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[1] Lidar measurements of potassium temperatures and number densities were performed
in the upper mesosphere/lower thermosphere at Spitsbergen (78�N) in 2001–2003.
The cumulative data set covers the season from March until September and altitudes
from 80 to 110 km (less in summer). The seasonal variation of K densities shows a
maximum from early April until late September, similar to other latitudes but opposite
to other metals. Temperatures are derived from the Doppler broadened D1 line of
potassium with a typical resolution of 1 km and 1 h, respectively. Systematic temperature
uncertainties are approximately ±3 K. Statistical errors depend on integration times and
are typically ±0.5–3 K for 1 d and 1 h, respectively. The K-lidar temperatures are
generally consistent with simultaneous and colocated in situ measurements by falling
spheres. Temperatures show variability on all detectable scales. The magnitude of the
fluctuations varies little with season and is remarkably similar to analog observations at
lower latitudes (54�N). The summer mesopause is located at �90 km and is as cold as
�120 K. In winter the mesopause is significantly higher (�100–105 km), warmer
(�180–190 K), and less pronounced. Lowest temperatures are detected at the mesopause
around 4 July (day of year = 185) which is approximately 2 weeks after astronomical
midsummer. Large differences of more than ±20 K occur between mean K temperatures
and empirical climatologies. The lower thermosphere is significantly colder compared to
general circulation models.
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1. Introduction

[2] The upper mesosphere/lower thermosphere (UMLT)
is probably the least understood region in the terrestrial
atmosphere. This is in part because some important physical
processes are fundamentally different here compared to
below. For example, infrared radiation is possibly no longer
in equilibrium with the trace gases involved (‘‘nonlocal
thermodynamic equilibrium,’’ non-LTE). The situation is
particularly complex at high latitudes during summer where
sun light is always present and where global scale dynamics
induces temperatures which are some 60–70� below radi-
ative equilibrium. Because this extreme state is sensitive to
various physical and chemical processes, e.g., to gravity
wave breaking and turbulence, it is well suited to test
general circulation models. In addition, various layered
phenomena such as noctilucent clouds (NLC) and polar
mesosphere summer echoes (PMSE) occur in this height
range. These layers critically depend on temperatures in the
UMLT and are discussed to be subject of long-term trends
[von Zahn, 2003; Thomas et al., 2003]. Unfortunately, little
is known from observations about the thermodynamic state

of the polar summer UMLT since remote measurements of
temperatures are challenging and sparse. The main reasons
for this deficiency are permanent sunlight which hampers
optical observations and non-LTE conditions which can
introduce major uncertainties when deriving temperatures
from the observed infrared radiation [see, e.g., Kutepov et
al., 2006]. In situ techniques such as ‘‘falling spheres’’ (FS)
have been applied in the past and have resulted in temperature
climatologies at several polar latitudes [e.g., Lübken, 1999;
Lübken and Müllemann, 2003]. However, this technique is
used sporadically only and barely covers the mesopause
region.
[3] In this paper we present potassium lidar (K-lidar)

observations of UMLT temperatures from the years 2001 to
2003 performed close to Longyearbyen (78�N, 15�E) on the
north polar island Spitsbergen which is part of the archi-
pelago Svalbard. Our mobile K-lidar was transported to
Spitsbergen in spring 2001 once it had been developed for
daylight capability. Some results regarding NLC, ice
particle interaction with potassium atoms, and a comparison
with a FS temperature profile have been published in the
meantime [Höffner et al., 2003, 2006; Lübken and Höffner,
2004]. Here we present a systematic overview of all
temperature and potassium density measurements. We will
compare our results with the temperature climatology
derived from FS measurements performed at the same
location in 2001 [Lübken and Müllemann, 2003]. We note
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that our K-lidar observations are unique regarding latitude
and height range, accuracy, and temporal and spatial
resolution. Beside mean temperatures we also study natural
variability. Our observation demonstrate that large variabilities
in number densities and temperatures exist at polar latitudes
and must be considered in future measurements and models.

2. Experimental Method

2.1. Potassium Lidar

[4] The basic principle to measure temperatures in the
upper atmosphere by probing the Doppler broadened line of
potassium by the K-lidar has been described by von Zahn
and Höffner [1996]. Here we present a short overview of the
main effects which might influence the temperature retrieval.
It turns out that in our case the effects are either not relevant,
or can be avoided by careful instrumental design, or can be
accounted for in the data analysis. A detailed discussion of all
effects is beyond the scope of this paper.
[5] In Figure 1 we show the observed Doppler broadened

K(D1) line with statistical uncertainties measured on 12 July
2003 from 1930 to 2000 UT at a solar elevation of 15�, i.e.,
during full daylight. In Figure 1 we also show the fit of a
theoretical line shape which is given by a combination of
8 Voigt functions determined by the individual lifetimes of
the corresponding K(D1) transitions of two isotopes. The
line shape is further complicated by atomic, atmospheric,
and instrumental effects briefly discussed below. Most
important the fit considers (1) Doppler broadening (temper-
ature), (2) Doppler shift (vertical wind), (3) amplitude
(number density), and (4) a background signal caused by
Mie scattering and daylight.
[6] We note that several effects are not important for a

potassium lidar but are most likely relevant for resonance
lidars based on other species such as sodium or iron. This
includes the Hanle effect caused by the Earth’s magnetic
field, Zeeman and Stark effects, and absorption within the

