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Abstract. Polar Mesosphere Summer Echoes (PMSE) andobservation techniques such as radar and lidar. The combina-
Noctilucent Clouds (NLC) have been routinely measured attion of both allows to gain insight into the processes relevant
the ALOMAR research facility in Northern Norway (681, for the creation of PMSE.

16° E) by lidar and radar, respectively. 2900 h of lidar mea- PMSE are strong radar echoes caused by electron den-
surements by the ALOMAR Rayleigh/Mie/Raman lidar were sity irregularities at the Bragg scale, which is the radar half
combined with almost 18 000 h of radar measurements bywavelength for monostatic radars, and are observed at sev-
the ALWIN VHF radar, all taken during the years 1999 to eral radar wavelengths. Discovered Bgklund and Bals-
2008, to study simultaneous and common-volume observaley (1981, the mechanism that allows for the maintaining of
tions of both phenomena. PMSE and NLC are known fromsuch structures in this environment was an open question for
both theory and observations to be positively linked. Wea long time. Reviews of PMSE observations and theory can
quantify the occurrences of PMSE and/or NLC and relationsbe found inCho and Rttger (1997 and Rapp and kibken

in altitude, especially with respect to the lower layer bound-(2004. Following an idea byKelley et al.(1987 andCho
aries. The PMSE occurrence rate is with 75.3% considerablet al. (1992 the currently most generally accepted theory of
higher than the NLC occurrence rate of 19.5%. For overlap-PMSE relies on the coupling of electrons to charged aerosols
ping PMSE and NLC observations, we confirm the coinci- (i.e. ice particles) by ambipolar forces that lead to a reduced
dence of the lower boundaries and find a standard deviatioelectron diffusivity and therefore an enhanced Schmidt num-
of 1.26 km, hinting at very fast sublimation rates. However, ber (seeCho et al, 1992 Rapp and kibken 2003 for de-
10.1% of all NLC measurements occur without accompany-tails). The formation of structures at the scale of a few me-
ing PMSE. Comparison of occurrence rates with solar zenithters in the altitude range of 80—90 km is attributed to turbu-
angle reveals that NLC without PMSE mostly occur aroundlent processes (e.dLibken et al.2009 given that a mini-
midnight indicating that the ice particles were not detectedmum electron number density of 300-500chis exceeded

by the radar due to the reduced electron density. (Rapp et al.2002. A dependence on background ionization

is also deduced from experiments that showed that PMSE are
stronger inside the auroral oval compared to sites inside the
polar cap like Resolute Bay where ionization is lonswar-
nalingam et aJ.2009.

The low temperatures of the polar summer mesopause region PMSE is sensitive to ice particles of any size. In
allow for the formation of ice particles, giving rise to phe- favourable conditions, ice particles grow to about 50nm
nomena termed polar mesospheric summer echoes (PMSEBaumgarten and Fied|e200§ and eventually become vis-
and noctilucent clouds (NLC). Although the presence of iceible as noctilucent clouds, possible to be observed by naked
particles is crucial to either, PMSE and NLC differ in the €Ye in twilight. The first observations of these silvery-white

physical mechanisms that create them and require differengnining clouds date back to 188Bgckhousg1885 Jesse
1885 Leslig, 1885. The first measurements by lidar suc-

ceeded in 1989Hansen et a.1989. Today, NLC are
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densities of 100 crm? (Hervig et al, 20093 the large parti- them Spitsbergeri(ibken and tffner, 2004 Liibken et al.

cles cause strong backscatter at optical wavelengths. We no®#004), Poker Flat, AlaskaTaylor et al, 2009 and Antarctica

that the satellite experiment SOFIE observes ice clouds moréKlekociuk et al, 2008. In all observations, a striking coin-
often than PMSE is measured by radde(vig et al, 2011). cidence of lower boundaries of both PMSE and NLC layers
Lidar measurements are sensitive to ice particles larger thawere observed at times, but not always.

