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A comparison is made between ground-based observations of noctilucent clouds (NLCs), obtained with
a network of automated digital cameras, and Aura satellite data (the MLS instrument). The Aura data
(water vapor and temperature) demonstrate reasonable values around the summer mesopause
fostering NLC formation in June through August, when supersaturated air conditions occur. The
temperature decrease leads, in general, to ampliﬁcation of the NLC brightness. The 2- and 5-day
planetary waves, extracted from the Aura temperature ﬁeld, have deﬁnite inﬂuence on the brightness
variations of NLCs. The temperature behavior around the summer mesopause at 601N demonstrated a
remarkable feature, namely, in 2007 the minimum of a Gaussian ﬁtted seasonal temperature variation
was observed, on average, 14 days earlier and was broader than the corresponding minimum in 2008.
The different temperature climatology resulted in different seasonal variation of NLCs in 2007 and
2008; in particular, the maximum of a Gaussian ﬁtted seasonal variation of the NLC brightness cycle in
2007 was advanced by 12–29 days relative to that in 2008.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The highest clouds in the Earth’s atmosphere are noctilucent
clouds (NLCs) formed around the mesopause in the 80–90 km
altitude range. These clouds are a beautiful nighttime optical
phenomenon occurring during the summer months at mid- and
high latitudes. NLCs consist of water ice particles of 30–100 nm in
radius that scatter sunlight and thus NLCs are readily seen against
the dark twilight arc from late of May until September (Gadsden
and Schröder, 1989).
Satellite observations have discovered polar mesospheric
clouds (PMCs) covering the entire polar mesopause region above
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a 701 latitude during summertime (Donahue et al., 1972). Sometimes, some ‘‘patches’’ of PMCs (similar to icebergs from a
continent) extend to mid-latitudes and become visible from the
Earth’s surface as NLCs. But it is poorly understood so far what
characteristic sizes of such patches are and which processes are
responsible for their formation.
Planetary atmospheric waves are one of the major players in
the middle atmosphere producing strong disturbances of the
basic state of the atmosphere. The temperature disturbances of
1–8 K due to planetary waves (Espy and Witt, 1996; Pogoreltsev,
1999) yield a correlation between the probability of NLC appearance and the combined effect of stationary, 16- and 5-day
planetary waves (Kirkwood and Stebel, 2003). The 5-day period
in NLCs has been detected using ground-based observations from
Western Europe (Gadsden, 1985; Kirkwood and Stebel, 2003).
Dalin et al. (2008) have demonstrated a clear inﬂuence of the
2- and 5-day planetary waves on the occurrence frequency,
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geographical distribution and brightness variations of NLCs
observed with a network of automatic cameras located along a
55–561 latitude circle around the globe.
The signatures of the 2- and 5-day planetary waves were also
observed in PMCs from satellite data (Merkel et al., 2003, 2008).
The authors have used the SNOE satellite and TIMED (SABER
instrument) spacecraft data to observe PMCs at high latitudes
68–801 and retrieve temperature variations, respectively. Merkel
et al. (2008) have found that during the 2002 and 2003 summer
mesosphere seasons the temperature perturbations due to 2- and
5-day waves were small (2.0–3.5 K), but had a signiﬁcant effect
on the PMC brightness variation. Von Savigny et al. (2007) have
reported on simultaneous measurements of the quasi 5-day wave
in NLCs and the mesopause temperature. Their analysis has
employed the Envisat satellite limb scattering measurements to
detect NLCs/PMCs in the latitude band between 601 and 801 and
the Aura satellite data to measure the mesopause temperature.
They have found that for some periods (before and around the
solstice) the quasi 5-day wave signatures in NLCs were likely
caused by quasi 5-day wave signatures in the temperature ﬁeld.
Also, von Savigny et al. (2007) have noted high variability of NLCs
(2–3 days) for certain intervals of the 2005 NLC season and
questioned whether this variability may be related to the 2-day
planetary wave.
In the present paper, for the ﬁrst time, we compared groundbased observations of NLCs with the hemispheric network of
automatic cameras and the Aura (the MLS instrument) satellite
data to obtain information on humidity and temperature regime
as well as to retrieve the planetary wave propagation around the
mesopause in summer of 2007 and 2008.

2. Data source
After several years of experience in Moscow and Novosibirsk
(Russia), an international network started to work in 2004 in
Moscow, Novosibirsk and Lund (Sweden) to continuously monitor
NLCs. This network has been extended for successive years, and at
present it includes cameras situated in Port Glasgow, Scotland
(551N560 ; 041W410 ), Athabasca, Canada (541N440 ; 1131W190 ),
Kamchatka, Russia (531N040 ; 1581E370 ), Novosibirsk, Russia
(541N520 ; 831E060 ), Moscow, Russia (561N000 ; 371E290 ), Vilnius,
Salakas and Vidiskes, Lithuania (average coordinates 551N000 ;
261E000 ), Aarhus, Denmark (561N100 ; 101E120 ) in 2007 and 2008.
Each camera operates from the end of May until middle of August
and takes images every 1 min at night during high NLC season
(June 10–July 25). The detailed description of the network of NLC
cameras and operation schedule can be found in Dalin et al.
(2008). The most important feature is that these NLC cameras are
located along approximately the same latitude circle of 55–561.
Such geographical camera locations provide comparable NLC
observations (due to equal twilight illumination conditions, as
well as very similar physical conditions in the mesopause since
temperature, vertical and horizontal winds are latitude dependent), and provide us with the possibility to study the NLC
activity on continental scales, including effects due to gravity
and planetary waves.
The following characteristics of NLCs are included into the
resulting statistics for a given season: time of appearance and
disappearance of NLCs, brightness, morphological forms of NLCs,
weather conditions. The NLC brightness is visually estimated on a
traditional 5-point scale. Detailed description of estimating the
NLC parameters can be found in Romejko et al. (2003). Note that
weather conditions are of importance for the NLC statistics, and
we carefully select nights with good and bad weather in order to
determine a real absence of NLCs on a given night.

