanismerage. Meteor radars can infer the temperature from me-
and, as others before, we find a strong link between these Neeor trail diffusion, but their time and altitude resolution is
number density enhancements and sporadic E layers. limited. Passive rocket-borne in-situ instrumentation such

Keywords. Atmospheric composition and structure (Mid- S falling spheres (ibken and von Zahn, 1991; Schmidlin,
dle atmosphere — composition and chemistry) — Meteorol-1991) or instruments as e.g. CONE (COmbined measure-

ogy and atmospheric dynamics (Middle atmosphere dynamMents of Neutrals and Electrons, Giebler aritbken, 1995;
ics; Instruments and techniques) Rapp et al., 2001) cover a large altitude range (35-95km

for falling spheres and 70-120 km for CONE), but cannot be
done on a regular basis. Passive ground-based remote sens-
ing instruments as OH imagers allow regular temperature
measurements in the altitude of the mesospheric OH-layer
éf.g. von Zahn et al., 1987; Bittner et al., 2002). However,

1 Introduction

The polar mesosphere is a unique region of the atmospher

The coldest temperatures in the atmosghere, 140K ands ihe mesospheric OH-emission around 88 km altitude and
colder, occur there during the summer (e.gbken, 1999). in darkness

Under these extremely cold conditions, Polar Mesosphere R lid . i ing inst N
Summer Echoes (PMSE, e.g. Czechowsky et al., 1979; Bal- esonance lidars are active remote sensing instruments

sley et al., 1983; Hoppe et al., 1988) and Noctilucent Cloudsthat measure the thermal broadening and Doppler shift of the

(NLC, e.g. Jesse, 1885; Fiedler et al., 2005) are observed &sonance scattering spectrum of metal atoms in the upper

Both phenomena are related to ice particles in the mesopauéEeSOSphere and lower thermosphere. Temperature measure-
ments have been performed using Na (e.g. Thomas and Bhat-

Correspondence tdD. Heinrich tacharyya, 1980; Fricke and von Zahn, 1985), K (von Zahn
(daniela.heinrich@ffi.no) and Hbffner, 1996), and Fe (Chu et al., 2002). Resonance

ese measurements are only possible in the restricted region
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1058 D. Heinrich et al.: Sudden Na enhancements in summer

