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[1] Between 2003 and 2005, 12.9 h (8 events) of noctilucent clouds (NLC) and 250 h of
mesospheric summer echoes (MSE) were observed above Kiihlungsborn (54°N, 12°E)
by lidar and radar, respectively. The ice-layer seasons typically last for 50 (NLC) and
70 days (MSE). The observations are compared with simultaneous lidar temperature
soundings. Altogether, 79 soundings were performed in the periods 10 May to 8 August
of each year. These profiles revealed a minimum mesopause temperature of 145 K at
87 km shortly after summer solstice. The mean temperatures are below the frost

point temperature for a period of ~15 days after summer solstice and in the altitude range
~85-89 km. Simultaneous observations of temperature, MSE/NLC, and winds by
radar and lidar show that ice particles occur primarily during southward winds and during
the cold phases of gravity waves and tides, providing temperatures up to ~20 K lower
than the mean. Water vapor saturation profiles are calculated from the temperatures

and modeled water vapor concentrations, showing that the ice layers occur at the bottom
of the supersaturated region. Only about one fifth of all supersaturation events below
85 km in fact yield NLC above our site. Even saturation ratios of 10—100 lasting for at

least 4 h do not necessarily lead to the formation of NLC. We conclude that NLC at
midlatitudes are strongly coupled to the advection of preexisting ice particles from
northern latitudes. If the ice particles have sublimated prior to the observation, they do not

form again even in the cold phases of waves.
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1. Introduction

[2] About 120 years ago, first observations of noctilucent
clouds (NLC) near the midlatitude northern horizon were
initially published by Leslie [1885] and later also by Jesse
[1885] and Backhouse [1885]. In the following decades,
numerous sightings took place, mostly limited to midlati-
tudes because of the requirement of twilight or predawn
conditions for naked-eye observations. In the last decades,
extensive lidar, radar, satellite, and rocket experiments have
shown that noctilucent clouds (or more general polar
mesospheric clouds, PMC) are mainly a phenomenon at
polar latitudes. Here ice crystals are formed in the meso-
pause region at temperatures below ~150 K. By multi-
instrument soundings, the understanding of NLC formation
has been strongly improved, as for example, described in
the review by Thomas [1991]. It is established that ice
particles can also form so-called (polar) mesospheric sum-
mer echoes, (P)MSE when they are charged and spatially
structured (see, e.g., review by Rapp and Liibken [2004]).

[38] Taylor et al. [2002] and Thomas [2003] indicated
that northern hemispheric NLC in recent years may have
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extended further south compared to previous years. On the
other hand, for example, Avaste et al. [1980] had described
repeated observations of NLC down to 45°N already in the
1970s. A possible connection between (P)MSE occurrence
and equatorward winds has been indicated by Singer et al.
[2003] and only recently examined by Morris et al. [2007].
Because possible changes in NLC may be related to trends
in temperature, water vapor concentration, or meridional
winds (and by this to “global change’’), the mechanisms for
NLC existence in midlatitudes need to be understood in
detail. Obviously, NLC and MSE at midlatitudes are a rare
phenomenon compared to polar latitudes [Thomas et al.,
1994; Latteck et al., 1999; Alpers et al., 2000; Wickwar
et al., 2002; Zecha et al., 2003; Liibken et al., 2004].
Midlatitude summer temperatures in the mesopause region
are higher, and the saturation of water vapor is smaller. For
Kiihlungsborn (54°N, 12°E), She and von Zahn [1998] and
Latteck et al. [1999] report temperatures higher than the
frost point temperature at 86 and 85 km altitude, respec-
tively. Model studies show that temperatures below the
frost point can occur within gravity and tidal waves [Rapp
et al., 2002; Berger and Liibken, 2006], allowing the
existence of pre-formed ice particles. Unfortunately, many
temperature measurements in the summer mesopause region
(for example, by satellite instruments) have a vertical
resolution of ~2—-4 km, i.e., larger than the typical vertical
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Table 1. Overview on the Lidar Systems at IAP Kiihlungsborn for
NLC and Temperature Soundings

RMR Lidar K Lidar  Na Lidar
Laser Type Nd:YAG Alexandrite Dye (2x)
Wavelength, nm 1064/532/355 770 589
Pulse Energy, mJ 500/400/200 120 2 x 25
Repetition Rate, Hz 30 35 30
Integration Time for NLC, min 2.5 2.5 2.5
Altitude Resolution for NLC, km 0.2 0.2 0.2
Integration Time for 7, min >15 >15 -
Altitude Resolution for 7, km 0.2-1 0.2-1 —

scale of NLC (full width at half maximum or FWHM =
1.2 km, Fiedler et al. [2003]). To the best of our knowledge,
at midlatitudes (here defined as 40°—60°N/S), simultaneous
temperature and NLC soundings do not exist.

[4] In this paper, we present lidar temperature measure-
ments in the upper mesosphere and lower thermosphere in
summer at Kiihlungsborn (54°N, 12°E). Besides the mean
temperature of the summer mesopause region, we describe
temperature soundings in the vicinity of NLC and MSE with
high spatial and temporal resolution. Using water vapor
results from a circulation model, we calculate the degree of
water vapor saturation. We will interpret the saturation pro-
files in combination with meteor radar wind data and discuss
implications for ice existence and formation above our station.

2. Observational Techniques and Analyses

[s] At Kiihlungsborn, a Rayleigh-Mie-Raman (RMR)
lidar and a potassium (K) resonance lidar are operated to
measure temperatures from 1 to 105 km altitude and optical
parameters of NLC [von Zahn and Hdffner, 1996; Alpers et
al., 2000, 2004; Rauthe et al., 2006]. These lidars are
complemented by a dye laser system solely for NLC sound-
ings at a sodium resonance line [e.g., Gerding et al., 2000].
The lidars are co-located with a radar for MSE detection and
meteor wind soundings [Latteck et al., 1999; Singer et al.,
2003; Zecha et al., 2003]. Lidar-observed temperature data
are combined with model estimates of water vapor con-
centrations [Sonnemann and Grygalashvyly, 2005] with
background conditions from the Leibniz-Institute Middle
Atmosphere model LIMA (U. Berger, Modeling of middle
atmosphere dynamics with LIMA, submitted to Journal
of Atmospheric and Solar-Terrestrial Physics, 2007, here-
inafter referred to as Berger, submitted manuscript,
2007). We apply the vapor pressure formula of Marti and
Mauersberger [1993] and air density from the MSISE-90
atmosphere [Hedin, 1991].