Another data source is the Microwave Limb Sounder (MLS)
instrument onboard the NASA Aura satellite which is currently
operating (Waters et al., 2006). On 15 July 2004, Aura was launched
into a near-polar (981 inclination), sun-synchronous orbit 705 km
above the Earth, with ascending and descending equator-crossing
times at 13:45 and 01:45 local time, respectively. The orbital period is
about 100 min. Since the Aura orbit is nearly ﬁxed at solar local time,
Aura makes measurements for a given point in the atmosphere twice
a day (ascending and descending transversals); the number of orbits
per day is around 14.6. The temperature and water vapor data of the
MLS instrument from 1 June to 15 August 2007 and 2008 are used in
this study. The description on the MLS temperature product and its
validation can be found in Froidevaux et al. (2006) and Schwartz et al.
(2008). The validation of water vapor data is described in detail
by Read et al. (2007) and Lambert et al. (2007). The Aura/MLS data
ver.2.2 were obtained from the NASA public web-site: http://disk.sci.
gsfc.nasa.gov/Aura/data-holdings/MLS/ml2t.002.shtml.

3. Methodology of the data analysis
It is important to note that the Aura data (and data of any
satellite) are discrete and asynchronous in nature, the universal
time of an observation and longitude is mutually dependent;
satellite’s orbital tilt results in irregular sampling between ascending and descending nodes (Salby, 1982). Also, since the number of
orbits per day is non-integer, there is a phase drift of the longitudinal nodes for any particular latitude circle for subsequent
days. Besides, data voids usually exist. To overcome many of these
problems one can make an interpolation of asynoptic satellite
observations in space (in longitude and latitude) and time on a
ﬁxed grid, retrieving a twice-daily sequence of synoptic maps
(Rodgers, 1976); this technique is employed in the present paper.
We apply a double Fourier transform (in longitude and time)
to the temperature ﬁeld for each latitude (horizontal spacing
in latitude is 1.51) from  501 to + 681 and height from 20 to
110 km. Riggin et al. (2006) have employed the same procedure in
the analysis of the SABER data onboard the TIMED satellite. The
time resolution of a sequence of synoptic maps is 12 h. The
vertical grid is deﬁned on 29 levels, with the vertical resolution
varying from 3 km in the stratosphere to 12–14 km around the
mesopause. Since 15 longitudes are sampled twice a day, the
periodic oscillations with zonal wavenumbers from  7 to 7 are
possible to retrieve, with the Nyquist frequency being 1 day  1.
The time series of temperature amplitude and phase (expressed as a complex amplitude for westward propagating zonal
wavenumber one, W1) is ﬁltered by a 5-pole bi-directional
Butterworth ﬁlter, in the frequency domain that passes periods
between 4 and 7 days, to retrieve the 5-day component. By using
a ﬁlter with complex coefﬁcients, there can be extracted westward traveling waves only; by employing a bi-directional ﬁlter,
the artiﬁcial phase shifts are eliminated. In the same manner,
temperature perturbations due to a westward traveling 2-day
planetary wave of zonal wavenumber 3 (W3) have been obtained
by applying a band-pass ﬁlter to reveal oscillations with periods
between 1.7 and 3.2 days.
The planetary wave analysis has been performed on both the
nighttime and daytime data to get as high temporal resolution as
possible (12 h) to avoid a possible aliasing effect in the Fourier
analysis for the 2-day planetary wave. Thus, time series of
temperature ﬁeld perturbations due to the westward propagating
2- and 5-day planetary wave, as a function of height and latitude,
are derived. Then, only periodic oscillations along a 601N latitude
circle are chosen to be compared with observations of NLCs.
Estimations of the NLC brightness are compared to temperature
disturbances, and ﬁnally the linear regression analysis is employed
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and 301, that is from 71 to 1.31 north of the observer (Fogle and
Haurwitz, 1966). The latitude of 601N is a round number which is
nearest to the apparent geometrical center of the NLC ﬁeld as seen
from 551 to 561. Therefore the MLS temperature data are considered for 601N in the present paper.

to make conclusions on the degree of inﬂuence of the 2- and 5-day
planetary wave on the NLC activity.
The latitude of 601N has been chosen due to the following
reason. It is a well established fact that vast majority of NLCs
observed from the ground are seen at elevation angles between 31
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Fig. 1. The 2007 seasonal behavior of NLC occurrences and NLC brightness as well as the MLS mesopause temperature (black line) and frost point temperature (blue line)
at 0.0046 mb or 85 km at 601N. Nights with NLCs are indicated by scaled points with appropriate digits of the NLC brightness. The red curve is a Gaussian ﬁt in the leastsquare sense to the MLS mesopause temperature. Gaps are due to the Aura data voids on day 194, 219 and 220 of year. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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purposes of validation of the Aura temperature and water vapor
values around the summer mesopause.

