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Abstract. Temperature soundings are performed by lidar atl Introduction

the mid-latitude station of Khlungsborn (Germany, 84,

12° E). The profiles cover the complete range from the lower Temperature is one of the most fundamental and important
troposphere~1km) to the lower thermosphere-{05km)  quantities to describe the Earth’s atmosphere. The altitudi-
by simultaneous and co-located operation of a Rayleigh-Mie-nal and seasonal variations are a result of radiative, chemi-
Raman lidar and a potassium resonance lidar. Observatiorg?l, and dynamical effects (cf., e.arcia 1989. Radiative
have been done during 266 nights between June 2002 arf@rcing has the main effect on the background temperature
July 2007, each of 3-15h length. This large and uniquesStructure, e.g. the middle atmosphere is heated by the ab-
data set provides comprehensive information on the altitusorption of solar UV radiation by £and Q (Mlynczak and
dinal and seasonal variation of temperatures from the tropoSolomon 1993 and cooled by the emission of infrared ra-
sphere to the lower thermosphere. The remaining day-todiation by CQ (Andrews et al.1987). Dynamical forcing
day-variability is strongly reduced by harmonic fits at con- produces major deviations from the radiative equilibrium in
stant altitude levels and a representative data set is achievethe middle atmosphere. Direct energy deposition by wave
This data set reveals a two-level mesopause structure witdissipation is added by momentum deposition, slowing down
an altitude of about 86-87 km~(L44K) in summer and O reversing the zonal wind. This results in a strong merid-
~102km (~170K) during the rest of the year. The average ional circulation, which is connected with upwelling (sum-
stratopause altitude is48km throughout the whole year, mer) and downwelling (winter) above the poles and mid-
with temperatures varying between 258 and 276 K. From thdatitudes, i.e. with adiabatic cooling and heatirign@izen

fit parameters amplitudes and phases of annual, semi-annuaid8%, Holton, 1982. Exothermic chemical reactions provide
and quarter-annual variations are derived. The amplitude ofn additional heat source of the atmosphere, while airglow
the annual component is largest with amplitudes of up toin the mesopause region or chemiluminescence are acting as
30K in 85km, while the quarter-annual variation is small- €nergy sinksRiese et al.1994.

est and less than 3K at all altitudes. The lidar data set is Detailed and high-resolved observations of the tempera-
compared with ECMWF temperatures below about 70 kmture structure are strongly needed for the examination of the
altitude and reference data from the NRLMSISE-00 modelatmosphere’s energy budget, dynamics and chemistry. Tem-
above. Apart from the temperature soundings the aerosdperature data sets can be used for the validation of General
backscatter ratio is measured between 20 and 35km. Thgirculation Models (GCM) etc. State-of-the-art GCMs often

seasonal variation of these values is presented here for theover the whole range from the troposphere to the (lower)
first time. thermosphere, reflecting the importance of vertical coupling

for the description of the atmospheric state. In contrast to
this many observational techniques can only be used in a lim-
ited altitude range. Comparisons therefore require the com-
bination of different techniques with their individual limi-

Correspondence ta¥l. Gerding tations. E.g. radiosondes provide a high altitude resolution
m (gerding@iap-kborn.de) (~100m) in the troposphere and lower stratosphere, but are
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often limited to one or two profiles per day and altitudes be- We present a summary of more than 1850 h of data. By
low ~30km. Disturbing effects of natural variability can use of three different scattering types and combination of
often be reduced by multi-year averaging. Satellite soundtwo lidars an altitude range between 1 and 105km is cov-
ings become increasingly important as they cover partly ex-ered with identical temporal and spatial resolution. To the
tended altitudes from the stratosphere to the lower thermobest of our knowledge this is the first comprehensive temper-
sphere (e.gShepherd et g1200% Mertens 2002, Xu et al, ature data set covering the whole range from the troposphere
2007). They provide a global view, but due to orbit con- to the lower thermosphere. In the following we first give
straints they need long data series to overcome drawbackan update on our lidar systems. In Sect. 3 we present the
of zonal averaging and/or local time coverage. The verticaltemperature observations for the period June 2002 to July
resolution is often in the range of 3—4km, i.e. worse than2007. A harmonic fit of the temperature variation is calcu-
many GCMs. Systematic errors might occur due to non-lated for each single altitude bin. By this the natural variabil-
local thermodynamic equilibrium especially in the summer ity is blanked and a more representative data set is obtained
mesopause region at mid and high latitud€stépov et al, (Sect. 4). Of particular interest are the temperatures and alti-
20069 or difficulties in the calculation of geometric altitudes tudes of the mesopause and stratopause that are presented in
(Sica et al. 2008. GPS radio occultations provide a good Sect. 5. In Sect. 6 we compare our data with the most recent
local time and zonal coverage, but are limited to the tropo-MSIS climatology (NRLMSISE-00, cfPicone et al.2002
sphere and (low/mid) stratosphere (e3mbiet et al. 2005. and ECMWF analyses. In the last section we discuss our re-
Various types of rocket soundings are performed to measults and compare with other ground-based and space-based
sure temperatures in the mesosphere at several locations (e@pservations.
Libken 1999 Lubken et al.2004. The lack of temporal
resolution can be avoided by combination of different data
sets at a single locations. Unfortunately, rocket sounding® Description of the lidar systems
are still sparse, especially at mid-latitudes, and provide typ-
ically only snapshots of the atmosphere (ddgota, 1984 At the Leibniz-Institute of Atmospheric Physics we combine
Kubicki et al, 2006. Lidar observations are as well lim- a Rayleigh-Mie-Raman (RMR) lida’{pers et al, 2004 and
ited to a few fixed locations. Depending on the particular a potassium resonance lidar (K lidavp6 Zahn and ffner,
technique typical altitude ranges are 0-30 km, 30—80 km, orL996 to achieve temperature profiles from the troposphere to
80-110km (cf., e.gHauchecorne et al1991; Yu and She the lower thermosphere. The RMR lidar uses the well known
1995 Wickwar et al, 1997 Leblanc et al.1998 States and  Rayleigh temperature retrieval (hydrostatic integration of the
Gardner200Q Friedman and Chi2007). Time resolved ob-  density profile) and the rotational Raman method. Our lidar
servations allow the identification of gravity waves and tidessystems and the combination of the methods are described
that average out in the nightly or daily mean. Typical altitude by Alpers et al.(2004. Below we show an example of a
resolutions of~1 km are fine compared to satellite data. temperature sounding from June 2005 and describe recent
In this paper we describe the temperature structure aupdates of the setup.
Kihlungsborn (Germany, 84, 12° E). Although that this is The temperature profiles atiillungsborn are a combi-
a mid-latitude site, it is still influenced by polar phenomena nation of potassium resonance temperature®5-105 km),
like Noctilucent Clouds (NLC) (cfGerding et al. 20075 Rayleigh temperature profiles in two altitude ranges us-
or Sudden Stratospheric Warmings (SSW). This makes afng separate telescopes and detectorgt4-85km and
important difference to more equatorward stations like Ob-34—46 km), aerosol-corrected Rayleigh-temperature profiles
servatoire d’Haute Provence, France at M4Hauchecorne (~22-33km), and rotational Raman temperaturesl<
et al, 1991), Fort Collins, Colorado at #IN (Yu and She  25km). Figure 1 (left) shows an example of a temperature
1999 or Urbana, lllinois at 40N (States and Gardner profile at 20 June 2005 with 1 km vertical resolution after 1 h
2000, even if they are only separated by a few degrees in lat-of integration (22:30-23:30 UT). The individual methods are
itude. The temperature structure at the latitude 6ff$4ro- displayed in different colours. The potassium lidar covers the
vides an important benchmark for general circulation modelsrange from the top of the profile down to 85 km altitude due
as well as substantial information for retrieval of atmosphericto the limited extension of the K layer in summer (Ekka
parameters from satellite soundings. As our site is located aét al, 1998. The Mesosphere-Rayleigh channel provides
the edge of the Noctilucent Cloud/Polar Mesospheric Cloudtemperatures below 86 km using the K lidar observations at
(NLC/PMC) existence region, it provides a reference point88 km as a start value for density integration. This channel
for the understanding of ice particle generation and potentiameasures down to 44 km altitude. The data at 48 km are used
NLC/PMC trends. The seasonal variation of gravity wave as a start value for the Stratosphere-Rayleigh channel yield-
activity has recently been published Bauthe et al(2008 ing data between 46 and 22 km altitude. Below 34 km this
for part of the data described here. channel is corrected for additional aerosol backscatter (see
below). The rotational Raman temperatures are used below
25km. The error bars at the particular profiles denote the