2.1. Description of Lidars and Temperature Retrieval

[(] The RMR lidar is composed of a Nd:YAG laser
emitting laser radiation at 1064, 532, and 355 nm wave-
length. Typically, NLC soundings are performed at visible
and UV wavelengths only because at our site, NLC back-
scatter at 1064 nm is too weak to be separated from the
background [cp. Alpers et al., 2000]. All soundings of the
RMR lidar described here are limited to nighttime (dark-
ness) conditions because the signal-to-noise-ratio during
daytime is not sufficient for mesospheric soundings. The
K lidar has been designed to measure temperatures in the
altitude of the potassium layer (~85—105 km) during day
and night [von Zahn and Hoffner, 1996; Fricke-Begemann
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et al., 2002]. NLC are detected as a by-product, providing
an additional wavelength (770 nm) for the calculation of
aerosol properties. The soundings are complemented by a
sodium lidar system, probing the NLC at an additional
wavelength (589 nm). This lidar consists of two dye lasers
simultaneously pumped by one excimer laser [cp. Gerding
et al., 2000]. Typical pulse energies, repetition rates, and
integration times for all lidars are given in Table 1.

[7] The simultaneous observations of the K lidar and the
RMR lidar are combined to retrieve continuous temperature
profiles from 1 to ~105 km altitude [Alpers et al., 2004;
Rauthe et al., 2006; Gerding et al., 2007]. In the following,
we will concentrate on the NLC region and the adjacent
ranges of the upper mesosphere and lower thermosphere. At
~85-105 km, temperatures are derived from the spectral
broadening of the 770-nm K-D, resonance line [von Zahn
and Hoffner, 1996]. The RMR lidar measures a relative
density profile from the backscatter signal at 532 nm. This
density profile is converted into a temperature profile
assuming hydrostatic equilibrium. The start temperature
for the retrieval at the upper end of the integration range
(~89 km) is taken from the simultaneous, colocated K lidar
observations. A typical integration time for temperature
soundings is 30—60 min for both lidars. The altitude
resolution is 0.2—1 km. An altitude- and signal-dependent
smoothing filter of 0.4 to 3 km width is applied. Figure 1
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Figure 1. Temperature profile measured by the potassium

lidar (red) and RMR lidar (green) at 30 July 2004 (integra-
tion time, 30 min; altitude resolution, 200 m). At around
85 km, both methods overlap. The start temperature for
the Rayleigh integration method is given by the K lidar at
87 km altitude as indicated by the green dot. Horizontal
line, statistical error; only every fifth error bar is plotted. For
comparison, the water vapor mixing ratio (blue, upper scale)
and the frost point temperature (purple) are shown from the
LIMA model for 30 July.
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gives an example of a combined temperature profile in the
altitude range between 70 and 100 km from 30 July 2004,
using 30-min and 0.2-km resolution. Taking the statistical
error of the RMR lidar between 83 and 87 km into account,
the temperature measurements of the K lidar and RMR lidar
agree nicely. The statistical error is less than 5 K for the
whole range below 95 km even with this high spatial and
temporal resolution. Although the temperature is slightly
below the frost point temperature in a small altitude range
between 80—82 km, no NLC was observed in this example.

2.2. Temperature Retrieval in the Vicinity of NLC

[8] The combination of K lidar and RMR lidar yields
temperature data in the whole upper mesosphere and lower
thermosphere with a vertical resolution of 1 km. Unfortu-
nately, the standard retrieval is limited to NLC-free con-
ditions for the following reasons:

[s] 1. The Doppler resonance method is limited to the K
layer range. Plane et al. [2004] and Liibken and Hoffner
[2004] have shown that ice particles significantly reduce the
number of metal atoms in a particular range. Therefore the
K lidar is only able to measure temperatures in the absence
of ‘large’ ice particles like NLC.

[10] 2. The RMR lidar measures a relative density profile
(and by this temperature) only in the range of pure mole-
cular scattering. NLC provide additional aerosol scattering.
In the presence of aerosols, the backscatter profile can not a
priori be used as a measure for the molecular density. An
aerosol correction by the inelastic N, Raman backscatter
can not be applied in the upper mesosphere because of the
small Raman signal level. Therefore temperatures can not
be retrieved directly within the NLC. The Rayleigh signal
has to be interpolated within the NLC layer to allow for
hydrostatic temperature calculation below. A summary of
the method is presented below; for details, see the study of
Gerding et al. [2007].

[11] Above the NLC layer, temperatures are calculated
from the K resonance and Rayleigh signal as described
for non-NLC conditions. Within NLC with 3(532) > 0.1 -
107" m~'sr™!, the Rayleigh signal is interpolated by a
polynomial. After this procedure, the standard temperature
retrieval is performed. Temperature data are used only
below the interpolated range, while within NLC altitudes,
effects of the applied polynomial remain [Gerding et al.,
2007]. We use this procedure only for NLC layers with
up to 2.5 km thickness. For more extended NLC, an effect
of the interpolation procedure remains visible even
some kilometers below the NLC. NLC with 5(532) < 0.1 -
107" m~'sr™! can typically not be resolved by our lidars.
The effects of such weak NLC on the Rayleigh temperature
retrieval are on the same order as the statistical error in this
altitude range and are therefore neglected here.

2.3. Radar and Wind Retrieval

[12] Electron density fluctuations in the mesosphere can
result in irregularities of the refraction index of half the
radar wavelength and thereby create backscattering of radar
waves in the very-high-frequency (VHF) band, known as
(polar) mesosphere summer echoes, (P)MSE [Ecklund and
Balsley, 1981]. The ice particles in the summer mesopause
region prevent the fast destruction of these small irregu-
larities by a reduction in the electron diffusivity. These
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echoes were observed with the OSWIN MST (Mesosphere/
Stratosphere/Troposphere) radar operated at 53.5 MHz at
Kiihlungsborn since 1998. The radar system was designed
for unattended continuous operation starting with a peak
power of 36 kW in 1998 and continuing with a peak power
of 72 kW in 2000. The phased antenna array consists of
144 four-element Yagi antennas with a one-way half-power
beam width of 6°. Generally, radar observations are per-
formed using tilted and vertically directed radar beams with
over-all sequence duration of 2—4 minutes. Mesospheric
studies were done in an altitude range of about 70 to 100 km
with a range resolution of 300 m. A 16-bit complementary
code has been applied to utilize the available duty cycle of
5%. MSE observations have been done during the summers
of 1998 and 2000 to 2005 [Latteck et al., 1999; Zecha et al.,
2003]. These measurements were completed by additional
meteor wind observations since April 2004 [Singer et al.,
2003]. An interleaved operation between MST mode and
meteor mode was applied.