10 to 20 nm only (e.gBaumgarten et 312008, leading to In this paper, we analyze a large dataset during nine NLC
smaller occurrence rates, and do not give evidence aboweasons of combined lidar and radar observations. These
smaller ice particles that might still generate PMSE. Whenmeasurements cover all local times due to full daylight ca-
speaking of NLC in the following, we refer to lidar measure- pability of the ALOMAR RMR-lidar. This dataset allows
ments of NLC. Consequently, the observation of NLC is di- us to derive statistics beyond case studies of single events.
rectly linked to the presence of ice particles larger than aboutVe define several cases based on occurrence and relative
15nm. In a simple picture, ice particles form around the coldlayer altitudes, calculate occurrence rates of joint and sole
mesopause and grow as they sediment by gravitation to lowePMSE/NLC observations, in total as well as as function of
altitudes where they finally sublimate when entering regionsyear, local time and solar zenith angle, and quantify the pre-
with higher temperatureLi et al. (2010 have recently de- viously observed coincidences of lower boundaries.

rived size distributions of ice particle radii from radar mea-
surements consistent with this picture. In this way it can be
understood that PMSE occur more frequently than NLC, in

a larger altitude range and that NLC are embedded into th‘?Ne use data from the ALWIN radar and ALOMAR
I(;V\tlﬁ; Fﬁg_orfeginp:ivlkiEulfgjelgn?ggﬁ;eé’r:\%?yavrc;gg’;ﬁ/‘ci’gleﬁ?ayleigh/Mie/Raman lidar that are located on the North Nor-
wegian island of Andgya (63, 16.0 E). Both instru-

strongly mﬂqence_ the grqwth of ice partlcles_ _and formation ments are separated by less than 3km, such that a zenith-
of layers. Since ice particles are very sensitive to tempera;

ture, the altitudes and layer width of NLC or PMSE are very looking lidar beam samples inside the radar volume.
suitable to test atmospheric models (&gbken et al.2008. 21 Radar
The observation of common-volume PMSE and NLC might
therefore provide an insight into underlying processes thatrhe ALWIN VHF radar operates at 53.5 MHz and has a half-
cannot be derived from observations of PMSE or NLC alone.power beam width of 65 resulting in a radar volume with
Open questions are related to the interplay of parameterg diameter ofv10 km at 83 km altitude. Technical informa-
of the background atmosphere such as temperature, watgion is given byLatteck et al(1999. We analyze the rela-
vapour and electron density and dynamical processes sudfve signal power of backscattered echo powefin dB) at
as turbulence and gravity waves regarding their role in thea 300 m vertical and 5 min temporal resolution. Background
formation of PMSE and NLC. Such understanding is cru-noise of cosmic origin was subtracted from the signal. Addi-
cial to the interpretation of PMSE and NLC measurements.tionally, typical contaminations of radar measurements like
Direct measurements of temperature in this altitude rangeinterfering signals were removed from the dataset. PMSE
for example, are very limited at this latitude, whereas PMSEgre detected from 5-min mean values of the relative signal
and NLC can be routinely measured. Quantification of thepower. A PMSE event is defined as a power enhancement
link between PMSE and NLC, including the observations of ghove the a detection threshold but for a minimum duration
NLC without PMSE in the same volume, is suited to test of 20 min (i.e., 4 consecutive 5-min averages) in one height
PMSE theories and comparison of the lower boundaries othannel. This excludes single events like e.g. meteor echoes
both phenomena allows to assess sublimation rates and thst does not affect the PMSE occurrence rate. Due to a tech-
strength of the coupling of the layers. nical problem during the year 2003 that affected the estima-
Several attempts to investigate NLC and PMSE simulta-tion of PMSE bottom altitudes we neglect this years data
neously were made using camera observations from groungijhen comparing bottom altitudes. The characteristics of the
(Taylor et al, 1989 Kirkwood et al, 1995. The first obser-  radar system and configuration of the experiment determine
vation of simultaneous and common-volume observations o threshold for the detection of significant echoes like PMSE.
NLC measured by lidar and PMSE were publishedNuss-  we detect PMSE by attributing every time-altitude bin that
baumer et al(1996, who presented four cases and iden- exceeds a threshold &, =5 dB to a PMSE layer. By this,
tified tightly and loosely coupled layers. This dataset, ob-the layer edge is defined by the 5 dB-isoline. An overview of

tained at ALOMAR, was extended lwpn Zahn and Bremer  PMSE measurements with this instrument was recently pub-
(1999 presenting 22 cases and defining three types of lay{ished byBremer et al(2009.

