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Abstract

At the mid-latitude location of Kühlungsborn (54�N, 12�E) a number of noctilucent clouds (NLC) have been observed in the last
years by ground-based lidars. Since 1997 up to five NLC per year have been detected (occurrence rate up to 12%), showing that the atmo-
spheric conditions for NLC are fulfilled only occasionally at this location. The mean NLC altitude is 83.0 km and the mean NLC back-
scatter coefficient at 532 nm wavelength is about 2.5 · 10�10 m�1 sr�1. The combination of Rayleigh–Mie and potassium resonance lidar
at our location enables additional temperature measurements in the mesosphere and lower thermosphere. In this configuration, the
potassium lidar provides a simultaneously observed start temperature for the Rayleigh temperature calculation. We will demonstrate
that this procedure avoids a bias in the upper range of the Rayleigh temperature profile (�75–90 km) that especially in summer would
often result in an overestimation of the true temperature. Within NLC direct temperature measurements are inhibited by observational
constraints. We describe a method to use the Rayleigh backscatter profile for the temperature calculation at least above and below the
NLC. We present temperature measurements during periods with supersaturation, that are partly but not always coupled with NLC.
However, every observed NLC was found at the lower edge of the supersaturated range. Our observations show that at mid-latitudes
NLC are not a tracer for temperatures below the frostpoint, as similar low temperatures occur both with and without NLC.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The summer mesopause region is the coldest region in
the Earth’s atmosphere. The temperature structure deviates
strongly from the radiative mean and is characterized by
wavelike structures of different scales and their influence
on global circulation. In polar regions temperatures below
the ice frostpoint temperature are observed for some weeks
around summer solstice (Lübken, 1999; Lübken and Mül-
lemann, 2003). Temperatures down to 120 K and less lead
to the formation of ice particles, which can be observed as
small, negatively charged particles by radars (described as
Polar Mesosphere Summer Echoes, PMSE) and in situ
instruments (see, e.g., review by Rapp and Lübken,

2004). Ice particles larger than �10 nm are also visible by
optical instruments from the ground (e.g. Hansen et al.,
1989; Alpers et al., 2000; Chu et al., 2003; Höffner et al.,
2003; Fiedler et al., 2005), from space (Bailey et al., 2005;
DeLand et al., 2006) and by naked-eye observers (Jesse,
1885; Leslie, 1885). The optically visible ice particles are
known as Noctilucent Clouds (NLC) or Polar Mesospheric
Clouds (PMC).

Towards mid-latitudes NLC become increasingly rare as
e.g. revealed by lidar and satellite observations (Thomas
et al., 1994; von Cossart et al., 1996; Wickwar et al.,
2002; Bailey et al., 2005; DeLand et al., 2006). Mean tem-
peratures are increasing with decreasing latitude. Observa-
tions at mid-latitudes are of particular importance as
trends in mesospheric temperatures may alter the occur-
rence of NLC especially at the edge of the typical NLC
existence (Taylor et al., 2002; Thomas, 2003). At Leibniz
Institute of Atmospheric Physics (IAP) at Kühlungsborn
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(54�N, 12�E) we measure temperatures by ground-based
lidars from the lower troposphere up to the lower thermo-
sphere (Alpers et al., 2004). To cover this large altitude
range we operate simultaneously two co-located lidars,
namely a potassium resonance lidar (K lidar) and a Ray-
leigh–Mie–Raman lidar (RMR lidar). Though the particu-
lar methods for lidar temperature observations are
well-known for many years, to the best of our knowledge
only at our site these methods are combined routinely. In
particular the measurements cover the typical altitude of
NLC slightly below the summer mesopause. In this paper
we will describe how both lidars are combined for the ben-
efit of noctilucent cloud, temperature, and gravity wave
examination. Unfortunately, up to now no operational
lidar is able to measure temperatures directly within NLC.
We describe the calculation of temperature profiles above
and even below the aerosol layer. We demonstrate how even
the temperature observations of the RMR lidar in meso-
pause region do benefit from simultaneous soundings of
the K lidar. The temperatures in nights with and without
NLC are compared to examine the role of ambient super-
saturation for NLC observations at Kühlungsborn. While
the NLC soundings of the RMR lidar are performed since
1997 with up to five NLC per year, continuous temperature
during NLC started not until 2003. Up to now the NLC sea-
sons 2003–2005 are fully examined. We complement this
data set by temperature profiles without NLC in 2006.

