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Abstract. The combined UK/Denmark record of noctilu- 1 Introduction

cent cloud (NLC) observations over the period 1964—-2006

is analysed. This data set is based on visual observationSoctilucent clouds (NLC) are the highest altitude clouds in
by professional and voluntary observers, with around 40 obthe Earth’s atmosphere. They lie-a82—-85 km heights and
servers each year contributing reports. Evidence is found foare seen at high latitudes (mainly abové)suring summer.

a significantly longer NLC season, a greater frequency ofThey are seen from the ground, by the naked eye, as silver-
bright NLC, and a decreased sensitivity to 5-day planetarygrey patterns against the twilight sky, lit up from below by the
waves, from 1973-1982, compared to the rest of the timesun below the horizon. As described in the review by Fogle
interval. This coincides with a period when the length of and Haurwitz (1966), the earliest well documented reports
the summer season in the stratosphere was also longer (def NLC are from 1884, when many observers were watch-
fined by zonal winds at 60N, 30hPa). At NLC heights, ing the twilight sky to see the dramatic results of the dust
lower mean temperatures, and/or higher water vapour and/athrown into the atmosphere by the eruption of Krakatoa in
smaller planetary wave amplitudes could explain these rethe previous year. However, NLC-like features in a painting
sults. The time series of number of NLC nights each yearby W. Dyce in 1836 or 1837, showing a twilight scene from
shows a quasi-decadal variation with good anti-correlationEdinburgh in Scotland (38\), may point to earlier obser-
with the 10.7 cm solar flux, with a lag of 13-17 months. Us- vations (Gadsden, 2002a), before the special nature of these
ing multi-parameter linear fitting, it is found that the solar- clouds was recognized in the late 19th century.

cycle and the length of summer in the stratosphere together \any efforts were made to document and to understand
can explaim-40% of the year-to-year variation in NLC num-  N|_C in the 20th century. These are expertly summarized by
bers. However, no statistically confidant long-term trend in Fogle and Haurwitz (1966) and by Gadsden and Sabér
moderate or bright NLC is found. For NLC displays of mod- (1989). No attempt is made to make a complete review of
erate or greater intensity, the multi-parameter fit gives a treng\|_c science in this short report, only the most important
of ~0.08 nights (0.35%) per year with a statistical probabil- characteristics are mentioned, which are of relevance for the
ity of 28% that it is zero, or as high as 0.16 nights (0.7%) present study, which concerns possible trends over the last 43
per year. There is a significant increasing trend in the numvyears. It is by now well established that NLC consist of wa-
ber of reports of faint or very faint NLC which is inconsistent tgr ice which forms due to the extremely cold temperatures
with qther observations and may be due changes in observinghich prevail close to the mesopause85—90 km height),
practices. at high latitudes, during the summer. These very cold tem-
Keywords. Atmospheric composition and structure (Mid- Peratures, as low as 120-140K, are low enough that the air
dle atmosphere — composition and chemistry) — Meteorology$ Super-saturated with respect to water vapour even though

and atmospheric dynamics (M|dd|e atmosphere dynamics) the amount of water vapour in the atmosphere is very small
(a few ppm). Provided that there are sufficient condensation