Also, the MLS water vapor as well as temperature data sets
have been directly used (without any interpolating and ﬁltering
procedure) to calculate the frost point temperature around the
mesopause, at longitudes closest to each observational site and at
a 601 latitude circle. The estimation of the frost point temperature
is based on a formula presented by Gadsden and Schröder (1989).
The time series of the mesopause and frost point temperature is
directly compared to the NLC brightness variations for each
observational site. Such a direct comparison provides knowledge
on the NLC climatology as well as valuable information for

4. Data analysis
Before we will consider the comparison between the MLS data
and NLC observations, it is necessary to mention the following.
According to Schwartz et al. (2008), the horizontal resolution of
the MLS temperature measurements in the mesosphere is
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Fig. 2. The 2008 seasonal behavior of NLC occurrences and NLC brightness as well as the MLS mesopause temperature (black line) and frost point temperature (blue line)
at 0.0046 mb or 85 km at 601N. Nights with NLCs are indicated by scaled points with appropriate digits of the NLC brightness. The red curve is a Gaussian ﬁt in the leastsquare sense to the MLS mesopause temperature. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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200 km along the line-of-sight (LOS) by 12 km across the LOS.
At the same time, Aura orbit tracks are separated by  1400 km at
601 latitude that means the nearest MLS measurement could be
about 700 km east or west of an observational point in a worse
case. On the other hand, it is also true that the NLC ﬁeld usually
extends over several hundred km along a latitude circle with the
characteristic scale of less than 800 km (Dalin et al., 2006). Since
the horizontal ﬁeld of view of the camera is limited to around 601
(56–631, depending on camera and lens model), only a part of a
real NLC ﬁeld (which in fact is larger) is captured as it travels
through the camera ﬁeld of view. Thus, even if the nearest MLS
measurement could be about 700 km east or west of the observer,
there is a large probability that the MLS measurement fall into the
NLC ﬁeld due to a large extent of the last one. Such spatial
differences (of several hundreds km) are signiﬁcantly less than
wavelengths of planetary waves considered in the present work.
It is necessary to point out another very important issue when
considering a comparison between NLC ground-based observations and satellite measurements. The summer mesopause represents a highly dynamical region of the atmosphere. Indeed, we
always observe gravity waves of different scales in NLCs. Larger
distances do not necessarily mean larger uncertainties (errors) in
temperature because NLCs may readily lie on a successive crest of
medium- or large-scale gravity waves (more than 100 km) with
the same temperature disturbances, which are rather large
around the summer mesopause ( 75–10 K, Rapp et al., 2002).
The Aura measurement is made at 02:30–02:40 solar local
time at 601N on a descending node while NLCs are typically
observed between 23:30 and 04:00 Daylight Saving Time (Time
Zone Local Time (LT)+ 1 h). Thus, taken Aura measurements are
within the time interval of the NLC observation. Temporal
difference of 2–3 h is possible only in the case of short living
NLCs. Nevertheless, this time difference is short compared to long
period atmospheric processes regarded. Since we choose Aura
measurements at the ﬁxed solar local time, the non-migrating
diurnal temperature variations are eliminated. If we take temporal difference of 2–3 h, the temperature difference due to
migrating diurnal tidal amplitudes is expected to be 1.5–2.0 K,
according to assimilation model results (including the MLS
temperature measurements) of Eckermann et al. (2009), who
found migrating diurnal temperature variations of 6–8 K at 601N
at the NLC height. Such temperature variations of 1.5–2.0 K
(if exist) provide rather small source of uncertainty in the analysis
of an individual NLC observation compared to uncertainties of
5–10 K due to gravity waves.

5

4.1. Comparison of the MLS temperature behavior with NLC
observations
For 2007, NLC occurrences and NLC brightness along with the
MLS mesopause temperature (at 0.0046 mb or 85 km) as well as
the frost point temperature for appropriate longitudes is shown
in Fig. 1. The data for Port Glasgow, Athabasca, Novosibirsk,
Moscow, Vilnius and Aarhus are illustrated in corresponding subpanels. The mesopause temperature varies around 145–150 K in
the beginning of June, then drops to 130–135 K between 10 and 30
June (around the solstice) and successively increases to
160–165 K in the middle of August. The amount of water vapor
varies between 3.5 and 6.0 ppmv, yielding variation of the frost
point temperature in the range of 145–147 K during the whole
season.
In general, nights with NLCs (indicated by scaled circles with
an appropriate digit of the NLC brightness) are shown to appear
from the beginning of June until the middle of August. This is a
typical seasonal duration which agrees well with previous observational NLC studies (e.g., Gadsden and Schröder, 1989). The NLC
occurrence frequency is rather low and NLC brightness is faint or
moderate from 1 to 10 June and from 1 to 15 August; moderate
and bright NLC is frequently observed from about 15 June to
1 August that coincides with the general temperature decreasing
from lowest to moderate low values between 130 and 145 K. On

Table 2
Statistical characteristics of a Gaussian distribution ﬁtted to the NLC brightness
variations for 2007 and 2008.
Observational sites in
2007/2008

Mean day (DoY)

FWHM, day 1 and day 2

Port Glasgow 07/08

174.9/190.9
Diff¼ 16.0
175.0/187.0
Diff¼ 12.0
166.9/196.0
Diff¼ 29.1
175.7/190.5
Diff¼ 14.8
181.2/194.0
Diff¼ 12.8
180.0/201.5
Diff¼ 21.5
175.6/193.3
Diff¼ 17.7

151.1–197.7/165.0–216.8

Athabasca 07/08
Novosibirsk 07/08
Moscow 07/08
Vilnius 07/08
Aarhus 07/08
All sites

163.7–186.3/179.0–195.0
134.1–199.7/179.7–212.2
158.4–193.0/172.7–208.4
168.0–194.4/177.4–210.5
174.2–185.8/180.4–222.6
158.3–192.8/175.7–210.9

Table 1
Statistical characteristics of a Gaussian distribution ﬁtted to the MLS temperature behavior for 2007 and 2008. FWHM stands for full width at half maximum. Day 1 and
day 2 stand for the width of a Gaussian ﬁt.
Observational sites in
2007/2008

Mean day (DoY)

FWHM, day 1 and day 2

Minimum T (K)

Port Glasgow 07/08

178.0/182.7
Diff ¼4.7
168.1/181.6
Diff ¼13.5
161.3/181.8
Diff ¼20.5
174.1/184.0
Diff ¼9.9
166.7/183.3
Diff ¼16.6
176.5/181.6
Diff ¼5.1
170.8/182.5
Diff ¼11.7