Atmos. Chem. Phys., 8, 7465482 2008 www.atmos-chem-phys.net/8/7465/2008/



M. Gerding et al.: Seasonal temperatures &tN4 7467

T I 40 Frrrr
100 E i T . — Resonance 770nm 3 : : : : y : :
—— Rayleigh (mesosphere) 35k B L L : :
: :  — Rayleigh (stratosphere) : : : 1 ol : :
90 F o B ;" — Rotational Raman 3 : : : i : : :
80_ N N N N 30.., ........ 44444444 4,/4 ,,,,,,,, ,‘ ,,,,,,,, ,,,,,,, —
T oF ERTISS
= 50 x : : : : :
- r - : : Rayleigh (stratosphere)
2 L 20f i Rayleigh (uncorrected) '
S 50 S : B : — Rotational Raman
g = N :  — Radiosonde (22:36 UT)
= F o5k g e [ P A —
[o 40 : : : : s o] : : : : : : :
30_‘,‘,‘,2 ........ ‘‘‘‘‘‘‘‘ ........ Lo ‘ 10k
20F
5r : : :
L — RSKuehlungsborn
: 20.06.2005 22:35:00 : : :
0 F—rrrrrrrr T [ e ML I B i
140 160 180 200 220 240 260 280 300 200 210 220 230 240 250 260 270 280
temperature [K] temperature [K]

Fig. 1. Temperature profile from combined soundings after one hour of integration (20 June 2005, 22:30-23:30 UT). Left: complete altitude
range, right: detailed view on troposphere/lower stratosphere with comparison to co-located radiosonde.

uncertainty of photon count statistics. The typical statisti- man backscatte@erding et al.2006. This is used to calcu-
cal uncertainty is about:2—-3 K. In this study we only use late the backscatter rati® of total and molecular backscat-
data points with an uncertainty of less thad0 K. We will ter on a nightly mean basis. We have corrected every elastic
concentrate on nightly averages calculated from hourly pro-backscatter profile applying to yield the true density pro-
files like the example in Fig. 1. The statistical uncertainty file needed for the temperature retrieval. Figure 1 shows the
of nightly means is strongly reduced compared to the sin-Rayleigh temperatures with and without aerosol correction
gle profiles and depends on the length of the sounding. Iras solid and dotted green lines, respectively. After the cor-
the following we will partly neglect the statistical uncertainty rection the lidar observed temperature profile shows perfect
since it is small compared to the natural variability (typically agreement with the radiosonde observation. The aerosol-
4-10K depending on altitude and season). The right parinduced bias is largest in the lowest Rayleigh channels (up
of Fig. 1 shows in detail the profiles in the troposphere andto ~7K) and remains significant up to about 31km. The
lower stratosphere. A simultaneous temperature profile fromaerosol correction based on obsenegrofiles is available
a co-located radiosonde launch is presented for comparisosince February 2004. Before that date, an aerosol correction
(red line). The lidar integration time covers approximately based on an empirical averageprofile has been applied
the flight time from the ground to the tropopause, whereagAlpers et al, 2004.
the stratospheric part of the radiosonde profile is observed The N, vibrational Raman backscatter is observed up to
after the lidar integration time. The tropospheric tempera-~50km altitude. It is taken as a measure for the molecu-
tures agree nearly perfectly except for the lowest data pointar backscatter after normalization to the 532 nm signal at an
of the lidar profile. The gradients in the tropopause regionaerosol-free altitude. The latter contains both molecular and
are partly underestimated by the lidar due to its coarser alaerosol backscatter (i.e. total backscatter). The normaliza-
titude resolution. In the stratosphere the in-situ and remotetion is taken at about 34 km altitude to avoid errors due to
sensed data agree well, taking the increasing horizontal anthe decreasing photon statistics above. The atmosphere is
temporal distance between lidar and drifting radiosonde intoassumed to be aerosol free above this altitude, in good agree-
account (max-30km, 1 h). ment with other observations (e.gaughan and Wareing
Hydrostatic temperature retrievals from elastic backscatte2004). The aerosol correction provides a data set of backscat-
are affected by the presence of aerosols, as the backscattert®y ratios in a height region that is rarely covered by regular
no longer proportional to the density. The mesosphere aneerosol soundings from lidars and satellites. By our regular
upper stratosphere are normally anticipated as aerosol-freé2 Raman soundings we yielded for the first time an exten-
However, in the lower stratosphere there is a backgroundive ensemble of backscatter ratios in the mid-stratosphere.
aerosol layer that might extend well above 20 km. To correctThe data sets covers 213 lidar observations since 11 Febru-
for any additional aerosol backscatter at the 532 nm waveary 2004, each of more than 3 h duration.
length channel used for the Rayleigh temperature retrieval, Figure 2 shows the seasonal variation of the backscatter
we simultaneously observe the 608 nm NWbrational Ra-  ratio R in the altitude range 20-35 km. Between March and
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Fig. 2. Seasonal variation of backscatter ratios (BSR) at 532 nmFig. 3. Seasonal variation of nightly mean temperatures between 1
wavelength (213 nights, 11 February 2004-31 July 2007). and~110km altitude. The black histogram denotes the number of
soundings with the particular date (right axis).

October only small seasonal variations ®foccur. After

smoothing acros<30 days some variability remains. But coverage gets worse. Therefore we limit all further studies of
this is mostly due to a high night-to-night variability (not the mean state and seasonal variations to the height range of
shown here) and less induced by periodic seasonal variationd.—105 km.

Between December and February and in August/September Some general features of the temperature structure above
an increase in the backscatter ratio in the 20—-30 km range iKuhlungsborn can be identified from Fig. 3.

obvious. Above 30km, again any potential seasonal varia- _ )
tion remains hidden behind variability on the scale of days. ! Most obvious is the cold summer mesopause between
Independent from season the backscatter ratio decreases with 82 and 90km.

altitude up to the upper end of our observation range (here: . i)
34 km, with R=1.0 by definition). As a rule of thump we
observe a backscatter rati=1.1 at 21 km,R=1.06 at 23—
24km, R=1.04 at 25km, an®=1.02 around 28 km. Above jjj) During winter the night-to-night variability in

30km we mostly observei <1.01. stratopause region and mesosphere is high.

Part of the winter data show a comparatively warm
stratopause.

