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Abstract

Several thousand runs of a microphysical ice particle model have been performed to investigate the sensitivity of ice layers on back-
ground temperatures and water vapor in the summer polar mesopause region. Non-linear processes lead to unexpected variations of vol-
ume backscatter coefficients (BSC) as observed by lidars, and polar mesosphere summer echoes (PMSE) as observed by radars. Generally
speaking, decreasing temperatures and increasing water vapor leads to larger BSC. However, very low mesopause temperatures can lead
to a decrease of BSC because many small ice particles are generated which are more difficult to observe compared to fewer and bigger
particles. Varying the temperature profile around a climatological mean we find that the temperature at the altitude of maximum BSC
decreases with a slope of approximately �1.9 K/km which is significantly less negative than the atmospheric temperature gradient at
typical NLC altitudes (�6.1 K/km). Increasing the water vapor concentration (=[H2O]) leads to an increase of BSC magnitude and
to a decrease of the maximum BSC altitude which varies exponentially with [H2O]. The corresponding scale height is HBSC � 1.36 km.
Some of these variations differ significantly from simple lapse rate considerations because of non-linear effects involved. Our model
results have important implications for the comparison of ice layer characteristics in the southern and northern hemisphere. Further-
more, they allow to verify long term variations of temperatures and water vapor variations predicted by GCM models.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ice layers in the summer mesopause region are known as
‘noctilucent clouds’ (NLC) if observed from the ground (by
naked eye or by lidars) or as ‘polar mesospheric clouds’
(PMC) if observed from satellites. Several remote sensing
and insitu measurements have shown that they mainly con-
sist of water ice and are therefore closely related to the very
low summer mesopause temperatures at middle and polar
latitudes (e.g., Gadsden and Schröder, 1989; Lübken et al.,
1996; Hervig et al., 2001; Fiedler et al., 2003; Höffner
et al., 2003). More precisely, ice particles are generated
and increase in size if the degree of saturation (S) is large
enough. As has been fully explained only recently, very

strong radar echos known as ‘(polar) mesosphere summer
echoes’, (P)MSE, are closely linked to charged ice particles
and therefore also require very low temperatures and a suf-
ficiently large amount of water vapor (see review by Rapp
and Lübken, 2004). The existence and morphology of these
ice layers are often used to infer information about the back-
ground atmosphere, in particular on temperatures and
water vapor in the mesosphere/lower thermosphere region
(MLT). For example, the small difference of NLC parame-
ters observed by lidar in the northern and southern hemi-
sphere, respectively, has led to conclusions about potential
hemispheric differences in the thermal structure of the upper
atmosphere (Chu et al., 2006). Similar differences in satellite
observations of PMC have stimulated model simulations to
explain inter-hemispheric variations (Bailey et al., 2005; Sis-
kind et al., 2005; Hervig and Siskind, 2006).

A better understanding of the influence of background
parameters on ice layers is also required to evaluate model

0273-1177/$30 � 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.asr.2007.01.014

* Corresponding author. Tel.: +49 38293 680; fax: +49 38293 6850.
E-mail address: luebken@iap-kborn.de (F.-J. Lübken).
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predictions on long term and/or solar cycle variations of
temperatures and water vapor in the MLT region (Khos-
ravi et al., 2002; Schmidt et al., 2006). The trends derived
in these models can be transferred to expected changes in
ice layers which can be evaluated by observations. We have
performed nearly 10,000 model runs with the microphysical
model CARMA (Community Aerosol and Radiation
Model for Atmospheres) varying the background profiles
of temperatures and water vapor. The CARMA model is
described in the next section and the results are presented
and discussed in Sections 3 and 4.

2. The CARMA model

2.1. The community aerosol and radiation model for

atmospheres: CARMA

CARMA is a flexible three-dimensional microphysical
model developed over the past 25 years, and has been
applied to a wide variety of problems ranging from cloud
physics to aerosols on Earth and on other planets. The
model originates from a one-dimensional stratospheric aer-
osol code developed by Turco et al. (1979) and Toon et al.
(1979). CARMA was first applied to the physics of meso-
spheric ice particles by Turco et al. (1982), and then further
developed by Jensen et al. (1989), and Jensen and Thomas
(1994), the latter being a two-dimensional study of the
effect of gravity waves on the formation of NLC/PMC.
This work was then extended by Rapp et al. (2002) who
treated gravity wave/NLC interactions for wave parame-
ters which were determined from rocket borne in situ
observations of winds and temperatures during simulta-
neous and nearly common volume measurements of NLCs
by lidar.