2. Instrumentation and temperature calculation

2.1. Lidar instrumentation

At Kühlungsborn the IAP operates different lidars for
observations from the troposphere up to the lower thermo-
sphere. A detailed description of the different lidars and
methods used in this study can be found elsewhere (von
Zahn and Höffner, 1996; Alpers et al., 2004) and shall
not be repeated here in full detail. We give an update on
the instrument and focus on aspects relevant for NLC
and temperature measurements in the mesosphere and low-
er thermosphere (MLT).

The transmitter of the potassium lidar consists of an
injection-seeded alexandrite ring laser operated at
770 nm. The elastic backscatter is collected by a 76-cm par-
abolic mirror. From the telescope the photons are guided
by a quartz fiber to the detector branch. Most important
parts of the detector (Fig. 1, right) are Faraday Anomalous
Dispersion Optical Filters (FADOF) for daytime sound-
ings, a narrowband interference filter, and an Avalanche
Photo Diode (Fricke-Begemann et al., 2002). Beside the
resonant backscatter of the K(D1) line the elastic signal
also contains molecular (Rayleigh) backscatter as well as
aerosol backscatter from NLC particles.

Temperatures below the potassium layer are measured
by the RMR lidar. This lidar uses a frequency-doubled
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only sketched. The 532 and 1064-nm channels have alternative detectors with reduced efficiency for the tropospheric soundings.
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and -tripled injection-seeded Nd:YAG laser as transmitter.
For temperature soundings the frequency doubled laser
radiation at 532 nm is employed. For NLC soundings also
the fundamental wavelength at 1064 nm and the third har-
monic at 355 nm are detected (Alpers et al., 2000; Gerding
et al., 2006). The backscattered photons are collected by up
to seven telescopes of 50 cm diameter. For the detector
branches a setup of dichroic mirrors, narrow interference
filters, and photomultipliers of different sensitivity is
applied. In the left part of Fig. 1 only the detector channels
for NLC and mesospheric temperature soundings are
shown in full detail, while the elastic and inelastic channels
for tropospheric and stratospheric temperatures are only
sketched.

2.2. Temperature retrieval

With the K lidar the temperature dependent Doppler
broadening of the K(D1) resonance line is examined. From
the 18 wavelength channels (bin width 0.18 pm) covering
the resonance line the spectral broadening is fitted in each
altitude bin to yield temperature profiles with a typical inte-
gration range of 30–60 min and 1 km. As the resonance sig-
nal depends on the existence of free potassium atoms, the
temperature measurement is limited to the altitude range
of �85–100 km in summer and �80–105 km in winter (cf.
Eska et al., 1998). In the altitude range below �90 km we
calculate temperatures from the air density profile (mea-
sured as a relative density profile by the Rayleigh backscat-
ter channel at 532 nm) by integration of the hydrostatic
equation. For the integration a start temperature is needed
at the top of the profile, which is taken from the simulta-
neous observation of the K lidar at about 88 km altitude,
depending on signal strength. Fig. 2 shows the advantage
of simultaneously observed start temperatures compared
with the use of climatological means. As described e.g. by
Rauthe et al. (2006) the temperature varies in the meso-
pause region by about ±20 K due to gravity waves and
tides. Planetary waves may induce an additional tempera-
ture shift with respect to the climatological mean. A wrong
start temperature produces a bias in the calculated Ray-
leigh temperatures in the upper range of the profile, with
the bias vanishing with decreasing altitude. Therefore,
especially in the upper mesosphere a simultaneously
observed start temperature provides Rayleigh temperatures
with a significantly reduced systematic error. By this the
data quality in the altitude range most important for
NLC is significantly improved and the interpretation of
the data is eased. In Fig. 2 the temperature profile as
observed by the K lidar on 13 June 2006 (0:15–1:15 UT)
is shown between 85 and 100 km. Especially below 90 km
the observed temperatures deviate strongly from the clima-
tological mean CIRA-86 profile (Fleming et al., 1990).
Below 86 km the temperature profile derived from the
RMR lidar is given with the start temperature (a) from
the simultaneous sounding of the K lidar and (b) from
the CIRA-86 climatology for the location of Kühlungs-