We will address these topics in more detail later. To reduce
3 Seasonal variation of temperatures from observed the night-to-night variability we have calculated monthly
data mean profiles, averaging e.g. all January nightly mean ob-
servations of the different years to a single profile. Figure 4
The lidar observations at ikhlungsborn were performed and Table 1 show the monthly mean profiles and their stan-
throughout the five years whenever weather conditions aldard deviations (based on nightly averages). First we concen-
lowed. 266 nights of lidar operation between June 2002 andrate on absolute temperatures. In the lower stratosphere be-
July 2007 are used for this study, each of at least 3 h and upween about 10 and 30 km two seasons can be distinguished:
to 15 h combined operation of K lidar and RMR lidar. With The winter season covers the months November to Febru-
this data set all seasons are covered, but with less soundingsy and is characterized by a temperature decrease with alti-
in winter due to bad weather conditions. Figure 3 gives antude. During the rest of the year there is partly a small range
overview on the distribution of nights throughout the sea-with nearly constant temperatures up to about 25km, but a
sons. Each nightly mean profile shows the temperature irgeneral positive gradient between tropopause and 30 km al-
colour coding. The figure provides also a histogram with thetitude. In several months (independent from season) a small
number of observations per night (e.g. 1 at 7, 9 and 10 Jantemperature inversion is visible above the tropopause. The
uary, and 2 at 15 Januaty,.). Only few periods of abouttwo stratopause in the monthly means is always slightly below
weeks without sounding can be found in Fig. 3. Nevertheless50 km, with the exception of January (43 km) and November
several dates have been sampled more than once within th®2 km). For the mesopause altitude the monthly means re-
five years. Almost all profiles reach an altitude of 100 km, veal two states: Between May and August the temperature
and most of the data extend up to 105 km and above. Only irhas a pronounced minimum at 86/87 km. The mesopause
summer some gaps between 100 and 105 km exist due to thhemperature drops down te144 K in June/July. Compared
limited extension of the K layergska et al.1999. Above  to this, May and August are about 10 and 15 K warmer. Dur-
105 km the number of data points decreases and the seasorinf the rest of the year the mesopause altitude is slightly
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Table 1. Monthly mean temperatures [K] between 2 and 104 km from all soundings longer than 3 h.

altitude  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(km]

104 167.2 162.2 165.1 166.7 - - - 1784 1745 1764 — —
102 1720 1675 1645 169.1 1716 183.6 1784 1708 168.7 175.3 - -
100 1784 170.3 168.7 1665 166.6 1765 176.1 1781 1727 1786 178.2 165.8
98 1834 1743 1709 167.7 1651 1734 1695 1760 176.6 1805 1774 1684
96 1869 176.1 1755 166.9 162.6 168.9 168.3 1734 1783 1827 1821 1714
94 1903 1789 1793 168.7 161.2 1638 164.2 1724 1810 1854 1855 1740
92 1948 1821 1824 1711 1604 1579 160.7 1714 1850 1876 1906 177.8
90 198.2 1856 1844 1739 158.8 152.0 156.2 171.1 188.2 190.6 196.8 181.7
88 2025 1875 1854 1759 1553 1471 1509 167.8 188.6 193.2 200.7 186.3
86 206.0 1909 1884 178.8 1545 1458 1476 1634 1874 1955 2039 190.7
84 208.2 196.6 1939 183.7 1619 1525 1553 1659 188.0 1974 209.0 198.0
82 2108 2029 1969 1888 1710 160.6 162.7 1734 1933 2021 213.7 2049
80 212.7 2089 2013 1953 1786 1689 169.7 1795 1939 2039 219.7 209.5
78 2135 2135 2046 1994 186.0 177.0 176.3 183.6 1951 2047 2215 211.9
76 216.0 216.8 2089 204.0 193.7 1851 1834 1883 1971 206.7 2226 2141
74 2189 2198 214.2 2083 2015 1935 1908 194.2 199.2 2116 2249 2169
72 221.0 2232 219.2 2127 209.6 202.6 199.3 200.5 2027 217.6 227.0 218.8
70 2219 2276 2241 2179 2164 2118 208.2 207.2 2074 2233 2289 2195
68 2226 2303 229.1 2239 223.7 2208 2175 2149 2126 2279 230.0 221.6
66 224.8 2325 2339 2299 2312 2299 226.9 2227 2188 231.3 233.1 225.6
64 2284 236.6 238.6 236.0 2384 2385 2349 2305 2257 2340 236.5 230.1
62 2315 241.0 2422 2417 2451 246.2 2427 238.0 2322 2374 2412 2341
60 236.9 2450 246.0 247.0 250.8 253.0 2495 2455 239.1 2402 2452 2405
58 2424 2485 2494 2524 256.1 258.6 256.1 251.8 2452 2444 248.2 246.8
56 246.8 251.7 2529 256.7 2614 2640 261.3 2572 251.1 248.0 250.7 251.1
54 2514 2545 256.2 2613 2653 268.2 2651 2619 2558 251.1 252.8 258.5
52 2541 2582 2589 264.6 268.2 2709 2684 2654 259.2 253.6 254.0 267.5
50 258.3 2609 260.7 266.8 270.0 2722 2705 2674 261.6 2552 253.8 2745
48 263.3 2612 2611 268.1 271.0 273.0 2713 268.0 2624 256.0 2528 279.0
46 265.6 2594 260.2 2671 2714 2723 2709 2669 2615 2549 250.0 277.0
44 267.1 257.3 258.1 265.1 269.2 270.7 268.2 264.7 259.3 2527 246.1 272.8
42 267.2 2535 2535 2611 264.8 267.1 263.6 260.8 2554 2485 2404 262.7
40 263.7 246.4 248.3 2552 259.1 261.3 258.8 2559 250.5 243.1 233.7 250.6
38 256.4 238.6 243.1 2489 2535 2551 253.6 2505 2453 237.6 226.2 239.2
36 246.6 230.8 237.7 2424 2472 2494 248.1 2452 239.7 2321 219.7 2278
34 2354 2229 2322 2359 2405 2433 2428 239.6 2343 2269 2140 216.8
32 2234 2155 2272 230.0 2339 2375 2377 2354 230.1 2214 208.7 208.4
30 2138 2123 2234 2251 2292 2337 233.8 2314 2264 218.7 206.7 204.7
28 2078 2106 2203 221.7 2252 230.0 230.6 2286 2235 216.5 207.3 2025
26 2054 209.7 2173 2199 2224 226.7 2275 2264 2212 2152 2100 2025
24 2044 2106 216.0 219.2 2211 2246 2251 2241 219.8 2146 211.8 205.1
22 2053 211.7 2159 2193 2209 2235 2251 2227 219.1 2141 2133 2074
20 206.0 214.0 2154 2195 2214 2237 2249 2229 2188 2149 2142 210.7
18 207.8 213.8 2152 219.1 2211 2229 2243 2216 2176 2149 2150 2118
16 209.9 2150 2154 2194 2211 2225 2243 2209 216.1 2147 2156 2139
14 211.8 2159 2147 2189 221.7 2220 2240 2209 2153 2154 2158 213.9
12 2113 2145 2128 216.6 2200 2218 223.6 2218 2179 2165 216.2 2127
10 2145 216.2 217.0 219.7 223.0 2285 2317 229.7 2283 2221 2217 219.1
8 226.7 226.0 230.8 2342 237.0 243.7 2477 2446 2438 2353 2323 2345
6 2425 2393 2469 250.6 2525 2595 263.0 259.3 259.3 2499 246.5 250.7
4 257.7 2525 260.7 265.0 266.3 2719 2748 2712 2716 262.6 259.9 2644
2 2640 2681 265.0 273.3 2753 2833 2815 2864 2851 2726 2754 2818
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Fig. 4. Monthly averages of nightly mean temperatures between drid km altitude. The horizontal bars denote the standard deviations
of the nightly mean temperatures (i.e. natural variability but not statistical uncertainties).

above 100 km, and by this partly not covered by the monthly The standard deviations of the nightly means also have
means. We point out here that the transition between both pea distinct altitudinal and seasonal variation (Fig. 4). The
riods is very fast (see below), i.e. a mixed state does not existariability is generally larger in winter and smaller in sum-
in terms of monthly means. Earlier observations describe twaner. The strongest seasonal effect occurs in the upper strato-
local temperature minima in spring and autumn seasonal avsphere and lower mesosphere where the standard deviation
erages, when data from the two mesopause states are mixedhries by a factor of~4-10 (cf. Rauthe et a).2008. The
These situations are described as double temperature mininfagh variability in winter is mostly due to planetary wave
or double mesopause (cf., eShe et al.1993 Berger and  activity and inter-annual variability. The altitudinal varia-
von Zahn 1999. Our monthly mean profiles do not show a tion also depends on season. Between January and May the
double mesopause. Mesopause observations within individstandard deviation initially decreases with altitude around
ual nights are described later. the stratopause and increases again abeG8km. Be-
tween October and December only a small range of reduced
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window, red line: harmonic fit.