143.6–212.5/151.0–214.4

137.7/137.8

126.6–209.6/149.1–214.0

139.7/139.7

115.1–207.7/149.4–214.2

139.6/138.1

137.0–211.3/153.2–214.8

138.5/136.7

124.3–209.1/152.1–214.6

139.4/138.8

141.0–212.0/148.4–214.8

138.2/138.0

131.3–210.4/150.3–214.5

138.9/138.2

Athabasca 07/08
Novosibirsk 07/08
Moscow 07/08
Vilnius 07/08
Aarhus 07/08
All sites
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the other hand, there are a number of NLC cases as seen from Port
Glasgow, Novosibirsk, Moscow, Vilnius and Aarhus when the
mesopause temperature is above the frost point temperature.
This fact has also been noted by Dubietis et al. (2010) in the
analysis of the Lithuanian NLC observations and Aura/MLS data.
We provide explanations for this result in the Discussion section.
The comparison between the NLC brightness and MLS temperature for 2008 is presented in Fig. 2. The overall picture is
similar to that of 2007: the majority of NLC start to appear when
mesopause temperatures fall below the frost point temperature,
and on several occasions NLCs were observed from Port Glasgow,
Moscow, Vilnius and Aarhus under unsaturated air conditions. At
the same time, one can note a remarkable difference in the
temperature behavior in 2007 and 2008: the minimum temperatures are observed from 161 to 178 days in 2007, and from 182 to
184 days in 2008, and the apparent time difference is about
10 days.
To quantitatively verify these visual graphical estimations,
Gaussian ﬁts in the least-square sense to the mesopause temperature variations as well as to the NLC brightness data of 2007 and
2008 have been constructed; note that zero NLC brightness
(absence of NLCs on a semi-clear or clear night) has been included
into the statistics. The statistical characteristics of Gaussian curves
for the temperature and NLC season are given in Tables 1 and 2,
respectively; a Gaussian distribution for the NLC brightness is not
shown in Figs. 1 and 2.
A time difference between the statistical minima (statistical
minimum is deﬁned as a temperature minimum of a Gaussian ﬁt)
of the temperature behavior of 2007 and 2008 is evident
from Table 1: for Port Glasgow is 4.7 days, for Athabasca is 13.5
days, for Novosibirsk is 20.5 days, for Moscow is 9.9 days, for
Vilnius is 16.6 days and for Aarhus is 5.1 days. Also note that the
width of Gaussian curves for 2007 is systematically broader by
5–28 days (depending on a site) compared to one for 2008.
Table 2 demonstrates similar time differences between the
statistical maxima of the NLC brightness cycle of 2007 and 2008:

for Port Glasgow it is 16 days, for Athabasca 12 days, for
Novosibirsk 29.1 days, for Moscow 14.8 days, for Vilnius 12.8
days, for Aarhus 21.5 days. It is clear that some prominent event
took place in the inter-annual temperature climatology at the
mesopause, resulted in great time differences of the NLC climatology between 2007 and 2008.
It is worth to consider not only a general link between a
seasonal drop of the summer mesopause temperature and NLC
cycle, but also a relationship between the changes in temperature
and NLC brightness in detail. To characterize this relationship, we
have applied the linear regression analysis for the data at each
observational point (not shown in ﬁgure). This analysis demonstrates distinct negative trends for all the sites for both years
meaning that temperature decrease leads to ampliﬁcation of the
NLC brightness. For 2007, the trends are signiﬁcant for all the
observational points except of Aarhus; for 2008, the trends are
signiﬁcant for Athabasca, Novosibirsk, Moscow and Vilnius, and
are insigniﬁcant for Port Glasgow and Aarhus. To increase the
statistical signiﬁcance, the data of all the sites have been combined together, and regression analysis applied is presented in
Fig. 3. The negative trends are highly signiﬁcant for both years,

Table 3
The correlation coefﬁcient (r) and the square of the coefﬁcient of determination
(R2) between the Aura/MLS temperature variations and NLC brightness for 2007
and 2008.
Site

r

R2

Port Glasgow 07/08
Athabasca 07/08
Novosibirsk 07/08
Moscow 07/08
Vilnius 07/08
Aarhus 07/08
All sites 07/08

 0.45/  0.16
 0.47/  0.55
 0.37/  0.51
 0.37/  0.40
 0.34/  0.54
 0.22/  0.13
 0.38/  0.39

0.20/0.03
0.22/0.30
0.14/0.26
0.13/0.16
0.12/0.29
0.05/0.02
0.14/0.15

All data 2007
165

y= –1.68x + 145.0

160
T[K]

155
150
145
140
135
130
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

All data 2008
155

y= –1.58x + 143.7

T[K]

150
145
140
135
130
125
0

0.5

1

1.5

2
2.5
3
3.5
NLC brightness [points]

4

4.5

5

Fig. 3. Linear regression analysis for the Aura/MLS temperature versus NLC brightness: the upper panel is for 2007, the lower panel is for 2008. The data of all six
observational sites are combined into a single data set for each year.
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Fig. 4. Panel a: the 5-day wave pattern as a function of longitude and time for 2007 from Aura MLS temperatures at 0.0046 mb (85 km). Panel b: the 5-day wave pattern as
a function of height and time for 2007 at 121E. The Local Solar Time is  02:30 and  12:00.

