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In the years from 2002 to 2012 potassium densities observations were performed in the mesopause
region at Kühlungsborn using a potassium Doppler lidar. The 10-year diurnal data set comprises 5090 h
of potassium number densities at 741 days with 25.2% under full daylight conditions. Potassium number
densities show a clear semi-annual variation with two broad maxima reoccurring every year. The first
maximum occurs in summer and lasts for about 4 months (May–August) with number densities up to 60
atoms/cc. The second maximum is observed from early December to late February with densities up to
30 atoms/cc. Both the peak density and the column density are higher at solstices than at equinoxes. The
large data set shows little variation of the mean layer over the 10 years.
& 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The existence and properties of metal layers in the mesosphere
lower thermosphere (MLT) region (80–110 km) has been of great
interest for decades. It is generally assumed that the ablation of
meteoroids is the only source for metal species observed in the
mesopause region whereas sinks are given by chemistry and
transport. It was Slipher (1929) who recorded the first detection of
sodium airglow in the mesopause region by the use of optical
instruments. Later Sullivan and Hunten (1962) observed the first
airglow emission of potassium D1. The first lidar observations of
potassium D1 were obtained by Felix et al. (1973). Later Höffner
and von Zahn (1995) and Papen et al. (1995) introduced potassium
Doppler lidars. With their low error and high resolution, po-
tassium Doppler lidars contribute significantly to our under-
standing of the potassium layer. Potassium observations were
made at various locations like Spitsbergen (78° N), Kühlungsborn
(54° N), Tenerife (28° N), Arecibo (18° N) and an ocean voyage from
45° N to 71° S (Höffner and Lübken, 2007; Eska et al., 1998; Fricke-
Begemann et al., 2002b; Friedman et al., 2002; Eska et al., 1999).
These observations established our current understanding of the
seasonal behaviour of the potassium layer. However, most of the
early data sets are based on short campaign-like measurements
except for Kühlungsborn (54° N) and Arecibo (18° N) which have
continuous measurements over many years. Furthermore, lidar
r Ltd. This is an open access article

bach).
measurements in the past were limited to night times due to the
high solar background at day time. Therefore little is known about
the properties of metal layers from lidar observation at daytime.

In this paper we present and discuss a diurnal 10-year clima-
tology of potassium densities in the MLT region (80–110 km) at
Kühlungsborn (54° N). Potassium shows, in contrast to all other
known metal species, a semi-annual variation. With the help of
this data set the unusual behaviour of the potassium layer over
Kühlungsborn was recently understood and finally explained by
Plane et al. (2014). Plane et al. (2014) is concluding in his pub-
lication: ”There are two factors involved. First, the K+ ion is more
difficult to neutralize because it can only form weakly bound
cluster ions at very low temperatures. Thus, the low temperatures
of the summertime MLT shift the balance from K+ to K, accounting
for the summertime maximum. The second factor concerns the
neutral chemistry. None of the reactions involving KO, KO2, and
KOH has a significant temperature dependence. In contrast, the
activation energy for the reaction KHCO3 + H is so large that this
reaction never plays a significant role, even during the warmest
period in winter. The only route from KHCO3 back to K is via
photolysis, and this is essentially temperature independent.” The
presented multi-year data set has been also essential for: a com-
prehensive tidal study from the stratosphere to the mesosphere by
Kopp et al. (2015), the first explanation of the unusual behaviour of
potassium by resolving the chemistry by Plane et al. (2014), the
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Local time coverage of K–lidar observations at Kühlungsborn (54° N) from
February 2002 to February 2012.

Fig. 3. Ten-year climatology of potassium density at 54° N. The data were
smoothed using a 21 day Hanning filter. Densities lower than 2 atoms/cc are not
shown.
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development of a satellite retrieval method for potassium from
OSIRIS (Optical Spectrograph and InfraRed Imager System (Lle-
wellyn et al., 2004)) by Dawkins et al. (2014) and the validation of
tides in the potassium layer for the WACCM-K model by Feng et al.
(2015).
Fig. 4. Centroid height of the ten-year potassium data set at 54° N. The data were
smoothed using a 21 day Hanning filter.
2. Instrumentation