[13] Inmeteor mode, a different antenna system is used for
transmission and reception. The all-sky meteor-detection
antenna system utilizes crossed antenna elements to ensure
a near azimuthal sensitivity to meteor echoes. A three-
element Yagi antenna is used on transmission. On reception,
a five-antenna interferometer provides a range resolution of
2 km and an angular resolution of 2° in meteor location.
From each meteor, the radial velocity of the meteor trail due
to its movement with the background wind is estimated.
Data bins of 1 h in time and 3 km in altitude are used to
determine horizontal winds between 80 and 96 km. An all-
sky least squares algorithm is used in each bin to estimate the
mean zonal and meridional wind from the measured radial
velocities (for details, see Hocking and Thayaparan [1997]).

[14] Comparisons of NLC and MSE observations are
limited because MSE are typically restricted to daytime
because of the higher number of free electrons produced by
solar irradiance. At Kiihlungsborn, only the K lidar has
daytime (temperature) capabilities, but most NLC at this site
are too weak to be observed by the lidar at 770 nm. In the
following, we will concentrate on comparisons (1) between
MSE and K lidar temperatures and (2) between NLC and
continuous (K and RMR lidar) temperature profiles below/
above the aerosol layer. During both day and night, the
observations are complemented by wind data from meteor
soundings by the OSWIN radar.

3. Mean Summer Temperatures above
Kiihlungsborn

[15] Temperature measurements by lidar were performed
in a total of 240 nights within the years 2003—2005. The
mean temperatures in the upper mesosphere and mesopause
region are shown in Figure 2 for the period between 10 April
and 17 September (days 100 and 260, respectively). The
nightly mean profiles are smoothed by a running mean of
+20 days and +3 km. From the data set, we derived a
summer period that is based on the temperature at 85 km
altitude. This altitude is of particular importance as it is the
mean altitude of MSE above Kiihlungsborn [Zecha et al.,
2003]. We define “summer” as the period where 7, — T, <
Ty, with T, the average temperature at 85 km, T, the typical
tidal and gravity wave amplitude (i.e., ~10 K, see below),
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Figure 2. Mean temperatures between 75 and 100 km
above Kiihlungsborn from lidar soundings between 2003
and 2005. Thick black isolines are at 10 K interval. For
~2 weeks in midsummer, temperatures are below the frost
point (white isoline). A running mean of +20 days is applied
on the night mean profiles. The yellow and red histograms
mark the typical periods of MSE and NLC occurrence,
respectively (occurrence rates given on the right axis).

and Ty the frost point temperature (~150 K). Therefore the
summer is characterized by 7, < 160 K and extends from
day 130 to day 220 (10 May to 8 August), clearly distin-
guishable from the “spring” and “autumn” with their
higher temperatures. The summer period also coincides
with the period where the mesopause is in the lower,
summer state around 87 km. In Figure 2, temperatures
below the frost point (i.e., S > 1) are marked by a white
isoline, assuming altitude-dependent water vapor concen-
trations of ~0.5—-4.5 ppmv (between 90 and 80 km,
respectively). The lowest temperatures of all are observed
at the end of June with ~145 K at 87 km altitude. At NLC
altitudes (83 km), mean temperatures are mostly higher than
~155 K. Obviously, from the average state of the meso-
pause region (and neglecting waves) ice particles should
only exist for ~15 days shortly after summer solstice in the
altitude range 85—89 km. This is well above typical NLC
altitudes. The average temperatures during the NLC and
MSE periods are observed as high as 163 and 165 K in 83
and 85 km altitude, respectively, i.e., up to ~15 K higher
than the frost point temperature. In summary, average
temperatures are too large for the existence of ice particles
at 83—85 km, i.e., at typical NLC and MSE altitudes. To
examine this apparent contradiction, we will describe time-
dependent temperature soundings in the vicinity of MSE
and NLC in the next section.

4. Case Studies of Simultaneous Observations of
Temperatures, NLC, and MSE

4.1. Observations of MSE and Daylight Temperatures
at 15 July 2003

[16] Mesospheric summer echoes (MSE) were observed
on several occasions since 1998 by the OSWIN radar. In
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Figure 3a, MSE of nearly 5 h duration on 15 July 2003 is
presented. The altitude of the echo decreases by up to 4 km
in less than 2 h, what we take as an indication of a
downward-progressing phase of a wave. The average thick-
ness remains constant at ~3 km. The MSE disappears
around 14 UT at 82 km altitude and does not appear again
for the next 26 h (not shown here).

[17] The potassium lidar was switched on around
11:30 UT after tropospheric clouds disappeared and mea-
sured until ~17:30 UT. The K layer extended down to 82—
84 km. As can be seen in Figure 3, temperatures change
very fast, for example, by more than 30 K within 2 h in
~88 km. For the whole time of simultaneous MSE and
temperature soundings, the MSE is below a warm layer,
changing height with the same phase speed as the wave
(Figure 3). The altitude of the MSE is in rough agreement
with the region of supersaturation. Comparatively high
temperatures of ~160 K are measured until 12:30 UT in
the upper part of the MSE. However, here the radar echo is
very weak, and the ice particles may already sublimate in
the downward-propagating phase of the wave. Note that
even outside of the MSE range, temperatures are very
low (~125-122 K), in particular around 88 km (13:30—
14:30 UT) and 85 km (15:00—16:00 UT). However, al-
though supersaturation of more than a factor of 100 is
present in both cases for at least ~1 h, no MSE or NLC
develops at those altitudes possibly because time is too short
for the formation of fresh ice particles.