metal layer [Fricke and von Zahn, 1985; Alpers et al., 1990;
von Zahn and Höffner, 1996].
[7] For daylight measurements the field of view (fov) of

the telescope and the laser divergence are normally reduced
to minimize contamination by solar background radiation.
A small laser divergence potentially causes saturation
effects, i.e., the backscattered signal is no longer propor-
tional to the laser power [see, e.g., von der Gathen, 1991].
To facilitate operation we have used a small fov and laser
divergence for all our measurements in all three campaigns,
irrespectively of darkness or daylight. Since the saturation
effect is wavelength dependent it might result in a temper-
ature bias. von Zahn and Höffner [1996] have shown that
this effect is small for the K(D1)-line even for strong
saturation. We have checked this result at night when the
instrument performance does not depend on the field of
view. Switching between various configurations (even
beyond what is required for daylight measurements) we
found no significant influence on the derived temperatures.
[8] The spectral performance of pulsed lasers is a poten-

tial source of systematic errors. The finite bandwidth and
line shape of the laser broadens the observed spectrum and
must be considered. Our laser is a seeded alexandrite ring
laser with several improvements compared to commercial
lasers. For a reliable spectral performance under field
conditions we apply a ‘‘ramp and fire’’ technique to our
alexandrite laser, a method which was originally developed
for linear Nd:YAG lasers in noisy environments and has
recently been applied to satellite instruments [Henderson et
al., 1986; Fry et al., 1991; Nicklaus et al., 2007]. Further-
more, in our K-lidar the interference pattern of each single
laser pulse is measured with a spectrum analyzer. This
information is used to discard laser pulses with bad spectral
shape [von Zahn and Höffner, 1996]. Finally, the frequency
of each laser pulse is measured with a precision of �1 MHz.
The performance and stability of the spectrum analyzer
is successfully checked during the field operations in

Figure 1. Doppler broadened spectrum of the K resonance lines measured at Spitsbergen on 12 July
2003 from 1930 to 2000 UT at an altitude of 92 ± 1 km. The wavelength axis is relative to the line center
at approximately l = 769.9 nm. The individual lines of the hyperfine structure and their intensities are
indicated. The red line shows the fit yielding a temperature of T = 126 ± 3.1 K. In the lower part the
relative difference between fit and measured spectrum is shown (in %) including statistical uncertainties.
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Spitsbergen by polarization spectroscopy measurements
[Lautenbach, 2001]. Because the frequency and spectrum
of each single laser pulse is measured, technical limitations
of pulsed lasers such as frequency jitter, shift in frequency
between seeder laser and pulsed laser, or poor spectral
performance do not play a role in our case.
[9] For daylight operation a narrow band wavelength

filter called FADOF (Faraday Anomalous Dispersion Opti-
cal Filter) is installed in the detection system similar to a
system applied for sodium since several years [Chen et al.,
1996; Fricke-Begemann et al., 2002a; Höffner and Fricke-
Begemann, 2005]. Since for the potassium D1 transition the
transmission is nearly constant over the resonance line there
is only a small effect on temperatures (less than 0.5 K). This
is not necessarily so for other transitions in potassium or in
other gases like sodium. We note that the FADOF also
affects the Rayleigh signal which (at stratospheric altitudes)
is normally used as a reference and thereby may signifi-
cantly increase the derived temperatures by up to 10 K. As
has been shown by Höffner and Fricke-Begemann [2005]
we do not need such a reference in our K-lidar and thereby
avoid a potential influence of the filter.
[10] Resonance lidar measurements of temperatures rely

on accurate intensity measurements at different wave-
lengths. We use identical optical paths and counting elec-
tronics for each individual laser pulse to avoid any bias
caused by performance differences. In addition, a complete
spectral scan of the resonance line takes less than 1 sec
which eliminates the effects of natural variability in tropo-
spheric transmission and K atom number densities.
[11] In summary, the total systematic temperature uncer-

tainty of our K-lidar is estimated to 3 K both for measure-
ments during daylight and darkness. von Zahn and Höffner
[1996] have earlier estimated an error of 5 K which was
mainly caused by an uncertainty in the spectrum analyzer
calibration. As mentioned above this uncertainty is signif-
icantly reduced by polarization spectroscopy measurements
during the field campaigns. As can be seen from Figure 1
there is nice agreement between the measured spectrum and
the theoretical fit. Typical relative deviations are less than
1–2% and are randomly distributed, i.e., no systematic
deviations are found. This demonstrates the nice perfor-
mance of the instrument and also confirms that the main
physical and instrumental effects are correctly considered
in the fit. We continuously control the performance of the
K-lidar by permanently monitoring the agreement between
measured and fitted spectra. Note that the configuration and
performance of the K-lidar was not changed throughout the
3 a being in Spitsbergen.