ers, namely PMSE and NLC in a common volume, which
accounted for 63% of all cases, layers with temporal dif-
ferences (16%) and spatial differences (21%). PMSE and
NLC have also been observed at other locations, among

2 Instruments and data processing
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2.2 Lidar that only occur in one time-altitude-bin. As both NLC and
PMSE typically occur in layers wider than our altitude res-
The ALOMAR Rayleigh-/Mie-/Raman (RMR) lidar em- olution, this does not effect these layers but removes single
ploys two lasers and two tiltable telescopes of 1.8 m diametebins that are presumably noise or of other origin. In radar
to measure the volume backscatter coefficg@iiin units of data, meteor echoes occur in single events and are success-
10~ 19m~1sr 1) at 532 nm. The horizontal distance to zenith fully eliminated by this method, which is commonly used
varies between 0 and 30 km at NLC altitudes, according to(Latteck et al.2007). The total amount of data removed by
different tilting angles. When lidar measurements with boththis method is negligible and the overall occurrence rate of
systems were conducted, we use only data from the northPMSE or NLC is not effected, as these are calculated per
west-telescope. A description of the instrument is given bytime bin. However, this procedure, together with the careful
von Zahn et al(2000 and the principle of the data retrieval choice of the thresholds ensures the robustness of our alti-
for NLC analysis is described Wyiedler et al.(2009. The  tude retrieval method by removing isolated detections while
range and time resolution of the lidar changed over the year&eeping the well-defined cloud layers intact. To account for
from 150 m and 3min to 50 m and 1 min since 2007. The comparability of the two datasets, NLC data is then smoothed
data was smoothed by a binomial filter with 475 m FWHM. in time with a gliding average of 5min to match the tempo-
To yield a uniform dataset the data was re-sampled to 40 mral resolution of the radar data. The top and bottom altitudes
vertical and 1 min temporal resolution using bi-cubic splines.of PMSE or NLC layers are retrieved by finding the lowest
We enhanced the signal-to-noise ratio for detection of NLCor highest altitude with PMSE or NLC signal in each pro-
signatures by first analyzing the data with a 4 to 6 min tem-file. PMSE and NLC datasets are then combined by match-
poral average and a 30% neighbour filter in a 25min anding times. The resulting temporal resolution is 5 min.
1.5km environment. This filter suppresses lonesome noise
(or NLC) events which are not surrounded by other signifi-
cant NLC signatures in the given time-altitude environment.3 Analysis of combined dataset
Here we test the significance by requiring tat Ag, with
AB being the & measurement uncertainta8 depends on  We analyze data of nine summer seasons from 1999 to 2008,
local time and improved over the years, but is typically below each lasting from 1 June to 15 August, which is the season
1x10"19m~1sr1, The resulting NLC signatures were then for NLC at this location. The ALWIN radar was in oper-
re-binned to a fixed 1 min grid. The lidar sounding volume is ation during 17 898 h, detecting PMSE by the above men-
about 10 mx 10 kmx 500 m, given typical horizontal wind tioned method in 13 900 h, resulting in an overall occurrence
speeds at NLC altitude 630 ms ! as measured by the MF  rate of 77640.1%. The RMR lidar, with its operation being
and meteor radars at ALOMAR (e §inger et al.2009. For  restricted to good weather conditions, took data in 2890 h.
our analysis, we accept a NLC signature if the peak bright-NLC were observed in 565 h, which yields a NLC occurrence
ness exceeds a thresholdgaf = 4 x 10 1°m~1sr-1, which rate of 195+ 0.2%. A significant amount of this data was
is the long-year detection limit of the lidar as discussed byobtained with zenith-looking lidar beams (1931 h). The lidar
Fiedler et al(2009, who also published an overview of NLC measurements are almost completely included in the com-