Fig. 5. Panel a: the 5-day wave pattern as a function of longitude and time for 2008 from Aura MLS temperatures at 0.0046 mb (85 km). Panel b: the 5-day wave pattern as
a function of height and time for 2008 at 1081W. The Local Solar Time is  02:30 and  12:00.

indicating that the brightness of noctilucent clouds increases with
decreasing of temperature. This result highlights, on the one
hand, intimate relationship between temperature and NLC brightness, and, on the other hand, the reliability of the NLC brightness
and temperature estimations.
It is useful to estimate the statistical contribution of the
variance due to temperature variations to the total variance of
the NLC brightness. It is expressed as the square of the coefﬁcient
of determination which in turn equals to the square of the
correlation coefﬁcient between the observed and predicted data

values when considering the linear regression model. Values of
the correlation coefﬁcient and the square of the determination
coefﬁcient for 2007 and 2008 are presented in Table 3. It is seen
that the temperature variance explains the total variance of the
NLC brightness by 5–22% for 2007 and 2–30% for 2008, depending
on data set, and the average value of R2 is equal to 14% and 15%
for 2007 and 2008, respectively. As will be shown below,
temperature variations contribute to the total variance of the
NLC brightness to a greater extent than temperature disturbances
due to 2- and 5-day planetary waves.
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4.2. The 5-day planetary wave analysis and NLCs
The examples of the 5-day wave patterns in the longitude–
time and height–time cross-section for 2007 are illustrated in the
upper and lower panel of Fig. 4, respectively. The longitude–time
dependence is given for the height of the mesopause and
for a 601 latitude circle. Similar 5-day wave patterns for 2008
are demonstrated in Fig. 5. Clear westward propagating
phase structures are seen in Figs. 4a and 5a, which have
been shown and described in many studies (for example, Salby,
1984). Temperature disturbances for this period are up to
73 K. Figs. 4b and 5b show vertically propagating phase structures for the longitudes close to Aarhus and Athabasca, respectively (wave patterns for other longitudes look rather similar).
The maximum amplitudes up to 73 K are observed in the range
of 80–110 km. Note that the activity of the 5-day wave varies in
time, sometimes it vanishes and almost disappears and sometimes grows again.
Now we aim to study the effect of the extracted 5-day waves
on direct observations of NLCs around the globe. Probably the
best way is to compare ‘‘raw’’ NLC brightness variations with
temperature ones by the wave, because, unfortunately, one
cannot apply a harmonic analysis to the NLC time series which
include gaps due to bad weather.
The linear regression analysis has been performed for the
5-day temperature disturbances and NLC brightness for each
observational point (not shown in ﬁgure). For 2007, the brightness of NLCs increases with negative temperature disturbances
for each site; however, the linear regression ﬁt is signiﬁcant for
the Aarhus data only and has no statistical signiﬁcance for other
sites. That is why we have combined the data of each site into a
single data set and have applied the regression analysis which is
demonstrated in Fig. 6a. Clear signiﬁcant negative trend with the
slope of  0.1470.04 K/Brightness Unit (BU) is obtained, indicating that the brightness of noctilucent clouds increases when
temperature disturbances go to negative values.

For 2008, the linear regression analysis revealed almost
identical behavior of the NLC brightness. At the same time, the
linear regression ﬁt has been found to be signiﬁcant for the
Athabasca data only. The regression analysis of the combined data
for 2008 is shown in Fig. 6b, which demonstrates signiﬁcant
negative linear trend with the slope equal to 0.1170.04 K/BU,
meaning that negative temperature variations lead to ampliﬁcation of the NLC brightness. The difference between the slopes
(0.14 and 0.11) is statistically indiscernible.
The statistical contribution of the variance due to 5-day wave
temperature variations to the total variance of the NLC brightness
for 2007 and 2008 is presented in Table 4. It is seen that the 5-day
wave variance explains the total variance of the NLC brightness by
1–15% for 2007 and 1–18% for 2008, depending on data set, and
the average value the square of the coefﬁcient of determination
(R2) is equal to 4% and 3% for 2007 and 2008, respectively.

4.3. The 2-day planetary wave analysis and NLCs
The patterns of the 2-day W3 planetary wave for 2007 are
illustrated in the upper and lower panel of Fig. 7, which demon-

Table 4
The correlation coefﬁcient (r) and the square of the coefﬁcient of determination
(R2) between 5-day wave temperature perturbations and NLC brightness for 2007
and 2008.
Site

r

R2

Port Glasgow 07/08
Athabasca 07/08
Novosibirsk 07/08
Moscow 07/08
Vilnius 07/08
Aarhus 07/08
All sites 07/08

 0.29/  0.25
 0.08/  0.43
 0.12/  0.09
 0.26/  0.12
 0.16/  0.07
 0.39/  0.08
 0.20/  0.16

0.08/0.06
0.01/0.18
0.02/0.01
0.07/0.02
0.03/0.01
0.15/0.01
0.04/0.03

All sites 2007
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Fig. 6. The linear regression analysis for temperature perturbations due to a 5-day wave versus NLC brightness: the upper panel is for 2007, the lower panel is for 2008.
The data of all six observational sites are combined into a single data set for each year.
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Fig. 7. Panel a: the 2-day W3 wave pattern as a function of longitude and time for 2007. Panel b: the 2-day W3 wave pattern as a function of height and time for 2007 at
1081W. The Local Solar Time is  02:30 and  12:00.
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Fig. 8. The linear regression analysis for temperature perturbations due to a 2-day wave versus NLC brightness: the upper panel is for 2007, the lower panel is for 2008.
The data of all six observational sites are combined into a single data set for each year.

strate temperature amplitudes as a function of longitude and time
(for the mesopause height), and of height and time, respectively;
the height–time cross-section is given for the longitude close to
Athabasca. The disturbances maximize up to 74 K above 90 km.
The 2-day wave activity varies both in time and space, enhancing
and deceasing at some times.
The effect of the 2-day W3 wave on NLCs has been studied by
the use of regression analysis. For 2007, the slopes, found for

temperature disturbances and NLC brightness variations, are
negative for each observational site (not shown in ﬁgure).
The trends have statistical signiﬁcance for the Port Glasgow,
Novosibirsk and Moscow data. The linear regression model,
constructed for the combined data set (Fig. 8a), yields a slope of
 0.1770.04 K/BU, that is negative temperature variations lead
to the NLC brightness increase. For 2008, slopes have been found
to be negative for all sites as well as for 2007 (not shown in
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ﬁgure). Fig. 8b represents the regression analysis for the combined data for all six sites, which show up the signiﬁcant negative
linear model with the slope equal to 0.1170.04 K/BU.
Table 5 contains information on the statistical contribution of
the variance due to 2-day wave temperature variations to the
total variance of the NLC brightness for 2007 and 2008. One can
see that the 2-day wave variance accounts for the total variance of
the NLC brightness by 1–13% for 2007 and 1–5% for 2008,
depending on observational site. The average value of the 2-day
wave variance is 5% and 3% for 2007 and 2008, respectively.