lidars allow precise and continuous measurements with googherature dependent chemistry (Zhou et al., 1993) and auro-
temporal and spatial resolution. Measurements are limitedal bombardment of smoke particles (von Zahn et al., 1987),
by tropospheric cloud cover and operator time. have been suggested to produce these layers, but none of
The atomic number density has also been studied exterthem can give an altogether satisfying explanation (Cleme-
sively with resonance lidars. The Na layer exhibits a seasonatha, 1994).
variation with a winter maximum (Gerding et al., 2000). In  The Arctic Lidar Observatory for Middle Atmosphere
polar regions the winter Na number density is a factor of 10Research (ALOMAR) on the Norwegian island Andgya
larger than during summer (Gardner et al., 1988; Kurzawa(69° N, 16°E) includes a wind-temperature Na-resonance
and von Zahn, 1990). Towards lower latitudes this factorlidar (She et al., 2002). The instrument has been opera-
is smaller and at low latitudes it is about 1.3 (Simonich ettional since summer 2000 and has been jointly operated by
al., 1979). This seems to indicate the sensitivity of the NaColorado State University (CSU), Colorado Research Asso-
abundance to temperature as the mesosphere is coldest dgiates (NWRA/CoRA) and the Space Physics Group at the
ing summer in polar regions (Plane et al., 2003). The altitudeNorwegian Defence Research Establishment (FFI). The first
of the peak density varies between 88 km during winter andcomprehensive measurements during polar summer were
92 km during summer (Gardner et al., 1988; Kurzawa andperformed in June through August 2001 and then in June
von Zahn, 1990). and July 2002 as part of the MaCWAVE/MIDAS campaign
An interesting phenomenon observed by studying the Ng§Goldberg et al., 2004; Williams et al., 2004; Fritts et al.,
number density are density variations of the same order 0£004). Since July 2002, there have been several winter mea-
magnitude as the seasonal variations in the polar mesospheggirements (e.g. Williams et al., 2006a, b). These do not re-
but on a much shorter time scale. Clemesha et al. (1978yuire special filters to reduce background noise. In contrast,
published the first observation of a sudden Na density enthe evaluation of the summer measurements requires a care-
hancement of a factor of 15 compared to the backgroundul and precise understanding of the daylight filter transmis-
density. The enhancement was concentrated in a thin layesion function to be able to retrieve absolute temperatures.
of 2km, which apparently formed in the matter of minutes This is important, as both the sodium chemistry and phe-
and lasted for several hours. Since then these so-called sudtomena such as PMSE and NLC are temperature dependent.
den sodium layers, or sporadic sodium layers, have been rdn February 2006, we made technical improvements on the
ported by many different groups (e.g. Gardner et al., 1988 Na lidar system, allowing analysis of daylight measurements
Hansen and von Zahn, 1990; Collins et al., 1996). At polarwith greater accuracy.
latitudes, the phenomenon seems more frequent during the In the following, we present daylight measurements ob-
summer months. Hansen (1989) found the occurrence ratgined with this Na lidar in summer 2006. We give a brief
to be about a factor of 10 larger in June-August comparedntroduction on the lidar system, the Faraday filter, and its
to November—February for 1986/87. For July/August 1987influence on the measurement results. Then we present the
compared to October-March 1987 this factor was found topbservations on 1 and 2 June 2006 and discuss the received
be 1.7 (Hansen and von Zahn, 1990). In this paper we willNa number density and temperature. We compare an ob-
present the summer and winter statistics that so far have beegerved sudden enhancement in Na number density with other
gained from observations by the ALOMAR WEBER Na li- summer measurements with the ALOMAR Weber Na Lidar
dar. Due to a very narrowband filter applied to our receiver,and present the characteristics of sudden enhancements in Na
we are able to perform the daylight measurements necessapumber density around local midnight. We compare them to
during summer. Over the years, we have achieved observasudden sodium layers observed with our lidar during winter
tion times more evenly distributed during the day, even dur-and investigate a possible link to sporadic E layers. All times
ing the summer months. This gives us the capability to studyin this paper are given in universal time (UT). ALOMAR is
diurnal variations in the Na number density and the suddernocated at 16E, so local solar time is UT+64 min.
number density enhancement distribution.
The large occurrence rate of Na number density enhance-
ments during summer, together with a strong local time de2 The Weber Na Lidar system for daylight measure-
pendence of the phenomenon, make us question whether or ments
not it is appropriate to call this summertime sudden density
enhancement a sporadic layer, and whether sudden densifjhe transmitter of the Weber Na Lidar consists of the fol-
enhancements in summer and winter are caused by the sani@ving components. The Sum Frequency Generator laser
formation mechanism. generates the seed light at 589.159 nm wavelength neces-
Simultaneous investigations of atomic and ion layers sug-sary for the fluorescent excitation of Na atoms (Vance et
gest a strong link between sporadic E layers and suddeal., 1998). In this Sum Frequency Generator light from two
sodium layers (von Zahn and Hansen, 1988; Friedman eNd:YAG lasers, one emitting near 1064 nm and the other
al., 2000; Collins et al., 2002). Several other mechanismsnpear 1319 nm, are focused into a monolithic lithium niobate
such as e.g. meteor deposition (Clemesha et al., 1978), ten{LiNbO3) crystal. This crystal was designed as a resonator
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to give the largest possible power output. By non-linear sum- 2.0y T
frequency generation in this resonator, about 100 mW of 589- - T(K)=150
nm cw narrowband radiation is produced. The frequency is I
locked by Doppler-free saturation spectroscopy to the satu-
ration dip (Lamb dip) in the centre of the Doppler-broadened
Do, line with an accuracy o010 MHz (She et al., 1992).
Using an acousto-optic modulator, the light is alternately
shifted up and down in frequency by 630 MHz, creating a
beam of three distinct frequencies in a cycle of un-shifted,
up-shifted and down-shifted light. Following the acousto- ‘
optic modulator, the laser beam is amplified by a pulsed dye g -
amplifier, which is pumped by a frequency doubled (532nm)  0.0[ o : [ ‘
pulsed Nd:YAG laser operating at 50 Hz (Arnold and She, f=1(D2a) - 630 MHz f(D2a) f=f(D2a) + 630 MHz
2003). Pulses of 4.2 ns duration (FWHM) leave the pulsed ~ -2 0 2 4
- . . Frequency (GHz)
dye amplifier with energy of about 15mJ. The positions of
the three emitted frequenm_es r_elatlve to the Nati@nsition Fig. 1. The different black curves show the total backscattering
at 589'159r,]m are marked in Fig. 1. ) .. cross section of the Presonance transition in the Na hyperfine
The receiver collects and detects the laser light which iSgycture for different atmospheric temperatures and winds. The
backscattered in the atmosphere. The backscattered photoRgnsmission curve of the FADOF is plotted in blue. The three emit-
are collected by two 1.8 m diameter telescopes, coupled int@ed frequencies are marked by the three dashed-dotted lines. The
optical fibres, and guided to the detectors. We use photomuleight black vertical lines mark the received fluorescence frequen-
tiplier tubes to count the photon pulses. The counted photories for the Na [ transition.
pulses are binned in time with respect to the laser pulse by a
counting card and the data is stored in a computer. The count-
ing card records the backscattered photons for each emitted Data analysis
frequency individually and allows measuring the wavelength
dependence of the backscattered intensity. To convert the measured backscattered photons into temper-
For daylight observations we add one more component tature, sodium number density and wind, we fit the theoret-
the receiver, a Faraday Anomalous Dispersion Optical Filterical shape of the spectrum of the, Dransition of the Na
(FADOF) (Chen et al., 1996). We insert this 3.5 GHz FWHM atom to the backscattered fluorescence signals at the three
broad filter between the fibre optics and the photomultiplieremitted frequencies (Fricke and von Zahn, 1985; Heinrich
tubes. It consists of a Na cell, placed in a Teflon oven for tem-et al., 2005). The shape of the spectrum depends on the
perature control and between two crossed polarisers, and atmospheric temperature, the line-of-sight wind and the Na
permanent axial magnetic field of 2350 G. Light entering thenumber density. Before the fit can be done, some raw data
filter through the first polariser is blocked by the second oneprocessing is necessary. The background must be estimated
unless its frequency is near an atomic absorption line of Naand subtracted, and we correct instrumental effects like dif-
Only for light of this frequency the polarisation plane will be ferent intensities in the three emitted frequencies or inten-
rotated due to the Zeeman Effect and anomalous dispersiorsity changes over time. For the elimination of the instru-
The polarisation rotation angle is given by the strength of themental effects we use the signal from Rayleigh scattering at
magnetic field, the length of the vapour cell and the numberheights well below the Na layer, but above possible strato-
density of the Na vapour, which is controlled by the temper-spheric aerosol layers.
ature of the Na cell (e.g. She, 1997; Dick and Shay, 1991; For the analysis of daylight measurements we must know
Hedin, 2002). the exact FADOF transmission at the different wavelengths
The absorption Na spectrum of the Na i2sonance tran- received. This very narrowband filter modifies both the Na
sition for different atmospheric conditions is shown in Fig. 1. signal and the Rayleigh signal. We will briefly describe this
This figure also shows the normalised transmission functiorspecial aspect of daylight analysis in the following two sec-
for one of the two Weber lidar FADOFs. The transmission tions.
through the filter is 20% to 25%. The signal is reduced by a
factor of 2 by the first polariser and further losses are due td3.1 The Rayleigh signal
reflections at optical surfaces (She et al., 2002).

