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Abstract. From 1997 to 2003, noctilucent clouds (NLC) 90km and are bound to the existence of water vapor in com-
were observed by lidar above the ALOMAR observatory in bination with very low temperatures. The latter can reach
Northern Norway (69N) during a total of 1880 measure- values as low as 130K, which is considerably lower than the
ment hours. This data set contains NLC signatures for 640 hradiation equilibrium temperature, leading to the formation
covering all local times, even during the highest solar back-of ice particles.

ground conditions. After data limitation imposing a thresh-  After their discovery in the 1880s, first detailed studies
old value of 4<1071°m~tsr! for the volume backscatter regarding the appearance and properties of NLC were ini-
coefficient of the NLC particles, a measure for the cloud tiated by ground-based observers using the nakedlegs¢
brightness, local time dependencies of the NLC occurrencel887). During the 1960s this method was renewed, leading to
frequency, altitude, and brightness were determined. On aviong data sets of 33 and 40 years for observations from north-
erage, over the 7 years NLC occurred during the whole daywest Europe Gadsden1998 and Moscow Romejko et al.

and preferably in the early morning hours, with a maximum 2003, respectively. These data series include information
occurrence frequency 6f40% between 4 and 7 LT. Splitting about the seasonal and interannual variation of NLC occur-
the data into weak and strong clouds yields almost identicatence frequency and brightness. Because observation condi-
amplitudes of diurnal and semidiurnal variations for the oc- tions are limited to the time after dawn when the Sun still illu-
currence of weak clouds, whereas the strong clouds are donminates the NLC region, this method cannot provide insight
inated by the diurnal variation. NLC occurrence, altitude, asinto the behavior of the cloud layers during daytime. In the
well as brightness, show a remarkable persistence concerrcourse of technological development other methods for NLC
ing diurnal and semidiurnal variations from 1997 to 2003, research, have become available, like rocket-borne, satellite-
suggesting that NLC above ALOMAR are significantly con- borne, as well as ground-based instruments. While in-situ
trolled by atmospheric tides. The observed mean anti-phaseechniques are capable of measuring various parameters with
behavior between cloud altitude and brightness is attributedhigh temporal and spatial resolution inside the observation
to a phase shift between the semidiurnal components byolume, e.g. Goldberg et al.2001), remote-sensing instru-
~6h. Investigation of data for each individual year regard- ments are able to investigate NLC on a long-term basis. NLC
ing the prevailing oscillation periods of the NLC parameters have been studied successfully from space by various satel-
showed different phase relationships, leading to a complefites (Donahue et a]1972 Thomas et a).1991;, Hervig et al,
variability in the cloud parameters. 2002; Shettle et a].2002 Carbary et a].2003 DeLand et al.
2003, giving evidence that the particles consist of water ice

Keywords. Atmospheric composition and structure (cloud . . : X :
physics and chemistry) — Meteorology and atmospheric Oly_and are found in both hemispheres at middle to high latitudes

namics (Middle atmosphere dynamics) during summer.
Since the first detection of a noctilucent cloud by active

optical remote sensing in 198Bl&nsen et al.1989, the Ii-
dar technique plays an increasing role in NLC research, as it
1 Introduction combines long-term observations with high sensitivity, pre-
cision, as well as reproducibility for determination of cloud
Noctilucent clouds (NLC) are the highest clouds of the parameters. From lidar observations it is possible to derive
Earth’s atmosphere and a visible sign of the extreme conthe size and shape of NLC particles, as well as the horizontal
ditions at the polar mesopause region. They occur duringstructure of cloud layersvon Cossart et 31.1999 Baum-
summer at high latitudes in an altitude range between 80 angarten et a.2002ab). Additionally, multi-annual monitor-
ing of NLC at a given location has shown the variability of
Correspondence tal. Fiedler occurrence frequency and layer parameters within the season
(fiedler@iap-kborn.de) and as a function of year§igdler et al. 2003 2004.
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NLC observations on a regular basis by lidar require a lo-
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calculated. For better readability we will use the term bright-

cation well inside the polar cap of their usual occurrence, theness as a synonym for the maximum vaRjg,, of the alti-

border of which is around 60or the Northern Hemisphere
(Gadsden1998. Measurements at these high latitudes dur-
ing summer require daylight capability of the lidar systems,
which are only featured in a few statiordller et al, 1997,
Chu et al, 2003 Thayer et al. 2003 Fiedler et al. 2003
Hoffner et al, 2003. Even less of them are able to cover the
noon period with sufficient signal quality.