For the current study, we use a one-dimensional version
of CARMA which has recently been described in detail in
Rapp and Thomas (2006). In short, the current model
domain comprises 120 altitude levels from 72 to 102 km
altitude, and the ice and meteor smoke particle size distri-
butions are evaluated on radius grids consisting of 40 non-
equally spaced size bins between 2 and 900 nm for ice
particles, and 0.25–112.6 nm in the case of meteor smoke
particles, which act as ice nuclei. Transport of aerosol par-
ticles and water vapor by the mean vertical wind and eddy
diffusion is handled by an Eulerian transport scheme.

As our reference background atmosphere we have
adopted the temperature and neutral number density pro-
file from Lübken (1999) for a latitude of 69�N and July,
1. The vertical wind profile for the same latitude and time
has been taken from the study by Berger and von Zahn
(2002), and the eddy diffusion profile has been adapted
from the collection of turbulence measurements at 69�N
under polar summer conditions published by Lübken
(1997). The basic-state water vapor mixing ratio has been
taken from the model simulations by Körner and Sonne-
mann (2001). Finally, water vapor equilibrium pressures
given by Murphy and Koop (2005) have been used.

In Fig. 1 we show the temporal development of ice par-
ticle number densities, NLC, and PMSE, respectively, for a
typical polar summer MLT temperature profile with
a mesopause temperature of 130 K located at 88 km and
a temperature of 150 K at 82 km. The NLC signal in this
Figure is given as the ratio of the backscatter signal from
ice particles to the background molecular signal at the
same altitude (‘backscatter ratio’). The PMSE signal is giv-
en in terms of a proxy P ¼ N A � ZA � r2

A introduced by Rapp
et al. (2003). NA, ZA, and rA are the number density, char-
ge, and radius of ice particles. It should be noted that some
physical processes required to produce PMSE are not
included in this proxy, for example turbulence. As can be
seen from Fig. 1 an ice layer develops and reaches quasi-
stationary conditions after several hours. We use the ice
cloud parameters at 24 h after initialization. The NLC cov-
ers only the lower part of the ice layer, whereas PMSE
extends to higher altitudes and covers nearly the entire alti-
tude range filled with ice particles. This feature is mainly
explained by the fact that NLC and PMSE have different
sensitivity to ice particle radii, namely �r6 and �r2, respec-
tively. Roughly speaking the lidars (NLC) see only the larg-
est ice particles (approximately >20 nm), whereas radars
(PMSE) are less sensitive to radius and cover basically
the entire population. The CARMA results shown in
Fig. 1 are nicely confirmed by many observations of
NLC and PMSE (e.g., Nussbaumer et al., 1996; Lübken
et al., 2004b). It is interesting to note that the ice cloud
extends to altitudes above and below the S = 1 line. This
is caused such as transport processes such as sedimentation
and turbulent diffusion.

3. Results from CARMA

We have systematically varied the temperature and
water vapor profiles starting with default profiles (see
above) which reflect our current knowledge of the mean

Fig. 1. CARMA model results of the temporal development of ice particle
number densities (left), PMSE proxy (log scale, right), and NLC signal
(backscatter ratio, thin black lines in left and right panels). The thick black
line in the right panel represents S = 1. The definitions of the PMSE proxy
and the backscatter ratio are given in the text. A standard background
temperature profile with a mesopause temperature of 130 K located at
88 km and a temperature of 150 K at 82 km has been used in the CARMA
model run.
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state at high latitudes. In total we have performed several
thousand CARMA model runs combining various back-
ground profiles.