The scanning potassium Doppler lidar (K–lidar) of the Leibniz-
Institute of Atmospheric Physics in Kühlungsborn was primarily
designed for temperature profiling in the MLT region (von Zahn
and Höffner, 1996). By scanning the Doppler broadened potassium
resonance line, potassium number densities as well as tempera-
tures are obtained. We note that several effects are not important
for the 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 Earths 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).
Resonance lidar measurements rely on accurate intensity mea-
surements at different wavelengths. We use identical optical paths
and counting electronics for each individual laser pulse to avoid
Fig. 2. Example of a measurement from June 10, 2011. Potassium number density
(colour coded) and solar elevation (right axis). Densities are larger than 2 atoms/cc
on a 2 min time and 200 m altitude grid.

Fig. 5. Column density of the ten-year potassium data set at 54° N. The data were
smoothed using a 21 day Hanning filter.



Fig. 6. Peak number density of the ten-year potassium data set at 54° N. The data
were smoothed using a 21 day Hanning filter.

Fig. 7. Monthly mean of: Top: centroid altitude; Bottom: column density, wit
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any bias caused by performance differences. In addition, a com-
plete spectral scan of the resonance line takes less than 1 s which
eliminates the effects of natural variability in tropospheric trans-
mission and K atom number densities. The mobile K–lidar of the
IAP was in operation from 1995 to 2003 (e.g. Eska et al., 1999). For
daylight operation a narrow band wavelength filter called FADOF
(Faraday Anomalous Dispersion Optical Filter) was installed in the
detection system (Fricke-Begemann et al., 2002a). Initial daytime
measurements of densities and temperatures were carried out
with the mobile K–lidar at Tenerife (28° N) and Spitsbergen (78° N)
(e.g. Lübken and Höffner, 2004). This technology was also applied
to the stationary K–lidar in Kühlungsborn which has been fully
operational since February 2002. Both instruments are similar and
operate with the same configuration. To minimize the con-
tamination by solar background radiation the field of view (FOV) of
the telescope and the laser beam divergence is reduced to 186 μrad
and 133 μrad, respectively. A small laser beam divergence poten-
tially causes saturation effects, i.e., the backscattered signal is no
longer proportional to the laser power (von der Gathen, 1991). We
have determined the effect of saturation on the potassium density
measurements by switching between various fields of view and
h linear fit (dashed lines). Night time observations only, year 2003–2012.
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beam divergence during night, i.e., when solar background is not a
problem (Fricke-Begemann, 2004). On the basis of these mea-
surements we have increased the densities by a factor of 3 for all
data. The same correction factor was independently determined
by Höffner and Lübken (2007) for the mobile K–lidar which has a
similar configuration than the stationary K–lidar in Kühlungsborn.
The uncertainty in this correction factor is approximately 30% but
the factor itself is constant over time. All measurements regardless
of day or night have been performed with the same setup e.g. FOV,
laser beam divergence, daylight filter, optical pathways counting
electronics etc. The configuration of the system was unchanged
over the years besides the unavoidable replacement of flash lamps
of the pulsed laser once or twice per year. In particular all critical
parameter such as FOV, laser divergence, pulse energy were kept
practically constant.
3. Observations and data analysis

Regular potassium density measurements were made with the
stationary K–lidar over Kühlungsborn, Germany (54.1° N, 11.7° E)
starting February 15, 2002 and ending February 25, 2012. The 10-
year data base consists of a total of 5090 h on 741 days. The time-
of-day coverage of every profile (∼2 min) is shown in Fig. 1. The
gray shaded area indicates a solar elevation of 0° or less. The total
data set includes 74.8% of night time measurements and 25.2% of
daylight measurements.