Observations at ALOMAR (69N) during 1997 showed
significant tidal signatures for NLC altitude as well as
backscatter ratio with dominating semidiurnal variations
(von Zahn et al.1998. Measurements at the South Pole

tude profileByrc(z) and will give B-values always in units
of 10019m~1sr 1, unless otherwise stated. The NLC alti-
tude is described by its centroid valye

From the time resolution of 167 s defined by the data ac-
quisition we calculate 14-min means and check these profiles
for a minimum required signal quality/ AS>2 at 55 km al-
titude, whereAS is the corresponding measurement error.
The verified data are searched for NLC signatures which
results in 2 data sets containing total and NLC measure-
ments, respectively. Following this procedure, from a total of
1880 measurement hours between 1997 and 2003 noctilucent

during the 2 seasons, 1999-2000 and 2000-2001, also indtlouds have been observed during 640 hours, which is, to our
cated strong diurnal and semidiurnal variations of these paknowledge, the most extensive lidar acquired NLC archive.

rameters but with different phase relatio@h( et al, 2003.
Here we report on the diurnal variability of NLC occurrence

More detailed information regarding the data processing can
be found inFiedler et al(2003.

frequency and layer parameters, as seen above ALOMAR

between 1997 and 2003.

2 Instrumentation and data analysis

The ALOMAR Rayleigh/Mie/Raman (RMR) lidar is an ac-
tive remote sensing instrument for investigation of the Arc-
tic middle atmosphere during day and night. It is located
at the island of Andgya in Northern Norway (@9, 16° E)
and operated on a routine basis to measure relative de
sity profiles and aerosol properties in the stratosphere an

noctilucent clouds which is done from 1 June to 15 Au-
gust since 1997. For the measurements reported here

troscopy. At the receiving side a 1.8-m diameter tele-
scope (field-of-view 18@rad), in combination with a double
Fabry-Perot interferometer having an effective spectral band
width of about 4 pm (FWHM) is used’¢n Zahn et a].2000.
These methods result in the ability to detect NLC during all
local times of the Arctic summer.

The photodetector records photons emitted by the Iidal)l;

d;

mesosphere. One of the major tasks is the observation g

we
use a frequency-doubled Nd:YAG laser at 532 nm, Whoseth
wavelength is actively stabilized by iodine absorption spec-

3 Observations

The temporal distribution of the total lidar measurements on
different time scales is given in Fid, indicating a good cov-
erage for our NLC investigations. The ratio of time NLC
over total measurements results in the occurrence frequency
of noctilucent clouds. We have arranged the data for local
times (LT), which is universal time (UT) plus 1 hour and it
differs from local solar time only by 4 min. Figutshows

he hourly mean values of the occurrence frequency for the
cumulated data from 1997 to 2003. On average, over 7
years NLC occur during the whole day and preferably in the
early morning hours.

The upper panel of Fig2 shows curves for 2 different
resholds of3,,,, which limits the cloud brightness to cer-
tain classes. The value 6f,,.>0 means all NLC observed
during the considered time period, wherggs,, >4 limits

the data set to clouds having a brightness observable during
all local times, even under less favorable measurement con-
ditions. This data set is independent of the solar elevation
which was addressed in detail kiedler et al(2003 for the

ears 1997 until 2001 and also holds for the later years. To
e unaffected by the NLC detection efficiency variation, only

and backscattered from air molecules and NLC particles aYata for B,ua. >4 will be used. Note that we ignore 30% of

a function of altitudez and sunlight scattered by the at-

the NLC observations by this method. We find the maxi-

mosphere. After subtraction of both solar background an%um occurrence of brighter NLC with approx. 40% between
thermionic emission of the detector an altitude profile of the4 and 7 LT, followed by a steep decrease to values around

total backscatter signd(z) is obtained. The ratio of the
measured total backscatter sig§é&t) and the molecular sig-
nal Sy (z) yields the backscatter rati®(z) as a measure for
the presence of NLC particles:

R(z) = S@ _ Pu@ + Bnic(@)
S Su(@ Bum (2)

whereBy (z) andByc(z) are the volume backscatter coeffi-
cients for air molecules and NLC particles, respectively. Us-
ing air densities fronk libken(1999 to derive By (z) at the
lidar location, the volume backscatter coeffici@at, ¢ (z) is

1)

18% from 9 to 23 LT.

The lower panel of Fig2 shows the occurrence frequen-
cies of weak B,,,,,=4—7) and strong £, >13) NLC fol-
lowing the brightness definitions iRiedler et al.(2003.

Both weak and strong clouds have the morning maximum
but the weak ones have a clear second maximum during the
afternoon. Harmonic fit$'(¢) to the data regarding periods

of 24 as well as 12h have been done using the following
equation:

= Ao+ A 2 A G 2
F(1) = Ao+ Ag2c0s E(I—¢12) + A24€05 ﬂ(l—¢24) (2
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efficients of 0.81 and 0.97 for the weak and strong clouds,
respectively. While the diurnal and semidiurnal amplitudesFig. 3. Diurnal variation of NLC altitude (red circles) and
of the occurrence frequency of the weak clouds are almosbrightness (blue circles) above ALOMAR for the integrated

identical (A24/A12|=1.03), the strong clouds show a domi- data set from 1997 to 2003. Only clouds brighter than
nating diurnal variation|{ 4/ A12|=2.18). Bimax>4x10"10m=1s~1 are included. The vertical bars repre-

L . . sent the 95% significance limits of the hourly mean values, and the
For further characterization of the properties of noctilucent y,shed curves are harmonic fits to the data.

clouds we use their brightness and altitude, expressed by the

maximum value of the volume backscatter coefficignt.

and the centroid altitude,, respectively. Figur8 shows  (|A24/A12|=1.27) as a function of local time. The correla-
the diurnal variation of these parameters for the accumulatedion coefficients for altitude and brightness fits are 0.91 and
data set from 1997 to 2003. The vertical bars represent th€.85, respectively, which indicates that the mean variation is
95% significance limits of the hourly mean values, each con-well described by these periods. On average, over 7 years the
taining between 8 and 33 measurement hours. Both diurnalariations of NLC altitude and brightness are in anti-phase,
and semidiurnal components are substantially responsible fore. brighter clouds occur at lower altitudes than less bright
the variations of altitude|f24/A12/=0.78) and brightness clouds.
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Fig. 4. Harmonic fits of the residual variations of NLC altitude (red) and brightness (blue) above ALOMAR for each individual year between
1997 and 2003. The fits to the hourly mean values are allowed for the 3 strongest oscillation periods. The thir®pariddke correlation
coefficients of the fits are shown at the lower part.

To gain more insight into this persistent behavior, we in-4 Discussion
vestigate each individual year regarding the prevailing oscil-
lation periods of the NLC parameters. All local times have As a consequence of the data reduction method used here, we
good data coverage with a maximum of three missing hoursjetermined local time dependencies of the NLC occurrence
per day in 2001. Figurd shows a composed time series of and properties which are not affected by a variable cloud de-
the residual variations of altitude and brightness. The har-[ection efﬁciency caused , for examp|e, by Changes in solar
monic analysis of the hourly mean values was done for eactg|evation or atmospheric transmission.
year separately and we allowed the fits for the 3 strongest The significant and persistent diurnal variation of the NLC

oscillation periods which were determined using fast Fouriery . rrence frequency above ALOMAR, as determined from

transformations. All years contain the 24- and 12-hour pe”'integration over 7 seasons (Fig), is not observed at the

ods and show a variable third one. The latter reaches value§0uth Pole, where during 2 seasons NLC occurred more