3.1. Sensitivity to background temperatures

In Fig. 2 we show two slightly different temperature pro-
files which are based on climatologies for high latitude sta-
tions in the northern and southern hemisphere, namely
Andøya (70�N, July), and Rothera (68�S, late January)
(Lübken, 1999; Lübken et al., 2004a). At NLC/PMSE alti-
tudes the temperature profiles differ very little, for example
by only 4 and 7 K at 82 and 88 km, respectively. Using
these temperature profiles we have used CARMA to deter-
mine the corresponding PMSE and NLC profiles. As can
be seen from Fig. 3 a slight increase in temperatures around
the mesopause leads to a large decrease in NLC backscatter
ratio (from 14 to 5) and to an increase in mean altitude by
more than a kilometer. The PMSE proxy decreases by
almost an order of magnitude (10 dB) but the mean PMSE
altitude remains nearly unchanged.

We have systematically varied the temperature profile
around the mesopause and studied its effect on NLC and
PMSE. In Fig. 4 we show backscatter coefficients (BSC)
for temperature profiles with a fixed mesopause altitude
(88 km), a mesopause temperature (TM) varying from 120
to 140 K, and a fixed temperature of 150 K at 82 km.
Between these fix points the temperature profiles were
interpolated and extended in a self-evident way taking into
account typical temperature gradients in the MLT region.
We use the backscatter coefficient at k = 532 nm as a mea-
sure of NLC since it is frequently derived from lidar mea-
surements (see, for example, Fiedler et al., 2003 which also
contains a detailed description of BSC). As can be seen
from Fig. 4 the BSC signal does not increase steadily with

decreasing temperature but instead shows a maximum
around TM = 130 K. A detailed analysis of CARMA
results shows that the decrease of BSC with decreasing tem-
perature (below appr. 130 K) is caused by the fact that
many small particles are generated at very low tempera-
tures. A temperature increase leads to fewer but larger par-
ticles which cause stronger BSCs. Indeed, simultaneous
observations of temperatures and NLC have shown that
NLC are weak or absent if the mesopause temperature is
extremely low (see Fig. 9 in Lübken et al., 1996). We note
that for a mesopause temperature of 140 K no ice particles
are created. The PMSE layer parameters show a more reg-
ular variation with mesopause temperatures (not shown
here). In Fig. 4 we also show the altitude where S = 1,
which is significantly below the maximum BSC. This is sur-
prising since particles should grow and lead to larger BSC
as long as S is larger than unity. We have studied the CAR-
MA output in detail and identified several mechanisms
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Fig. 2. Temperature profiles based on climatologies for high latitude
stations in the northern and southern hemisphere. Blue: Andøya (70�N,
July). Red: Rothera (68�S, late January). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. PMSE proxy (left) and NLC backscatter ratio (right) calculated
with CARMA using the temperature profiles from Fig. 2.

Fig. 4. Backscatter coefficients for temperature profiles with mesopause
temperatures from 120 to 140 K, given in the plot. The mesopause altitude
(88 km) and the temperature at 82 km are fixed (150 K). The squares mark
the altitudes where S = 1.
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which can explain this effect. The number density of parti-
cles rapidly decreases below �84 km thereby decreasing the
BSC. Furthermore, the degree of saturation used in Fig. 4
is somewhat too large because the following effects were
not considered: (i) the particle temperature is slightly larger
(by less than 1 K) compared to atmospheric temperatures
and (ii) the Kelvin effect leads to a slightly larger saturation
pressure (by �10%) for particles with radii of approximate-
ly 40 nm (compared to rA =1) (see for more details Berger
and von Zahn, 2002; Rapp and Thomas, 2006).

Another set of CARMA model runs was performed
where we shifted the entire temperature profile (not only
the mesopause temperature as for Fig. 4) by ±5 and
±10 K starting with our standard profile given by a meso-
pause at 88 km/130 K and a fixed temperature of 150 K at
82 km. As can be seen in Fig. 5 the peak altitudes of NLC
and PMSE increase linearly with temperature shift with a
rate of 0.24 km/K. The altitudes of maximum NLC and
PMSE are therefore more sensitive to temperature changes
than expected from the mean atmospheric lapse rate
(�6.1 K/km) which implies a sensitivity of only 0.16 km/K.
The reason for the difference is the freeze drying effect
which accumulates increasingly more water vapor at the
bottom of the profile with decreasing temperatures (this
point will be further elucidated in the next section).
Regarding PMSE, the altitudes of the proxy maximum
coincide exactly with the altitudes of maximum BSC. As
discussed already in Fig. 4 the altitude of S = 1 is some-
what below the altitude of maximum BSC.