variability in the mesosphere can be found. Additionally, here uses at first an annual variation due to the changing illu-
there is an obvious decrease in the standard deviation in thmination from the sun. A semi-annual harmonic is added due
upper mesosphere in November and December. The higto some dynamic processes like the observed stratospheric
variability in the range between 70 and 80 km, is due to so-warmings that are of different phase as the solar irradiance.
called mesospheric inversion layers (MIL) (see, e.g. reviewA quarter annual component has been added to identify the
by Meriwether and Gerrard2004 and strong gravity and characteristics of the remaining variations. It will be shown
tidal waves, remaining in the nightly mean profiles even afterlater that this harmonic is only of minor importance. In sum-
integration of up to~15h. Further analysis of gravity wave mary we use a harmonic equation of the form

signatures in our lidar observed temperatures is presented by

Rauthe et al(2006 2008. The analysis of MIL is outside T'(z, 1)=Ao+A1- COSw1-(r — ¢1)) + A2

the scope of this paper. -CoSwyz-(t — ¢2))+A3z- COSw3-(t — ¢3)) 1)

with Ag(z) mean temperature at altitudg ¢ time in
4 Harmonic fit of temperatures days, A;(z) andg;(z) amplitudes and phases of the annual

(i=1), semi-annuali£2) and quarter-annual<£3) variations.
The night-to-night variability implies some difficulties to ex- a)i:% describes the frequency, with the period (in days)
tract an undisturbed representative temperature structure farf the different variations.
our location even with our extended data base. We compare At 30km the night-to-night variability of temperatures
the seasonal dependent night-to-night and interannual variis generally small (standard deviatiorB—5K, cf. Fig. 4).
ability for different altitudes (30, 65, 74, 87 km) in Fig. 5. Only during the winter season (October—March) the temper-
The individual nightly mean temperatures are given as singleature deviates by up to 25K from the mean due to plane-
dots. Additionally, the figure shows smoothed and fitted datatary wave activity. The temperatures vary strongly with sea-
of the temperature. We have chosen a Hanning filter withson with a peak-to-peak value 25 K. In the lower meso-
+30d width to eliminate all variations with scales shorter sphere at 65km the seasonal variation is strongly reduced
than about one month. A representative mean temperature isompared to 30 km, i.e. itis smallest compared to all altitudes
calculated by harmonic fits. Harmonic fits inherently provide below 100 km. By this, the seasonal variation is partly lower
some periodic seasonal variation. The harmonic fit presentethan the night-to-night variation at this altitude. The latter
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a fast increase of temperatures at 87 km is observed. The
cold summer season is much shorter than the winter. In win-
ter the night-to-night-variability at 87 km is about as large
as in the mid-mesosphere, whereas the summer variability is
increased compared to lower altitudes. The harmonic fit re-
produces not only the general behaviour of temperatures at
87 km altitude, but also the fast transitions in April and Au-
gust as well as the temperature minimum in June/July. The
temperature minimum of144 K occurs nearly at summer
solstice around day 169 (18 June).

The fitted data allow to determine the slopes of the tem-
perature changes within a particular altitude. The seasonal
variation is more or less asymmetric at all altitudes displayed
in Fig. 5. At 30 and 74 km the temperature change in spring is
slower than the autumn change (about 0.15 K/d-a® K/d
in spring,—0.2 K/d and 0.25 K/d in autumn, respectively). At
87 km spring and autumn slope are similas0(5 K/d). This
slope results in a temperature decrease (increase2K
within a single month. The fast temperature change leads
to the formation (back-formation) of the summer mesopause
within a couple of days in spring (autumn), without a double
mesopause structure in the monthly means.

At 65 km the slope is different due to the low seasonal vari-
ation. Here the average temperature decrease between mid of
Fig. 6. Temperature structure between 1 and 105 km altitude fromMay and mid of September is0.1 K/d, followed by an in-
harmonic fits with annual, semi-annual and quarter-annual variatiorcrease until November. The change of the slope in Septem-
(a) and difference of the observed structure and the fit regijts ber/October is too fast to be captured by the harmonic analy-

sis. For the other seasons the fit reveals nearly constant tem-

peratures at 65km. We will examine amplitudes and phases
is strongest in winter, related to mesospheric cooling eventsf the different harmonics later in more detail.
accompanying stratospheric warmings. The average temper- Figure 6 shows a) the fitted climatological mean temper-
ature at 65 km decreases continuously in time by about 10 Kature structure for the whole range between 1 and 105km
between June and September, followed by a fast increase ft Kithlungsborn and b) the difference between the observed
10K till the end of October. The Hanning filtered data setsand fitted temperature structure. The data of Fig. 6a are tab-
shows some strong variation between October and Januanylated in the supplemethttp://www.atmos-chem-phys.net/
but this data set obviously does not represent a mean sta®7465/2008/acp-8-7465-2008-supplement.pithis pub-
but is affected by the high variability and a bad sampling duelication for intervals of 10 d and 3 km, the altitude-dependent
to weather conditions. The harmonic fit eliminates this signa-fit parameters are described below. The fit results from an-
tures of the smoothed time series, while the observed nightlyyual, semi-annual and quarter-annual harmonic fits as de-
averages are still nicely reproduced. In other words, the fitscribed above. The dipole structure in summer with a warm
ted time series can be anticipated as the best representatigummer stratopause and a cold mesopause is clearly visible.
of the data and as a mean state in a climatological sense. The temperature in the stratosphere has a clear annual vari-

At 74km a distinct seasonal variation is again obvious. ation with a minimum in winter. Above the stratopause the
The peak-to-peak value is about 30 K with the minimum in amplitude of the seasonal variation decreases and the phase
summer as expected for the upper mesosphere. The nighteverses, producing a nearly isothermal layer around 65 km.
to-night variability is generally higher than below, but still In the upper mesosphere the isolines of temperatures clearly
about four times higher in winter than in summer. Again, show the asymmetry in the seasonal variation with a faster
the smoothed time series shows some variations that arautumn transition. A downward progression of the cold
partly due to a bad sampling in winter, while the harmonic phase is indicated between 55 and 105 km. The prominence
fit nicely represents the winter data. The largest seasonabf the warm winter stratopause is strongly reduced compared
variation is observed in the region around 87 km altitude.to the single observations displayed in Fig. 3 (265 K to about
In average it is up to about 50K, with the difference be- 300K in single nights), but the temperature increase from
tween extreme values being much higher (nearly 100 K). Inautumn to winter is still clearly visible. In Sect. 5 we will ex-
April and May the temperatures decrease fast and are miniamine the altitudes and temperatures of the stratopause and
mal in the high summer at June/July. Conversely, in Augustmesopause as the most remarkable features of the temper-
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amplitude of the cosine-function exceeds 1 K.