Individual profiles are taken approximately every two minutes.
After calculating the potassium densities from the individual
profiles, all available profiles within a certain time frame or a
whole day are averaged to obtain mean values with an altitude
resolution of 200 m. To investigate the main potassium layer a
lower limit of 2 atoms/cc is applied (Section 4). Much lower
number densities can be detected at darkness by the K–lidar de-
pending on the temporal resolution. During darkness the sensi-
tivity of the K–lidar can be as low as 0.01 atoms/cc (Höffner and
Friedman, 2005). However, despite the less favourable daytime
observing conditions (i.e. due to the associated high solar back-
ground), it is still possible to achieve a minimum detection limit of
0.25 atoms/cc.
4. Properties of the potassium layer

An example for the daily course of the potassium number den-
sity is shown in Fig. 2. Densities larger than 2 atoms/cc are shown
on a 2 min time and 200 m altitude grid without any further data
processing except background subtraction. During sunrise, the
background already starts to rise even if the Sun is a few degrees
below the horizon. As a consequence all measurements at day
suffer from noise. Nevertheless, it is still possible to observe the
potassium layer with high resolution throughout the day. Note that
a sporadic layer appearing at an altitude of 115 km and slowly de-
clining over 12 h is visible at day and night time. Similar features
occasionally occur from April to August and more frequently during
June and July. However they are beyond the scope of this paper and
a follow-up paper will thoroughly investigate those layers.
To present the seasonal variation of the main potassium layer of

the 10-year data set, the average density of each day and altitude
(200 m) has been calculated. Then all measurements are inter-
polated with a 2-dimensional Hanning filter with a resolution of
1 km and 21 days. In contrast to the often performed annual and
semi-annual fit no prior model of the seasonal variation is as-
sumed. Fig. 3 shows the seasonal variation of the main potassium
layer. Table 1 contains the average potassium layer of the whole
data set with the lowest limit possible, 0.25 atoms/cc. The ob-
servable lower and upper boundaries of the potassium layer de-
pends on the sensitivity of the instrument. In particular with such
a low limit the topside at approximately 120 km altitude becomes
visible and the lower boundary of the layer is as low as 77 km in
winter time (Höffner and Friedman, 2005).

Since the variability of the layer on time scales of hours or days
is large, a temporal smoothing with a 21-day Hanning filter was
applied (see above). Even though the same lower limit of Fig. 2 is
applied, no signs of sporadic layers are visible any more. Sporadic
layers, meteor trails and other seldom occurring events of short
duration have a minor impact on the main layer. We have there-
fore not removed such events from our data set.

Figs. 4–6 show the centroid height, column density and peak
density of the potassium layer, respectively. The potassium layer is
permanently present between 83 km and 98 kmwith a lower limit
of 2 atoms/cc. In contrast to other metal species like sodium or
iron, a clear semi-annual variation is visible (e.g. She et al., 2000;
Gerding et al., 2000; Yuan et al., 2012). Both the column density
and the peak density are higher at solstices compared to equinox
(Figs. 5 and 6). The peak number density has two broad maxima:
the first maximum occurs in summer and lasts for about 4 months
(May–August) with number densities up to 60 atoms/cc. The sec-
ond maximum is observed from early December to late February
with densities up to 30 atoms/cc. Both maxima appear with some
substructural local maxima which occur every year.

The variability of the column density and layer altitude is
shown in Fig. 7. The average column density for all measurements
of a given month was calculated. The data was limited to night
time observations to avoid unequal sampling throughout the day
and a possible bias by tides. The variability in column density and
layer altitude is partly caused by the variation of the layer within a
particular season. Over this whole period a weak positive trend of
only 8% in the column density can be determined from a linear fit.
We cannot rule out that this very small trend is caused by sa-
turation as discussed before. However saturation does not influ-
ence the determination of the altitude of the layer which shows a
small downward trend of approximately 130 m over 10 years. Even
though it is not clear without further analysis if the observed trend
is real, we can conclude that the layer shows very little long term
changes over this 10-year period. A follow-up paper will use a
whole-atmosphere climate model to investigate whether these
changes in the observed potassium layer presented here are re-
lated to the 11-year solar cycle.



Table 1
Climatology of potassium density between 77 and 120 km at Kühlungsborn 54° N; densities lower than 0.25 atoms/cc are not shown.