4.2. Simultaneous Observation of Temperatures and
NLC at 30 July 2004

[18] On 30 July 2004, an NLC appeared between
01:27 and 02:20 UT at an altitude of ~80 km. It was
the latest-ever NLC event above our station, and the back-
scatter coefficient was moderately strong (mean value 353, =
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Figure 3. Simultaneous observation of MSE (colored
isolines) and temperature (color coded) during 15 July
2003 by the OSWIN radar and K lidar, respectively. The
saturation ratio is plotted by white isolines (S = 1, 10,
and 100).
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Figure 4. Simultaneous observation of NLC (colored isolines) and temperature (color coded, black
isolines at 10 K contour interval) during 29/30 July 2004; (a) absolute temperature and (b) temperature
deviation from the night mean profile. The black dots mark the transition of the temperature retrievals.
White isolines mark the regions with saturation ratio S = 1. The NLC is represented by the backscatter
coefficient at 532 nm (3s3,). The colored isolines are at Gs3, = 0.2/1.0/3.0/5.0 - 107" m~'sr™".

3.1 - 107" m'sr™!). As can be seen from Figure 4, the
temperature field is highly structured throughout the whole
night, with thick cold layers around 80 and 90 km (~150 K
and less) and a temporary thin layer around 85 km. In
between these cold regions, temperature rises by ~20 K.
Supersaturation is observed in a 1-km range around 84.5 km
and between ~80—83 km. Eventually, the NLC appears at
80.5 km at the lower edge of the weakly supersaturated
region.

[19] In Figure 4b, the deviation of the temperature from
the nightly mean is plotted. Wave disturbances with ampli-
tudes of up to 15 K can easily be identified, for example,
gravity waves with periods of ~1 h (best visible around
82 km) and ~4 h (around 88 km). Especially the longer
periods are typical for our location [Rauthe et al., 2006].
Usually, downward phase progression is seen in our lidar
data. However, during the night of 29/30 July 2004
(Figure 4), an upward propagating cold phase is visible
below 83 km. Temperatures fall below the frost point after
23 UT when this cold phase reaches potential NLC
altitudes. The short period wave mentioned above modu-
lates the temperature field (and by this, S) in 80—83 km as
well as the NLC brightness.

4.3. Simultaneous Observation of Temperatures and
NLC at 22/23 June 2005

[20] We now present another case of NLC observation
which underscores that NLC typically occur at the lower
edge of the supersaturated region. On 22/23 June 2005, a
NLC was detected during the whole time of RMR lidar
operation (22:40—-01:30 UT, see Figure 5). Measurements
by the potassium and RMR lidars reveal temperatures below
the frost point in a broad range between 84—90 km
throughout the whole night. Saturation ratios up to S ~
16 are observed above the NLC. Below the NLC, more

precisely at 81 km, temperatures are 154-162 K, i.e.,
always above the frost point temperature. It will be shown
later that from our observations the degree of saturation is
typically larger than one above the NLC and lower below,
as it is also known from other stations [e.g., Liibken et al.,
1996 and references therein].

[21] At the end of the sounding (~02:25 UT), the tem-
perature above the NLC is still below the frost point by
~13 K in 87 km altitude. Though the RMR lidar terminated
operation at 01:30 UT because of morning twilight, the
potassium lidar was in operation for another 55 min and
detected the NLC until it stopped sounding. It should be
noted that this NLC observation was the second longest
measured at Kithlungsborn (3:45 h).

[22] Temperatures below the NLC region reveal again
downward propagating wave energy (upward propagating
phase), while the other NLC in the summers 2004 and 2005
were observed during (normal) upward wave progression
(not shown here). The dominating wave period during the
night of 22/23 June 2005 is longer than the RMR lidar
observation time (~3 h) and can therefore not be deter-
mined exactly.

4.4. Summary of Simultaneous NLC and Temperature
Observations

[23] The case studies described above clearly show that
the NLC above our midlatitude location are observed at
the lower edge of the supersaturated range. The same is true
for practically all NLC where temperatures are available.
Table 2 gives an overview on six cases during the years
2004 and 2005. One additional sounding with NLC (12/13
June 2003) was too short to allow temperature calculation,
whereas the NLC on 29/30 June 2005 was vertically thicker
than 2.5 km and does not allow the interpolation of the
Rayleigh signal and by this a temperature calculation. During
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Figure 5. Simultaneous observation of NLC (colored isolines) and temperature (color coded, black
isolines at 10 K contour interval) during 22/23 June 2005; (a) absolute temperature and (b) temperature
deviation from the night mean profile. The black dots mark the transition of the temperature retrievals.
White isolines mark the regions of constant saturation ratio. The NLC is represented by the backscatter
coefficient at 532 nm ((53,) as given in the legend. After the shutdown of the RMR lidar at 1:30 UT, the
NLC data of the K lidar data are plotted (dotted black isoline: 37,79 = 0.3 - 10710 mflsrfl).

two NLC events in 2005, the temperature changed strongly
during the observation. Therefore we have calculated differ-
ent saturation ratios for the beginning and the end of the
events. Except for the NLC on 7/8 June 2005, the temperature
above the NLC is always below the frost point (S > 1). On
7 June 2005, a saturation ratio of S ~ 50 was observed prior
to the appearance of NLC in our lidar. It remains speculative
whether the air was still supersaturated just within the NLC
range or whether the NLC was actually sublimating during
the advection to our site.

[24] In six out of the eight periods, the air was undersa-
turated below the NLC. In the remaining NLC night
(9/10 July 2005, both examined periods), the saturation ratio
was at least smaller below than above the NLC. During all
events, the maximum of supersaturation was 1—5 km above
the NLC. We therefore conclude from our data set that the
NLC above our site are generally observed at the lower edge
of a supersaturated region. As mentioned above, this
has already been shown for polar latitudes [see e.g., Liibken

Table 2. Saturation Ratios Above and Below the NLC for all
Events With Simultaneous Temperature Measurements®

Date Time Za, KM S(z,) zp, km S(z) 2(Smax), kM Siax
12/13 June 2003 n.a. na. n.a. na. na n.a. n.a.
01/02 July 2004 00:45-01:45 86 47 81 0.2 87 205
29/30 July 2004 01:45-02:15 82 24 78 <0.1 82 2.4
07/08 June 2005 00:00-01:00 85 0.3 82 <0.1 85 0.3
13/14 June 2005 00:15-01:15 86 9.2 81 0.1 87 41
22/23 June 2005 23:00-00:00 85 1.0 81 0.1 88 3.0

00:00-01:00 8 42 81 0.7 87 16
29/30 June 2005 n.a. n.a. na. na. na. n.a. n.a
09/10 July 2005 23:30-00:30 84 24 80 1.2 85 5.1
00:30-01:30 84 1.5 80 1.0 85 2.0

z,, lowest bin above NLC; z,, highest bin below NLC; z(Syax), altitude
bin of highest saturation ratio; n.a., no temperature data available.

et al., 1996 and references therein], but such evidence for
midlatitude NLC was up to now unavailable.