born. The Rayleigh temperature is only plotted in the range
where the statistical error from the Rayleigh signal plus the
statistical error of the start temperature is less than 10 K.
The temperature values from the K lidar and from the
Rayleigh lidar (case a) agree nicely in two overlapping
common altitude bins. Using the CIRA start temperature
a bias of +11 K at 86 km and +5 K at 83 km exists,
decreasing at lower altitude. By this the bias even exceeds
the statistical uncertainty of the sounding. While the true
temperature (calculated with the K lidar start temperature)
is below the frostpoint temperature (Tfrost) by up to 5 K in
the range between 81 and 86 km, with the CIRA-started
profile always T P Tfrost are calculated.

Temperature measurements from the elastic backscatter
profile require a pure molecular (Rayleigh) signal. Under
the presence of NLC an additional signal from the aerosol
backscatter is observed. If such a contaminated backscatter
profile is accidently interpreted as true density profile, the
calculated temperatures are much too low in the upper part
of the NLC, and much too high below the maximum of the
NLC. Fig. 3 gives an example for a NLC-contaminated
backscatter profile and the related temperature profile.
On 30 July 2004 a NLC was observed as a thin layer near
80 km altitude. In Fig. 3a, the green line describes the raw
data profile after integration for 30 min, while the olive-
green line shows the data after the interpolation described
below. The interpolated profile is additionally smoothed
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Fig. 2. Temperature profiles as observed by the RMR lidar (case a), olive
green) and the K lidar (red) on 13 June 2006, 0:15–1:15 UT. The start
temperature and altitude for the hydrostatic integration is marked by the
olive dot. The blue line (case b) gives the temperature profile assuming a
initial temperature from the CIRA-86 (blue dot). The error bars denote
the statistical error in each height bin. For the CIRA-86 temperatures the
statistical error is assumed as 3 K to allow comparison with the K lidar
data. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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with an up to 3 km wide sliding average as usual for tem-
perature calculation. In the original, non-interpolated pro-
file the aerosol signal remains still visible even after
smoothing (not shown) and results in a temperature profile
as given as green dashed line in Fig. 3b. Around 80 km the
calculated temperature decreases with a strongly superadi-
abatic gradient below 90 K, which has to be rejected with-
out further consideration. To get the true temperature
profile, we first remove the whole backscatter signal in
the altitude range of the NLC. We choose one common
interval for all profiles of a given NLC event (here: 78.7–
82.1 km). Because we need a continuous data set for the
hydrostatic integration of the density profile, we interpo-
late the signal in the range of the NLC with an Akima poly-
nomial, representing discontinuous data better than e.g.
typical cubic splines (Akima, 1970). After that the normal
temperature calculation is performed, starting with the
smoothing of the integrated raw data (cf. olive-green line
in Fig. 3a). The temperature profile is affected by the gradi-
ent of the applied polynomial in the height of the NLC and
due to the data smoothing also some height bins above and
below. Therefore this range is considered unreliable and is
rejected (cf. dashed olive-green line in Fig. 3b). Overall we
are able to observe a temperature profile above and below
the NLC but not directly in the altitude of the cloud. Sys-
tematic errors due to a remaining aerosol signal are avoid-
ed by a careful analysis of the calculated profiles,
preventing e.g. for superadiabatic gradients in the temper-
ature profile or sudden leaps in the time series at a partic-
ular altitude. This procedure is limited to NLC with an
extension of about 2.5 km. For thicker NLC a too large
part of the profile has to be removed and a temperature
effect of the applied polynomial is visible even 2–5 km

below the NLC. It can be shown that only NLC with a
backscatter coefficient of b532 > 0.2 · 10�10 m�1 sr�1 at
532 nm wavelength have to be considered here. Depending
on shape of the NLC, very thin clouds would also alter the
calculated temperature profile, but the systematic tempera-
ture error would be smaller than the statistical error in this
range (�3 K).