nuclei (for example provided by meteoric dust), ice will form
in these conditions and the ice particles can grow to sufficient
size (a few 10s of nm) to make visible clouds within a few
Correspondence tdS. Kirkwood hours. This is most likely to start at the height where the tem-
(sheila.kirkwood@irf.se) perature is lowest, around 85 km. As they grow they will start
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to fall until they reach heights around 82 km where the tem- It is also clear from the historical record that NLC occur-
perature has risen enough that the air is no longer saturatedence rates have varied by large factors from year to year,
There the ice particles will evaporate within a few minutes. during the late 19th and early 20th centuries, long before an-
(For detailed modelling of the life cycle of NLC particles, thropogenic inputs are likely to have had any effect (Fogle
see e.g. von Zahn and Berger, 2003.) and Haurwitz, 1966). These natural fluctuations also need to
In recent years, it has become of interest to look for trendsbe better documented and understood.
in atmospheric characteristics, as possible diagnostics of an- Three further important characteristics of NLC have been
thropogenic changes to the atmosphere. Occurrence statistié6sund by recent research, which can affect the interpretation
of noctilucent clouds offer a potential diagnostic for changesof occurrence statistics. The first is that it has been shown
in temperature or water vapour at the high-latitude, summethat both NLC and the closely related radar phenomenon,
mesopause. Temperature changes might be expected to rpelar mesosphere summer echoes (PMSE), are affected by
sult from changes in long-wave radiation due to increasingplanetary waves (Kirkwood andéRhou, 2000; Kirkwood et
greenhouse gas concentrations, or from changes in the larged., 2002; Kirkwood and Stebel, 2003; Merkel et al., 2003).
scale atmospheric circulation, which is the main cause of thelhis means that NLC can be affected by changes in plane-
extremely low temperatures at the summer mesopause (se¢ary wave phase from place to place (stationary waves) and in
e.g. Andrews et al., 1987). Changes in water vapour couldime (travelling waves). The planetary waves most evidently
arise from changes in the source gases for water vapour iaffecting NLC have zonal wave number 1, which means that
the upper atmosphere (water and methane from the troposptimal conditions for NLC on one side of the globe will
sphere). For a detailed study of NLC sensitivity to water occur simultaneously with the least favourable conditions at
vapour changes see e.g. von Zahn et al. (2004). the opposite side. The second important characteristic of
In a series of papers starting in 1985, results based on obNLC is that there are substantial changes on longitude dis-
servations from “NW Europe” were published which seemedtances even much less than the wavelength of those planetary
to show a dramatic increase in NLC occurrence rates — alwaves. This is evidenced by the study of Dalin et al. (2006)
most a doubling over 2 decades from the 1960s to the 1980where it is shown that, in most years, only 10—-40% of NLC-
(Gadsden, 1985, 1990, 1998). Gadsden’s work and theositive nights in Moscow are also recorded as NLC-positive
lack of scientifically documented NLC observations beforein Denmark, only 1600 km to the west. Note that those data-
1885, have been widely cited as evidence for anthropogenisets include information on weather conditions also on NLC-
changes in the atmosphere (e.g. Thomas et al., 1989; Goregegative nights, so that the comparison is based on nights
1992). However, re-examination of the published summariesvhen viewing conditions were good at both sites. The rea-
of NLC observations from “NW Europe” showed that the sons for this spatial variability are so far not established — it
reported increase was in error, and resulted from the inadvereould be due to smaller-scale waves affecting the tempera-
tent inclusion of observations from a new geographic areature or to variability in the availability of water vapour due to
(Finland) in the latter part of the time interval (Kirkwood the history of different air masses.
and Stebel, 2003; Gadsden, 2002b; M. Gadsden, personal It was well recognised early on that NLC occurrence in-
communication, 2002). If there was any trend in the data, itcreases with increasing latitude, particularly towards the end
seemed to be very small. However, analysis of observationsf the season (e.g. Fogle and Haurwitz, 1966; Paton, 1971,
from satellites has suggested that there may be an increase 8immons and Mclntosh, 1983), so that statistical studies to
the relative proportion of brighter clouds byl5% over the  look for changes in occurrence rates must be based on obser-
years 1978-2002 (DeLand et al., 2003). (Note that NLC ob-vations made throughout from the same geographical region,
served from satellites are generally termed polar mesospheriestricted in both latitude and longitude. The third impor-
clouds, PMC, and are seen at higher latitudes than NLC obtant NLC characteristic is that there is a strong daily varia-
served from the ground.) Also Shettle et al. (2002), found antion. This has been diagnosed by round-the-clock lidar mea-
increase in the numbers of the brightest PMC between 1983urements (Fiedler et al., 2005), which show (&tEPNLC
and 1996, using satellite observations. In the most compreroughly twice as often between 00:00-06:00 LT (local solar
hensive analysis of satellite data so far, DeLand et al. (2007jime), compared to 10:00-20:00 LT, for all detectable NLC.
found a 17% increase in northern hemisphere PMC albeddhe ratio increases to a factor 8 for the brightest NLC. As a
for the period 1979-2006. In contrast, recent analysis ofresult, NLC observations which can be used to look for long-
ground-based NLC observations from Moscow (1962—2005)erm trends, should be made at a constant local time. This
and Denmark (1983—-2005) has found no evidence for statistifavours observations from ground-based networks, since the
cally significant increases in occurrence frequency or bright-viewing conditions naturally restrict the observations to the
ness (Dalin et al., 2006). The uncertainties in the trend analyhours close to local midnight. The LT variation is a prob-
sis from the latter measurements are, on the other hand largéem for the studies based on satellite data, where the LT of
due to the small number of observations available from justthe observations changes over the years, particularly when
two locations, the latter varying between 5 and 20 nights pera series of different satellites is used. DelLand et al. (2007)
year from Moscow, and 3—14 from Denmark. have attempted to make corrections for the LT variations but
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the latter are not well determined by the available measureelearly reported NLC at earlier and later dates also, if they
ments, so that any correction applied has some uncertainty.occurred. Other observers reported mainly positive obser-
NLC observations by observers at typically 30-40 dif- vations only. The exact numbers of observers in each cate-
ferent locations, covering the UK and Denmark, have beergory is not documented in the published summaries for the
made and collected systematically for, so far, 43 summelyears between 1965-1975. However, by 1976, 28 UK me-
seasons since 1964. This is a reasonably large, but still wellteorological stations and observers at 8 further UK locations
defined and restricted geographical region (confined in bothwere contributing, plus 2 observers from Denmark. Itis clear
latitude and longitude, with constant limits over time). This from the tables summarizing the NLC reports that observa-
is the biggest database available in terms of the number ofions from the whole of the UK, and from at least one site in
NLC occurrences documented (on average 28 nights/yeargach of Ireland and Denmark were included throughout the
The Moscow dataset (Romejko et al., 2003; Dalin et al.,period. Observations from other locations e.g. Holland, Ice-
2006) is slightly longer (from 1962—present) but it is from land, Greenland, Germany, Norway, Sweden, Finland, air-
essentially a single location so that the number of possiblecraft, weather ships, Falkland Is. are mentioned occasionally
observing nights each year is restricted by bad weather (o the reports but they are not included in a systematic way.
average 12 NLC occurrences per year have been reportedhe main characteristics of the observations up to 1982 are
with 43% of nights with good enough weather for NLC ob- summarized by Simmons and Mcintosh (1983).
servations). The UK/Denmark database includes many sites In 1983 the Auroral section of the British Astronomical
within a region where the weather is highly changeable, bothAssociation took over the task of collecting NLC observa-
from day to day and from place to place. If the Moscow ob- tions, and the routine hourly observations were discontinued
served occurrence rate is corrected by the weather factor, @t almost all of the UK meteorological stations. However,
seems that the true occurrence rate there should be close to 28 observers around the UK (including 12 meteorological
nights per year, i.e. the same as the UK/Denmark databaser air-force stations), and 2 in Denmark continued to report
This suggests that the spread of the UK/Denmark databashLC, when they were observed (Gavine, 1984). Between
does indeed largely compensate for the weather factor (un1983 and 2000, reports have been collected and summarised
less the real occurrence rates are very different in the twddy Gavine (1984-1993, 1996, 2000, 2006). During this pe-
locations), although this is an uncertainty which must be con-iod the number of UK meteorological (including air-force)
sidered in any interpretation of results. An analysis of pos-stations contributing each year decreased from 12 to 2. The
sible trends in the UK/Denmark data set, properly restrictednumber of voluntary observers in the UK is hard to judge,
in geographical coverage, has not previously been publishedince they could be recorded only when they delivered a pos-
in the refereed literature (although part of the Danish data seftive report. This count varied between 15 in years when
is included in Dalin et al., 2006). Here such an analysis isNLC were rare (1992) to at least 40 in years when NLC were
presented, covering the 43 year period 1964—2006. common (1989, 1998-2000). Between 2 and 5 observers in
Denmark contributed throughout 1993-2000, however it is
not clear if there were reports from Ireland throughout the
2 Description of the data set period. Again, observations from other countries were some-
times included.
Noctilucent cloud (NLC) observations from the UK and Den-  NLC observation reports from an open network of unpaid
mark have been collected and documented, with varying deebservers in the UK and North West Europe, including many
grees of detail, since 1964. Starting in 1964, regular ob-of those contributing to the earlier work described above,
servations were collected from 15 meteorological stationscontinue to be collected by the Auroral Section of the British
throughout the UK, by 15 other observers in the UK, and Astronomical Association. They are also often reported to
by 2 in Denmark. These, observations up to 1982 were colthe dedicated website maintained by T. McEwen in the UK
lected, synthesised and summarized in reports by the Balthttp://www.nlcnet.co.uR/ where they have been archived
four Stewart Laboratory, and later by the Meteorology De- since 1996.
partment, of Edinburgh University in Scotland (Paton, 1965— In order to preserve, as far as possible, the same geograph-
1973; Mcintosh and Halliwell, 1974-1983). The exact na- ical coverage of observing sites, the analysis here is restricted
ture of the observation schedule is not described in the firsto NLC observed from the UK (excluding northern Ireland)
reports, but the detail of information in the summaries, andand from Denmark. The geographic coverage of the UK
details in later reports (Mcintosh and Halliwell, 1977) indi- observing network up to 1982 stretched from the south of
cate that NLC observations were simply added to the usuakEngland (50.5N) to the Shetland Islands north of Scotland
hourly “synoptic” observations made at the meteorological (61° N), and from the Outer Hebrides of Scotland in the west
stations (which include visual inspection of the sky to make (7.5 W) to the eastern limit of the UK which is around B.
estimates of tropospheric cloud cover). The meteorologi-From 1983 onwards the geographical spread in the UK re-
cal stations made hourly reports on both the presence anduced slightly but by 1999 still extended from°39 (Fair
absence of NLC from 26 May to 7 August, although they Isle) to 5P N (Taunton and Crawley), and as far west as
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2001-2006, preliminary lists have been compiled based on
the observations reported to the websh#://www.nlcnet.
co.uk), and detailed lists collected by the British Astronom-
ical Associations and by the Danish observers mentioned
above (2001-2006).