2.2. Mie Scattering

[12] Around the summer mesopause ice particles are
practically permanently present at high latitudes as is known
from the permanent occurrence of polar mesosphere summer
echoes (PMSE) [Rüster et al., 2001; Lübken et al., 2004b].
If large enough (radii larger than �10–20 nm) the ice
particles may be detected by lidar and are than called
‘‘noctilucent clouds’’ (NLC) [Hansen et al., 1989]. As
described in more detail by Höffner et al. [2003] we detect
a NLC in our spectra as an enhanced signal (relative to the
background noise and the air molecule signal) which does
not vary when the laser frequency is tuned over the

potassium resonance line. We thereby determine scattering
from ice particles (‘‘backscatter ratio’’) and consider their
contribution when calculating temperatures. This procedure
is particularly important when spectra are averaged over a
longer period (for example some hours) since (1) scattering
from NLC and potassium atoms may be mixed since both
layers may appear at the same altitude at different times
(in particular at the lower boundary of the K layer) and
(2) ‘‘small’’ ice particles not detectable during short inte-
gration may become visible in the spectrum after integration
over long periods. We note that ignoring the spectral
contribution from ice particles (‘‘large’’ or ‘‘small’’) in
resonance lidar observations may result in substantially
too large temperatures (by several tens of Kelvin) since
the observed spectrum is effectively broadened. In general
the contribution of Mie scattering decreases rapidly with
altitude since particle size decreases and Mie scattering
depends drastically on particle radius (approximately �r6).

2.3. Examples From Winter and Summer

[13] In Figure 2 we show two examples of mean temper-
ature profiles for late winter (16/17 March 2002) and
midsummer (25/26 July 2001). The uncertainties shown in
these plots result from the fit procedure only, i.e., geophys-
ical variability is not included. The profile from 16/17
March represents a measurement for �12 h at darkness
with relative low K number densities. The uncertainty is less
than 2 K between 86 and 108 km because of the long
integration time. The profile from 25/26 July represents a
daylight measurement for 18 h in the middle of the summer
in the presence of Mie scattering. Again the statistical
uncertainty is less than 2 K in the entire altitude range.
Disadvantages for lidar measurements during summer
caused by high solar background and Mie scattering are
compensated for by larger potassium number densities The
summer maximum is a unique feature of K and different for
other metals, e.g., sodium. Still, potassium densities are
generally smaller compared to other metals. In both cases
shown in Figure 2 the temperature uncertainty is as small as
0.5 K at the peak of the K layer which is negligible
compared to natural variability.
[14] Several systematic summer/winter differences are

obvious from the profiles shown in Figure 2. The altitude
coverage is smaller in summer compared to winter which is
caused by daylight conditions, the seasonal variation of K
number densities, and the influence of Mie scattering. In
summer, measurements concentrate on the height range
�88–97 km, whereas in winter they extend from 85 to
110–115 km. Temperatures in the 88–96 km region are
much lower in summer compared to winter. Note that in
summer the measured profile differs from the empirical
models by more than 20 K (see detailed discussion in
section 5).

2.4. Comparison With Falling Spheres

[15] At altitudes below �90 km we compare the potas-
sium lidar temperatures with falling sphere (FS) measure-
ments. A total of 24 FS were launched between 16 July and
14 September 2001, where four of these launches took place
when the K-lidar was in operation [Lübken and Müllemann,
2003; Höffner et al., 2003]. The FS technique is published
elsewhere [Schmidlin, 1991; Lübken et al., 1994]. A mylar
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coated plastic sphere is deployed at approximately 110 km
and the deceleration is measured by a tracking radar. This
technique gives densities and horizontal winds in an altitude
range from approximately 95 to 30 km. Temperatures are
obtained by integrating the density profile assuming hydro-
static equilibrium. The temperature at the top of the FS profile
(‘‘start temperature’’ To) has to be taken from independent
measurements or from a model. The seasonal variation of
mean temperatures derived from both techniques is very
similar (see section 4.1). A first comparison of individual
measurements from 28 August 2001 is presented by Höffner
et al. [2006] and shows nice agreement. A second example
from 8 September 2001 is shown in Figure 3. Note that the

‘‘start temperature’’ To is taken from the K-lidar which
explains the agreement at the top of the FS profile. The gray
area in Figure 3 shows the variation of FS temperatures by
changing the start temperature by ±10 K. Toward lower
altitudes the FS temperatures become more and more
independent of To. We note that the horizontal distance
between the K-lidar and the FS measurements is �60 km.
Furthermore, the time and altitude resolution of both tech-
niques are rather different. For example, the height resolu-
tion of FS at 85 km is only �8 km which is significantly
less than from the K-lidar. The FS measures a nearly
instantaneous profile whereas we have used 1/2 h integration
period for the K-lidar profile shown in Figure 3. We have

Figure 3. Comparison of temperature profiles from a falling sphere launched on 8 September 2001,
1024 UT (blue line) and K-lidar measurements in the period 1017 to 1045 UT from the same day. The
temperature at the top of the FS profile (‘‘start temperature’’) is taken from the K lidar (see text for more
details). The gray area shows the temperature variation if the start temperature is varied by ±10 K.
Uncertainties of lidar temperatures are somewhat large because of relatively short integration of only
1/2 h. Reference profiles from CIRA and MSIS-90 are shown for comparison.

Figure 2. (left) Temperature profile measured in late winter 2002, namely from 16 March, 1626 UT, to
17 March, 0402 UT. The dotted and dashed lines show the corresponding empirical reference profiles for
CIRA-86 and MSIS90, respectively. (right) Same for summer 2001, namely from 25 July, 1433 UT, until
26 July, 1214 UT. Note the different scales.

D20114 HÖFFNER AND LÜBKEN: K-LIDAR TEMPERATURES AND DENSITIES

4 of 14

D20114



tentatively used larger integration periods but the agreement
becomes worse because of natural variability. We will
present more results on temperature variability from our
K-lidar temperatures in section 4.2. Taking into account the
differences and limitations of both techniques mentioned
above, and natural variability discussed in section 4.2, the
agreement between the K-lidar and FS temperature profiles
shown in Figure 3 is satisfactory.