4.5. Temperature Observations at 24/25 June 2005

[25] In the previous sections, some examples have been
presented showing the supersaturation in some temporal and
spatial connection with NLC. In fact, these events are in
good agreement with the general assumptions on NLC
formation and existence. However, there were also various
observations in the summers of 2003—2005, where temper-
atures were observed below the frost point but where no
NLC was detected by the lidar (see Figure 6). In fact, in the
majority of soundings with sufficiently low temperatures,
the lidars do not observe any NLC.

[26] In the night of 24/25 June 2005, an impressive NLC
display was visible at Kithlungsborn and also in large parts
of mid-Europe. Even observers several hundred kilometers
southwest of our location reported visual NLC sightings
(listed for example, on the Web page of Tom McEwan,
http://www.nlcnet.co.uk/index.htm). The unusual extension
of the NLC might be connected with two rockets malfunc-
tioning after launch in northeast Europe on 21 June 2005
(cf. for example, “Jonathan’s Space Report” at http://
www.planet4589.org/space/jst/jsr.html) and injecting possi-
bly additional water vapor into the middle atmosphere.
The K lidar and the RMR lidar at Kiihlungsborn were in
operation between 20:45 and 01:45 UT and between 21:13
and 01:30 UT, respectively. Figure 6 shows the observed
temperature profiles and the calculated saturation ratios.
Very low temperatures of ~132 K are observed at 87 km
altitude (0:30 UT), and the air is highly supersaturated at
85 km during the whole 5-h sounding period. Partly, the
supersaturated region extends from 81 to 89 km. Most of the
time, the saturation ratio in the center of the cold region
exceeds S = 10, and partly it is even larger than S = 100.
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Figure 6. Temperature observation during the night of
24/25 June 2005. White isolines mark the regions of
constant saturation ratio.

Remarkably, despite this high supersaturation, we have not
observed any NLC. The OSWIN radar detected MSE in the
afternoon of 24 June and in the morning of 25 June but not
in the sunlit hours just before and after the lidar observation
of the low temperatures (see below). Therefore there is no
indication that an ice layer below the detection limit of our
lidars existed during the lidars’ operation time.

4.6. Wind Observations During Nights With and
Without NLC

[27] During the described cases in 2005 with and without
NLC, the OSWIN radar performed wind measurements.
These observations are used to examine the role of hori-
zontal advection for the existence of ice particles and
supersaturated periods. The OSWIN soundings during the
NLC on 22/23 June 2005 yield a southward meridional
wind of 10-20 m/s and a westward zonal wind of up to
50 m/s. Figure 7 shows the meridional wind during a
48-h period, i.c., before, during, and after the NLC. The
NLC is observed after several hours of southward directed
wind; that is, the observed air parcel is advected from polar
latitudes (~400 km within 6 h). Also, the MSE is observed
only during southward wind periods, while it vanishes
during northward-directed meridional wind.

[28] On 24 June 2005, again, the meridional wind com-
ponent was most often negative (southward) below 88 km
(Figure 8). The southward wind was largest during the
period of supersaturation around midnight UT (>40 m/s
absolute). In the morning hours of 25 July 2005, the wind
turned, and the meridional component changed to north-
ward. The MSE was observed during a calm northward
component (~20 m/s). During 25 June, a periodical change
in the meridional wind component due to tidal waves
was observed in the whole altitude range. Overall, the
meridional wind field below 85 km is comparable to the
situation of two nights before, where NLC were observed
by lidar (cp. Figure 5). Therefore in the examined cases, a
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Figure 7. Meridional winds on 22/23 June 2005 as
observed by the OSWIN meteor radar (color coded). The
resolution is 3 km and 60 min in space and time,
respectively. The hatched areas show the MSE (OSWIN,
yellow) and NLC (lidar at 532 nm, red).

southward wind component seems to be necessary for the
existence of ice particles, while it is not sufficient. Even if
the temperatures are low enough above our site and the air
is advected from the north, we might still not observe any
NLC or MSE. We will present a statistical study based on
the whole data set below.

5. NLC Statistics and Comparison With Winds
and Wave Amplitudes
5.1. Statistics on NLC

[29] Between 2003—2005, eight nights with noctilucent
clouds were detected by our lidars at Kiihlungsborn. This
number is comparable to previous seasons, where the
sensitivity of the systems was slightly lower. Between
1997 and 2001, a total of seven NLC were observed by
lidar. The strongest events are described by Alpers et al.
[2000, 2001]. In 2000 and 2002, no NLC were observed.
The lower signal strength of the RMR lidar before 2003
inhibits the retrieval of temperature profiles above and

90

88

altitude [km]
o]
[}

84

‘A

82-

28 32 36 40 44

16 24
hours after 24 June 2005, 00 UT

Figure 8. Meridional winds on 24/25 June 2005 as
observed by the OSWIN meteor radar (color coded, cp.
Figure 7). The hatched areas show the MSE (OSWIN,
yellow) and supersaturated region (gray).
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Table 3. NLC Observations During the Summers of 2003-2005
at Nighttime by the Kiihlungsborn Lidars®

Date Altitude, km Rinax Binax 1070 m'sr!
12/13 June 2003 80.8 2.6 0.4
01/02 July 2004 84.2 44 0.6
29/30 July 2004 80.5 13.3 33
07/08 June 2005 83.8 3.0 0.4
13/14 June 2005 83.7 17.7 32
22/23 June 2005 83.4 11.5 2.0
29/30 June 2005 85.1 2.9 0.3
09/10 July 2005 82.2 34 0.5