In the right panel of Fig. 5 the corresponding magni-
tudes of NLC and PMSE are shown. As noted earlier the
NLC signal drastically depends on temperatures, whereas
the PMSE magnitude is much less sensitive. The main rea-
son for this behavior is the different sensitivity on the par-
ticle size which is given by the total amount of water vapor
available for ice particle formation. The large sensitivity of

NLC and PMSE altitudes to temperature changes (even
larger than expected from the background lapse rate) dem-
onstrates the importance of non-linear processes on ice
layer parameters. We note that the magnitudes of BSC
and PMSE increase steadily with decreasing temperatures,
which is somewhat different than noted in Fig. 4. The rea-
son for this is that the temperature profiles used in Fig. 5
are shifted at all altitudes, i.e., they cover an increasingly
large altitude range with supersaturation when temperature
decreases. By contrast the temperatures used for Fig. 4
were varied around the mesopause only.

Finally, we show a collection of 144 temperature profiles
in Fig. 6 being used in CARMA to determine NLC and
PMSE characteristics. Some of the temperature profiles
are presumably at the limit of what is actually observed
in the real atmosphere. As an example of the results
deduced from these studies we show the altitude of maxi-
mum BSC as a function of temperature at that altitude in
Fig. 7. Different from the results shown in Fig. 5 where
the temperature profiles where simply shifted relative to a
standard profile, various mesopause temperatures and tem-
perature gradients at NLC altitudes have been used to
determine these BSCs (see Fig. 6). In general, temperatures
at the altitude of maximum backscatter are lower if the
layers appear at higher altitudes. We have fitted a straight
line fit to the points given in Fig. 7 and find a slope of
�1.9 K/km. In other words a temperature change of only
1.9 K is required to change the BSC peak by 1 km. This
is significantly less than expected from the mean atmo-
spheric lapse rate of �6.1 K/km. We will discuss the impli-
cations of this result in Section 4.

3.2. Sensitivity to water vapor

We have also varied the water vapor profiles to study
their effect on the mean characteristics of NLC and PMSE.

Fig. 5. Left: altitude of maximum BSC (bullets) and PMSE (crosses) for temperature profiles shifted by �10, �5, 0, +5, and +10 K relative to a default
reference profile (see text). A straight line fit to the maximum BSC values yields a slope of 0.24 km/K (solid line). For comparison the line corresponding to
the mean atmospheric lapse rate 0.16 km/K is also shown (dotted line). Right: corresponding magnitudes of the maximum BSC and PMSE signals. For the
+10 K profile no NLC and PMSE developed.
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The ‘standard’ profile (see above) has been multiplied by
factors varying from 0.3 to 10. In Fig. 8 we show frost
point temperatures (Tfrost) and BSC profiles resulting from
these modified H2O profiles, whereas the atmospheric tem-
perature profile is kept unchanged, namely to our standard
case. Increasing the water vapor concentration leads to a
large increase in BSC signal and a decrease of the altitude
where the maximum appears. As discussed already in Fig. 4
the altitude of S = 1 is again somewhat below the altitude
of maximum BSC. As can be seen from Fig. 8 (left panel)
the altitude where S = 1 decreases with increasing water
vapor. This decrease is enhanced by a local accumulation
of water vapour at the bottom of the S = 1 height range
which leads to a local enhancement of Tfrost. The magni-
tude of this local enhancement increases with total water
vapor concentration and finally leads to a non-linear vari-
ation of maximum BSC altitude and magnitude. As can be
seen from Fig. 9 (left panel) the altitude of maximum BSC
decreases exponentially with increasing amount of water
vapor. From a fit we derive a ‘scale height’ for the BSC
peak altitude change of 1.36 km. This implies, for example,
that a factor of 2 increase in water vapor decreases the alti-
tude of maximum BSC by jloge(1/2) Æ 1.36j = 0.94 km. The
sensitivity of the maximum BSC signal on H2O is shown in
Fig. 9 (right panel). As expected the BSC maximum
increases with the amount of water vapor available for par-
ticle formation (=[H2O]). Ignoring very large and very
small changes, the maximum signal increases with
[H2O]2.3 which is close to the sensitivity expected from
the very simple assumption that the BSC varies with r6