2.5. Measurement Statistics

[16] In Figure 4 we show the seasonal coverage of our
measurements from 2001 to 2003. A total of 667 h of
observations on 120 d are obtained covering the season
from 28 February (day of year (DOY) = 59) until 6 October
(DOY = 279). The individual periods are listed in Table 1
and the hours available in each month in Table 2. The main
emphasis is in summer 2001 and 2003 where most of our
lidar measurements took place. Still, the seasonal coverage
is fairly complete except for a gap of �2.5 weeks in April
caused by bad weather conditions. The average length of a
measurement per day is 5.6 h. Because of unstable weather
conditions at Spitsbergen only a few long uninterrupted
measurements have been performed. In Figure 5 we show
the time of the day of all measurements. In summer the lidar
was in operation whenever weather conditions permitted,
regardless of the time of day. The two gray areas in Figure 5
indicate a solar elevation of 0� or less. The solar background
rises by approximately 3 orders of magnitude when the solar
elevation angle increases from approximately �10� to 0�
and more. The longest measurement period of 64 h started

on 4 August 2001. During summer the entire day is covered
by our measurements. In spring the K-lidar was operated
during darkness or low solar elevation angles only because
K number densities are low at this time of the year (see
below). We have marked in Figures 4 and 5 the NLC
season, i.e., the period when our lidar detected NLC
(12 June to 21 August). A systematic analysis of ice layers
(NLC and PMSE) in conjunction with the K-lidar temper-
ature measurements will be published in the near future. We
have studied the interannual variation of mean temperatures
in summer where measurements from two seasons are
available, namely from 2001 and 2003. We find no obvious
and systematic differences and therefore decided to take the
profiles from all years together when calculating mean K
densities, temperatures, and variabilities.

3. K Densities

[17] In Figure 6 we show an example of daylight measure-
ments of potassium number densities from 8 September
2001. Densities larger than 10/ccm are shown on a 2 min
time and 200 m altitude grid without any further data
processing, except background subtraction. Note the strong
variability on timescales from �10 min to several hours.
Wavelike features are sometimes visible, for example
between approximately 0700 and 1000 UT at 85 and 95 km.
As has been shown by Eska and Höffner [1998] the
response of K densities to gravity waves is mainly due to
dynamics, whereas temperature-dependent chemistry
effects are comparatively small. On long timescales, how-
ever, the variation of K layer is given by meteoric input,
ionic and neutral chemistry etc. Waves are acting on this
variable background which makes it very difficult to deduce
gravity wave parameters from density fluctuations. The
variability shown in Figure 6 is typical for most measure-
ments at Spitsbergen and is also found in temperatures (see
below) and in NLC [Lübken and Höffner, 2004].
[18] The seasonal variation of mean potassium number

densities is shown in Figure 7. We have determined the
effect of saturation on K density measurements by switch-
ing between various fields of view during night, i.e., when
solar background is not a problem (see also section 2.1). On
the basis of these measurements we have increased the
densities by a factor of �3, independent of season (remem-
ber that we have used the same field of view and laser
divergence for all campaigns and all seasons). In Figure 7

Figure 4. Seasonal variation of the daily hours of K-lidar
measurements for the years 2001–2003. Different years are
indicated by different colors (see inset). The NLC period is
indicated.

Table 1. Time Periods of Potassium Lidar Measurements in

Spitsbergena

Date Days Hours

12 Jun to 6 Oct 2001 50 276
28 Feb to 24 Mar 2002 17 120
1 Apr to 21 Aug 2003 53 271

aThe last two columns give the number of days and the total number of
hours with measurements.

Table 2. Hours of Potassium Lidar Measurements Available in

Each Month

Month Year Hours

Jun 2001 32
Jul 2001 75
Aug 2001 118
Sep 2001 36
Oct 2001 15
Feb 2002 9
Mar 2002 111
Apr 2003 56
May 2003 77
Jun 2003 43
Jul 2003 58
Aug 2003 37
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we chose a lower limit of 3/ccm to present the ‘‘main layer’’
introduced by Höffner and Friedman [2004]. Smaller num-
ber densities exist (in particular at larger altitudes) and can
still be detected by our lidar. During darkness the sensitivity
of our K-lidar is approximately 0.1/ccm [Höffner and
Friedman, 2005] which allows temperature measurements
up to 115 km. During daylight, number densities of more
than 1/ccm are required which limits the height range in
summer.
[19] Within the main layer, number densities are smaller

in March compared to April–September which points to a
seasonal variation opposite to other metals, for example
sodium [She et al., 2000]. Furthermore, local maxima of up

to �80/ccm exist at approximately 91–92 km in May and
end of August/beginning of September. We have compared
our results with similar measurements at lower latitudes,
namely at Kühlungsborn (54�N), Tenerife (28�N), and
Arecibo (18�N) [Eska et al., 1998; Höffner and Friedman,
2004; Fricke-Begemann et al., 2002b; Friedman et al.,
2002]. We note that the comparison is limited since data
coverage and processing is different at these stations. For
example, the K data from Kühlungsborn published by Eska
et al. [1998] are smoothed by a 90 d filter (compared to 14 d
in this paper) which smears out various signatures being
important for a detailed comparison. At all four stations
potassium densities are generally larger in summer com-

Figure 5. Time-of-day coverage of K-lidar measurements for the years 2001–2003. The two shaded
areas in winter correspond to a solar elevation of less then zero degree. The shaded area in summer time
indicates the NLC season.