5. Discussion
For 2007 and 2008, the Aura temperature and water vapor
demonstrate very reasonable values on the descending (nighttime)
transversals, that is in most cases and for all the observational sites,
NLC occur when mesopause temperatures fall below the frost point
temperature. At the same time, there are a number of NLC cases
when temperatures are above the frost point temperature. This
may be readily explained by spatial variations in temperature
Table 5
The correlation coefﬁcient (r) and the square of the coefﬁcient of determination
(R2) between 2-day wave temperature perturbations and NLC brightness for 2007
and 2008.
Site

r

R2

Port Glasgow 07/08
Athabasca 07/08
Novosibirsk 07/08
Moscow 07/08
Vilnius 07/08
Aarhus 07/08
All sites 07/08

 0.36/  0.20
 0.20/  0.17
 0.36/  0.17
 0.31/  0.23
 0.08/  0.09
 0.16/  0.19
 0.23/  0.16

0.13/0.04
0.04/0.03
0.13/0.03
0.10/0.05
0.01/0.01
0.03/0.03
0.05/0.03

between grid point temperatures since the Aura spatial resolution
in longitude between successive orbits is low, about 24.71 that
corresponds to 1370 km along a 601 latitude circle; it is also
possible due to low height resolution of 12–14 km suggesting the
smoothing of the actual temperature around the mesopause as
well as due to temporal differences between NLC observations and
Aura measurements in the case of short-living NLCs.
Besides, we observe events when the NLC ﬁeld is separated by
large dark spaces which may be caused by warm phases of
medium- and large-scale gravity waves. There are even events
when moving NLCs meet a ‘‘barrier’’ and rapidly disappear crossing it, suggesting a warm phase of a gravity wave. Thus it is
possible that a particular instantaneous MLS measurement falls
into a warm phase of a large gravity wave even being in a
common volume with a total NLC ﬁeld, producing the observed
effect (for several cases) when NLCs and the mesopause temperature is above the frost point temperature.
Concerning the Aura/MLS temperature nighttime values
we should note the following. Lübken (1999) estimated the
thermal structure of the arctic summer mesosphere based on
in-situ measurements with falling spheres for 10 years. His
results show that the temperatures around the summer mesopause (85–88 km, June–July) vary between 129 and 143 K. The
Aura temperatures are found to be in the range of 130–145 K at
85 km in June and July, with the statistical value of the temperature minimum has been found to be equal to 138–140 K both for
2007 and 2008. Thus, in spite of the coarse MLS resolution near
the summer mesopause, Aura temperatures are the same as ones
found by Lübken (1999) for the 85 km altitude at about 701N.
It is surprising to observe a great difference in the climatology
conditions around the mesopause for 2007 and 2008, namely, the
minimum of a Gaussian ﬁtted seasonal temperature variation of
2008 was shifted further by 5–20 days (depending on longitude)
compared to that of 2007. Also, the temperature minimum of
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Fig. 9. Zonal mean temperatures at 85 km at 601N for the descending (nighttime) transversals of the Aura orbit; Gaussian ﬁts are overplotted above temperature
variations. Panel a: the solid line is for 2007, the dashed line is for 2008. Panel b: the solid line is for 2005, the dashed line is for 2006.
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2007 is signiﬁcantly broader by 5–28 days than one of 2008.
Correspondingly, the maximum of a Gaussian ﬁtted seasonal
variation of the NLC brightness cycle in 2007 occurred 12–29
days earlier. The NLC climatology conﬁrms this effect for each of
our observational site. To ﬁnd out whether these temporal shifts
are of local, affected by planetary waves, or of global origin, zonal
mean temperatures for the mesopause at 601N have been plotted
in Fig. 9a. A similar temporal shift of the temperature development between 2007 and 2008 is clearly seen; the inter-annual
difference between the minima of a Gaussian ﬁtted seasonal
temperature variation is equal to 14.4 days. This global effect
cannot be explained by planetary waves because these are ﬁltered
out of zonal means.
The found temporal shift of 5–20 days is a highly signiﬁcant
change in the summer mesopause; for some individual sites it is
as long as the period of a 16-day planetary wave, for example. It is
interesting to investigate what year (either 2007 or 2008) had an
exceptional shift. To ﬁnd it out, we have additionally analyzed the
MLS temperature data for the 2005 and 2006 summer seasons
and plot the results in Fig. 9b. It is clearly seen that the
temperature behavior is very similar for 2005, 2006 and 2008,
but it is signiﬁcantly different for 2007. Thus, the temporal shift of
2007 was an exceptional one regarded to other years.
The observed temporal shift might be due to well-established
dynamic coupling between the stratosphere and mesosphere (e.g.,
Holton, 1983) as well as owing to interhemispheric stratosphere–
mesosphere coupling as was demonstrated by model and experimental studies (Becker and Schmitz, 2003; Karlsson et al., 2007).
According to these studies, it is possible that changes in the winter
stratospheric zonal ﬂow lead to altering of the mesospheric meridional circulation, which in turn (via adiabatic air expansion above
the summer pole) results in temperature changes in the summer
mesosphere. In particular, Shepherd et al. (2002) have demonstrated
an inter-annual shift of about 5 days in a rapid enhancement of the
upper mesosphere temperature during springtime in 1992 and
1993, that was supposedly connected to the last stratospheric
warming event. However, we could not ﬁnd in the literature a
description of such pronounced inter-annual shift, on average, of 14
days in the summer mesopause temperature of 2007 which was, as
we assume, due to a prominent event in the stratosphere–
mesosphere dynamic coupling. This question will be addressed in
further investigations.
We have demonstrated that a general seasonal drop of the
summer mesopause temperature determines the length and
development of the NLC cycle. A detailed quantitative comparison
between the NLC brightness (estimated from the ground) and
Aura/MLS temperature behavior has been performed, unambiguously showing that the temperature decrease leads to increase of
the NLC brightness. A similar result has been obtained by Lübken
et al. (2009) based on a large statistics of model studies of
mesospheric ice layers and background conditions from 1961 to
2008. In particular, the authors have demonstrated a rather strong
anticorrelation of 0.69 between seasonal mean NLC brightness
and temperature at 691N. Note that in the present study we
obtained a moderate anticorrelation between nightly temperature
and NLC brightness for some sites, namely, for Port Glasgow
(  0.45) and Athabasca ( 0.47) for 2007, and for Athabasca
(  0.55), Novosibirsk ( 0.51) and Vilnius (  0.54) for 2008.
It has been shown that temperature variations explains the
total variance of the NLC brightness by 5–22% for 2007 and 2–30%
for 2008, depending on data set, and the average value of
R2 equals to 14% and 15% for 2007 and 2008, respectively. This
is 3–5 times more than the corresponding contribution due to
temperature disturbances by the 2- and 5-day planetary waves.
It is important to note that Aura makes almost instantaneous
measurements of temperature proﬁles in the atmosphere while