A,
therefore, with the square of the volume and mass, namely
�[H2O]2. In reality ice particle growth leads to an entire
spectrum of particles and several non-linear processes sen-
sitive to H2O and rA are involved.

As mentioned above we have multiplied the default
water vapor profiles by several factors, independent of alti-
tude. In general we expect that the BSC change depends on
the altitude profile of the water vapor change. We argue,

Fig. 6. A selection of 144 temperature profiles used in CARMA to study
the variation of ice layer parameters with background temperature.

Fig. 7. The altitude of maximum BSC (dots) as a function of temperature
at that altitude. The temperature profiles shown in Fig. 6 were used. The
red line indicates a typical atmospheric temperature gradient at NLC
altitudes of �6.1 K/km. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Altitude profiles of frost point temperatures (left panel) and BSC (right panel) for water vapor profiles differing from the ‘standard’ profile (see text)
by a factor (f) given in the inlet. The black line (left panel) represents the atmospheric temperature profile. The small squares mark the altitude where
S = 1.
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however, that this effect is of secondary importance since
the main effect is caused by the total amount of water
vapor available for particle growth, regardless at which
altitude it is supplied.

We have also studied the effect of water vapor changes
on PMSE and find similar effects seen in NLC but signifi-
cantly smaller in magnitude (not shown here).

4. Discussion and conclusions

We have performed several thousand CARMA model
runs varying the background temperature and water vapor
profile. We realize that other atmospheric parameters such
as vertical winds, meteoric influx, and eddy diffusivity will
also affect the ice layer morphology. We also note that
some atmospheric background parameters are interrelated,
e.g., temperature and vertical winds. However, low enough
temperatures and a significant amount of water vapor are
presumably the most important ingredients to create ice
particles in the MLT region. We have assumed stationary
conditions in CARMA, i.e., no temporal variability. Cer-
tainly, the real atmosphere shows short and long term tem-
perature variations caused by gravity waves, etc. As has
been shown by Rapp et al. (2002) natural variability mod-
ifies the ice layer where the impact depends on the magni-
tude and time scale of the variations. It could be, however,
that on a long term statistical basis these fluctuations do
not significantly alter the mean characteristics of ice layers
such as the mean altitude distribution of particle radii and
number density. This study aims at improving our under-
standing of some basic microphysical processes involved
in ice particle formation, whereas the entire temporal and
spatial variability can only be covered by sophisticated 3d
models (see, e.g., Berger and Lübken, 2006). However,
the interpretation of the results from this type of models
is complicated by the fact that many physical processes
interact with each other, so that the influence of one partic-
ular process cannot easily be identified. The aim of the

present study is exactly this, namely to study the influence
of a particular process realizing that some other processes
have been ignored.

Given a certain distribution of rA and NA the backscat-
ter coefficient for a given wavelength (here: k = 532 nm)
can easily be calculated and compared to lidar observations
of NLC. Regarding PMSE the situation is more complicat-
ed since various other ingredients are required to create
PMSE, for example turbulence and sufficient ionization.
This implies that PMSE may not be visible although tem-
peratures are very low and ice particles are present. We
therefore hesitate to discuss our PMSE results in detail
but instead concentrate on NLC.