ature structure above ifalungsborn. Figure 6b shows the monic component is of only minor importance. The annual
difference between the observed nightly mean profiles (cfcomponentin the upper mesosphere has a phase maximum in
Fig. 3) and the harmonic fit. The differences are smoothedwinter due to the higher winter temperatures. Around 65 km
in time by a+10 day Hanning filter to yield a better visual- there is a fast phase shift by about 4 months due to the sum-
ization of the differences. In general the harmonic fit nicely mer dipole character of the stratopause and mesopause. Be-
represents the general features of the observed temperatul@v 55 km the annual component is always in the summer
structure. There are neither altitude ranges nor seasons witbhase with only slight shifts in the order of one month. At the
a bias between the pure observations and the fit. For modtopopause a distinct phase jump of one month is observed,
of the seasons the difference is less than 5K at all altitudestesulting in a phase maximum near the end of July. The tro-
Only in winter larger differences occur. As the differences pospheric and stratospheric phases can be explained by the
are both negative and positive they are mostly due to natuinfluence of the sun. The tropospheric weather reacts with
ral night-to-night and year-to-year variability, i.e. planetary a delay of about one month to the changing solar elevation.
wave activity. In December and January a slight cold-bias ofThe stratosphere is more radiatively controlled especially by
the fitted temperatures in the stratopause region and a warnihe absorption of light by ozone. The phase of temperature
bias in the mesosphere exist, indicating that the highly vari-changes synchronously to the sun. The winter phase maxi-
able temperature structure in the stratopause region can nohum in the upper mesosphere is independent from the solar
be described in full detail with our harmonic analysis. irradiation. It is well known that the mean temperatures in
Amplitudes and phases of the annual, semi-annualthe upper mesosphere are more dynamically than radiatively
and quarter-annual components vary strongly with altitudecontrolled.
(Fig. 7 and Table 2). The annual component dominates The phase maxima of the semi-annual component are e.g.
nearly at all altitudes. It is largest at 85 km altitude with an at the end of March around 85km and at the end of June
amplitude of nearly 28K (i.e. peak-to-peak value of 56 K). around 45 km. In the stratopause region the phase is clearly
Other maxima are found in the lowermost mesosphere, thelue to the two maxima in stratopause temperatures in sum-
mid-stratosphere and the troposphere. The semi-annual conmer and winter. In the region between 80 and 90 km there is
ponent is strongest around 43km and 87 km. The quarterno direct geophysical reason for the phase maximum. Here
annual component is always small and its amplitude doeshe phasing produces the fast temperature change in spring
not exceed 3 K. Therefore, generally annual and semi-annuand autumn. The quarter-annual component is always small,
variations are sufficient to describe the seasonal variation aas described above. However, its phase is strongly coupled
all altitudes. to the phase of the semi-annual fit. This gives reason for the
In Fig. 7b we have plotted the phase maxima (i.e. the day@sssumption that the quarter-annual variation has no own geo-
where the temperature is maximal) for every altitude wherephysical cause but occurs as a higher harmonic.
the amplitude of the fit exceeds 1K. In the other regions the A remarkable similarity also exists in the phase velocities
phases can not be estimated exactly and the particular haof the different harmonics. Nearly always negative phase
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Table 2. Parameters of the harmonic fit with annual, semi-annual and quarter-annual variation. The phase describes the day with maximum
temperatures.

altitude annual Amplitude [km] Phase [d]

[km] mean annual 1/2-annual 1/4-annual annual 1/2-annual 1/4-annual
104 173.8 8.1 5.7 1.0 220.5 167.2 74.6
102 1722 3.0 4.0 15 242.0 164.5 25.8
100 1734 43 25 1.2 279.2 12.2 26.2

98 174.2 5.8 1.7 0.4 317.6 36.4 41.3
96 175.0 8.8 2.3 0.2 333.3 50.5 79.5
94 175.9 11.9 3.9 0.4 342.3 67.6 74.1
92 1771 155 6.1 0.5 346.6 74.1 66.7
90 178.2 19.3 8.2 0.5 348.7 78.2 49.6
88 1785 23.7 9.1 0.4 351.3 80.9 8.9
86 179.5 27.1 9.3 1.7 355.7 84.8 0.9
84 184.2 26.4 7.4 2.3 359.4 86.4 3.4
82 190.0 24.6 6.5 1.8 358.6 89.0 6.5
80 195.0 22.5 5.0 1.2 362.9 94.0 16.0
78 198.7 19.8 3.9 0.8 1.4 98.7 26.0
76 202.8 17.2 3.0 0.6 6.5 103.9 32.1
74 207.7 15.2 2.6 0.9 9.8 116.7 35.3
72 2129 125 2.8 1.0 12.7 128.7 37.1
70 218.1 9.4 2.9 11 17.9 132.6 36.2
68 223.2 5.9 3.0 15 32.1 133.8 34.9
66 228.6 3.6 3.0 14 65.0 140.0 38.6
64 234.2 37 2.8 14 107.9 146.5 44.5
62 239.6 4.8 2.8 1.6 136.5 151.5 484
60 2449 5.8 2.7 1.6 148.7 160.0 52.1
58 250.0 6.4 2.7 1.2 156.0 165.4 53.5
56 2544 7.3 2.7 1.2 161.8 167.4 56.3
54 258.4 7.4 2.9 11 162.8 169.4 59.3
52 261.7 6.9 3.2 1.2 162.3 173.1 64.9
50 264.1 6.1 3.6 11 159.0 176.9 70.3
48 2654 5.2 45 1.2 152.8 178.4 80.1
46  264.6 53 4.9 14 149.9 179.9 86.5
44 262.6 5.2 5.3 1.9 144.0 181.9 90.2
42 2584 55 5.4 2.0 141.6 25 2.1
40 2525 6.2 5.0 2.2 147.7 7.0 5.8
38 246.0 7.4 4.1 2.2 155.4 12.1 8.1
36 239.2 9.1 3.3 2.0 162.5 18.9 8.7
34 2323 10.8 25 1.9 168.6 30.1 8.9
32 2259 12.7 24 1.3 174.2 48.7 7.3
30 2217 13.1 21 0.8 178.1 58.7 0.6
28 218.7 12.8 2.2 0.5 180.8 64.9 89.7
26 216.9 11.5 1.8 0.2 183.4 70.9 88.6
24 216.2 10.0 1.5 0.2 183.6 79.5 67.7
22 216.2 8.9 1.2 0.1 182.0 78.3 65.6
20 216.9 8.0 0.7 0.0 181.9 82.9 35
18 216.8 6.9 0.1 0.3 181.0 1345 23.0
16 217.1 5.8 0.6 0.7 174.8 165.6 22.2
14 2173 5.1 1.0 1.2 174.1 168.2 23.7
12 217.0 5.3 0.9 0.8 195.4 172.4 25.3
10 2225 7.7 1.1 0.3 2115 13.3 75.6
8 236.1 9.7 11 11 207.4 19.4 86.0
6 251.3 10.0 0.8 1.8 203.9 13.6 87.2
4 2645 8.8 0.7 2.0 200.9 176.2 87.6
2 276.0 9.0 21 15 216.8 0.1 66.1
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Fig. 8. Altitude (top) and temperature (bottom) of the stratopause (left) and mesopause (right). Dots: results of the nightly mean temperature
profiles, red line: results from the fitted temperature structure.

velocities are observed, indicating a top-down propagation ofas stratopause/mesopause. It should be noted that especially
temperature phenomena. The phase velocities of the semthe mesopause can not always be identified from our data set
and quarter-annual component are abe@t4km/d in the (individual points and fit), as temperatures in winter partly
whole range between 45 and 90 km. The same is true for thélecrease up to the top of the profiles.
annual component between 70 and 90 km. The altitude of the stratopause is nearly constant through-

out the year. It varies between 47 and 49 km without any

clear seasonal cycle. The altitude of the temperature max-
5 Seasonal variation of stratopause and mesopause imum in individual nights might differ by up te~10km

from the “climatological” stratopause. The differences are
The continuous set of temperature profiles between 1 andargest in winter and connected with stratospheric distur-
105km allows to observe the stratopause and mesopaud#nces and polar vortex shifts. In contrast to the altitude of
by the same instrumental technique. Even though our obthe stratopause its temperature has a clear semiannual cycle
servations cover also the tropopause region, we have to agvith a winter maximum due to the stratospheric disturbances
knowledge that other data sets like radiosonde climatologieglready mentioned above. The summer stratopau8&§ K)
provide a much better resolution at this heights. Therefords slightly warmer than the winter stratopause266 K).
we concentrate on the stratopause and mesopause, with theéMso the spring/autumn minima in stratopause temperatures
temperatures and altitudes shown in Fig. 8. The temperaturare not identical, but autumn temperatures more than 5K
extrema calculated from the nightly mean profiles are plottedower. Looking at the seasonal variation of stratopause tem-
as single data points in black. Nightly means are still affectedperatures maxima occur around solstices, while minima are
by different kinds of waves (gravity, tidal, planetary) which before (spring) and after (autumn) equinoxes.
reduces e.g. the comparability with other data sets and mod- Mesopause altitudes vary by about 15 km throughout the
els. Therefore we also plotted the fitted temperature field (redsear. This variation is by far not harmonic but can be rep-
line) and interpret only these as stratopause and mesopausesented with a bi-stable state with the mesopause being in
Additionally, the identification of the stratopause is limited the lower level for about 120 days between May and Au-
to the altitude range 30—-60 km and of the mesopause to 75gust and in the higher leve102 km) for the rest of the
105 km in order to avoid false interpretations. Within theseyear. Within the summer months a slight altitude decrease
ranges the absolute temperature extrema will be interpretefom 87 to 85km is observed, caused by the temperature
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Fig. 9. Difference of fitted lidar observations and reference data
sets. Above the yellow line the NRLMSISE-00 is used as reference
below ECMWF-analyses.
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ferences especially in the summer mesopause re@ma (
etal, 2008. In this region a known bias exists in many satel-
lite measurements of temperature (€fitepov et al. 2006.