Centroid altitude, maximum backscatter ratio (Ry.y), and maximum
backscatter coefficient (Gpma.x) at 532 nm are given as averaged for the
particular event.

below the NLC. Only the data from the K lidar is available
for the altitude range above the NLC. From the retrieval of
optical parameters of the NLC, we get evidence that the
NLC events before and after 2003 are generally comparable
in terms of altitude, NLC thickness, and brightness (back-
scatter coefficient). Table 3 summarizes the mean NLC
parameters since 2003 (altitude, backscatter ratio, and
backscatter coefficient) as derived from the 532-nm back-
scatter. For four soundings, the NLC signal was strong
enough to allow detection with at least three wavelengths
(770 nm, 532 nm, 355 nm, and/or 589 nm). Particle mode
radii of ~40 nm and number densities of ~350 cm > are
derived, assuming spherical particles and a Gaussian size
distribution. These assumptions are of course questionable.
Unfortunately, even for the stronger NLC, the signal is too
low to distinguish between Gaussian and lognormal size
distributions as well as different particle shapes. Therefore
we do not want to contribute to the discussion on particle
shapes but state that for the stronger NLC, the parameters
observed above Kiihlungsborn are in the range of observa-
tions at other stations.

[30] Three additional observations of NLC during day-
time by the potassium lidar are not examined here because
the K lidar provided temperatures only above the NLC.
Missing data directly above and below the NLC inhibit an
evaluation of supersaturation in the vicinity of the NLC.

[31] Table 3 reveals a more or less even distribution of
NLC throughout the summer season. Figure 2 shows a
histogram of NLC and MSE during 2003-2005 within
intervals of 10 days. The NLC season lasts from the
beginning of June to the end of July, while the MSE season
starts a few days earlier and ends in mid-August. Therefore
there is a shift of ~25 days between the beginning of
summer as defined above and the start of the ice season.
The ends of MSE and NLC seasons agree within approxi-
mately 1 week with the end of the summer season. Note that
the NLC season ends earlier than the summer season while
the MSE season lasts for some further days.

[32] As described above, ambient temperatures below the
frost point and advection from polar latitudes are not suffi-
cient for the existence of ice particles above Kiihlungsborn.
We speculate that the delayed start of the ice season is due
to the fact that initial ice formation requires lower temper-
atures than ice existence. Our previously defined summer
season (days 130-220) is based on the temperatures at
85 km altitude. For NLC existence, the shorter summer
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season at lower altitudes (for example, 83 km) has to be
taken into account.

5.2. Comparison of NLC Occurrence With Mean
Temperatures, Wave Amplitudes, and Meridional Wind

[33] The case studies above disclose additional require-
ments for NLC besides local supersaturation and advection
from polar latitudes. In Figure 9, the nightly mean temper-
ature profiles within June/July are plotted for nights with
and without NLC. Only five out of the six nights from
Table 2 are shown here because on the additional night
(1/2 July 2004) the temperature coverage is too short (1 h)
to be treated as a nightly mean. The nightly mean temper-
atures span the ranges 160—178 K and 145-165 K in 80
and 85 km, respectively. Interestingly, the lowest mean
temperatures below 86 km are observed in a night without
NLC. Because of the high temperature variability, the
nightly mean temperatures are averaged for the whole
June/July period and plotted with their standard deviation
for nights with and without NLC. Between 80 and 90 km,
the average temperature in NLC nights is up to 4 K lower
than the average non-NLC temperature. However, this
difference is within the standard deviations of the individual
nights, and several non-NLC nights have been at least
as cold as the NLC nights. The very low temperatures
observed in a single NLC night above 85 km may be caused
by the less than 3 h sounding time of this event, while the
longer soundings with NLC are in the typical temperature
range. We summarize that the average temperature of
the NLC nights is slightly lower than of the non-NLC

100
95 L
90 I .

g5 Lo \

altitude [km]

80-— ........... ........ >

75 Lo SN\

| — with NLC

70
130

150 170 190

temperature [K]

230

Figure 9. Nightly mean temperature profiles of June/July
2003-2005 (thin lines; light blue, 5 nights with NLC; grey,
28 nights without NLC). Only nights with more than 3 h
sounding time are taken into account, except one additional
NLC night (marked by asterisk). The thick lines give the
summer mean profiles with their standard deviation,
separated for nights with NLC (blue) and without (black).
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Figure 10. Nightly mean gravity wave activity of June/July
2003—2005 (thin lines; light blue, 5 nights with NLC; grey,
28 nights without NLC), cp. Figure 9. The thick lines give the
summer mean profiles with their standard deviation,
separated for nights with NLC (blue) and without (black).

cases, but very low temperatures are not sufficient for NLC
observations.

[34] Also, the gravity wave activity derived from the local
temperature profiles is not significantly different between
nights with and without NLC. In Figure 10, nightly mean
temperature fluctuations are presented. As described by
Rauthe et al. [2006], these profiles represent the wave
activity during the night between 20 and 100 km. Averages
of the individual nightly mean profiles are calculated for the
nights with and without NLC. Figure 10 reveals a slightly
reduced wave activity of NLC nights above 50 km. How-
ever, the difference between NLC and non-NLC nights is
much smaller than the variability within a single group of
nights.

[35] Table 4 gives a summary of the number of supersa-
turated periods with and without NLC during the summers
2003—-2005. Observations shorter than 2 h are neglected. In
the table, all nights with supersaturation lasting longer than
I h are summarized. Taking the lidar integration time of
30—60 min into account, this limit means that the supersatu-
ration has to exist in at least two independent profiles. To
account for the fact that NLCs occur most probably below
85 km, we have listed separate numbers for layers below
and above 85 km. Supersaturated layers above 85 km may
have produced ice particles, but these most likely small
particles would not be visible as NLC, while MSE can not
be observed during the night.

[36] Below 85 km, NLC exist in only ~20% of all nights
with temperatures below the frost point. Even for high
saturation ratios of §> 10, two thirds of all nights are lacking
NLC within the same night above our station (though we
have to admit a small statistic here). If we compare different
altitudes, about two thirds of all supersaturated layers extend
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downward below 85 km (hence, allow NLC existence), while
one third is limited to altitudes above 85 km. However, only
about one fourth of the regions with S > 10 are observed
below 85 km, while most of them are above this level.
Therefore potentially higher saturation ratios can be found
above 85 km altitude.