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NLCs are usually observed over a 1–3 h period and therefore
unregistered temporal temperature variations are readily possible. Also, the wind dynamics of the summer mesopause plays a
signiﬁcant role in assessment of the NLC brightness on a given
night, that is, the NLC ﬁelds are sometimes seen to be brought
from other regions of the mesopause (which is out of the ﬁeld of
view of a camera). Thus, even at an equally low temperature
across a broad region of the mesopause, NLCs locally born in some
region can be transported over a long distance and might be seen
at other site, but it strongly depends on the speed and direction of
wind which is highly variable in the summer mesopause both in
time and space.
We have studied a direct inﬂuence of the 5-day W1 and 2-day
W3 planetary waves, extracted from the temperature ﬁelds by the
Aura/MLS satellite data, on the NLC brightness variations observed
from the ground. A 5-day period is well-known in NLC variability
(Gadsden, 1985; Kirkwood and Stebel, 2003; Dalin et al., 2008)
and is usually associated with a free traveling quasi 5-day
planetary wave of zonal wavenumber 1. Note that theoretical
considerations (e.g. Salby, 1981) demonstrate that the periods of
5-day planetary waves lie in the interval of 4.4–5.7 days (due to
local nonuniformities and a Doppler-shift effect). This is conﬁrmed
by observational data, namely, by a 4–6-day period wind ﬂuctuation in the upper mesosphere and mesopause (Jacobi et al., 1998)
and by time intervals of 4–6 days between NLC displays around
the globe (Dalin et al., 2008).
Merkel et al. (2009) have employed the AIM (CIPS instrument)
satellite and SABER instrument data to conﬁrm a pronounced
impact of the 5-day W1 and 2-day (W2 and E1) planetary waves
on the PMC albedo and frequency for 2007. The maximum
temperature amplitudes by the 5- and 2-day waves have been
found as 3 K and 2.2–2.4 K, respectively. The maximum temperature disturbances obtained in the present study using the
Aura/MLS data is 3 and 2.5 K for the 5-day W1 and 2-day W3
wave, respectively, that is the same values identiﬁed by Merkel
et al. (2008, 2009).
In this light, it is interesting to regard the study by Sandford
et al. (2008) who have analyzed the Aura/MLS geopotential height
data at a height of about 90 km for the period of 2004–2007 and
have revealed signiﬁcant activity of the 2-day planetary wave
with zonal wavenumbers of W2, W3 and W4 during summertime
in the northern hemisphere. Although these waves are most
prominent at mid-latitudes, they are still signiﬁcantly present at
a 601N latitude circle. It is important to note that the authors have
found the 2-day W1, 0, E1, E3 and E4 waves being very small in
amplitude, and have not considered the activity of these oscillations in detail. Also note from this work that evolution of the
2-day wave of any regarded zonal wavenumber has essential
seasonal and inter-annual variations.
Thus, it is questionable so far what kind of the 2-day wave
(what zonal wavenumber) dominates in the polar middle and
upper atmosphere during summertime in the northern hemisphere; it seems that it depends on the data source and retrieving
technique as well as on a particular season and year considered.
As far as concerned NLC observations, it has been shown in Dalin
et al. (2008) that the absolute number of the 2-day time interval
between NLC displays was more than the absolute number of
4–6-day intervals in both 2006 and 2007. The larger number of
the 2-day intervals points to the dominating activity of the 2-day
planetary wave in the summer mesopause in 2006 and 2007, at
least in the latitude band of 58–631N. Summarizing, it is clear that
the 2-day wave (without regard to zonal wavenumber) plays an
equally important role as the 5-day wave does, when considering
NLC displays from the ground and PMC observations from space.
The direct comparison of the 2- and 5-day wave patterns and
NLC brightness variations demonstrates that there exists a
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negative trend for each observational site when temperature
disturbances are plotted versus NLC brightness. For some individual sites the trend is 95% statistically signiﬁcant, while for other
sites it is not. But the combined data sets show up signiﬁcant
negative trend for both the 2- and 5-day wave analysis, and it is
valid for both the 2007 and 2008 summer season. It is quantitatively expressed as follows. For 2007, the slope is equal to
0.1770.04 K/BU (standard deviation is 0.04) and  0.147
0.04 K/BU for the 2- and 5-day waves, respectively. For 2008, the
slope is  0.1170.04 K/BU for both the 2- and 5-day waves; that
is the 2- and 5-day wave produced approximately the same effect
on the NLC brightness variations both in 2007 and 2008.
It is necessary to note that Merkel et al. (2009) have demonstrated and claimed the 5-day wave is the dominant planetary
wave in the summer mesosphere at high latitudes, and it has a
noticeable effect on PMC albedo and frequency. The temperature
amplitudes are up to 3 K due to this wave. At the same time, a
close look at their results shows that the variability in PMC
brightness and occurrence frequency explained by the 5-day
wave is, in the best case, 10–12% and 22%, respectively. The effect
of the 2-day W2 and E1 planetary waves is even less (7–9% and
12–16%, respectively). Our results demonstrate the variance of
NLC brightness due to the 5- and 2-day planetary waves varies
between 1% and 18% and between 1% and 13%, respectively,
depending on longitude, with the average values of 3–4% due to
the 5-day wave and 4–5% due to the 2-day wave. The average
values of the NLC brightness variance seem to be by a factor of
2–3 smaller than the PMC albedo variance and it may be due to
the following reason. The NLC brightness is visually estimated as
the difference between the brightness of NLCs and of the background atmosphere. The PMC albedo is estimated as the ratio of
atmospheric radiance to solar irradiance. So these are different
scales. On the other hand, the NLC brightness is a logarithmic
function of the light intensity due to the empiric psychophysiological Weber–Fechner law (Fechner, 1860). In this law there is a
multiplicative constant (determined experimentally) which is
unknown value in our case. Therefore, NLC brightness is not
directly comparable to PMC albedo values. That is why the
average values of the NLC brightness variance differ from the
PMC albedo variance and probably due to this reason the range of
the NLC brightness variance only partly belongs to the range of
the PMC albedo variance found by Merkel et al. (2009).
Thus, even if the 5- and 2-day waves are the dominant planetary
waves in the summer mid-latitude and polar mesosphere, at the
best these waves have just a moderate effect on the total variability
of the NLC/PMC brightness and occurrence frequency. Other dynamical processes should explain the larger part of the NLC seasonal
and global variability. The most probable candidates are small
(wavelength of 5–10 km), medium (10–100 km) and large scale
(100–1000 km) atmospheric gravity waves which produce larger
temperature variations up to 5–10 K and even more (Rapp et al.,
2002) around the summer mesopause. Indeed, we always observe
gravity waves of small and medium scales, and often of large scales
when NLCs appear. These waves highly modulate the brightness and
morphology of noctilucent clouds during the period of visibility.