For further comparisons we refer to the discussion section of
this paper.

In Fig. 9 the differences of the lidar temperature profiles
and the combined NRLMSISE-00/ECMWF data set are plot-
ted. For the lidar data the result of the harmonic fit (see
Fig. 6) is taken as reference. ECMWF analyses are available
for every single day and 00:00, 06:00, 12:00, and 18:00 UT.
We have selected the 00:00UT profiles for all nights to
get the most unbiased comparison. From NRLMSISE-00
the climatological data set for our location is used. The
NRLMSISE-00 temperatures are mostly higher than the Ii-
dar observations by up t925K (typically 10 K). Only for a

short period after summer solstice the reference atmosphere

shows lower temperatures than the mesopause region in our
observations. In summary, the temperatures around 87 km

decrease (shrinking) in the upper mesosphere during sumare too hlgh in the reference data set and the phase of the
mer. The transition between the upper and lower mesopausg€asonal variation is shifted by a couple of days. In the
level is nearly instantaneous and an intermediate state pragiratopause region the high temperature difference in win-
tically non-existing. Only within single nights the tempera- ter is most obvious. Especially in the beginning and end of
ture minimum is found between 90 and 95 km. But here ef-winter the lidar observed temperatures are higher than the
fects of gravity and tidal waves have to be taken into accountanalyses of ECMWF. This is partly due to some suppres-
which might remain in the data even after some hours of ob-Sion of stratospheric warming events in the analyses data
servations. The temperature of the mesopause changes mo%ét, as also revealed from direct comparison of individual
continuously, especially in summer when the mesopause iECWMF-profiles and simultaneous lidar data (not shown).
low. The temperature minimum of144 K occurs around On the other hand the lidar-observed temperatures may be
day 169, i.e. a few days before summer solstice. The transibiased to higher values due to some incomplete sampling in
tion to the upper-level-period of the mesopause is smooth an@inter. Nevertheless this effect is reduced by the harmonic
the temperatures during that time more variable. Betweerdnalyses (cf. Fig. 6) and will be further reduced by additional
September and April the mesopause temperature shows rgPundings in future winters. Overall, the difference in winter
distinct seasonal variation but is in average roughly constanstratopause temperatures is a combined effect of underesti-
at ~170K with high night-to-night variability. Overall, the mation of stratospheric disturbances in the ECMWF data set
temperature of the mesopause changes throughout the yeafd overestimation due to incomplete lidar sampling. In the

by ~30K, i.e. much less than the temperature variation atother periods and height ranges no obvious bias exists and
about 87 km. the differences are mostly around 5K or less.

The lidar-MSIS differences for the region below about
70 km (not shown here) are partly lower than the lidar-
ECMWEF differences. Especially in the winter stratopause
region the NRLMSISE-00 data show only5 K lower tem-

The temperature profiles observed aboughkingsborn by  peratures. On the other hand the NRLMSISE-00 is warm-
lidar are compared with other data both on a climatologicalbiased in the upper stratosphere by up-foK for the rest of
and an event basis. In the following we compare our datahe year. The differences between lidar and NRLMSISE-00
with the most recent reference atmosphere NRLMSISE-OQdecrease towards the tropopause region. The general picture
(Picone et al.2002 above~65km and the meteorologi- is comparable to the results 8EHch et al (2008 for 69° N,
cal analyses from the European Centre for Medium Rangewith their difference about twice as large compared tol$4
Weather Forecast (ECMWF) below. The ECMWF model as-
similates various observations from satellites, balloons and
groundbased stations. By this they provide the most repre—7
sentative data set for the troposphere and stratosphere. AboYe . : ' : . .

: . 1 this section we first provide a general discussion about our
that region observations and model results have been summa- .
. i . methods. In the second part we compare our results with
rized in the NRLMSISE-00 climatology. Recently we have . : . .

; ._other observations based on lidar and satellite soundings.

compared our data also with temperature data of the FTS in-
strument onboard the ACE-SCISAT satellite and found dif-