Altitude Day of year (every first and 15th of the month)

1 15 32 46 60 74 91 105 121 135 152 166 182 196 213 227 244 258 274 288 305 319 335 349

120 0.43 0.47 0.26
119 0.59 0.47 0.30
118 0.85 0.41 0.26
117 0.87 0.33 0.25 0.26
116 0.26 0.78 0.35 0.30 0.37
115 0.28 0.73 0.42 0.38 0.52
114 0.32 0.73 0.34 0.44 0.68 0.27 0.28 0.28
113 0.38 0.93 0.27 0.45 0.83 0.35 0.31 0.34
112 0.43 1.13 0.30 0.48 0.99 0.43 0.36 0.41 0.25
111 0.26 0.46 1.16 0.42 0.52 1.15 0.52 0.25 0.39 0.46 0.31 0.30
110 0.27 0.34 0.47 1.02 0.47 0.55 1.25 0.62 0.37 0.41 0.50 0.38 0.38
109 0.33 0.40 0.32 0.28 0.26 0.49 0.97 0.47 0.56 1.27 0.71 0.53 0.41 0.56 0.47 0.47
108 0.43 0.53 0.43 0.37 0.26 0.30 0.50 0.96 0.53 0.56 1.19 0.74 0.65 0.27 0.39 0.59 0.59 0.57
107 0.59 0.78 0.59 0.50 0.36 0.29 0.37 0.50 0.70 0.46 0.49 1.02 0.76 0.78 0.29 0.30 0.28 0.33 0.45 0.68 0.73 0.72
106 0.80 1.03 0.80 0.70 0.50 0.40 0.46 0.29 0.27 0.48 0.26 0.43 0.84 0.80 0.91 0.38 0.41 0.40 0.45 0.60 0.84 0.93 0.94
105 1.09 1.33 1.10 0.98 0.69 0.55 0.56 0.38 0.35 0.48 0.37 0.27 0.44 0.71 0.86 0.98 0.47 0.56 0.58 0.62 0.83 1.09 1.21 1.26
104 1.52 1.74 1.53 1.42 1.00 0.79 0.72 0.55 0.48 0.52 0.65 0.57 0.48 0.70 0.95 0.96 0.59 0.77 0.82 0.86 1.17 1.45 1.64 1.74
103 2.13 2.31 2.17 2.09 1.45 1.16 1.03 0.83 0.72 0.65 0.79 0.66 0.54 0.80 1.12 0.98 0.79 1.07 1.13 1.18 1.66 1.98 2.29 2.46
102 2.94 3.08 3.09 3.02 2.09 1.73 1.53 1.35 1.17 0.95 0.86 0.66 0.58 0.98 1.41 1.22 1.12 1.49 1.54 1.64 2.36 2.69 3.22 3.47
101 4.10 4.20 4.40 4.21 2.94 2.58 2.33 2.29 2.01 1.56 1.09 0.68 0.66 1.25 1.87 1.76 1.62 2.10 2.09 2.26 3.30 3.62 4.42 4.79
100 5.69 5.73 6.15 5.77 4.13 3.81 3.59 3.90 3.57 2.83 1.69 0.86 0.88 1.74 2.64 2.60 2.40 3.02 2.89 3.12 4.53 4.82 5.86 6.40
99 7.66 7.62 8.33 7.83 5.77 5.61 5.48 6.41 6.34 5.39 2.71 1.35 1.31 2.49 3.82 3.82 3.56 4.46 4.10 4.27 6.05 6.30 7.53 8.32
98 9.86 9.71 10.9 10.5 7.90 8.19 7.99 9.76 10.6 10.1 4.28 2.26 2.10 3.57 5.38 5.49 5.33 6.56 5.80 5.78 7.89 8.04 9.47 10.5
97 12.3 12.0 14.0 13.7 10.4 11.6 10.9 13.8 16.1 17.0 6.87 3.83 3.48 5.21 7.44 7.97 8.11 9.21 7.98 7.63 10.0 10.1 11.8 12.9
96 14.9 14.7 17.7 17.6 13.3 15.2 14.0 18.4 22.7 25.1 11.1 6.73 6.12 8.13 10.7 11.9 12.5 12.2 10.5 9.80 12.3 12.6 14.6 15.4
95 17.7 17.5 22.0 21.9 16.4 18.5 16.8 22.9 29.6 32.8 17.8 11.9 11.1 13.5 16.1 17.8 19.1 15.5 13.4 12.3 14.5 15.5 18.1 18.2
94 20.1 20.2 26.1 26.1 19.7 21.0 18.9 26.3 35.7 40.5 27.3 20.0 19.2 22.1 24.0 25.7 27.4 18.9 16.3 15.0 17.0 18.5 21.6 21.0