of 4.8, 6.’ o_r.8 h apd Ensures a sufficient description of t_heor less constantly with 70% during the whole day, except
data variability which is indicated by the correlation coeffi- o oak petween 13 and 14 UTHu et al, 2003. These

cients at Fig4. The strong anti-phase variations of altitude gigerences could be explained by different supersaturation
and _br_lghtneg,s during 1997 which were attributed to a S_tabl%onditions at the NLC altitudes of both locations. Model cal-
semidiurnal tide bwon Zahn et al(199§ are clearly visi- ¢ 1ations predict increasing supersaturation due to decreas-
ble. However, the following years reveal the more complexj,g temperatures in the mesopause region towards higher lat-
nature of the cloud parameters’ variability: itudes Berger and von Zahr2002), leading to more robust
mean conditions for the formation of ice particles. As a re-
1. Tendencies toward an in-phase behavior between altisult temperature fluctuations on time scales of several hours
tude and brightness (e.g. 1998), should have less impact on the dynamics of the NLC occur-
rence at higher compared to lower latitudes.

2. Different dominating periods between altitude and NLC data obtained by naked eye observations were inter-
brightness (e.g. 1999, where the brightness is maimypreted differently regarding signatures of a diurnal \_/arlat|on
controlled by a diurnal variation, unlike the altitude), ~ ©f the cloud occurrence. The data set was acquired from

locations at northwest Europe and is related to clouds well
south of the pole region; the mean latitude of the southern-

3. Both parameters are considerably influenced by shortemost edge of NLC is 60 Unlike Schivder (2000, Gads-
periods (e.g. 2003: 6 h and 4.8 h for altitude and bright- den (1998 determined a slight evening/morning asymmetry
ness, respectively). in the occurrence frequency of NLC, skewed to the morning
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hours. _Ta_k'ng into a(‘:coun_t thg Ilmlted_qbservatlon Flmes dueTable 1. Mean diurnal and semidiurnal components of NLC alti-
to restrictions by the illumination conditions of the visual ob- y,4e [km] and brightness [T39m~1sr~1] above ALOMAR and
servers, our maximum between 3 and 6 LT support the findthe South PoleGhu et al, 2003. The data sets contain 7 NLC sea-
ing of Gadsder{1998. sons at ALOMAR and 2 seasons at the South Pole. Phases refer
Like the NLC occurrence, the 7 years integrated data ofto minimum absolute values and are given in LT and UT hours for
NLC altitude and brightness show a remarkable persistencALOMAR and the South Pole, respectively. The brightness ampli-
of the diurnal variations. Tabl& shows the mean diurnal tudes for the South Pole data are converted (see text).
and semidiurnal components of NLC altitude and brightness

above ALOMAR and the South Pol€ku et al, 2003. Due Ao A1 $12  A24 $24
to thg penod_lcr[y pf the harmpmc fits we chose such_ COM-  A|OMAR  Bax 111 15 650 1.9 415
binations which yielded positive values for the amplitudes Ze 831 032 088 025 —5.68
and minimum absolute values for the phases. Additionally, south Pole Bpax 214 22 —-441 1.9 -2.71
the brightness amplitudes at the South Pole were converted Ze 84.9 0.15 —-4.98 0.21 5.57

from 374 nm to our observation wavelength of 532 nm using
Eqg. (4) inFiedler et al(2003. Now we have calculated the

phase differences between altitude and brightness for both
locations and wave components. The absolute values of the

phase shifts between the diurnal components of altitude angIC mesosphere/lower thermosphere (MLT) region from mea-
brightness for each location are comparable (8—10 h), but the P P 9 .
urements of a ground-based radar network. They find for

shifts betvyegn the semidiurnal comp'onents are different. A he altitude region between 80 and 100 km a distinct 12-h os-
ALOMAR it is nearly half of the period (5.62h), whereas cillation in the wind data and conclude from the zonal wave
there is only a negligible shift (0.57h) at the South F)OIe'numbers that this behavior is mainly related to the semidi-