Figure 6. Potassium number densities as a function of altitude and season on 8 September 2001. Note
the strong natural variability (typical for Spitsbergen) and wave like features, for example between 0700
and 1000 UT at approximately 85 and 95 km. The data gaps around 1100 UT and 1500 UT are due to bad
weather conditions.
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pared to spring and autumn. Maximum mean densities in
summer are on the order of 50–100/ccm. The general
height structure is again similar, with one major exception
namely the lower part of the layer in Spitsbergen. Here the
isolines of K densities show an altitude shift from end of
March until mid-August. We have demonstrated and quan-
tified earlier that ice particles interact with K atoms and
reduce their number densities which explains this effect
[Lübken and Höffner, 2004; Raizada et al., 2007]. A
complete understanding of the seasonal variation of metal
densities in the UMLT region requires detailed modeling of
sources, sinks, and transport. This is beyond the scope of
this paper.

4. Temperatures

4.1. Mean Temperatures

[20] We have summed the photons for each day and
determined daily mean temperature profiles by fitting the

spectrum as described above. At any given altitude a
combination of sinusoidal functions covering yearly (1-y),
half-yearly (1/2-y), and quarter-yearly (1/4-y) variations are
fitted to these temperatures. An example of temperatures at
90 km and the corresponding fit is shown in Figure 8. The
points contributing to the fits are weighted equally because
the fluctuations are given by natural variability (nearly
independent of season) whereas instrumental errors are
much smaller. The average deviation between measure-
ments and fit is �5 K which demonstrates that the theore-
tical function introduced above reproduces the mean
features of the seasonal variation. As can be seen in
Figure 8 we occasionally find larger differences which,
however, appear to be random.
[21] In Figure 8 temperatures at 90 km occasionally drop

to below 110 K in midsummer and vary rather smoothly
in spring and autumn. The fitting procedure demonstrated in
Figure 8 was performed at all altitudes and finally results in

Figure 7. Mean potassium number densities as a function of altitude and season. The color code is
given in the plot.

Figure 8. Potassium lidar temperatures at 90 km (dots). Measurements from different years are shown
by different colors. The black line shows a sinusoidal fit to the data including a yearly, half-yearly, and
quarter-yearly component. For comparison the MSIS-90 empirical reference model (blue) and the FS
measurements (green) from Lübken and Müllemann [2003] are shown.
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the mean seasonal variation of the thermal structure in the
UMLT region shown in Figure 9 and listed in Table 3. The
summer mesopause is located at 90 km and is as cold as
119 K. In winter the mesopause is significantly higher
(�100–105 km), warmer (�180–190 K), and less pro-
nounced. We note that the atmosphere is nearly isothermal
in spring and autumn in the entire height range covered by
our lidar. Furthermore, the seasonal variation of temper-
atures at mesopause altitudes is not symmetric around
summer solstice, i.e., it is shifted by �14 d toward autumn.
[22] A two-level mesopause in winter/summer has been

observed in a global survey by von Zahn et al. [1996] and in
a compilation of seasonal temperatures at midlatitudes (Fort
Collins, 40.6�N, and Kühlungsborn, 54�N) [She and von
Zahn, 1998]. Our measurements also show the two meso-
pause levels in ‘‘winter’’ (at �100 km) and in summer (at
90 km). In the transition periods the mesosphere is nearly
isothermal below �95 km, i.e., it is difficult to unambigu-
ously identify a mesopause. Furthermore, our lidar does not
really cover the mesopause in the transition region.
[23] The summer mesopause at Spitsbergen (90 km/

119 K) is colder and higher compared to lower latitudes.
For example, the summer mesopause at 69�N is located at
88 km and is as cold as 129 K [Lübken, 1999], i.e., 2 km
lower and 10 K warmer compared to Spitsbergen. This
trend continues to even lower latitudes, for example 87 km/
146 K at 54�N [Gerding et al., 2007] and approximately
86 km/175 K at 40.5�N [Leblanc et al., 1998]. We note that
contemporary models like the Leibniz Institute Model of the
Atmosphere (LIMA) reflect this cooling and lifting of the

mesopause with increasing latitude (U. Berger, Modeling of
middle atmosphere dynamics with LIMA, submitted to
Journal of Atmospheric and Solar-Terrestrial Physics,
2007, hereinafter referred to as Berger et al., submitted
manuscript, 2007).
[24] In Figure 10 we show amplitudes and phases of the

sinusoidal fits mentioned above. The phase is defined as the
date when temperatures reach a minimum.
[25] We concentrate on altitudes where reliable data for

the entire period are available (88–96 km). The 1-y com-
ponent is largest at all heights with typical amplitudes of
40–50 K, slightly decreasing with altitude. This corre-
sponds to a peak-to-peak variation of nearly 100 K through-
out the season. The 1/2-y component is much smaller with
an amplitude of �12–14 K at 89–91 km rapidly decreasing
above. The 1/4-y amplitude is generally less than 4 K. We
have tentatively fitted a 1-y component only but systematic
deviations occurred and the main features of the seasonal
variation were not covered satisfactorily. It is interesting to
note that the 1-y and 1/2-y amplitudes are largest around the
height of the summer mesopause. The combination of 1-y
and 1/2-y amplitudes and phases results in the coldest day
on 4 July (DOY = 185), i.e., 13 d after summer solstice. We
do not show phases at altitudes where the amplitudes are very
small since uncertainties are too large (e.g., for the 1/2-y
component above 93 km). At 90 km, for example, the 1-y and
1/2-y phases differ significantly which corresponds to the
nonsymmetric (around midsummer) temperature variation.
Indeed, the maximum temperature gradients in the transition
periods, namely at the beginning of May (�1.0 K/d) and at