93 22.4 22.8 29.3 29.3 22.9 22.8 19.9 27.8 40.1 48.1 38.0 30.3 30.0 33.0 34.1 35.3 35.4 22.0 18.8 17.4 19.7 20.8 24.6 23.8
92 24.7 25.3 31.2 31.1 25.3 23.6 20.0 27.9 42.0 53.5 48.0 41.0 40.5 42.9 44.5 45.1 40.7 24.3 20.4 19.1 22.3 22.2 26.7 26.2
91 27.0 27.7 32.0 31.6 26.5 23.5 19.4 26.6 41.1 54.7 55.1 48.9 47.3 49.4 53.3 53.1 42.7 25.4 20.9 19.6 24.0 23.1 28.0 28.0
90 29.0 29.5 31.6 31.1 26.4 22.5 18.2 24.3 37.3 51.4 56.9 51.7 48.9 52.2 58.8 57.7 43.0 25.4 20.4 19.2 25.1 23.9 28.7 29.2
89 29.9 30.4 30.4 29.7 25.0 20.6 16.7 21.5 32.0 44.7 53.0 49.8 45.5 50.4 59.6 57.8 42.4 24.5 19.2 18.4 25.5 24.2 28.6 29.8
88 29.2 30.0 28.5 27.5 22.8 17.9 15.0 18.3 26.1 36.0 44.6 44.0 38.5 43.9 55.1 53.0 40.3 22.8 17.6 17.4 24.9 23.3 26.9 29.3
87 26.9 28.4 26.0 24.8 20.1 14.9 13.0 14.9 20.2 26.6 33.4 35.0 29.3 34.0 45.8 44.8 36.4 20.5 15.5 15.8 23.0 21.4 23.9 27.5
86 23.2 25.7 22.8 21.6 17.2 11.7 10.7 11.3 14.5 17.9 21.7 23.7 19.4 23.1 34.0 34.9 30.9 17.6 13.2 13.7 20.1 19.4 20.8 24.7
85 18.3 21.9 18.7 17.8 14.1 8.75 8.15 7.96 9.22 10.9 12.2 13.5 10.7 13.6 22.4 24.5 23.7 14.0 10.8 11.3 17.1 17.5 17.7 21.1
84 13.0 17.6 14.2 13.9 10.9 5.99 5.58 5.05 5.03 5.63 5.77 6.36 4.84 6.96 13.1 15.0 15.5 9.85 8.12 8.75 14.2 15.3 14.2 16.8
83 8.33 13.2 10.1 10.5 7.75 3.60 3.30 2.73 2.31 2.29 2.09 2.26 1.75 3.09 6.68 7.59 8.23 5.80 5.42 6.07 11.2 12.4 10.3 12.0
82 4.77 8.80 6.74 7.56 5.01 1.84 1.66 1.18 0.87 0.70 0.31 0.40 1.09 2.93 2.98 3.40 2.76 3.09 3.61 7.83 8.95 6.58 8.03
81 2.50 5.06 4.22 4.96 2.85 0.79 0.69 0.36 0.25 1.01 0.80 1.03 1.02 1.47 1.81 4.76 5.52 3.69 5.40
80 1.19 2.47 2.45 2.77 1.39 0.27 0.57 0.77 2.53 3.01 1.92 3.84
79 0.51 1.03 1.32 1.28 0.56 0.29 1.21 1.54 0.99 2.59
78 0.41 0.68 0.49 0.53 0.73 0.49 1.40
77 0.35 0.32 0.52
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5. Summary

Observations of potassium densities were performed in the
mesopause region at Kühlungsborn, 54° N over the years 2002–
2012. The 10-year diurnal data set comprises 5090 h at 741 days of
which, 25.2% (1282 h) of all measurements were made during
daytime. This comprehensive data set shows only little variation of
the potassium layer over the years. Potassium number densities
show a clear semi-annual variation with two broad maxima re-
occurring every year. The first maximum occurs in summer and
lasts for about 4 months (May–August) with number densities of
up to 60 atoms/cc. The second maximum is observed from early
December to late February with densities of up to 30 atoms/cc.
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