—
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—
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We receive a signal from Rayleigh and aerosol scattering
from the troposphere and up to the upper stratosphere. We
use the Rayleigh signal from altitudes around 30 km to nor-
malise the intensity at the three emitted frequencies. At these
altitudes, we can safely assume that the backscattered signal
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Rayleigh signal Rayleigh signal with FADOF model data. We have estimated the influence of the tem-
T T T 0.5 T T 0 . . . . .
® . perature and the line-of-sight wind at Rayleigh altitudes by
analysing Na temperatures with these parameters artificially
modified. We found that an assumed error in the tempera-
ture at Rayleigh altitudes of 50K leads to an error of 2.5K

‘ in the derived Na temperature. Overestimating the temper-
B R T L T N ature at Rayleigh altitudes results in overestimating the Na
Rylgilly;t:F)ADOF temperatures. Winds in the atmosphere can cause a Doppler

‘ ‘ shift in the Rayleigh scattering signal. An overestimate of
the line-of-sight wind at Rayleigh altitudes by 100 m/s re-
sults in a derived temperature too large by 2 K at sodium alti-
tudes. Compared to other uncertainties, the likely error in the
2 ECMWEF data result in a negligible error in the Na tempera-

- ‘ : 0% ookt ‘ tures. After correcting the Rayleigh signals for their FADOF
P eyl - 7 ey transmission, we can use them to normalise the intensities of
the two shifted frequencies to the intensity of the unshifted
Fig. 2. The backscattered Rayleigh signal is doubly Doppler broad-peam.
ened. Figure 6a shows the line shape of the laser beam and the
backscattered Rayleigh signal for 250K atmospheric temperaturg.2  The Na signal
(dashed-dotted line). The FADOF reduces this signal as shown in
(b) for the un-shifted beam (thick yellow line). In Figs. 6b—d also We must take into account the transmission of the FADOF
the normalised FADOF transmission is plotted (solid black line). 550 when we fit the backscattered Na signal to the spectrum
The reduced backscatte.red Rayleigh signal of the up-shifted bear‘Bf the D, transition. The Na signal is Doppler broadened and
S;i?eigse?;the down-shifted beam (blue) are showgejand(d),  poohjer shifted by the wind. The absorption spectrum for
' the D, resonance transition of the Na hyperfine structure for
two typical temperatures and three typical winds is plotted
together with the FADOF transmission in Fig. 1. We empha-
is pure Rayleigh scattering. We use the integrated Rayleighize the importance of the knowledge of exact filter trans-
signal over an altitude range of 5km in which all three fre- missjon. We must include it in the fit procedure in a way that
quencies have a good Rayleigh signal. The integrated signajdjusts the measured signal correctly for all possible temper-
provides the reference intensity for each frequency. atures and winds.