We have tested the interpolation algorithm also with a
pure molecular profile. Of course, the quality of the inter-
polation depends on the ambient temperature (i.e. density)
profile and the width of the interpolation range. To allow
for a better comparison we chose in Fig. 4 the same param-
eters as in the described NLC event (Fig. 3). The density
profile (Fig. 4a) is interpolated between 78.7 and 82.1 km,
which describes the largest interpolation range of all exam-
ined profiles in the years 2003–2005. As mentioned above,
the calculated temperatures (Fig. 4b) within the interpolat-
ed range depend strongly on the polynomial used for the
interpolation. These data have to be rejected. Due to the
data smoothing also a �1-km range above the interpolated
region is affected. Below the interpolated range the temper-
ature in this test case relax fast to the true observed temper-
atures. Therefore this ‘‘worst case’’ test approves the
procedure applied for the profiles with NLC as a not opti-
mal, but reliable method.

3. Case studies on temperature, supersaturation, and NLC

In this section we describe two case studies of lidar
soundings during the recent summers 2005 and 2006. We
will present estimations of the degree of saturation calcu-
lated from the lidar temperature data applying the vapor
pressure equations of Marti and Mauersberger (1993).

Fig. 3. Lidar backscatter profile (a) and calculated temperatures (b) during a NLC observation on 30 July 2004, 1:45–2:15 UT. Above the NLC the
temperatures from interpolated and non-interpolated profiles differ only due to the smoothing algorithm. The error below the NLC decreases with altitude
but remains visible even below 60 km altitude.

788 M. Gerding et al. / Advances in Space Research 40 (2007) 785–793
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The water vapor concentration is taken from the Leibniz
Institute Middle Atmosphere Model (LIMA) as applied
e.g. in the study of Berger and Lübken (2006). At the loca-
tion of Kühlungsborn the concentration is 3–5 ppmv at 80–
85 km altitude and is decreasing above. An example of the
water vapor profile is presented in Gerding et al. (2006).

During the night 18/19 July 2006 we obtained temper-
ature data for a period of �3 h with the K lidar and for
�4 h with the RMR lidar. The temperature profiles are
shown in Fig. 5a. For the temperature variability
(Fig. 5b) we have subtracted the mean profile from the
individual temperature data. During the first part of the

Fig. 4. Lidar backscatter profile (a) and calculated temperatures (b) on 29/30 July 2004, 23:30–0:00 UT. To test the interpolation procedure for NLC the
same algorithm is applied to a profile without NLC. The original profile is shown in green (left: thin line, unsmoothed; thick line, smoothed), the profile
with interpolation in olive-green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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observation the temperature was lower than 125 K at
87 km, yielding a degree of saturation of S > 100. Overall,
the temperatures are below the frost point in an altitude
range of 6 km width. The supersaturated range descends
with time by about 5 km, i.e. with an absolute phase
speed of �1.5 km h�1. Fig. 5b, demonstrates the high var-
iability of temperatures due to gravity waves above our
site. The temperature varies by more than 20 K within
about 3 h of observation, as it is found typical for our
observations (Rauthe et al., 2006). It should be noted that
the observed gravity wave phases descend much faster
with �3 to �4 km h�1. During the whole time of the
sounding no NLC was detected by the lidars, despite this
high supersaturation. Also the co-located OSWIN radar
did not observe any mesospheric summer echo (MSE) in
the morning hours (M. Zecha, private communication,
2006) (At night the OSWIN radar usually does not detect
MSE due to low electron concentration, but MSE may
appear in the early morning when the electron concentra-
tion rises again due to illumination by the sun.). Visible
observations by an automated CCD-camera at our insti-
tute proved that during the lidar soundings a NLC existed
less than 300 km northward of our location.

In a second case study we describe the observations dur-
ing the night 13/14 June 2005. Within this night we
obtained temperature data by the K lidar for about 5.5 h
and by the RMR lidar for about 4 h (Fig. 6). In the begin-
ning of the night local temperature minima of 135 and
142 K have been observed around 84 and 91 km, respec-
tively. In a layer between 83 and 86 km the temperatures
were below the frost point. Even saturation ratios of

S > 10 are observed temporarily. The upper cold layer
descended during the night while the lower one remained
nearly constant with height but became warmer. Eventual-
ly, when the upper layer went below 89 km at about 23:30
UT it also became supersaturated, with temperatures
decreasing further below 140 K around 87 km altitude. A
NLC appeared at 0:05 UT in the lidar backscatter signal.
At about the same time the lower edge of the upper super-
saturated layer reached an altitude of 85 km. The lower
supersaturated region extended up to 84 km in the last con-
tinuous profile (not affected by the NLC). This gives reason
for the assumption that both supersaturated layers have
merged. The NLC was observed for about 1 h by both
lidars at 770, 532, and 355 nm. The backscatter coefficient
b532 reached a maximum value of more than
5 · 10�10 m�1 sr�1, which describes a comparatively strong
NLC at our mid-latitude location (cf. Gerding et al., 2006).