Observers generally provide an estimate of the brightness
of the NLC display, as very faint, faint, moderate, bright or

very bright. Since there is a fair degree of inhomogeneity
1001 LENGTHOFNLC SEASON in the database, with a mixture of paid and voluntary ob-
' servers, who vary over time, there is no quantitative use made
of the brightness estimates. It is used only to make a 3-stage
sorting of the data into “very faint or faint”, “moderate”, or
“bright or very bright”. “Weak” is taken to mean the same
as faint, “brilliant” the same as very bright. The brightest
estimate reported for each night is used, and an assumed
NIGHTS WITH NLC BETWEEN DAYS 170-200 “moderate” category when no estimate of brightness was
of recorded. NLC listed as “possible” or “suspected” are not
included. A complete list of nights with positive identifica-
tion of NLC, and maximum brightness, from observers in the
UK or Denmark, compiled in this way, is included as an on-
: ! line supplement to this papeht{p://www.ann-geophys.net/

60 1965 19to o5 s 9% 1960 1995 2000 2005 2010 26/1243/2008/angeo-26-1243—2008-supplemer)t.2FrtDW—
e ever, it should be emphasised that much more detail of the

Fig. 1. Year-by-year characteristics of the UK/Denmark noctilucent observations is available in the annual summaries listed in

cloud record. Top panel shows the number of nights each year whel€ references, and in the Balfour Stewart Archive at Ab-
NLC were reported, for the whole season. Middle panel shows theerdeen University, including exact times and locations of ob-
length of the NLC season (the number of days between the firsS€rvations and many photographs. Positive NLC nights are
and last reported sightings). Bottom panel shows the number ofecorded only when NLC are reported by at least two inde-
nights with NLC reported during the core period of the season, thependent observers, or as confident sightings by a single ex-
30 nights between days 170-200 (20 June—20 July, 1 day earlier ilperienced observer.

leap years). Numbers are for all NLC reported (light gray, dotted  There is no obvious effect of the change from mainly “pro-
lines), for a subset of reports where nights with only faint or very fessional” observers up to 1982 to mainly “amateur” ob-
faint NLC are excluded (black, solid lines), and for nights when go 0 i the later years. The statistics are based on nights
bright or very bright displays were reported (dark gray or crossesOf NLC, not individual reports, and NLC are usually re-
with dashed lines). The different histograms in the top panel are ! ’ .
overlaid. ported by both amateur and professional observers on the
same night, thus minimising the likely effect. The exception
is the years 1983-1985 when the total number of observers
was much reduced, the highest latitudes were not covered,
and notably fewer NLC reports were registered, particularly