6 Comparison with climatologies and analyses

Discussion
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7.1 General discussion run during day and night for at least part of the period de-
scribed here (cfFricke-Begemann anddffner, 2005. We
The temperature data set presented here contains 266 obségave evaluated the daily (24 h) means and the nightly means
vations (more than 1850 h), covering all seasons of the yeageparately. E.g. for the month of June we found slightly
with reasonable resolution. Each observation is longer tharmower temperatures in 24h compared to nighttime-only in
3h, and only profiles extending from the troposphere to thethe whole range between 85 and 95 km, e.g~yK in the
lower thermosphere are taken into account. By the averag90 km region (not shown here). This average temperature
ing procedure gravity waves of 3 h, partly up to about 12 hprofile might still be biased towards the nighttime-mean as
period are smoothed out. The harmonic fit additionally re-only about 1/3 of all sounding hours are obtained during day-
moves effects of planetary waves, especially arising in theight. For the region below 85km the RMR lidar at our site
winter season. We have shown recently by comparison withas a too bad signal-to-noise ratio during daylight to get con-
Noctilucent Clouds around 83 km that our temperature protinuous temperature profiles. In order to present a data set
files are free from significant systematic errors at least inwith the same time base for the whole altitude range we have
the upper mesosphere and mesopause re@erd{ng et al. limited this study to the nighttime soundings. The bias in-
2007h. The profiles are also corrected for the effect of duced by this method is small, as the tidal effect &t§4s
aerosols which would induce an increasing bias below abousmall compared to the latitude of 40f44 where the obser-
30 km (Gross et a].1997 Faduilhe et a.2009. Behrendt  vations ofStates and Gardn¢2000 and Yuan et al.(2008
et al. (2004 describe a lidar system using the rotational Ra-are performed (e.gdagan and Forbef002 2003 Huang
man technique also well above 30 km altitude, i.e. includinget al, 2006.
the whole aerosol layer. For typical aerosol conditions above |n summer the elastic backscatter received by the RMR li-
20 km both methods should yield correct temperature prodar can be affected by additional NLC aerosol scattering be-
files, with the statistical uncertainty of the rotational Ramantween 80 and 85 km. This would result in strong warm/cold
temperatures being higher than the uncertainty of the datgiases at the lower and upper edge of the NLC, respec-
presented here. Furthermore, our method requires less lasgyely (Gerding et al.20074. To avoid this error we have
power and/or telescope area. carefully removed all NLC signatures in single profiles with
Our observations support the concept of the two level (bi-8(532>0.1-10"1%m~1sr 1. The remaining error induced by
stable) mesopause with a lower altitude in summer and aery weak and sporadic NLC on the nightly mean tempera-
higher level during the rest of the year (e$he and von ture profiles is much weaker than the statistical uncertainty
Zahn 1998. As a minor difference the start of the summer and therefore negligible3erding et al.20075).
period in our observations (2002—-2007) is about two weeks
later than in the earlier soundings (1996-1997) presented by.2 Comparison with other observations
She and von Zah(1998. We will come back to this topic
in Sect. 7.2. A double mesopause structure with an inversiomhere are only very few comparable data sets of aerosol
layer in between is reported I8tates and Gardn€000 for backscatter ratios or similar quantities above 20 Kmmm
nighttime monthly means at 40l based on 2 years of lidar et al. (2003 compile a data base of SAM II, SAGE I, and
soundings. Our data set reveals no indications for a douPOAM II/lll aerosol profiles. For our latitude they find no
ble mesopause even in spring and autumn as the temperatudéstinct seasonal variation but typically lower aerosol load
change around 87 km altitude is fast enough to establish omside the vortex than outside. Also our data with increas-
abolish the lower mesopause state within a few weeks. ing backscatter ratios during the central winter period sug-
The most important drawback of the data set presente@est some causal connection with the position of the vortex.
here is the limited diurnal coverage. Some effects of diur-Unfortunately, the data base®fomm et al(2003 shows no
nal tides on the true daily mean may remain, as the data preresults above 30 km and even above 25 km the observational
sented here are obtained only during the nigBtates and error becomes increasingly important. Other lidar soundings
Gardner(2000 describe some major differences in the tem- from mid-latitudes confirm our results on higher backscat-
perature structure during day and night as measured by theter ratios in winter, even if the absolute numbers are slightly
lidar between 80 and 105 km at4#. In general the profiles smaller than oursvaughan and Warein@004. The aerosol
covering the whole day are warmer than the nightly meanssoundings demonstrate the necessity of correction methods
below~91 km and colder between 91-100km (b K and  for Rayleigh temperature retrievals in the 30 km range and
~3K, respectively). By this the whole temperature structurebelow. Otherwise the atmospheric temperature may be un-
in the mesopause region is changed, and the season withderestimated.
low mesopause level is shortened. A recent studyuan Comparisons of our temperature observations with other
et al. (2008 for the month of April reveals higher tempera- experimental data sets are limited to partial height ranges, as
tures during the night above 88 km, and slightly lower tem- other soundings typically do not cover the whole range from
peratures (less than 4 K compared to full-diurnal data) bethe troposphere to the lower thermosphere. Temperature
tween 84 and 88km. The K lidar at our station was alsosoundings in the mesopause region are performed at our site
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since July 1996. Results of the first year of observations are Huang et al(2006 examine the signatures of the Quasi-
presented bghe and von Zah(L998. The authors describe Biennial-Oscillation (QBO) and the Semi-Annual Oscilla-
a seasonal temperature variation generally similar to our retion (SAO) in the TIMED/SABER data between 48 and
sults. Nevertheless there are differences in the mesopaugks® N. The amplitudes and phases of the SAO in the meso-
temperature and the amplitudes and phases of the particisphere near 438\ are similar to the results presented here.
lar harmonic components. The summer mesopause temperd@he smaller SAO amplitudes near 85km and near 45 km
tures decrease by about 10K from 1996/1997 to 2002—200are most probably due to the latitudinal differences. In other
(this data set), whereas the mesopause altitude remains umwords, the occurrence of stratospheric warmings should de-
changed. The reason for this temperature decrease remainsease with decreasing latitude. We note also that our study
open, as we can not distinguish from our data set between af seasonal variations show a dominating annual oscillation
general trend, a solar-cycle dependency or larger-scale varat nearly all altitudes.
ability. The increase of the amplitude of the annual variation The dominance of the annual variation is confirmed by
in the 95 km-region (3 K to 10K for 1996/1997 and 2002- the studies oShe et al(1995 andLeblanc et al(1998 for
2007) might also be due to a long-term variation, as there isighttime soundings in the range 30-105 km &ften et al.
some tendency for increasing amplitudes in this range if we(2000 for day and night soundings between 80 and 105 km.
form subsets of our database (not shown here). Minor differ-The latter present differences of amplitudes of annual and
ences occur in the phases of the harmonic fit and the summeyemiannual variations using diurnal means or nightly means
mesopause altitude. These can be explained by the differerthat are typically less than 25%. In general the amplitudes
lengths of the data sets. We note here again$hatand von  at Ft. Collins (42 N) are slightly smaller than at our loca-
Zahn (1999 describe only one complete annual cycle (88 tion for both the annual and semi-annual variati@hén
observations between July 1996 and August 1997) while ouet al, 2000. Similar numbers are taken from the combined
soundings cover about 5 years (266 soundings, June 2002soundings at Ft. Collins and Observatoire de Haute Provence
July 2007). (44° N), covering the range 30-105 kn$tie et al. 1993

Xu et al. (2007 examine the global mesopause structureLeblanc et al. 1998. Here an additional maximum in the
with temperature profiles from the SABER instrument on- semi-annual component around 60 km has been found, which
board the TIMED satellite for the period February 2002 to is not visible in our data at 3N and also not in the SABER
February 2006. They find the nighttime summer mesopauseélata presented bjluang et al(2006 for 44° N. Both stud-
at the latitude of Kihlungsborn around 83 km at tempera- ies show similar phases of the annual component compared
tures of 145-150K, i.e. 3—4 km lower than the mesopause iro our observation. The phase of the semi-annual variation
our observations, but at nearly the same temperature. Thiat 41/44 N is shifted by a couple of days towards earlier
mesopause altitude difference between lidar and SABERimes. The studies oBhe et al.(1999 and Leblanc et al.
data is confirmed byXu et al. (2006 for the latitude of (1998 shows additionally remarkable reversal in sign of the
41° N. SABER as well as our lidar data give a decrease ofphase velocity around 80 km that is not found at our loca-
mesopause altitude during the summer. During the othetion. In general we interpret the differences in amplitudes
seasons the SABER mesopause is around 100km at tenfdecreasing with decreasing latitude) and phases as latitudi-
peratures of~180 K. Again, our observations show a higher nal differences in temperature structure due to the residual
mesopause. But the mesopause temperature observed by thele-to-pole circulation.
lidar is about 10K lower. Both data sets agree in the slower For the stratopause region annual and semi-annual compo-
transition between summer and normal state in spring comnents are derived from SAGE Il satellite based observations
pared to autumn. for different latitude bandsBurton and Thomasqr2003.