measurements with this instrument. bined dataset of radar and lidar, which comprises 2788 h of
data when both instruments were in operation (termed “si-
2.3 Combination of formatted instrument data multaneous measurements”). Figdrehows the dataset re-

garding year, local time and solar zenith angle. The data is
Both PMSE and NLC measurements are converted to a conwell-distributed over the years and in local time. However,
mon data format, which are daily, midnight-centered time- care must be taken interpreting extreme solar zenith angles,
altitude matrices. PMSE and NLC signals were determinedas solar zenith angles belowére only achieved prior to 27
as explained above, with the PMSE power limitedAo- July and angles above 90nly from 21 July at this location.
5dB and NLC profiles selected by a peak backscatter exceedn between however, solar zenith angles are well distributed
ing 4x10~1%m~1sr-1. Similar to the pre-processing of the throughout the season.
lidar data, we apply the following algorithm to these NLC or We have selected six examples of joint observations of
PMSE matrices: to discriminate for single false detections inPMSE and NLC extending over several hours that demon-
isolated bins (sometimes termed spikes or needles), which istrate some common features (F&). All times displayed
especially important for PMSE data, every bin with PMSE or are Local Time (LT), which corresponds to L h and
NLC that is not neighboured by at least two other non-zerois close to Local Solar Time at the location of ALOMAR
bins in a neighbourhood of 8 is removed. Additionally, ev- (Fiedler et al.2005. NLC is typically located in the lower
ery bin that is not neighboured by at least one bin in the twopart of the PMSE layer (Fig. 2a and f), but may also, at
bins before and after at the same altitude is also removedimes, exist without PMSE in the common volume (Fig. 2a
which is to eliminate isolated profiles. Such a neighbour filterand b). A striking example of exactly coinciding layers, not
was applied to improve the data quality by removing eventsonly in altitude, but also in width, is observed on 7 July 2007
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Fig. 1. Simultaneous measurement times of the ALWIN radar and RMR lidar in hours as a function of year, local time and solar zenith angle.
Extreme solar zenith angle (shaded) are not discussed because they are not distributed equally throughout the season.
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Fig. 2. Examples of joint PMSE (color, limited te-5dB) and NLC (contour, limited t@ > AB) observations. Measurement times are
indicated by red crosses for radar and in black crosses for lidar.

from 17:00 to 22:00 LT (Fig. 2c). But NLC layers may also 3.1 Characterization in terms of occurrence and

be well embedded in the PMSE layer (Fig. 2d) or continue altitude relation

to sediment further down when PMSE has already vanished

(Fig. 2e). As these few examples already show, both PMSE3.1.1 Definition of cases

and NLC layers are highly variable (existence over large al-

titude range, varying power and layer width, sudden onsetsyVe divide the simultaneous measurements into five cases,

and susceptible to wave activity with typical periods of ap- sketched in Fig3, depending on the occurrence of PMSE or

proximately one hour (Fig. 2a, ¢, d) even including effects of NLC sorted by approximate commonness: |. PMSE without

multiple layering (Fig. 2d, e). In the following, an attempt NLC, Il. neither PMSE nor NLC, Ill. PMSE above NLC, IV.

shall be made to characterize common features by definin®MSE and NLC overlapping, V. PMSE below NLC and VI.

cases and quantifying their occurrence. NLC without PMSE. Case IV is further divided according
to the altitude relation of the overlapping layers: (a) PMSE
above and inside NLC, (b) PMSE above, inside and below
NLC, (c) PMSE inside NLC and (d) PMSE inside and below

Atmos. Chem. Phys., 11, 13586366 2011 www.atmos-chem-phys.net/11/1355/2011/
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Table 1. Statistics of PMSE and NLC measured by the ALWIN