Figure 9. Seasonal variation of mean potassium lidar temperatures.
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the end of August (1.1 K/d), are different. We note that an
asymmetry in the transition periods is also observed at
lower latitudes (50–60�N) but the difference is significantly
larger compared to Spitsbergen [see Shepherd et al., 2004,
Figure 4]. At these lower latitudes the transition at 87 km is
much faster (in magnitude) in spring (��0.76 K/d) com-
pared to autumn (�+0.42 K/d).

4.2. Variability on Short Timescales

[26] We have studied the natural variability of temper-
atures on short timescales by comparing actual measure-
ments with a mean for a period of approximately 1 d. In
Figure 11 this deviation is shown for a period of 10 h on
8 September 2001. Temperatures were calculated for time
and height bins of 15 min and 1 km, shifted by increments
of 5 min and 200 m, respectively. The short integration time
results in somewhat large uncertainties of approximately
5 K. In Figure 11 a downward progressing wave front is
clearly visible with an amplitude exceeding 30 K. On top of
this wave some further variability is detected down to the
smallest temporal scales available. As can be seen from
Figure 11 the FS launch discussed in section 2.4 took place
in a period of very low temperatures caused by a wave with
a period of roughly 4 h.
[27] Following Rauthe et al. [2006] we have characterized

the temperature fluctuations as follows. At any given
altitude we determine the fluctuations (=actual measurement
minus daily mean) on a single day and then calculate the
mean and the standard deviation of the fluctuations from all
days available in a given month. The fluctuations on a
single day are determined from hourly mean profiles but

only if at least 3 h are available and only if the statistical
uncertainty is less then 10 K (such a large error limit is only
relevant at the upper/lower boundary of the K layer). The
results of our analysis are shown in Figure 12 for March in
Spitsbergen (11 d) and Kühlungsborn (21 d). Similar results
are shown for July (16 d in Spitsbergen and 46 d in
Kühlungsborn). The statistical uncertainty (‘‘noise’’) of
our measurements is typically 3–5 K This corresponds to
mean fluctuations of less then 1 K which is much smaller
then the ‘‘signal’’ of 6–10 K shown in Figure 12. This is
true for both stations. In March the mean fluctuations
increase with altitude from �6 K at 86 km to �10 K at
103 km at both locations. A similar increase is observed in
July, but the height coverage in Spitsbergen is comparatively
small.
[28] The magnitudes of the mean fluctuations are rather

similar at 78� and 54�, respectively. This is surprising
because the thermal structure in the mesosphere is rather
different at both locations. A given gravity wave, for
example, would therefore create rather different fluctuations
at both places. We note that the mean fluctuations are
similar in all months available. Examples for March and
July are presented in Figure 12. Some differences occur but
they are rather small compared to the variability of the
mean. This result is remarkable since most models predict a
rather strong seasonal variation of wave activity in the upper
atmosphere caused by differences in wave generation,
filtering, and breaking [see, e.g., Lindzen, 1981; Garcia
and Solomon, 1985; Schmidt et al., 2006].
[29] A comprehensive comparison of measured and mod-

eled variabilities at various stations requires considerations

Table 3. Mean Temperatures in Kelvin From Potassium Lidar

km

DOY

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280

108 183 194 204
107 184 192 201
106 184 191 197
105 185 187 189 192
104 183 184 185 187
103 181 181 182 183
102 181 179 177 175
101 181 177 174 170 164 162 160
100 181 177 173 170 167 164 162 161
99 182 178 174 171 168 165 163 162 160 180 184 187 191 194
98 184 180 175 171 167 163 160 158 156 171 175 179 184 188 192
97 188 183 178 172 167 162 157 154 152 150 150 150 150 151 153 155 159 163 168 173 179 184 188
96 193 187 181 174 166 159 154 150 148 147 146 146 146 147 147 149 152 157 163 169 176 181 187
95 196 189 182 174 167 160 154 149 146 143 141 140 140 140 142 145 150 155 161 168 175 181 188
94 198 191 183 175 168 161 155 149 144 140 137 134 133 134 136 140 146 152 159 167 174 181 189
93 198 192 185 178 170 163 156 150 144 139 134 130 128 128 130 135 141 149 157 165 173 181 189
92 198 194 188 181 174 166 159 151 143 136 130 126 123 123 126 131 138 146 155 164 173 182 190
91 201 197 191 185 177 169 160 150 141 133 127 122 120 120 123 128 136 145 154 164 174 183 191
90 203 199 194 187 179 169 160 150 140 132 125 121 119 119 123 128 135 144 154 164 175 184 192
89 202 199 194 188 180 171 161 151 141 132 126 122 120 120 123 127 134 143 153 164 175 186 196
88 203 199 195 189 182 172 162 151 141 133 127 123 121 122 124 128 134 142 152 164 177 189 199
87 205 201 195 189 182 173 163 152 142 133 126 122 127 134 142 153 164 177 189 200
86 208 203 196 189 181 172 163 153 143 133 127 134 143 154 165 177 188 199
85 212 205 198 190 181 172 162 153 144 140 148 157 167 177 187 196
84 216 209 201 192 183 174 165 157 153 160 168 177 186
83 218 211 203 195 172
82 218 211 204
81 218 211
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of the thermal and dynamical background, and a spectral
characterization of the fluctuations. This is beyond the
scope of this paper.