The SABER mesopause altitudes are in agreement witlThe most suitable latitude band is centred arourfd\6MHere
the model results of the TIME-GCMX{ et al, 2007. But  the annual amplitude is about twice as large as our results,
the summer mesopause temperatures in the model are as lomhile the semi-annual component is only half. This differ-
as ~130K which is about 15K below both our lidar and ence can be explained by the large integration range of the
SABER observations. Such low temperatures and the IowSAGE Il analysis, covering about 2(n latitude. Phases are
mesopause altitude would strongly affect phenomena likeagain similar to our observations.
Polar Mesospheric Summer Echoes and Noctilucent Clouds. Comparison with other latitudes reveals the position of our
However, from our simultaneous lidar soundings we foundsite at the edge between polar and mid-latitudes. Above we
generally good agreement between temperatures and NLGiave compared our results mainly with observations between
NLC appeared at the lower edge of the supersaturated ad0° N and 44 N, where several lidars exist. Towards the
titude range and no NLC has been observed during toaorth the observational sites get sparse. Nevertheless a com-
warm periods Gerding et al.2007ha). The deficiencies of  parison is made for different specific features of the middle
the TIMED/SABER temperature data in the polar and mid- atmosphere.
latitude summer mesopause region are at least partly due to
the non-LTE retrieval as revealed Bytepov et al(2006).
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The summer mesopause temperature is decreasing from Seasonal temperature variations at mid-latitudes have al-
mid-latitudes towards the north pole. At#40° N the sum-  ready been published before (e3he and von Zahr1998
mer mesopause temperature is about 167 K as recently puth-eblanc et al. 1998. In our study we have extended the
lished from full-diurnal data byruan et al.(2008 for the existing data set strongly and have concentrated on the lati-
period May 2002 to April 2006, i.e. comparable to our tude of 54 N. This latitude range is of particular importance
sounding period. Our data reveal nighttime temperatures ofs it connects polar phenomena like Sudden Stratospheric
~144 K while Libken (1999 report 129K for 69N. Re-  Warmings (SSW) and Noctilucent Clouds (NLC) with mid-
cent observations dfioffner and lilbken(2007) show sum-  latitudes. In summer the mesopause temperature is as low
mer mesopause temperatures as low~d20K at 78 N. as~144K, i.e. the existence of ice particles is possible for
The same studies show that differences between summex couple of weeks and in a small altitude range between
and winter mesopause temperatures increase with latitudebout 85 and 90 km. In winter temperature profiles are also
The differences are about 10K, 25K and 60 K~at0° N, affected by Stratospheric Warmings and Mesospheric Cool-
54° N and 78 N, respectively. The increasing differences are ings. Due to this transient phenomena the standard deviation
mostly due to decreasing summer mesopause temperatured, the nightly mean profiles in January is as large as 20K
while the winter mesopause temperatures are more constaat 40 km altitude and the winter stratopause temperature is
at ~175-190K. The summer mesopause temperatures arabout as high as in summer.
due to a wave driven upwelling that is much stronger in polar Regarding the vertical temperature structure our study
regions compared to lower latitudes. As mentioned beforegenerally confirms the findings akblanc et al(1998 who
the Kilhlungsborn latitude of 34N is at the edge of the polar combined observations from different stations to get a tem-
region, with the slope of summer mesopause temperaturegerature field between the stratosphere and the lower ther-
being steeper towards lower latitudes1(7 K/deg) than to- mosphere. Nevertheless there are distinct differences due to
wards higher latitudes<1.2 K/deg). our more “polar” location. We have used harmonic fits of
Also the date of lowest temperatures show some remarkthe temperature field at any altitude bin to reduce effects of
able variation with latitude. While the lowest temperaturesnatural variability and incomplete sampling of the seasonal
at ~40° N and also at 54N (this site) are reached around temperature distribution. Overall, the harmonic fit of annual,
or shortly before summer solstice (cf. fit results given by semi-annual and quarter-annual variation nicely reproduces
Leblanc et al.1998 States and Gardneg2000), they appear the observed temperature structure. Typically, the differences
at polar latitudes 1-2 weeks after summer solstidébken between observed and fitted temperatures are less than 5K
1999 Hoffner and Liibken 2007). It remains an open ques- and are due to the above mentioned natural inter-annual and
tion why the minimal temperatures are reached earlier in timeday-to-day variability. The influence of SSW on the tem-
in mid-latitudes, as the upwelling from the best of our knowl- perature profiles is reduced, but the result of the harmonic
edge starts in polar regions. analysis still shows a semi-annual variation in stratopause al-
Stratopause temperatures show only small variations witHitudes. The semi-annual amplitude is about as large as the
latitude. Summarizing the observations at 42/M4Leblanc  annual variation with maximum in summer.
et al. (1999 present a summer stratopause temperature of Comparing amplitudes of the different harmonics, the an-
280—290 K. This is about 10K higher than the observationsnual variation is always dominating and nea#ig7 K in the
at 5& N (this data) and at 6N Schich et al.(2008. At mesopause region. The quarter-annual variation is small-
all latitudes winter stratopause temperatures are influence@st, with amplitudes of less than 3K. In the MLT (meso-
by stratospheric disturbances, resulting in only slightly lower sphere/lower thermosphere) region70-100 km) the am-
temperatures compared to the particular summer data. plitude of the annual and semi-annual variations are larger
than observed at mid-latitude stations arountiNl(Leblanc
et al, 1998, but much lower than e.g. observed near 90 km
8 Conclusions and summary at polar latitudes of 78N (Hoffner and lilbken 2007). The
annual variation is driven by the residual pole-to-pole circu-
We have described the temperature structure of the Earth'fation, which has largest effects in the polar regions. Ac-
atmosphere at 3NN and its seasonal variation in the whole cordingly, the slope of mesopause temperatures with latitude
altitude range between 1 and 105 km (troposphere to loweis larger equatorward of our site compared to the poleward
thermosphere). The study is based on about six years of oldirection. This again demonstrates the importance of our ob-
servations, i.e. 266 nights of 3—15h sounding time (totally servations at the edge of the polar region.
nearly 1900 h). We have compiled a unique data set of un- From the harmonic analysis we yield a downward propa-
interrupted profiles that are observed by the same techniqugation of temperature changes, with a phase velocity of about
(lidar). For the first time temperature profiles have been com—0.4 km/d between 45 and 90 km altitude (semi-annual) or
bined from Raman-, Rayleigh-, and resonant backscatter libetween 70 and 90 km altitude (annual). This reveals the gen-
dars at the same location, providing comparable spatiotemeral importance of waves for the seasonal temperature varia-
poral resolution over the whole altitude range. tion. Additionally, the phase jump of the annual component
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around 65km describes the transition between the radiaBerger, U. and von Zahn, U.. The two-level structure of the
tively driven stratosphere (warm summer) and the dynami- mesopause: A model study, J. Geophys. Res., 104, 22083-
cally driven MLT (cold summer). 22093, d0i:10.1029/1999JD0900389, 1999.

The temperature variation at stratopause heights is rough@urton, S.P.and Thomason, L. W.: Molecular density retrieval and
symmetric to the solstices. The stratopause temperature €mperature climatology for 40-60 km from SAGE I, J. Geo-
has a semi-annual cycle with maxima in winter and sum- _ PhYS: Res, 108, 4593, doi:10.1029/2003JD003605, 2003.

. .. . . Chen, S., Hu, Z., White, M. A., Chen, H., Krueger, D. A, and She,
mer (266K and 276K, respectively) and minima in spring C.-Y.: Lidar observations of seasonal variation of diurnal mean

and autumn (2§3K and 257K, respectively). The average temperature in the mesopause region over Fort Collins, Colorado
stratopause altitude is nearly constant throughout the year, (41° N, 105 W), J. Geophys. Res., 105, 1237112 379, doi:10.
varying only between 47 and 49km. The mesopause has 1029/2000JD900045, 2000.

been identified at temperatures as low as 144 K in summeEska, V., Hffner, J., and von Zahn, U.: Upper atmosphere potas-
and about 170K in winter. The mesopause altitude varies sium layer and its seasonal variations at B4 J. Geophys. Res.,
between~102 km in winter and 86/87 km in summer, with 103, 29207-29 214, doi:10.1029/98JA02481, 1998.

a transition phase of about two weeks or less. This shargaduilhe, D., Keckhut, P., Bencherif, H., Roberta, L., and Baldy,
transition allows to identify a “summer season” (indicated S. St_ratospheric temperature monitorin_g using avibrationaI_Ra-
by a low mesopause) with a length of about 120 days. The man_lldar— Part 1: Aer9sols and ozone interferences, J. Environ.
temperature minimum of the summer mesopause is observe'griMon't" 7, 357-364, doi:10.1039/b415299a, 2005

around dav 169. i.e. nearly at summer solstice. This is com- cke-Begemann, C. anddffner, J.: Temperature tides and waves
y v y ) near the mesopause from lidar observations at two latitudes, J.

parable to measurements neaf M but in contrast to the  Geqnhys. Res., 110, D19103, doi:10.1029/2005JD005770, 2005.
observation of a 1-2 week phase shift at higher latitudes.  friedman, J. S. and Chu, X.: Nocturnal temperature structure in
Our data set reveals some discrepancies compared to the the mesopause region over the Arecibo observatory (2835
most recent NRLMSISE-00 reference atmosphere and satel- 66.75 W): Seasonal variations, J. Geophys. Res., 112, D14107,

lite observations. The MSIS temperatures are generally too doi:10.1029/2006JD008220, 2007.

high in the whole range between 70 and 105km and forFromm, M., Alfred, J., and Pitts, M.: A unified, long-term, high-
nearly all seasons. The available satellite observations show latitude stratospheric aerosol and cloud data base using SAM Il,
the largest discrepancies in the summer mesopause region. SAGE I, and POAM 1l/lll data: Algorithm description, data
Here they provide typically too low temperatures and a too Zgzz %‘2’_?801”2'g?ggogggggozlg% ;.O(C)aseophys. Res., 108(D12),
low mesopause, which are e.g. not in agreement with IOCabarcia ’R R-' bynamics radiation a,nd pho.tochemistryinthe meso-
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. . L ) sphere: Implications for the formation of noctilucent clouds, J.
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