State in the season.
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Ullapool (5° W). The most eastward observations throughout
have been (and still are) provided by the Danish observer
mostly from close to 10E, but also from the island of Born-

holm (14.% E). However, the spread in latitude of the Danish

observations is small, between®3% and 57 N. 3 Cycles and trends

The primary sources of data used here are the published

summaries of the observations from 1964—-2000 as menFigure 1 summarizes the main characteristics of the database.
tioned above. Between 1993 and 2000, the format of theThe uppermost panel shows the number of nights each year
published summaries does not allow an unambiguous identiwhen NLC were reported. The next panel shows the length of
fication of observations from the UK or Denmark on all oc- the NLC season (the number of days between the 1st and last
casions. This information has been added by reference toeported sightings). The lowest panel shows the number of
the website mentioned above, from detailed lists providednights with NLC reported during the core period of the sea-
by M. Gadsden (personal communication, 2001), and byson, the 30 nights between days 170-200 (20 June—20 July,
0. Hansen and H. Andersen in Denmark (private communi-1 day earlier in leap years). In each panel, characteristics for
cation, 2007), and by reference to the archives deposited bihree subsets of the data are shown: all NLC reported (light
the British Astronomical Association in the Balfour Stewart gray, dotted lines), a subset of reports where nights with only
Archive at the Aberdeen University library. For the years faint or very faint NLC are excluded (black, solid lines), and
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for nlghts When brlght Or Very brlght d|Sp|ayS Were reported FIRST/LAST NLC NIGHTS : START/END OF SUMMER at 30 hPa
(dark gray or crosses with dashed lines). By visual inspec- [ ol 22 Pocrooe?, ‘ ‘ ‘ ‘
tion, it is immediately apparent that there is no obvious trend N

in any of the panels for the non-faint NLC. When the faint
NLC are included, there is slight increasing trend in the num-
ber of NLC reported, both for the whole season and for the i
core period, but not in the length of the season. So the trends 3 1.
in total NLC are due to increasing numbers of reports of faint 3 ot
or Very falnt NLC, Wlthln a season Of Va”able Iength, bUt ) 8109;0 19‘65 19‘70 19‘75 19‘80 19‘85 19‘90 19‘95 20‘00 20‘05 2010
without any obvious trend. The increase in reports of faint YEAR

NLC could be a sign that such NLC really are increasing,

but they could also be due to increasing skill among the ob-+ig. 2. Comparison of the NLC season (gray areas) with the start
servers in identifying faint NLC. and end of summer in the stratosphere (circles/solid lines), de-

In order to look more carefully at this possibility, and to fined as the period when the zonal-mean, zonal wind &tN\s0

check more quantitatively for possible trends and their sta-30 hPa was consistently directed westward, according to ERA-40

tistical uncertainties in the data, the other variations in the(1664-August 2002) and operational (September 2002-2006) anal-
time series, which are also clear from Fig. 1, must first beyses from ECMWEF. The shades of grey denote: all NLC reported

. . . light gray), nights where moderate or stronger NLC were reported
considered. There are plglnly substantial increases and d‘%black), and nights when bright or very bright displays were re-
creases from year to year in all of the parameters shown. The, e (dark gray). The gray/black areas are overlaid.
variation in the total number of nights each year could be
described as quasi-periodic, with a period around 10 years.
This is less apparent in the core period, and not noticeable ast

all in the length of the season.

BER (PRE-MIDNIGHT)
BN NN
2 ® 9O N A
S © & © ©

El
[
I
S

ummer zonal wind, averaged over the whole period is 17
days, with standard deviation 9 days. There is a much
wider gap (35 dayse 16 days) between the change of zonal
wind direction in the stratosphere and the start of the NLC

Figure 2 looks in more detail at the length of the season season at the start of summer. The variability of the start

It shows start and end dates for the NLC season, and theﬁ"c summer p 15) in the stratosphere is higher than for the

relation to the start and end of the summer circulation in€"d Of summer4 S days). For the NLC season the same

the stratosphere below. Summer in the high-latitude strato

is true with p 10 days for the start of the season and
sphere is defined here as the period when the zonal—mea%ays for the end, bl_Jt is less easy to see from_the figure. This
zonal-wind at the 30hPa pressure level30 km altitude) IS to bg expectgd since planetary wave amplitudes are much
is westward, rather than eastward. This has been detelh'ghe,r_'nthe Wln.ter hemisphere gnd these strongly affect the
mined using the ERA-40 (1964—August 2002) and opera_transmon from W|nFert_o summer in both the stratosphere and
tional (September 2002—2006) global meteorological analMeS0SPhere, making it highly variable (see e.g. Salby, 1996,