For daylight measurements, we add the FADOF. In this The light from the lidar is absorbed by a given Na atom
case we must first correct the received Rayleigh signal for theonly when the frequency is equal to one of the six hyper-
transmission through the FADOF. The Rayleigh scattering isfine transitions in the Bresonance line in its own coordinate
affected by the Doppler broadening caused by the thermasystem. As the Na atoms move, the requirement for absorp-
motion of the scatterers in the atmosphere. The backscatterdibn is given by Eq. (1). Motion away from the observer in
light undergoes Doppler broadening twice, once during ab-the line-of-sight direction has a positive sign and towards the
sorption and again during reemission. The line shape of the@bserver a negative sign.
emitted spectrum and the received spectrum from Rayleigh
scattering for the un-shifted frequency are shown in Fig. 2a.hyperttrans = Viaser+ VDoppler (1)

We assume 250K as the temperature at 30km in this calthg 510m reemits with a time constant of about&6 a pho-
culation (Liibken, 1999). We assume the line-of-sight wind 14, ot one of the frequencies of the hyperfine transitions in its
as Om/s. This corresponds to the expected average wind fQk.q; frame. The absorbed photon has insufficient momentum
measurements with a beam pointed at zenith, the preferreg, g hstantially change the motion of the atom. The time be-
setting for our summer measurements. Figure 2b shows the, oon Na atom collisions is about 1bs and thus does not
influence of the FADOF on this signal and panels (c) and (d)play a role in this context.

display the influence of the filter on the Rayleigh signal from * 4 frequency emitted from the Na atom, seen of an ob-
the up-shifted and down-shifted beams, respectively. Thesgqarer on the ground, is

three signal changed differently by the FADOF. Neglecting

the influence of the FADOF would result in a wrong normal- vemitted atom= Vhyperttrans + VDoppler

isation of the three emitted frequencies against each other
and by this in a systematic error in the Na temperatures.

For a more precise analysis, we use the temperature and
the wind at the Rayleigh altitude from the ECMWF (Eu- Equation (2) shows that the backscattered frequency is inde-
ropean Centre for Medium-Range Weather Forecasts) T10fendent of the Doppler shift. Resonance fluorescence is a
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Fig. 3. The Na number density measured on 1-2 June 2006 with the Weber Na Lidar at ALOMAR and profiles of the Na layer at three
different times.

combination of excitation and emission processes. For theloudy weather, the result of this ten-weeks-long summer
Na Dy transition, ten fluorescence pathways are allowed duecampaign was only two nights of data. During summer, two

to quantum mechanical selection rules (Chen et al., 1996)aspects make measurements much more difficult than in win-
These ten fluorescence pathways result in eight different freter. First, the sky background radiation is very strong, as the
quencies emitted by the excited atom. These eight frequensun does not set. Second, in polar regions the Na number
cies are marked in Fig. 1 by the short black lines above thedensity is as much as 10 times smaller in summer compared
x-axis. For the daylight data analysis the correct FADOFto winter (e.g. Plane, 2003).

transmission for these backscattered frequencies has to be

included in the mathematical description of the fluorescenced.1 Sudden enhancements in Na number density

spectrum.
Figure 3 shows the Na number density measured during the

night from 1 to 2 June 2006 and the profiles of the Na layer
4 Summer observations at 21:49, 21:53 and 01:13 UT. We estimated the Na den-

sity with a spatial resolution of 150 m and a temporal reso-
We have made summer measurements with the ALOMARIution of 15min. From about 15:30-17:30 UT and 22:30—
Weber Na Lidar since 2000. In summer 2006, the Space)1:00 UT, no measurements were possible due to clouds.
Physics Group at FFI performed a measurement campaigAround 22:00 UT we observed a strong increase in the Na
at ALOMAR from mid-May until mid-August. Because of signal at about 94 km altitude, about ten times larger Na
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Fig. 6. The integrated Na counts from an altitude interval from
91 to 93km, is plotted in blue against the measuring time. The
ackground is plotted in black and the solar elevation angle in green.
he Rayleigh signal is given in red.

Fig. 4. The mean temperature profile for the whole measuring time
is plotted as the solid red line. The dashed lines show the statistic
error of the temperature. Two reference temperature profiles are
also plotted, the monthly mean temperature for Juiidkien, 1999)
and the daily temperature profile from the MSISe90 model (Hedin,
1991). The mean temperature profile for the measurement period
is shown in Fig. 4. At the same time, two reference temper-
1 -2 June 2006: Temperature profiles ature profiles are plotted for falling sphere (FS) observations
(Lubken, 1999) and the MSISe90 model (Hedin, 1991).