We now apply our results to NLC measurements recent-
ly published in the literature. Chu et al. (2006) reported
NLC observations from a southern hemisphere (SH) sta-
tion (Rothera, 68�S) and find a mean centroid altitude of
84.1 km. This is somewhat higher compared to a northern
hemisphere (NH) co-latitude station (ALOMAR, 69�)
where a mean centroid altitude of zc = 83.3 km is observed
(Fiedler et al., 2003). We will ignore in this study that (i)
the lidars differ in wavelength, sensitivity, etc., (ii) that
the statistics in the SH is poorer compared to the NH
(128 versus 826 h of NLC), and (iii) that the BSC peaks
show a natural short and long term variability of �1 km
at each station which covers a part of the height difference
mentioned above. We will instead study the implications
for the altitude difference if(!) it were solely due to temper-
ature or water vapor change. As has been shown by our
CARMA results presented above we cannot simply use
the mean atmospheric temperature gradient at NLC alti-
tudes to convert the NLC altitude difference to a tempera-
ture difference. Instead we have to take into account non-
linear effects. According to the results presented in Fig. 7
a height difference of 0.8 km corresponds to a temperature
change of only 1.5 K which is certainly within the natural
variability of the upper atmosphere and is too small to be
detected by current instrumental capabilities. From our

Fig. 9. Left panel: altitudes of maximum BSC (bullets) as a function of the factor f(H2O) used to modify the standard H2O profile. Same for NLC
centroid altitude (triangles), PMSE (crosses), and S = 1 (squares). The straight line fit (black line) corresponds to a ‘scale height’ of 1.36 km. Right panel:
variation of the maximum BSC signal as a function of f(H2O). The maximum BSC varies exponetially as �f 2.32 (black line).
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studies in Section 3.2 we conclude that the same altitude
difference can alternatively be explained by a 44% reduc-
tion of H2O in the SH compared to the NH. Current water
vapor measurements in the high latitude summer meso-
sphere are not accurate enough to exclude such an inter-
hemispheric difference.

We conclude that the SH/NH difference of mean NLC
altitudes corresponds to a temperature difference of 1.5 K
or a H2O difference of 44%, or a combination of both.
We thereby ignore other potential reasons of either instru-
mental or geophysical origin. We note that PMSE have
recently been observed in the southern hemisphere (Davis,
69�S), whereas earlier attempts at the Peruvian Antarctic
station called ‘Machu Picchu’ (62�S) failed or showed
much weaker PMSE compared to the NH (Balsley et al.,
1993; Woodman et al., 1999; Morris et al., 2004). We spec-
ulate that the reason for these differences might be small
SH/NH temperature differences increasing with decreasing
latitude. Furthermore, some of these stations are located at
similar geographical but very different geomagnetic lati-
tudes. As mentioned above the interpretation of PMSE is
more difficult compared to NLC since ionospheric and
dynamic processes (turbulence) are involved.

Global circulation model (GCM) calculations of the
solar cycle variations of the atmosphere at high latitudes
during summer are now available. For example, Khosravi
et al. (2002) predict a solar minimum/maximum decrease
in temperature of 5 K and a water vapor increase of up
to 70% at the polar summer mesopause region. According
to our results presented in Fig. 7 and 9 one would expect an
altitude variation of the peak NLC of 2.6 km due to tem-
perature changes plus 1.6 km due to water vapor changes.
These numbers are certainly larger compared to observa-
tions (Fiedler et al., 2003). We note that a recent long term
analysis of HALOE temperatures shows a solar cycle mod-
ulation of approximately 5 K at 80 km (Hervig and Sis-
kind, 2006). Assuming that the temperature variation is
equally large (or even larger) at 85–90 km our model results
and the observation of a nearly constant NLC altitude
imply that the temperature effect on NLC must be compen-
sated by other atmospheric changes, i.e. by vertical winds,
etc.

In summary we have shown that ice layers at the sum-
mer mesopause region, detectable as NLC and PMSE, are
sensitive indicators of atmospheric background changes.
In this study we concentrate on temperature and water
vapor changes. Non-linear processes such as freeze drying
complicate the predictability of the impact of these chang-
es on ice layer parameters. We have shown that the sen-
sitivity (for example of maximum BSC altitude) can be
even larger than expected from simple lapse rate consider-
ations. This in turn implies that the observed steadiness of
NLC heights observed over many years relates to very
small temperature changes. A better understanding of
ice particle related phenomena in the MLT region helps
to understand long term and solar cycle induced changes
of background conditions.
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