5. Comparison With Measurements and
Reference Atmospheres

[30] Little is known about the thermal structure in the
UMLT region at high latitudes, in particular in summer (one
of the main focus of this paper). Summer climatologies
based on falling sphere data have been published for
Andøya (69�N) and Rothera (68�S) but this technique
barely covers the mesopause [Lübken, 1999; Lübken et
al., 2004a]. Pan and Gardner [2003] have summarized
their lidar measurements at the South Pole but only 26 h
of Fe lidar temperatures are available in the 4 summer

months (November–February), compared to 440 h in the
period May–August in this paper. Furthermore, none of the
South Pole summer profiles covers the mesopause.
[31] We have earlier mentioned the FS campaign per-

formed at Spitsbergen in 2001. Our lidar temperatures
generally agree with the FS climatology at Spitsbergen
published by Lübken and Müllemann [2003, Figure 8; see
also Höffner et al., 2006, Figures 1 and 2]. There is one
exception, namely in mid-July around 90 km where FS
temperatures observed in 2001 are typically 10 K higher
compared to the mean lidar temperatures from 2001 and
2003 (see Figure 8). We have studied this difference in
detail and found from our lidar data that temperatures in
mid-July 2001 are indeed larger compared to 2003, i.e., the
difference is due to geophysical variability. It should be
noted that 90 km is close to the upper height limit of the

Figure 10. Amplitudes and phases of sinusoidal components of potassium temperatures with periods of
1 a (blue), 1/2 a (red), and 1/4 a (green). Astronomical midsummer (21 June) corresponds to day-of-year
= 172. The phase is defined as the date when temperatures reach a minimum. The phase for the 1/4 y
component is not shown since it is not significant because of too small amplitudes.

Figure 11. Temperature deviations relative to a daily mean for a period of �10 h on 8 September 2001.
Variations of up to ±30 K are present (see color bar). The vertical line at 1024 UT indicates the launch of
a falling sphere.
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falling sphere technique, and, furthermore, only few flights
contribute to the FS mean in mid-July 2001 (see Lübken and
Müllemann [2003] for more details). From Figure 8 we also
see that temperatures in midsummer (end of June/beginning
of July) are significantly lower compared to end of July.
This implies that the field campaign providing data for the
FS climatology started too late to cover the lowest summer
mesopause temperatures.
[32] There are systematic and large differences of our

summer temperatures compared to empirical reference
models such as CIRA-1986 (COSPAR international refer-
ence atmosphere) and MSIS (mass spectrometer and inco-
herent scatter data) [Fleming et al., 1990; Hedin, 1991]. We
compare our results with two versions of MSIS, namely from

1990 and from 2000 which are labeled ‘‘MSIS-90’’ and
‘‘MSIS-00’’ hereafter [Hedin, 1991; Picone et al., 2002].
[33] In Figure 13 we show differences of our mean lidar

temperatures to CIRA-1986. Negative values indicate that
the K-lidar results are colder compared to CIRA. Large
differences ranging from �30 to +20�K occur. The summer
mesopause is too warm and too low in CIRA compared to
measurements (see also Figure 2). In midsummer the K-
lidar mesopause is located at 90 km with a temperature of
119 K, whereas in CIRA the mesopause is at the same
altitude but with a temperature of 139 K. In spring, CIRA is
too cold by more than 20 K at altitudes around 90 km and
too warm by similar amounts above �100 km. This implies
that the mean temperature gradient in the lower thermo-
sphere is smaller in our measurements compared to CIRA

Figure 12. Mean of daily temperature fluctuations in (left) March and (right) July at Spitsbergen (78�N,
blue) and Kühlungsborn (54�N, red). The variability of the mean fluctuations is also shown (horizontal
bars).

Figure 13. K-lidar temperatures minus CIRA-86. Blue colors indicate that lidar temperatures are lower
compared to CIRA-86.
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by as much as �50 K/15 km. Such a large difference is
important for static stability, but also for the temperature
retrieval from meteor radars [see Hall et al., 2004, and
references therein]. CIRA does not satisfactorily reproduce
the fast transition of the thermal structure at mesopause
altitudes in spring and autumn. Leblanc et al. [1998] have
studied temperature differences of lidar climatologies at
midlatitudes relative to CIRA-1986. They also find large
discrepancies (up to 20 K and more) but the seasonal

variation of the differences is quite different compared to
our results. At �90 km the differences are rather uniform at
midlatitudes, whereas at Spitsbergen they vary from +20 K
in spring and autumn to �20 K in summer.
[34] In Figure 14 we show differences to the two latest

versions of MSIS introduced above. Both versions of MSIS
are generally too warm by 10 to 20 K, nearly independent of
season and altitude. The difference between the two versions
of MSIS is small compared to the deviations from our