Hourly mean temperature profiles and their differences
from the observed mean temperature are plotted in Fig. 5.
The corresponding starting time for each profile is given un-
derneath it. The temperature profiles are shifted by 50K
from one profile to the next one. The profiles show a tem-
perature increase around the same time (21:50 UT) and at
Residuum about the same altitude as the enhancement in the Na sig-
nal. The temperature increase may have caused the increase
in sodium number density. As described in Sect. 1, the sea-
sonal sodium density variations suggest a sensitivity of Na
chemistry to temperature (Zhou et al., 1993; Plane, 2003).
Zhou et al. (1993) suggest that an increase in the mesopause
temperature by 10 K may double the sodium concentration.
14:41  17:34  18:34  19:34  20:34  21:34  01:04 02:04 03:04 04:04 We discuss thIS further in SeCt. 44 beIOW.

Fig. 5. Hourly mean temperature profil¢s) and their differences [l)url'r?g summer, the N‘T" density has a relatively stronger
from the mean temperatutb) are plotted in this figure. The cor- Variability compared to winter. However, we found that for
responding time is given underneath each profile. The temperaturdll our summer night measurements the Na density increased
profiles are moved by 50K from one profile to the next one. The within two hours around local midnight. We have observa-
dotted lines in (a) represent the mean temperature profile, the onetsons around local midnight on eleven days over four years.
in (b) the OK. All enhancements that we observed occurred near the time of
lowest solar elevation. This is shown in Fig. 6 for measure-
number density compared to the density of the 6 precedingnents done on 11 July 2002. We have plotted the Rayleigh
hours (Fig. 3). This increased Na density presumably spreadignal (red), the background (black), the solar elevation an-
in altitude over time and spanned an altitude range from 91gle (green) and the background subtracted Na signal (blue)
to 97 km at 01:30 UT. Afterwards, it slowly decreased dur- integrated from 91 to 93 km. The signal suddenly increased
ing the morning hours. The lack of data in the time from and stayed about 8 times larger than the average signal of the
22:00 UT to 01:00 UT prevents us from learning more aboutprevious 8 h while the sun was at its lowest elevation. This
the formation of this much increased intensity. led us to investigate a possible influence of the solar radia-
tion on the apparent Na number density. We calculated the

Altitude (km)

14:41  17:34  18:34  19:34 20:34  21:34  01:04 02:04 03:04 04:04

Altitude (km)
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Table 1a. Observations of sudden Na enhancements above ALOMAR during June and July.

Date Time (UT) Altitude at onset Factor of
onset end (km) enhancement

1 June 2006 21:48 02:00 93.9 10

18 July 2005 21:41 23:10 93 10

20 July 2005* 21:04-22:11 02:55 92 2

25 June 2002 15:58 17:08 95 6

25 June 2002 22:45 02:20 92.6 2-3

1 July 2002 21:00 21:15 94.5 5

1 July 2002 21:07 08:00 92.5 6

2 July 2002*  21:50-23:09 00:05 93 8

4 July 2002 01:00 06:45 94,5 5

11 July 2002 21:17 21:37 95 5

11 July 2002 22:45 01:50 92 10-15

19 June 2001 23:50 after 02:05 93.2 2

20 June 2001 23:25 23:31 94.5 10

20 June 2001 23:33 01:10 93.6 4

6 July 2001 00:17 02:25 94 6

6 July 2001 00:25 00:55 97 10

* onset not observed

possible saturation of Na atoms by solar photons. Becausether two nights, we cannot say anything about the charac-
of stimulated emission, the maximum saturation would mearteristics of the enhancement due to a lack of data in the hour
that exactly half of the Na atoms are in an excited state, makbefore we observed it. However, they are found in the same
ing them invisible to our lidar. We define the saturation level altitude range and lasted for at least one hour. The altitude
as the radiation field generating half of this maximum value.range corresponds to the altitudes where the largest Na densi-
Using the ratio of the Einstein’s coefficients for these transi-ties in the average summer density profile are found (Hansen
tions and their natural linewidth, we estimate the saturationand von Zahn, 1990). Only one of the Na number density
intensity for unpolarised light as about 12mW/knThe in-  enhancements (Table 1a) happened at the topside of the sum-
tensity of the radiation from the sun at 589 nm, however, ismer Na layer. This enhancement at 97 km altitude was one
a factor of 1000 smaller. Therefore, this cannot explain thepeak of the double-layered sudden Na density enhancement
observed enhancement. on 6 July 2001. This will be discussed in Sect. 4.2.