yses from the European Centre for Medium Range WeatheP'556)'
Forecasting (ECMWF). The interaction of the stratospheric In Fig. 2, there seems to be some correspondence between
wind field with upward propagating atmospheric waves leadsearly starts and/or a late ends to summer in the stratosphere
to a large scale residual circulation in the mesosphere whictpetween during the 1970s, and simultaneous extensions to
is upward at high latitude in the summer hemisphere, andhe NLC season. Otherwise the variations in the NLC and
downward in the winter hemisphere. It is this residual cir- stratospheric summer seasons do not seem particularly well
culation which leads to the very cold temperatures at thecorrelated. Figure 1 shows that the length of the NLC season
mesopause. More specifically, the change in direction of thevas relatively shortin the years 1964-1972, long from 1973—
stratospheric wind allows upward propagation of the east1982, and short again since then. So the anomalous period in
ward propagating gravity waves which decelerate the westthe NLC, 1973-1982, corresponds rather well to the period
ward zonal wind higher in the mesosphere. This change irPf earliest start/latest end for the season in the stratosphere.
wind with height must be balanced by decreasing temperlJsing a least-square linear fit it can be shown that, altogether,
atures towards the summer p0|e (through the thermal Windhe variations in the Iength of summer in the Stratosphere can
equation, see e.g. Andrews et al., 1987, p.306). So a fairlpccount for only 11% of the variations in the length of the
close relation between the summer period of westward wind\NLC season (see Table 2). However, this kind of fit does not
in the stratosphere and the NLC season would be expected_take account of similarities between adjacent years. This can
Itis clear in Fig. 2 that the end of the NLC season lies closeP€ seen better using decadal averages.
to, but just before the end of summer in the stratosphere, and Figure 3 compares the distribution of NLC reports over the
that the year to year variation in both is relatively small. The summer for three 10-year periods, 1966—1973, 1973-1982
gap between the end of the NLC season and the end of thand 1986—-1995. There are clear quasi-10-year periodicities

3.1 Length of the NLC season
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Table 1. Average dates (day number) for the start and end of the'™ the start of the §eason in both cases. Thls-g|ves us good
summer season in the stratosphere (30 hPaNgOand the NLC ~ '€ason to be c_:onfldent that the change seen in I_\ILC season
season, for the decades shown. Summer in the stratosphere is d&ngth really did happen and was due to changes in the circu-
fined as the period during which the zonal mean zonal wind islation in the middle atmosphere.
directed towards the west. This has been determined using the The longer summer season in the stratosphere in the
ERA40 reanalysis 1964-2002 and operational analyses thereafteIg?Os/eany 1980s has also been pointed out by Offerman
(all from European Center for Medium Range Weather Forecastet g|. (2004), for slightly lower latitudes (3N). That study
ing, ECMWEF). Start and end of the NLC season are for all reliable 5150 found an 8% increase in the length of the summer from
NLC reports, including faint and very faint NLC. Note that the con- 1988-2002 close to the mesopause (using OH temperatures
fidence limits given here are the standard errors of the means, ncﬁom about 87 km altitude at 5N, 7° W). The variability in
the standard deviation of the distributions. ' ) . .

the length of the NLC season (lowest panel of Fig. 1) is too
high to be able to say whether this is seen in the present data.
Unfortunately, the OH temperature series does not cover the
start of summer 119+5 104£7 1154 period of the longest NLC seasons which is identified in the

decade 1964-1973 1973-1982 1986-1995

30hPa, 60N ; _

start of NLC season 1533 144+3 144 present a't]alySIS (1973-1982). . . .

end of NLC season 210 22142 21743 Flnal_ly it shoulo_l be_ noted that_the_ increase in faint and
end of summer 23642 236+1 23141 very faint NLC which is apparent in Fig. 1 from about 1994
30hPa, 60N onwards, does not correspond to any significant change in
length of summer 118+6 13247 116+4 the length of the season. If this increase were due to more
30hPa, 60N favourable conditions for NLC we might expect this also to
length of NLC season 64 77+4 70+4

be reflected in a longer season. The lack of any change in the
length of the season is reason to be careful in interpreting the
apparent increase in faint NLC as geophysical.

in the nights-per-year data series, so averages over comple®2 Quasi-decadal variation
decades need to be taken. The first and third periods repre-
sent shorter NLC seasons and the second period is chosen Tthe~10 year variation is examined in Fig. 4. A decadal vari-
represent a decade when the NLC season was mostly longtion in NLC numbers has been noted many times, including
Note that the first two periods overlap by one year as there isn NLC datasets from other locations and other epochs (see
a need to avoid the years 1983-1985 as the number of core.g. Simmons and Macintosh, 1983; Fogle and Haurwitz,
tributing observers decreased abruptly in 1983 to less thai966; Gadsden, 1998; Romejko et al., 2003). Some indirect
30, but grew to over 40 again by 1986. The period 1986—relation with the Sun’s~10 year activity cycle has usually
1995 is also the latest decade when at least three reportingeen suggested, and this is represented by the solar 10.7 cm
sites were included north of 8&atitude, so this is the last pe- radio flux in Fig. 4. As can be discerned from Fig. 4, and
riod shown in Fig. 3. This is important since NLC are known has been reported in other studies of recent decades, the cor-
to retreat towards high latitudes at the end of the season. It iselation is negative (low solar activity correlates with large
clear in Fig. 3 that there is a real difference in the statisticalnumbers of NLC) but the high NLC counts lag by about 1
distributions for the three decades, with a markedly longeryear after solar minimum.
season in the decade 1973-1982, due not only to isolated or There is significant correlation between the number of
faint NLC, but to several moderate and bright NLC seen bothNLC nights per year and the solar flux. This applies whether
early (before day 160, or 10 June) and late in the season (aftexll NLC are included or whether faint ones are excluded, and
day 213, which is 1 August). It should be noted that the “of- whether the whole season is considered, or only the core pe-
ficial” NLC observing period for the meteorological stations riod 20 June—20 July. The best fit lag varies between 13—
extended from day 146 to day 219 from the startin 1964, andL7 months, and the squared correlation coefficieRisfifom
this on its own is sufficient to detect most of the differences0.2-0.3, depending on which of those series is analysed. In
between the first two decades. However, observers at thosether words, 20-30% of the year to year variation can be sta-
stations made hourly reports on tropospheric clouds all yeatistically explained by the lagged solar flux. No significant
round, so they are likely also to have reported NLC seen eareorrelation between solar flux and the length of the NLC sea-
lier and later. The limits for voluntary observations are by son is found.
their nature, more flexible, but less certain. Fitting a simple harmonic oscillation with free period has
Table 1 lists average characteristics concerning the stardlso been tested. For the most reliable time series, the num-
and end of the season for the same three decades as in Fig.l3er of NLC nights with displays of moderate or greater
It can be seen that the decade 1973-1982 was characterisedghtness, the best-fit sine wave has a period+0.2 years
by a significantly longer summer season in the stratospherg95% confidence limits). The best-fit sine-wave to the solar
and by a longer NLC season, with most of the differenceflux series has a period of 10:88.23 years, so there is no
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Table 2. Results of multi-parameter linear fits to the NLC statistics, excluding nights when only faint or very faint NLC were reported. The
fits are to the equation:

Y=Ap+Agx(year— 1964 +Arx (F — Fmean+A3x (L — Lmean,

where F is the monthly averaged 10.7 cm solar flux (units2®@v m—2Hz~1) 15 months before June of the year when the NLC were
counted, and L is the length of summer in the stratosphere. The last column shows the square of the correlation coefficient for the final fit.
Where fit results are given in italics and parentheses, these were set to zero in the final fit, as they were found to have low statistical confidence
The probability that the coefficients are zero is given by the p-values, for the final fit as a whole, and for the parameters individually.

Y Ag days A daysiyear A days/F. A r2
days/day

nights per year 18.0+1.8 (0.08+£0.15  -6.8t4.0 0.13:£0.11 0.38

May—August p=0.28 p=0.001 p=0.003 p=0.0001

Length of NLC sea- 59.3t+4.4 (—=0.09+0.37) (—2.0+102) 0.31£0.26 0.12

son (nights) p=0.63 p=0.34 p=0.02 p=0.02

nights per year 10.2:0.9 (0.06+0.08) -3.6:2.0 (0.044+0.06) 0.24

20 June-20 July p=0.17 p=0.0008 p=0.3 p=0.0008

statistical basis for preferring the solar flux over a simple har-Table 2. In all cases, the lag between solar activity (monthly
monic wave, or vice-versa. 10.7 cm fluxes) and the characteristic to be tested, has been
It is sometimes assumed that the decadal fluctuations irset to 15 months. This has been determined by first stepping
NLC are caused by a direct effect of increased solar radiatiorthe lag in intervals of 1 month, finding the multi-parameter
at NLC heights, for example heating effects and photodissobest fit, and calculating the sum of the residuals. Lags be-
ciation of water vapour by increased Lyman alpha radiation.tween 13 and 17 months all give close to the same residuals
However, the lag between the solar radiation changes and thier the number of NLC nights each year, whether the whole
NLC changes suggest that a more indirect mechanism mageason is taken or only 20 June—20 July. For the length of the
be operating. It is by now well established that changes inNLC season, there is no statistically significant dependence
stratospheric circulation occur approximately in phase withon solar flux (i.e. 26% chance that the correlation is zero).
the solar cycle (van Loon and Labitzke, 2000) and that these then multi-parameter linear fits have been tried with all

can be reasonably well explained by the changes in ultravip,ossiple predictors (constant, trend, solar flux with 15 month

olet radiation from the Sun over the solar cycle and their ef'lag, length of summer in the stratosphere). The MATLAB
fects on the stratospheric ozone layer (Matthes et al., 2004)giep\ise” function was used for this allowing easy interac-
So far, solar cycle effects on atmospheric circulation haveyye swapping of the various predictors in and out of the fit.
only been modelled for the extreme states, i.e. no modelling=q, he final results shown in the table, only predictors which
of the time needed to change from one state to the other hage e significant at the 90% level were retained. In practice,
been possible. However, the known interaction of the stratoyg parameters excluded from the final fit were very far from
spheric circulation with the equatorial quasi-biennial oscilla- s |evel of significance (see p-values in Table 2). The final
tion (van Loon and Labitzke, 2000), and with stratosphericyiig are jllustrated in Fig. 5. Table 2 shows, as might be ex-
ozone (Matthes et al., 2004), with a lifetime up t0 many pected, that the length of summer in the stratosphere is the
months, make It likely that there is a considerable delay iy, significant predictor for the length of the NLC season.
the atmosphere’s response. The solar flux is the only significant predictor for the number
of NLC seen during the core period. Both are significant for
the total number of NLCs seen during the season as a whole.

Now two possible factors have been identified which might N© Significant trends are found (i.e. there is 17% or more
reasonably explain at least part of the variability in NLC Probability that they are zero).

characteristics from year to year. A reasonable mathemati- In Table 3 we show results when we include also nights
cal way in which to test the significance of these two factors,when only faint NLC were reported. Essentially the same
and of possible trends, is to make multi-parameter linear fitssolar cycle dependencies as in Table 2 are found and there is
including all 3, to the NLC characteristics in Fig. 1. This still no trend in the length of the NLC season. There is how-
analysis is first restricted to the time series excluding faint orever a statistically significant increasing trend in the reported
very faint NLC, as this is likely the most geophysically rep- number of nights with NLC which amounts to 0.4 nights per
resentative subset of the data. The results are summarized yrear the whole season and 0.2 nights per year for the core

3.3 Multi-parameter fits
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Table 3. As Table 2 but including all nights when NLC were reported, bright, moderate, faint or very faint.