The presented case studies show that NLC appear above
our location during periods of supersaturation. But super-
saturation is by far not sufficient for the existence of ice
particles that are large enough to be observed by lidar or
for the existence of ice particles at all. Gerding et al.
(2006) describe several cases with NLC appearing at the
lower edge of a supersaturated region. All available wind
profiles during NLC show southward wind in this particu-
lar height region, typically also several hours before the
NLC was observed. On the other hand Gerding et al.
(2006) claim that NLC are observed in only 20% of all
nights with T < Tfrost at altitudes below 85 km. This under-
lines the important role of advection of NLC particles for
the observation of NLC above Kühlungsborn.

4. Mean profiles of saturation

In the previous section we have shown that ambient
supersaturation is not sufficient for the existence of NLC,
i.e. that there are mutually no differences in the time-depen-
dent data sets with and without NLC. Here we describe the
night mean profiles of saturation during the months June/
July of the years 2003–2005 to examine potential differenc-
es of the mean atmospheric state of nights with and with-
out NLC. We have calculated night mean temperature
profiles based on 3–5 h of observation per night. By this
procedure we average across short-scale gravity waves with
periods shorter than �3 h. However, this procedure will
not affect our main results as the shorter waves are more
likely to destroy NLC than to produce new ones (Kloster-
meyer, 1998; Rapp et al., 2002). From the temperature pro-
files an average saturation profile is calculated. For the
comparison only the degree of saturation in each individual
height bin (1 km width) is of interest, but not the variation
with altitude in a single night. In Fig. 7 we have plotted five
nights with NLC in blue color and 29 nights without NLC
are plotted in grey. Within the period June/July several
warm nights have been observed, showing no supersatura-
tion at all. However, we would like to concentrate on the
nights with T < Tfrost (S > 1) as only these allow the
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existence of ice particles. Part of the NLC nights show
height ranges without supersaturation, but we have to note,
that these ranges are below the NLC or several kilometers
above. Again, here the points with the largest degrees of
saturation are the most important ones, as they describe
the maximum of supersaturation.

The highest degrees of saturation are observed in the
region between 85 and 90 km. Saturation ratios of S > 10
in the nightly mean are in general limited to altitudes above
85 km, while below 85 km the degree of saturation is typi-
cally less than 10 and partly less than 1. The most impor-
tant fact is the observation of very high degrees of
saturation in both kind of data, with and without NLC.
Even the observation of very high saturation ratios is not
sufficient for the detection of an accompanying NLC. Of
course, the mean saturation ratio of all NLC nights is
somewhat higher than the mean ratio of non-NLC nights.
But this is not surprising as the mean temperature at our
location is in general higher than the frost point tempera-
ture and NLC are limited to the colder-than-average nights
(Gerding et al., 2006).

5. Discussion

Up to now there is only a limited number of temperature
soundings in summer, covering the whole altitude region of
70–90 km with a comparable or better altitude resolution.
All these soundings are in situ measurements performed
at higher latitudes (e.g. Philbrick et al., 1984; Rapp et al.,
2002; Lübken et al., 2004) while satellite soundings suffer

e.g. from coarser altitude resolutions. Lidar observations
are typically performed above or below NLC, but not at
the same time above and below the ice cloud (Hansen
and von Zahn, 1994; Collins et al., 2003). The lidar sound-
ings show T < Tfrost above the NLC and T > Tfrost below.
In situ measurements at polar latitudes confirm the obser-
vation of NLC at the lower edge of the supersaturated
range. Some of the soundings reveal also supersaturation
without accompanying NLC, but typically these measure-
ments describe no temporal evolution. Therefore the dura-
tion of supersaturation is unknown.