Sudden enhancements of Na number density observed We see large differences in the observed development of
from Andgya (69 N, 16° E) were first described by von Zahn the Na number density enhancements. For three of the nine
et al. (1987). They defined a sudden enhancement of the Neases, when we were able to measure during the beginning of
density (typical time constant: 5min) in a narrow altitude the event, we found a strong, short-lifetime enhancement ten
range (about 1 km) as a Sudden Sodium Layer (SSL). By defminutes before the observed long-duration sudden enhance-
inition, the normal profile of Na density is not noticeably af- ment at 1-3km higher altitudes. The densities of these en-
fected by the development of the SSL. These layers emerghancements were not so striking compared to the density in
at altitudes between 90 and 110 km and have 2 to 20 timeghe centre of the Na layer. In any case, the enhancement rel-
larger densities than the background layer. The Na numbeative to the background density was substantial. This feature
density enhancement that we observed around 21:50 UT fulean be seen in the measurement from 1 July 2002 at 94.5 km
fils all these requirements (Fig. 3). However, the enhancealtitude about 10 min before the main enhancement started
ment in density observed after 01:00 UT spanned a large alfFig. 7). A weak sodium layer prior to the main sporadic
titude range and affected the whole layer. layer was also seen on 5 July 2002, as reported by Williams

Looking at all our observations, we find that the Na num- etal. (2006c).
ber density enhancement in nine of our eleven summer mid- In 65% of our measurements, the main sudden enhance-
night measurements happened suddenly (5 to 10 min), startemient happened between 21:10 and 22:45 UT. A special char-
between 92 and 94.5 km altitude, and stayed for several houracteristic of the enhancement of Na number density during
(Table 1a). Table 1a lists the dates for the observations obummer was that in 55% of the cases, it was not a typical
sodium enhancements together with their onsets and endingsudden sodium layer as defined by von Zahn and Hansen
altitudes at onset, and the factors of enhancement. For th€l988). In 22% of the cases, it starts out about 3 to 6 km
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Fig. 7. The plot shows the sudden Na density enhancement at 1 E 10 —J_\_,_\_,—\_I_'_,_\_'_\_\_\_\_'_\_\_\_’_\_L_
July 2002. We observed a strong, short-lifetime enhancement ten SE E
minutes before the observed long-duration sudden enhancement at 0% :
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a 2 km higher altitude. uT

Fig. 8. The two upper panels show the average diurnal variation
wide. In the other 33% the layer started out like a typical SSLof the Na number density above ALOMAR for June—August. The
but grew broader to about 3 to 4 km in less then half an hourottom panel displays the distribution of total observation time for
and stayed that broad. We found this behaviour for exampledur lidar in each hour over the day from June to August for the years
in the night of 1-2 June 2006 presented earlier (Fig. 3). The?001-2006.
sudden enhancements in Na density above ALOMAR around
midnight during summer seem to differ from those observed _ ) o
during winter (see below) and those observed during summePUt of 24 nights with measurements around midnight. Even
at other sites (Williams et al., 2007). For this reason and befaking into account the greater number of measurements dur-
cause of their regular appearance, we avoid the term suddefd winter, we find that the sudden Na density enhancements

sodium layer or sporadic sodium layer in this context similar &€ @lmost twice as frequent in June and July compared to the
to Friedman et al. (2000). months October—March. This factor gets larger and is about

The described enhancement can also be seen in the ag-> if we only focus on November—February. In Fig. 10, we
erage diurnal variation of the Na density for June-AugustN@ve plotied the number of observed sodium number den-
above ALOMAR (Fig. 8). This figure summarises 253 mea- sity enhancements per hour of lidar observation time against

surement hours from 34 different days over the years 2001th€ time of day of their development for summer and winter.
2002, 2005 and 2006. The distribution of total lidar observa-Hansen and von Zahn (1990) observed a similar distribution.

tion time per hour over the day from June to August is alsoCompared to them, we find a larger difference in the number
shown in Fig. 8. The Na density shows a significant diur- of observed enhancements per hour for summer and winter

nal variation. It increases starting at about 20:00 UT with Measurements. With one exception, we observed enhance-
a first maximum around UT midnight. The strongest max- Ments during summer only after 21:00 UT, while Hansen
imum is found near 04:00 UT. After 04:00 UT the layers @1d von Zahn (1990) report 20:00 LT (19:00 UT). With an
decay quickly. The variation between about 20:00 UT and@Prupt rise at 21:00 UT we obtained the largest number of
04:00 UT seems to reflect the long duration and the slow deS0dium number density enhancements between 21:00 UT
cay of the regular sudden Na number density enhancemen@d 22:00 UT during summer.

starting from 21:00 UT. Kurzawa and von Zahn (1989) found The density enhancements of the sudden layers are more

a similar diurnal Na density variation for the measurementspronounced in June and July than the ones appearing in the
during summer 1987 and 1988 at Andgya. winter months. During winter, the relative density enhance-

ment is approximately a factor of 3.5, while during summer

4.2 Comparison to winter observations of sporadic sodiumwe find that the density enhancements, is on average a factor
layers of about 6. Another distinct difference between the summer

and winter sudden density enhancements is their duration.