§ I I radar and ALOMAR RMR lidar in the years 1999-2008. The com-
= bined dataset (“simultaneous measurements”) is split into cases |
< to VI regarding the occurrence of PMSE and/or NLC. Overlapping
PMS layers (case |V) are further split regarding their altitude relation.
Measurements lidgrradar 2890h 17898h
Measurements NLCPMSE 565h 13900h
Cases > Simultaneous measurements (I to VI) 2788h 100%
Simultaneous observations
of PMSE and NLC (IlI+IV+V) 489h
Fig. 3. Schematic drawing of cases of PMSE and NLC occurrence. | (PMSE without NLC) 1620h 58.1%
E:?;ﬁirti;elsst,mgwsmd by the occurrence and relative top and bot- Il (neither PMSE nor NLC) 626 h 29 4%
Il (PMSE above NLC) 47h 1.6%
IV (PMSE and NLC overlapping) 438h 15.7%
Lidar — IVa (PMSE above and inside NLC) 204 h
. IVb (PMSE above, inside and below) 213h
IVc (PMSE inside NLC) 16h
NLC IVd (PMSE inside and below NLC) 5h
“ V  (PMSE below NLC) 4h 0.1%
VI (NLC without PMSE) 53h 1.9%

1. P(PMSB: probability of observing PMSE relative to
all times,

2. P(NLC): probability of observing NLC relative to all
times,
3. P(PMSENLC) (“PMSE given NLC"): probability of
T observing PMSE during NLC measurements,

Fig. 4. Schematic drawing of lidar and radar data set (big circles). 4. P(NLCIPMSB ('NLC given PMSE"): probability of

The colored circles include the measurements where NLC or PMSE observing NLC during PMSE measurements,
were detected. The regions | to VI make up the simultaneous mea- 5. P(NLC|PMSE (“NLC without PMSE”): probability of
surements according to the PMSE and/or NLC occurrence. The  observing NLC during the absence of PMSE.
shaded areas are discarded. Areas are not to scale.
The corresponding equations and resulting numbers are

_given in Table2 and Fig.4 visualizes the datasets as a set

NLC. The number of hours for each case in our dataset 'Sdiagram. It has long been known that PMSE and NLC are
listed in Tablel. PMSE without NLC is the most likely case ,'indenendent phenomena, first of all from both their oc-

(1), which is to be expected regarding a generally high PMSE ence during the summer season in the mesopause re-
occurrence rate and comparably low NLC occurrence rateginn and many other observations that led to our current un-
When "(\”‘C occurs, PMSE occurrence 1S also very likely (Il derstanding. In the here defined probabilities, this depen-
to V). “NLC without PMSE” is selld.om compared_to total dence is reflected b (PMSENLC)> P(PMSE as well as
measurement hours, but not negI|g|b!e (VI). NLC is mostly P(NLC|PMSB> P (NLC), which means that the occurrence
embedded, or at least overlapped, with a PMSE layer (IVb,y¢ 56 is enhanced if the other is present, or simply that they
IV). Case IVc, IVd and V are not considered further becausey o hositively linked. Stochastic independence on the other
of low statistics. hand would require that the occurrence rates do not change
if a random subset of the dataset is selected. In practice this
3.1.2 PMSE/NLC occurrence rates means that when we know the radar observes PMSE when
These absolute numbers (in measurement hours) of the cas8t@rting the lidar, we can expect to see NLC with a 20% in-
defined in Sect3.1.1are now combined and related to each créased probability compared to the average value. The same

other in order to assess relative occurrence rates of joint ofS rue the other way around. On the other hand, if the radar

sole observations of PMSE and/or NLC. Among the possible'€POrts missing PMSE, our chance of observing NLC sinks
relations we select the following: from the independent occurrence rate of 19.5% to only 7.8%.