Y Ag days A daysl/year A days/F. A daysiday ¢

nights per year 19.14+3.8 0.39:0.17 -11.Gt4.1 (0.16+0.17) 0.53
May—August p=0.0003 p=0.0006 p=0.06 p=0.0001
Length of NLC sea- 67.4:4.0 (0.05+0.32 (—6.4+8.2) (0.17+£0.23)  0.003

son (nights) p=0.75 p=0.12 p=0.16

nights per year 11.2+1.9 0.19+0.08 -4.3+2.1 (0.0440.07) 0.48

20 June—20 July p=0.0008 p=0.009 p=0.28 p=0.0001
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Fig. 4. Comparison of the number of nights with NLC for the whole
season (solid dots and thick solid line) and (thick solid line) between
20 June and 20 July each year (excluding faint or very faint NLC)
and the monthly average 10.7 cm solar flux (thin line, right hand
axis, units 1022Wm~—2Hz1). These are observed fluxes from
Ottawa/Penticon from the National Geophysical Data Center web-
site, www.ngdc.noaa.gav Annual NLC counts are plotted at the
same x-coordinate as the solar flux for the month of July.

4 Planetary wave signatures

Figure 6 illustrates the principles of NLC modulation by
planetary-waves and tides. Panel (a) shows that case when
the mean situation (temperature/water vapour) is slightly be-
low the saturation level, and temperature perturbations from
a combination of tides (1-day) and planetary waves (5-day)
produce alternating conditions of saturation (black) and non-

Fig. 3. Histograms of nights of reported NLC as a function of day saturation (white). In panel (b), the wave perturbations are
number for three decades as shown at the top of each panel. Themaller, and in panel (c) the mean temperature is further be-
shades of grey denote: all NLC reported (light gray), nights where|ow the saturation level. In the final panel (d), amplitude

moderate or stronger NLC were reported (black), and nights whery¢ the planetary wave is decreased. (Note that Fig. 6 is in-

bright or very bright displays were reported (dark gray). The dif-
ferent histograms are overlaid. Vertical lines mark 1 June and

August.

tended only to illustrate the principles of this modulation —

1the real amplitudes of the perturbations are not well known).

When the temperature is below saturation for a long time,
NLC particles can grow to large size resulting in bright dis-
plays. When the temperature is low enough for saturation for
only a short time, fainter displays are more likely. When the
temperature is above saturation, no NLC will be seen. In sit-
uation A, bright NLC are likely to be seen at 5-day intervals.

period. Whether or not these trends are geophysical or duén case B or C they are likely to be seen more often, and at
to changes in observing practices, is discussed below, in thany interval. In case D bright NLC are less likely but faint

final section of the paper.
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NLC will be seen more often than in case A.
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Fig. 5. Year-to-year variations of NLC characteristics (excluding 8
faint or very faint NLC) (solid dots and thin lines) and results of the
final multi-parameter fit in Table 2 (thick solid lines). See text for
further details.
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Fig. 6. Principles of NLC modulation by planetary-waves and
tides. PanelA) shows that case when the mean situation (tem- 0 5 10 15 20
perature/water vapour) is slightly below the saturation level, and DAYS BETWEEN BRIGHT NLC
temperature perturbations from a combination of tides (1-day) and

planetary waves (5-day) produce alternating conditions of satura-

tion (black) and non-saturation (white). In paiiB), the wave per-
turbations are smaller, and in par(€l) the mean temperature is
further below the saturation level. In par(@), the amplitude of
the planetary wave is decreased, but the tidal amplitude is the sa
asin (A).
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Fig. 7. Histograms of the number of days between consecutive
bright or very bright NLC displays, for the decades indicated at the
mep of the panels.