We have presented an example with temperatures much
below the ice frost point (Fig. 5). From our limited data set
we can only speculate on the reasons that inhibited the for-
mation of ice particles: Gerding et al. (2006) describe that
the existence of NLC is limited to the cold phases of waves
and tides. During 18/19 July 2006 the period with supersat-
uration may have been too short for the formation of NLC
particles. E.g. Rapp et al. (2002) suggest 4–6 h until new
particles are grown to lidar-visible size. The possible influ-
ence of the ambient wind field on NLC observations at
Kühlungsborn is discussed by Gerding et al. (2006). Addi-
tionally, all scenarios of NLC formation require the exis-
tence of condensation nuclei, what can not be proven (or
rejected) by our observations.

We further do not want to conceal that our study uses
some assumptions on poorly known quantities. In particu-
lar there is still a strong need for accurate time-dependent
and high-resolved measurements of water vapor concentra-
tion. Berger and Lübken (2006) describe the model study of
the variability of water vapor due to transport processes in
the mesopause region and freeze-drying by NLC. For our
study we used water vapor concentrations of �3–5 ppmv
in the altitude range below 85 km, decreasing above down
to �1 ppmv at 90 km. For the lower part this number is in
the range of the available measurements (e.g. Nedoluha
et al., 2000). Further we remark that if the true water vapor
concentration above 85 km is higher than assumed here
also the true degree of saturation is higher. By this, e.g.
the number of supersaturated cases without NLC would
increase even more.

We use the vapor pressure equation of Marti and Mau-
ersberger (1993) as e.g. suggested by Rapp and Thomas
(2006). From our observation we can not decide whether
this equation or the concurrent one of Mauersberger and
Krankowsky (2003) is correct, as both equations give sim-
ilar results at T � Tfrost and deviate strongly at T� Tfrost.
But the equation of Mauersberger and Krankowsky (2003)
would confirm our results and, even more, would result in
much higher saturation ratios at very low temperatures.

6. Summary and conclusions

We have shown that temperatures profiles are obtained
by lidar in the altitude range up to �100 km even in the
presence of NLC. As we can not distinguish with
the RMR lidar between aerosol and molecular elastic
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scattering, the temperatures within NLC remain hidden
from our observations. But for NLC with a thickness of
up to �2.5 km temperature measurements just above and
below the NLC are performed at our station and provide
valuable information e.g. on the degree of water vapor sat-
uration in the vicinity of NLC. The retrieval depends cru-
cial on the existence of time-dependent temperature data
for the start value of the hydrostatic integration, as an
error in the start temperature induce a bias in the temper-
ature data below. Time-dependent temperature data exist
for our station from simultaneous, co-located soundings
of the K lidar. These observations prove the high variabil-
ity of temperatures in the mesopause region. We have dem-
onstrated that the use of this data as start values of the
Rayleigh temperatures remove some systematic uncertainty
induced by climatological mean start values.

A case study representative for all our observations
revealed the NLC at the lower edge of a supersaturated
region. While this is expected from model results and
high-latitude soundings, it is now confirmed for the first
time at a mid-latitude station. None of our soundings give
evidence for already sublimating NLC (S < 1). On the
other side we described an event with supersaturation but
without NLC. This case is in fact representative for the
majority of nights were we observe temperatures below
the frost point but no NLC. Our soundings support time
constants of more than about 4–6 h necessary for the for-
mation of NLC. These times are typically larger than the
periods of supersaturation within the cold phases of gravity
waves and tides. Therefore, NLC observations at our side
depend strongly on the advection of ice particles from
polar latitudes. Air parcels with and without NLC that
are advected to our site do not differ in terms of mean tem-
perature. As a general conclusion from our observations
we revealed a de-coupling of NLC-existence from both
the ambient time-dependent and mean temperature. The
usage of NLC-extension as a proxy for climate trends
requires further studies e.g. on changes in the advection
of ice particles, i.e. on the meridional wind field.
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Alpers, M., Gerding, M., Höffner, J., von Zahn, U. NLC particle
properties from a five-color lidar observation at 54�N. J. Geophys.
Res. 105 (D10), 12235–12240, 2000.

Alpers, M., Eixmann, R., Fricke-Begemann, C., Gerding, M., Höffner, J.
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Gerding, M., Höffner, J., Rauthe, M., Singer, W., Zecha, M., Lübken, F.-
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