Figure 14. K-lidar temperatures minus (top) MSIS-90 and (bottom) MSIS-00. Blue colors indicate that
lidar temperatures are lower compared to MSIS.
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observations. The MSIS-00 mesopause in midsummer
(DOY = 182) is at 88 km with a temperature of 132 K,
which is too low and too warm compared to our measure-
ments. This implies that the lower thermosphere is colder
than in MSIS by up to 30 K. This has important implica-
tions for ice particle nucleation and morphology. In spring
and in the height range �90–105 km there is general
agreement between our measurements and MSIS-90 and
MSIS-00.
[35] As has been shown earlier the general appearance of

noctilucent clouds and polar mesosphere summer echoes at
Spitsbergen is consistent with the occurrence of supersatu-
rated atmospheric regions [Höffner et al., 2003; Lübken et
al., 2004b]. Since the degree of saturation is very sensitive
to atmospheric temperatures this nicely confirms the accu-
racy of our lidar temperature measurements. Certainly, the
reference model temperatures presented above are not
consistent with NLC and PMSE.
[36] We note that some general circulation models are

nowadays available to reproduce the very cold summer
upper mesosphere [see, e.g., Berger and von Zahn, 1999;
Schmidt et al., 2006; Berger et al., submitted manuscript,
2007]. Still, compared to our K-lidar observations major
differences by more than 10 K and up to 5 km exist for
mesopause temperatures and altitudes, respectively. In addi-
tion, the temperature gradient directly above the mesopause
is generally smaller in our lidar data compared to models.
As a consequence of these differences the lowermost
thermosphere is much colder in our observations by more
than 30 K compared to models. As we demonstrate in a
companion paper this difference has significant consequen-
ces for the appearance of PMSE (F.-J. Lübken et al., Lidar
temperatures, nocticulent clouds, and polar mesosphere
summer echoes at Spitsbergen (78�N), manuscript in pre-
paration, 2007). It remains to be seen which physical
process is responsible for this discrepancies.
[37] We have not compared our results with satellite

temperature measurements, for example from the SABER
instrument on TIMED since optical infrared techniques
suffer from the large solar background and from several
uncertainties introduced by non-LTE conditions at the
summer mesopause and above [Kutepov et al., 2006].

6. Conclusion

[38] Lidar measurements of potassium temperatures and
number densities were performed in the upper mesosphere/
lower thermosphere (UMLT) at Spitsbergen in the years
2001–2003. The cumulative data set covers the season from
March to September. These data present the first compre-
hensive probing of potassium densities and atmospheric
temperatures at Arctic polar latitudes. The seasonal varia-
tion of K densities shows a maximum around 90–95 km
from early April until late September, opposite to the
variation observed for other metals at lower latitudes.
[39] Temperatures are derived from the Doppler broadened

D1 line of potassium. A theoretical spectrum is fitted to the
measured spectrum taking into account instrumental and
atmospheric properties. The agreement between the fit and
the measured spectrum is continuously checked. Atmo-
spheric temperatures, potassium densities, Mie scattering
from ice particles, etc. are derived from the fit. Theoretical

fits nicely agree with measured spectra where the deviations
are less than 1–2% and are randomly distributed. The
quality of each single laser pulse is controlled by means
of a spectrum analyzer. The temperature error due to
systematic instrumental effects is approximately ±3 K,
independent of operation during day or night. Temperature
uncertainties due to photon statistics depend on, for exam-
ple, integration time and potassium densities. Under good
conditions a typical temporal and spatial resolution is 1 km
and 15 min and gives temperatures with an uncertainty of
less than 5 K, both for operation under daylight and during
darkness. For a height bin of 1 km and typical potassium
densities, statistical uncertainties are 1–3 K and <1 K when
integrating the signal for 1 h and 1 d, respectively. This is
considerably less than typical natural variability. The alti-
tude coverage is larger in spring/autumn compared to
summer because of seasonal variation of photon noise and
K densities. Temperatures from our K-lidar are consistent
with in situ measurements performed by falling spheres
from mid-July to mid-August 2001. The agreement is
satisfactory both for single flights and for the mean seasonal
variation.
[40] The K-lidar temperature profiles show variability on

all detectable scales. Temperature variabilities on an hourly
basis are surprisingly similar to analog observations at
Kühlungsborn (54�N). Fluctuations generally increase with
height but show little variation with season. Our measure-
ments show that the summer mesopause is located at
�90 km and is as cold as �120 K. In winter the mesopause
is significantly higher (�100–105 km), warmer (�180–
190 K), and less pronounced. In the transition periods, more
precisely in beginning of April and in mid-September, the
UMLT is nearly isothermal with temperatures close to
180 K. Lowest temperatures are detected at the mesopause
around 4 July (DOY = 185) which is approximately 2 weeks
after astronomical midsummer (21 June = DOY 172). At
90 km the seasonal variation is slightly asymmetric in time
(around midsummer) where the asymmetry is smaller at
higher altitudes. Large differences of more than ±20 K exist
between mean K temperatures and the CIRA empirical
climatology. In particular, the summer mesopause is up to
20 K colder compared to CIRA. In winter mean temperature
gradients in the UMLT derived from our K lidar differ from
CIRA by more than 50 K/15 km. MSIS is generally too
warm where the largest differences appear in the summer
lower thermosphere. We have tentatively compared our
temperature measurements with GCM models. Differences
are most obvious in summer at the mesopause and in the
lower thermosphere, both regions being generally too warm
in the models.
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