This accounts for the ALOMAR-South Pole difference in rnal tidal wave, which propagates westward following the
the relationship between altitude and brightness, and show ' propag 9

the high sensitivity of the observed overall behavior to theapparent motion of the Sun.
phase difference of their semidiurnal waves. Comparing the NLC occurrence frequency and brightness
Calculations with the COMMA/IAP model, a 3-D general Of our 7-year averaged data set between 18 and 20 LT we
circulation model of the middle atmosphere, including sim- find an interesting relationship. The enhanced occurrence of
plified ice particle microphysics, show that the diurnal and Strong NLC (magenta circles in Figb) during this time pe-
semidiurnal change in NLC altitude and brightness is dueriod is associated with a reduced occurrence of weak NLC
to the local time-dependent behavior of the synoptic verti-(green circles in Fig2b), which is compensated in the over-
cal background wind which, in combination with the actual @ll occurrence (black filled circles in Figa). At the same
value of the sedimentation velocity, decreases the downwardme enhanced brightness values are observed (blue circles in
progression of the particleBérger and von Zahr2002. Fig. 3). Presumably we see an increase in the particle sizes
The consistent set of atmospheric parameters used for modvithout simultaneously an additional supply of small parti-
eling of the existence and transport of ice particles, indeecdt!€s. This would only redistribute the memberships in the
produces a phase shift between the (tidal caused) variationgrightness classes, leading to modified occurrences within
of altitude and brightness for the latitude of our measure-€ach class, without a net change in the occurrence.
ments. The value of3 h, however, is fairly in the middle of In Fig. 5 the diurnal and semidiurnal wave parameters
the observed mean conditions above ALOMAR (anti-phase(A24, A12, ¢24, ¢12) Of the NLC altitude and brightness fits,
7 years mean) and the South Pole (in-phase, 2 years meashown in Fig.4, are displayed. The amplitude of the alti-
(Chu et al, 2003. tude varies between 200 and 800 m during phase variabili-
The persistence in the variations of both the NLC occur-ties of about 5 h for each wave component. Except for 1998,
rence and properties within our integrated 7-year data set atthe phase of the semidiurnal component of the altitude re-
gues strongly for tidal effects. Consequently, one should exmains remarkably stable within 2h during 6 years, which
pect comparable diurnal variations of NLC parameters alongs again an indication for the tidal driven particle properties
the circle of latitude which, however, is not observed by theabove ALOMAR. In general, the phase shift of the semidi-
Rayleigh lidar at Sondrestrom, Greenland(Bl7 51° W). At urnal components during each year varies between 3 and 6 h
this location a strong influence and continuous presence ofsee distance of filled circles in Fifc), which tends to result
gravity waves seems to mask tidal influences on the observeih an anti-phase relation of altitude and brightness. Only in
NLC parametersThayer et al.2003. According to model 2002, whereGoldberg et al(2004 found an unusual sum-
calculations involving the microphysics of the NLC parti- mer mesopause circulation and thermal structure, the phases
cles, the authors found that, in particular short-period (2—are almost identical. The resultant in-phase behavior of both
3 h) gravity-wave activity reproduced the behavior observedNLC parameters during this year is slightly hidden by the al-
in the ensemble cloud properties. These waves, howevetjtude periodP3(Az) of 4.8 h, see Figd. During 1998 the
tend to destroy NLCRapp et al.2002. Portnyagin et al.  phase shift of the semidiurnal waves turns out to be 3 h. Ad-
(2004 investigated the wind regime parameters at the Arc-ditionally, the phase shift of the 8-h waves, present in altitude
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ations from the anti-phase behavior between the NLC alti-
- tude and brightness and the corresponding variability are yet
N unknown. Obviously the altitude of the ice particles seems
to be the more straightforward parameter of the clouds com-
pared to the brightness, which is a result of complex growth
processes and their time constants. We expect a better un-
I derstanding of these relationships by extended model calcu-
N lations based not only on climatological means but also on
- reanalysis data of tropospheric and stratospheric altitudes for
- taking into account, for example, large-scale internal gravity

, , , , , , L waves and planetary waves.

1997 1998 1999 2000 2001 2002 2003

A(Az,) [km]
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o
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