[37] To examine a possible correlation with the local wind
field, the events in Table 4 are separated by the sign of
the meridional wind (if available). Obviously, during all
10 events with supersaturation and simultaneous wind data
below 85 km, a southward wind was prevailing for the
whole supersaturated period or at least at the beginning.
During 3 events out of these 10, the wind was changing to
northward after a longer southward period. In summary, all
NLC are observed during or after periods with southward-
directed wind. We would like to note that also the prevailing
wind is southward in summer at our location, with a
dominating semidiurnal tide (not shown here). The mean
meridional winds observed by the OSWIN radar in June/
July 2005 at 85 km altitude reach the largest southward
values near 9 UT (—20 m/s) and 21 UT (—35 m/s), while
it is slightly northward near 4 UT (0—5 m/s) and 16 UT
(0—5 m/s).

6. Discussion
6.1. General NLC Occurrence and Strength

[38] MSE and NLC are a rare phenomenon in midlati-
tudes (40°—60°N/S). Wickwar et al. [2002] report on a
single NLC sounding by lidar at Logan (Utah, 41.7°N). This
is, to the best of our knowledge, the southernmost obser-
vation of NLC. Other midlatitude NLC observations by
lidar are, for example, reported from stations at 52.4°N
[Thomas et al., 1994], 54.1°N (our station) [Alpers et al.,
2000, 2001], and 54.6°N [von Cossart et al., 1996]. Satellite
soundings generally show decreasing NLC probability with
decreasing latitude. In their review on satellite observations
of polar mesospheric clouds (the satellite equivalent of
NLC), DeLand et al. [2006] report an occurrence rate of
PMC at 60°N of 3% and a southernmost latitude of 55°N
for northern hemispheric PMC. Also, Bailey et al. [2005]
treat the latitude-band of 50°—55°N as free of PMC and use
this area for the estimation of the background radiation.
Even if the different sensitivities of lidars and satellite
instruments are taken into account, several former observa-

Table 4. Events With Supersaturation Between 10 May and
8 August for the Years 2003-2005"

Overall With NLC Without NLC

Nights With S > 1 35 5 30
... thereof extension below 85 km 24 5 19
...... thereof v < 0 7 4 3
...... thereof v > 0 0 0 0
...... thereof changing v (— — +) 3 0 3
Nights with S > 10 13 3 10
... thereof extension below 85 km 3 1 2
...... thereof v < 0 2 1 1
444444 thereof v > 0 0 0 0
...... thereof changing v (— — +) 1 0 1

“The number of nights with S > 1 (S > 10) for longer than 1 h is given.
Particular emphasis is given to the region below 85 km because of the
possible connection with NLC. These events are further separated by the
ambient meridional wind. Note that wind data below 85 km are only
available for part of the events with supersaturation.
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tions confirm our location being right at the edge of the
typical NLC (PMC) latitude range.

[39] NLC at Kiihlungsborn are weak and dim compared
to polar stations. The mean of the maximum volume
backscatter coefficients [.,.x of the eight NLC observed
since 2003 is B = ~1.3 - 107" m~'sr'. This is well
below the number derived for example, at 69°N by the
Arctic Lidar Observatory for Middle Atmosphere Research
(ALOMAR) RMR lidar (Bpp = 9.6 - 107" m~'sr™)
[Fiedler et al., 2003]. Of course, the detection limit for
Omax 18 lower at Kiihlungsborn because of the apparent
nighttime conditions with less background and therefore
less noise compared to higher latitudes suffering from polar
day. If we artificially increase our detection limit to
values well covered by the ALOMAR RMR lidar (6 > 4 -
107" m st "), we still observe B <6 - 107" m s,
Therefore the different sensitivities explain only part of the
difference in the observed NLC brightness. Taking only the
strongest (brightest) NLC into account, we derive particle
densities and particle radii which are comparable to the
observations at polar latitudes [von Cossart et al., 1999].
For dimmer NLC, the observation at three or more wave-
lengths is progressively awkward because of the different
sensitivities of the lidars and laser wavelengths. By this, it is
getting impossible to derive particle properties for most of
the soundings, and it remains speculative whether for the
many thin NLC above Kiihlungsborn the ice particles are
smaller or less in number.

6.2. Case Studies of NLC, Temperature, and Winds

[490] Most of the NLC and MSE were observed during the
cold phase of the superposed gravity waves and at the lower
edge of the supersaturated region. This has also been
predicted by time-dependent two-dimensional models if
the wave periods are longer than ~6 h [e.g., Rapp et al.,
2002]. However, in contrast to the model study (performed
for polar conditions), in our observations the NLC often did
not reappear after being destroyed during the warm phase
(cp. Figure 3). The meridional wind component was always
negative (southward) during the NLC events. This is of
course a typical situation for midlatitude summer, while the
reverse situation should be noted here again; for the few
cases with northward wind during MSE, the radar echo
often vanishes rapidly, i.e., within 1-2 h after the change of
sign. In a more comprehensive study on all local MSE in the
years 1998 and 2000-2005, a general increase in MSE
during southward wind has been observed (Zeller, private
communication, 2006).

[41] Model studies suggest that short-period gravity waves
weaken NLC [Klostermeyer, 1998; Rapp et al., 2002]. The
NLC on 29/30 July 2004 appeared at moderate temperatures
around the frost point and in the presence of comparatively
strong short-period gravity waves (~1 h ground-based
period). This is in some contrast to the model predictions
and again clearly underscores the need for three-dimensional
and time-dependent observations of wind, temperature, and
humidity to allow the detailed examination of horizontal
advection and local dynamics.