Table 1b displays an overview of the sporadic Na layers ob-During summer, the enhancement usually lasts at least 1 h
served in the months October—March from 2000-2006. Inbefore it disappears, while during winter the duration is sig-
this time period we have observed 15 layers during 11 nightsnificantly shorter. In winter, only 1 of the 15 observed layers
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Table 1b. Observations of sudden Na layers above ALOMAR from November until March.

Date Time (UT) Altitude at onset Factor of
onset end (km) enhancement

18 February 2006 00:27 01:40 101 2-3

4 February 2006 21:34 22:00 102 3

19 November 2005* 21:07-22:02 22:26 101 4

5 November 2005 22:31 22:40 105 3

5 November 2005 23:14 22:44 92 34

7 February 2005 19:39 20:01 103 4

7 February 2005 19:47 21:20 110 4

28 January 2003 20:26 20:41 104 3

14 January 2002 22:10 after 22:27 98 3

27 March 2001 20:41 20:59 105 4

23 March 2001 20:15 20:24 103 5

23 March 2001 21:25 after 22:11 108 2-3

22 March 2001 20:16 20:30 104 5

17 March 2001 20:23 21:13 103 4

17 March 2001 22:28 22:56 101 2-3
* onset not observed
lasted for more than 1 h. The three cases during summer with Sodium density (arb. units)
shorter durations, which are also listed in Table 1a, were all DTN T

100 400 700 1000 1300 1600 1900 2200 2500 2800 3100

associated with an enhancement with a long duration. In 6 July 2001

T T

33% of the summer observations, the layered density en- 1001 B ‘

hancement seemed to diffuse in altitude, finally producing an

enhanced density that rather looked like an enhanced back-
ground density than a sporadic layer. This is a feature not

found in the winter observations.

The height distribution of the sudden density enhancement
in winter was wider and located at higher altitudes compared
to summer. The 15 winter layers were located between 92
and 110 km, while in summer the density enhancement with
just one exception, took place between 92 and 95 km. This
altitude difference is in accordance with the broader normal 23:00 0:00 1:00 2:00
density layer in winter compared to summer. ut

The previously mentioned exception to the typical altitude

distribution is the enhancement in Na number density Ob'2001. The enhancement at 97 km altitude at the topside of the

served at 00:25 UT on 6 July 2001. In this case, the density,qim jayer is similar to SSLs we observe above ALOMAR dur-
enhancement is comparable to that observed during wintefng winter. It did not disappear into an increased background layer
It happened at 97 km altitude on the topside of the sodiumand the strongest enhancement was only present for about 20 min.
layer, it did not disappear into an increased background layer,
and we observed the strongest enhancement only for about
20 min (Fig. 9). 4
In spite of the many differences we have mentioned, the

local time distribution does not seem to vary significantly _ _ )
between summer and winter (Fig. 10). Only the sudden ngPifferent formation mechanisms for sudden sodium layers

number density enhancement on 25 June 2002 at 15:58 uiave been proposed, but none of them seem to provide an al-
did not occur in the time window between 21:00 UT and together adequate explanation for all the observations. How-

06:00 UT. This is to our knowledge the first reported sud- €Ver. a strong link between sudden sodium layers and spo-

den Na density enhancement observed before 18:00 UT dRdiC E layers has been established (von Zahn and Hansen,
Andaya. 1988; Hansen and von Zahn, 1990). When linked to a spo-

radic E layer, the amount of Na necessary for the SSL is be-
lieved to result from the conversion of Nan the associated

Altitude (km)

Fig. 9. The Na number density enhancement observed on 6 July

.3 Linkto sporadic E layers?
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Table 2. Observations of sporadic E-layers at times before and after the arising of a sporadic Na-layer.

Minutes -40 -30 -20 -10 Onset +10 +20 +30 +40

Day SSL

(Onset SSL)

19June 01 (23:50UT) __ __ __  __ — v v A—

20June 01 (23:30UT) __ __ __  __ _ ? v v v

06July01 (00:00UT) __ v v ¢ v v v v Y

25June 02 (22:45UT) v v v v v v ? v v

lJduly02 (2L:10UT) __ __ _ v v v v v

4Jly02 (0L:00UT) __ 9 v ? v — -

11July 02 (21:40UT) 2 ? v v v v v

18July 05 (21:40UT) __  __ v v v v v v v

1June06 (21:48UT) __ __ __ __ v v v v v

Years: 2001 - 2006 tal HF sounder is located at Ramfjorden {69 19 E) about
g 100 R 120km east from Andgya. We have studied the ionograms
§ i — ] for each case in a time window of 40 min before and after the
£ 08 - observed sudden Na density enhancement. The results are
g i June-August ] presented in Table 2. The presence of a sporadic E layer at
S 06 ] a given time is marked by a check mark; otherwise a minus
§ i is set for that time. A question mark indicates that we could
T not identify either a sporadic E layer or the total absence of
o 04r October-March ] such a layer. Empty spaces mean that no ionograms exists
g p oo | ] for the corresponding times. In all cases, a sporadic E layer
B 021 8 was observed in a time window of 20 min before and after
§ - I—I 1 the appearance of the SSL. In six of the nine cases, the spo-
0.0 . ‘ T radic E layer was present (120 km east of ALOMAR) before

P IR
12 14 16 18 20 22 24 2 4 6 88 10 12 the SSL onset.