6. Conclusions
By comparing the NLC observations obtained with the global
ground-based network of NLC cameras and the Aura (MLS
instrument) temperature and water vapor data, we have investigated NLC climatology and the impact of the 2-day westward
(W3) and 5-day westward (W1) planetary waves on the NLC
brightness variation during the summertime of 2007 and 2008.

A remarkable feature has been observed in the climatology of
the summer mesopause at 601N in 2007, namely, the minimum of
a Gaussian ﬁtted seasonal temperature variation occurred on
average by 14 days earlier than that in 2005, 2006 and 2008, as
veriﬁed from zonal mean temperature behavior in 2005–2008.
Also, the temperature curve minimum of 2007 has been broader
than the corresponding one of 2008 by 5–28 days. It has resulted
in an inter-annual shift of 12–29 days (depending on an observational site) of the maximum of a Gaussian ﬁtted seasonal variation of the NLC brightness cycle occurred earlier in 2007. These
prominent differences might be explained by the interhemispheric stratosphere–mesosphere dynamic coupling.
We have shown that the MLS temperature values around the
mesopause control the climatology of NLCs, that is the drop in the
temperature below the frost point temperature in June corresponds
to the beginning of the NLC season and rise of the temperature
above the frost point temperature in August determines the end of
the NLC season. The mesopause frost point temperature has been
estimated to vary between 145 and 147 K (given variation of water
vapor between 3.5 and 6.0 ppmv), and the statistical value of the
temperature minimum has been found in the range of 138–140 K
both for 2007 and 2008. In this sense, the MLS temperature can be
used as an indicator for the duration of the NLC season.
A detailed quantitative comparison, performed for the ﬁrst
time, between the NLC brightness and Aura/MLS temperature
behavior demonstrates that decrease in temperature leads to
increase in the NLC brightness. The temperature variations
explain the total variance of the NLC brightness by, on average,
14% and 15% for 2007 and 2008, respectively.
We have demonstrated that the 2- and 5-day planetary wave
activity and NLC brightness variations tend to be in anticorrelation.
When temperature disturbances are plotted versus NLC brightness,
the regression analysis, applied for zonally averaged combined data
of 2007, shows clear signiﬁcant negative trend for both the 2- and
5-day wave, with the slope equal to  0.1770.04 and  0.147
0.04 K/BU, respectively. For 2008, the regression analysis applied for
the combined data reveals clear signiﬁcant negative trend as well,
with the slope of  0.1170.04 K/BU for both the 2- and 5-day
wave; thus, the 2- and 5-day planetary wave had nearly equal
inﬂuence on the 2007 and 2008 NLC brightness variability.
And ﬁnally, it is worth noting that the 2- and 5-day wave
contribution into the total NLC/PMC variability is weak or
moderate, on average 3–5%. Other factors, responsible for larger
part of the day-to-day variability, should be sought, probably in
the direction pointing to gravity waves of small-, medium- and
large-scales; the ﬁrst two categories are always and the last one
rather often observed in the NLC ﬁeld.
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