6.3. Supersaturation With and Without NLC

[42] There were several periods of S > 1 lasting longer
than 1 h in the preceding summers (Table 4), sometimes
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reaching S > 100. However, only very few of them have
persisted for the whole night (~4 h). While about 20% of
the S > 1 events below 85 km are coupled with NLC, for the
others the cold periods were too short, or the degree of
saturation was still too low to form NLC particles within
this particular air parcel. This is in general agreement with
model calculations, where the process of NLC formation
takes ~4—24 h depending on water vapor concentration and
the size of condensation nuclei [Rapp et al., 2002; Berger
and von Zahn, 2002]. Therefore the existence of NLC (and
mostly also of MSE) above our station is restricted to cases
where the ice particles are advected from more polar
locations. However, also supersaturated air-parcels without
NLC have been advected from the north, so advection is
a necessary but not sufficient condition. We examined
whether there is a connection between gravity wave strength
and NLC existence. However, from our data set, we have no
indication that a low-gravity wave activity leads to the
existence of NLC above our station. Thayer et al. [2003]
and Gerrard et al. [2004] published a negative correlation
of NLC backscatter coefficient and wave activity at 30 km
altitude, i.e., NLC get stronger if the gravity wave activity in
the stratosphere is low. Unfortunately, because of the small
number of NLC above our site, we can not directly repeat
this kind of analysis.

[43] Temperature profiles with and without colocated
NLC were examined by Petelina et al. [2005] and Wrotny
and Russell [2006] from satellite observations. They found
the average temperature with NLC up to 10 K lower than
the temperature without NLC. In the study of Petelina et al.
[2005] the difference is larger than the standard deviation of
the averaged profiles, but this study is limited to latitudes
northward of 60°N. Wrotny and Russell [2006] average
across the large latitude band of 55° to 70°N. There might
be some aliasing effect because of the opposed mean meri-
dional gradients of NLC probability and temperature. A
standard deviation is not presented in this study.

[44] We summarize that the duration of supersaturated
periods, the wind direction, the mean temperature, or
gravity wave activity do not significantly differ with or
without NLC. We suggest that the “history” of the advected
air parcel is the most important parameter. The air parcels
need to be continuously supersaturated for the last, for
example, 10 h to allow the continuous existence of ice
particles during the meridional transport. Only in the cold
wave phases do the temperatures remain low enough to
compete with the positive meridional temperature gradient.

6.4. Discussion of Water Vapor Pressure and
Concentration

[45] For the calculation of the saturation ratio, the
temperatures measured by the Institute of Atmospheric
Physics (IAP) lidar have been combined with water vapor
profiles taken from the LIMA model for the latitude of
Kiithlungsborn [Sonnemann and Grygalashvyly, 2005;
Berger, submitted manuscript, 2007]. The water vapor
concentration is ~3—5 ppmv below 85 km and decreases
above. This is well within the range of available observa-
tions. Ground-based measurements of mesospheric water
vapor by microwave sounders reveal mixing ratios of
~3 ppmv at 80 km in midlatitudes but provide no
information above [Nedoluha et al., 2000]. Unfortunately,
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small-scale structures can not be resolved here because of
long integration times of several days and averaging
kernels of ~10—15 km. Other studies concentrate on the
polar regions and suggest a water vapor concentration of
more than ~6 ppmv in a layer around 83 km with
dehydration above [Summers et al., 2001; McHugh et al.,
2003]. Following the arguments of Berger and Liibken
[2006], the above mentioned concentration might still be a
lower limit for the true numbers. They describe water
vapor enhancements by a factor of 10 at midlatitudes
because of freeze-drying in higher latitudes. Of course,
for the nights of supersaturation without NLC, we also can
not totally exclude a local freeze-drying, even though a
drying by ~90% is rather unlikely [von Zahn and Berger,
2003]. However, our main results are independent from the
exact water vapor concentration, as the saturation ratio
depends exponentially on temperature but only linearly on
the water vapor mixing ratio.

[46] The water vapor pressure equation of Marti and
Mauersberger [1993] has been applied to calculate the
degree of saturation. Their formula is also suggested by
Rapp and Thomas [2006], who presented an extensive
discussion of the different published equations. We do not
want to repeat this discussion but note that other equations
would result in even higher degrees of saturation. Therefore
the saturation ratios given in this study may even underes-
timate the true values.

7. Summary and Conclusions

[47] From 240 nights of lidar soundings during the
years 2003—-2005, a summer period between 10 May and
8 August (days 130 and 220, respectively) has been
defined by the temperature at 85 km altitude. This period
is further characterized by a mesopause being in the
lower, summer state. Within summer, the average temper-
atures drop below the frost point temperature for about
15 days shortly after summer solstice. Despite that short
period, MSE and NLC are irregularly observed above
Kiihlungsborn during an interval of ~70 and ~50 days,
respectively. We have presented time-dependent tempera-
ture profiles showing the superposition of the mean
temperatures by fluctuations of up to 10 K at 85 km
and £20 K at 95 km due to gravity waves and tides. We
find that temperatures occasionally fall below the frost
point temperature for periods between some minutes and
some hours, partly limited by our observation period in
summer of ~4 h.

[48] MSE and NLC are sparse and dim above our site.
Only eight NLC events and 250 h of MSE (with signal-
noise ratio larger than 3 db) were observed in the summers
of 2003—2005. All NLC soundings and some of the MSE
observations are supplemented by simultaneous, colocated
lidar temperature soundings. Ice existence is generally
limited to periods with temperatures below the frost point,
while sublimation can mostly be neglected. The observed
NLC are always at the lower edge of the supersaturated
region, with the maximum of supersaturation being 1—5 km
higher than the NLC. The combined NLC/MSE and tem-
perature soundings provide very good agreement with an
estimated water vapor mixing ratio of 3—5 ppmv below
85 km, as given from a circulation model. On the other side,
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the observed temperature profiles reveal partly strong and/or
long-lasting supersaturation without colocated NLC/MSE.
For example, on 24/25 June 2005, temperatures below the
frost point were observed during the whole sounding period
(5§ h), resulting occasionally in saturation ratios of S > 100.
We conclude from our observations that temperatures much
below the frost point and also horizontal advection from
polar latitudes are not sufficient for the existence of ice
particles above our site. While the NLC observations are
coupled to the cold phases of waves and tides, the same air
parcel has to be also cold enough for several hours prior to
our sounding. If the ice particles sublimated once before
they arrived above Kiihlungsborn, generally the cold phases
of gravity waves and tides are too short to generate fresh ice
particles. In summary, NLC occurrence at Kiihlungsborn is
determined by advection and air-parcel history and less by
local conditions of temperature and humidity. Therefore, for
example, trend studies of NLC at midlatitudes have to
account not only for changing temperature and humidity
at a particular location but also for the ambient wind field.
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