UT time of appearance of SSLs The sporadic E layer observed at Tromsg on 1 June 2006
at 22:00 UT had a critical frequency of 4 MHz. At 22:12 UT
the critical frequency was 12 MHz. Calculating the electron
densities for these times we find them to be %12 cm—3
and 2.6<10° cm=3, respectively. If the atomic Na was pro-
duced from Na ions, the concentration of Na ions had to be
E, layers to Na through clustering reactions involving, N  at least 3.5% of the glectron density at 22:00 UT and 0.04%
CO; and HO (Collins et al., 2002). at 22:12 UT. For altitudes above 100 km, the™Neoncen-
Given their differences in altitude, strength, and duration, ration can vary between 5% and 35% of the electron den-

it is possible that the winter and summer sodium layers mayS'ty (Collins, 2002). We found that for the observed Na
not have the same production mechanism. number density enhancement at about 94 km, the sporadic

Comparing the diurnal variation of sporadic E layers with E layers had a large enough Na ion concentration to pro-

the density variation of the Na layer indicates a possible con-duce the observed Na density enhancement at both times.

nection between them. Sporadic E layers at high latitudes ir1°‘ more detailed dlscusspn of the conpectmn between spo-
an altitude range between 90 km and 100 km occur most of-r"’ldIC E-layers and ;poradlc Na-layers is published by Nesse
ten during June, July and August and between 20:00 UT an§! al. (2008) and Williams et al. (2006c).
06:00 UT (Kirkwood, 1997).

To investigate the presence of sporadic E layers we used
ionograms from the EISCAT Tromsg Dynasonde. This digi-

Fig. 10. The number of observed Na number density enhancement
per hour of lidar observation time plotted as a function of the time
of day of their appearance for summer (red) and winter (black).
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4.4 Other mechanisms to explain sudden Na density en- 1 June 2006
hancements R
96 - —
. . . L 20:50-21:30 UT 20:50-21:40 UT 20:50-21:48 UT 4
A number of other explanations for sporadic sodium layers [ 20:50-21:35 UT|  2050-21:44 UT|  20:50-21:52 UT |

have been published. These include direct input through
meteor ablation (Clemesha et al., 1978), energetic auroral
particles that sputter Na off the surface of meteoric smoke
particles (von Zahn et al., 1987) and temperature dependent
chemistry (Hoppe, 1985; Zhou et al., 1993). A large tem-
perature gradient can be caused by gravity waves. An ex-
ample of extreme temperature and wind gradients near the
summer mesopause caused by gravity wave dissipation and i . Jo
the resulting momentum flux divergence has been published 1Y S AT P I P L D B B
by Fritts et al. (2004). The large positive temperature gradi- 100 150 200 250 300 350 400 450

ent that they found in summer allowed ice particles to form Temperature (K)

below 90km and at the same time large Na densities abo\/Eig. 11. Temperature profiles calculated with different time win-

90km. Na.ls absorbed by these ice particles, leaving no fre%Iows to show the temperature development in the altitude range
Na atoms in the presence of PMSE or NLC. In O_ur measur?'above 90 km. The plots are shifted by 50 K from profile to profile.
ments from 1 to 2 June 2006 the enhancement in Na densityne red line indicates 140 K.

was subsequent to an increase in temperature of about 30K

at altitudes above 90 km. Figure 11 displays this temperature

increase starting at about 21:30 UT and thus about 20 min betion to the solar elevation angle and investigated the coinci-
fore the Na number density enhancement at 21:49 UT. Thislence of sporadic E layers. All of the summer enhancements
temperature perturbation may have been wave-induced, witkeccurred in conjunction with sporadic E layers, six of them
an ensuing Na-density enhancement (Gardner, 1995). In thefter the onset of the sporadic E layer. Other mechanisms
density-plot (Fig. 3) it can be seen that the Na layer itselflike gravity-waves or tides have a strong impact on the sum-
is deformed. The decay of the sudden Na enhancement imer Na layer, too. To understand the Na number density
altitude with time appears to be related to the wave activityvariations during summer better, we need to make more ob-
that night, but we have no suggestion of how this might beservations ideally simultaneously with the other instruments
explained. at ALOMAR and the Andgya Rocket Range.

Altitude (km)
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T
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