first three decades the same as in Fig. 3. There is a clear
Figure 7 shows histograms of the number of days separatpeak at 5 days in 3 of the 4 histograms. This is the same
ing consecutive bright or very bright displays, for 4 decadesresult as reported by Kirkwood and Stebel (2003) where the
of the observing period. The first 2 periods overlap by onepeak was identified as caused by 5-day planetary waves, and
year, and the years 1983-1985 are omitted, so as to have thigely corresponds to case (a) in Fig. 6. In the decade 1973—
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1982 there is no peak at 5 days, bright NLC were commonthe quasi-decadal variation,20.24). The length of the
and they appeared with any space between them from 1-BILC season correlates only with the length of summer in
days. This suggests a situation as in (b) or (c) in Fig. 6, i.ethe stratosphere4#0.12). NLC nights per year shows sig-
that the mean conditions during that decade are further fronmificant correlation with both the length of summer in the
the threshold (lower temperature, higher water vapour) forstratosphere and the quasi-decadal variation. The two fac-
NLC formation or that the temperature perturbations asso+tors together can explain 38% of the year-to-year variation in
ciated with the 5-day planetary waves and tides are smalleiNLC numbers (#=0.38). No statistically confident trend is
This fits well with the result in Sect. 3.1 above, that this time found in the number of nights with moderate-to-bright NLC
interval was anomalous, with a longer NLC season whichwhere the multi-parameter fit for the whole season gives a
could be a result of colder mean temperatures or less waveend of 0.08 nights/year with a statistical probability of 28%
activity. that it is zero (and, correspondingly, a 28% chance that it is
Finally it can be seen in Fig. 7 that the period 1996—2005as high as 0.16 nights per year). A statistically significant
seems to show as much sensitivity to 5-day waves as the firgtend is found in the number of NLC nights when reports of
and third decades. However, the numbers of bright NLC infaint NLC are included. In this case the multi-parameter fit
all those decades are small so that it is possible that a combfor the whole season gives a trend of 0.4 nights/year with less
nation of situations A and C at different times of the seasonthan 1% chance that it is zero.
can provide a geophysical explanation for the increase in re- It is of interest to compare with results for PMC based
ports of faint NLC since 1995, without any corresponding on satellite measurements. DelLand et al. (2003, 2007) have
increase in brighter NLC. made detailed analyses of PMC albedo for the period 1979—
2006. Since the satellite data do not cover earlier years than
1979, there is no possibility to compare our present obser-
5 Summary and conclusions vation of different characteristics in the decade 1973-1982
compared to earlier or later decades. Regarding the correla-
The combined UK/Denmark record of noctilucent cloud ob- tion with the solar cycle, the PMC albedo showed a negative
servations over the period 1964-2006 shows evidence for @orrelation with approximate 1-year lag, as do our present
significantly longer NLC season from 1973-1982, comparedNLC occurrence counts. However, whereas the lag in the
to the rest of the time interval. Corresponding changes in thease of PMC could not be determined to better thas:0.5
length of the summer season are also found for the zonalyear, we find less uncertainty in our NLC results,+15
mean zonal winds in the stratosphere. Further, there wergnonths. The solar-cycle effect on PMC albedo was found
more bright or very bright NLC compared to other decades,to be 17% in average for latitudes 99-82 N, but only
and less sensitivity to 5-day planetary waves. Lower mearvy, for latitudes 50N—64° N, which are the latitudes cor-
temperatures, and/or higher water vapour and/or smallefesponding to our NLC statistics. The solar cycle effect we
planetary wave or tidal amplitudes could explain these re<find on NLC occurrence rates is much higher, 45% —50%.
sults. PMC albedo and NLC occurrence rates are not the same
The time series of number of NLC nights each year showsparameter, which may be the source of the difference. On
a quasi-decadal variation with good anti-correlation with thethe other hand, Kirkwood and Stebel (2003) found a possi-
solar 10.7 cm flux, with a lag of 13—-17 months. Equally closeble effect on NLC of changes in longitudinal position of a
correlations can be found using simple harmonic waves withquasi-stationary planetary wave over the solar cycle. This
periods which are not significantly different to that of the mechanism would give large amplitude response in NLC oc-
10.7 cm flux. 20-30% of the year-to-year variation can becurrence over a single longitude sector but much less effect
statistically explained by the lagged solar flux, or by the har-when averaged over all longitude sectors, as for the PMC
monic wave. observations. The PMC albedo are found to show a signif-
No evidence is found for a statistically significant trend in icant positive trend of 16% on average for latitudes 56
the length of the NLC season, nor in the number of NLC- 82° N, 13% for latitudes 50N—64 N, over the whole period
nights each year for displays of moderate or greater bright1979-2006. This would appear to contrast with our finding
ness. When nights with reports of faint NLC are included, of no statistically confident trend for moderate-bright NLC
positive trends are found in the numbers of NLC-nights peroccurrence rates. However, largely because of the high year-
yeatr. to-year variability, particularly related to the solar cycle, the
Multi-parameter linear fits have been made to test the stauncertainty in the NLC trend estimate is rather large. As
tistical significance of trends, quasi-decadal variations (reppointed out above, there is a 28% chance that the trend is as
resented by the solar 10.7 cm flux, lagged by 15 monthshigh as 0.16 days per year, which would correspond to a 20%
and the length of the summer in the stratosphere, in explainincrease over 27 years, consistent with the PMC results.
ing NLC numbers. For the number of NLC nights between When nights of faint NLC are included, the trend in occur-
20 June and 20 July, significant correlation (i.e. less tharrence rates becomes rather high at 0.4 nights per year for the
5% chance that the correlation is zero) is found only with whole season, half as much for the core season. Since we find
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no corresponding trend in the length of the season, nor trendSadsden, M.: Frontispiece, in: Mesospheric Clouds 2002: Papers
in the number of moderate or bright displays, noris any trend given at the meeting in Perth, Scotland, 19-22 August 2002,
discernible in the sensitivity to planetary waves, we must edited by:.Gadsden,_ M.. and James, N. D., Memaoirs of the British
consider whether this is an artefact of observing practices Astronomical Association, vol. 45, 2002a. . ,
rather than a geophysical effect. We can also consider tha@adsden, M.: Statls_tlcs of the amjual counts of nights on yvh|ch
the trends, 0.2 or 0.4 nights/year would correspond to 48% NLCs were seen, in: Mesospheric Clouds 2002: Papers given at

) L. . the meeting in Perth, Scotland, 19—-22 August 2002, edited by:
or 57% increases over 27 years, which is much higher than

Gadsden, M. and James, N. D., Memoirs of the British Astro-
reported for the PMC albedo trend by DeLand et al. (2007). . Jical Association. vol. 45. 2002b.

A.II. these factors' give reason to doubt t.he geophyglcal Sig-Gadsden, M. and Sobder, W.: Noctilucent Clouds, 148 pp.,

nificance of the increase in reported faint NLC which may  springer- Verlag, New York, 1989.

instead be due to increasing skill on the part of the observergavine, D. M.: Noctilucent clouds over Western Europe during

in identifying faint NLC. The possibility remains, however, 1983, Meteorol. Mag., p.113, 1984.

that this increase has a geophysical origin. Gavine, D. M.: Noctilucent clouds over Western Europe during
1984, Meteorol. Mag., p.114, 1985.
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