Of all NLC observed, 89.9% are accompanied by PMSE,

www.atmos-chem-phys.net/11/1355/2011/ Atmos. Chem. Phys., 11, 13662011
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Table 2. Probabilities of PMSE and NLC occurrence for different o P(NLC) ‘ 92
selection criteria. Statistical errors were calculated aBiatler
. o ; 100 [ NLC top/bottom - |
et al. (2009. Figure 4 visualizes the sets used in these equa- — P(PMSE) —& a0
tions. Note that the total and conditional probabilities are con- &= = SE top/bottom @
nected by the law of total probability, which is, in our notation, @ 80 g B a8 ’é‘
P(PMSE) = P(PMSHENLC)-P(NLC)+ P(PMSENLC)- P(NLC) o O Q- O-- 58 =
with P(NLC) =100 %— P(NLC). g 60} 86 3
] E
[ERTTEEIVARY, = =
(1)  PPMSB= e 753+0.2% § 84 <
N1V +V+VI
() PNNLO)=imramavavewr  195+0.2% o 8o
__Hl+IV4V
(3) P(PMSENLO)=qyiiiyar  89.9+0.4% . i
N4V 4V
(4) P(NLCIPMSB=riitvay  232+0.3% 0 5 10 15 50
SricE VI -
(®) P(NLCIPMSBE= gy 7.8+0.3% Threshold B (10 'Ym/sr), P (dB)

Fig. 5. Dependence of PMSE and NLC occurrence rates (black,

. . left axis) and averaged top and bottom altitudes of PMSE and NLC
leaving 10.1% of all NLC measurements to occur without (e, right axis) on the thresholly, or Sih-

PMSE.

3.2 Robustness of method lower thresholds, random noise prevents a robust estimation
of the PMSE layer. Figure 2 @dremer et al(2003 is based
To demonstrate the robustness of our method, we address thh signal-to-noise ratio rather than relative signal power but
aspects of representative sampling, common-volume meastherwise shows the same results considering our different
surements and the influence of the choice of the thresholghoise suppression algorithm described in S2&. For the
in this section. lidar dataset, already including significant NLC profiles only,
The radar dataset was considerably reduced (to 15.6% add limit of about B = 2 x 107°m~1sr-1 marks the sensi-
the total data) to match the less frequent lidar measurementsivity of the instrument. Figuré also shows the effect on
Mean PMSE occurrence rates derived from the completealtitudes. PMSE layers are thinned using higher thresholds
(77.6%) and the reduced dataset (75.3%) agree neverthelebgcause the layer is restricted to its bright core. For NLC,
with respect to natural year-to-year variability, confirming as bright NLC layers tend to be at lower altitudes, a high
that the reduced sample is representative. Another indicathreshold which includes only bright NLC also yields layers
tion for possible unequal sampling is the yearly mean solarat slightly lower altitudes. We note that despite the many ob-
zenith angle that has a standard deviation of 1I8fluences  servations of coinciding lower boundaries, in average of all
of sampling on yearly mean NLC properties however werePMSE and NLC detected, the PMSE lower boundary is lo-
carefully investigated byriedler et al.(2009 and found to  cated several hundred meters above the NLC lower boundary
be negligible. and this separation does not vanish for any combination of
A tilted lidar beam of 20 is actually outside the radar valid thresholds. Although a noise-free radar system might
volume. However, during 5min of integration time the ice detect wider PMSE layers, we do not believe this is a sensi-
particles are transported about this range given typical windivity issue considering our results of the next section which
speeds as measured by radar. Therefore, tilted lidar measonfirm a striking coincidence of lower boundaries in the
surements might still be considered “common-volume” with case of simultaneous observations of PMSE and NLC. The
a zenith-looking, wide radar beam. We have checked theexplanation is rather, that the average PMSE is determined
subset of zenith lidar measurements only and found that théy ice particles of different properties (e.g. smaller radius)
derived numbers for the probabilities (1)—(5) agree within than the particles the average NLC is made of.
errors, confirming the presumption of a common volume. Having introduced and demonstrated the suitability of our
Therefore, the data from tilted beams is included in our anal-analysis method, we turn to a closer inspection of the re-
ysis. lations of PMSE and NLC bottom altitudes in our large
The chosen of the detection threshold, essentially selectinglataset and secondly quantify the occurrence of NLC without
PMSE and NLC events regarding their power or brightness PMSE, a phenomenon that demonstrates that the presence of
influences both occurrence rates and altitudes. The morée particles is only a necessary but not a sufficient condition
events can be taken into account, the higher is the occurfor PMSE.
rence rate (Fig5). In case of the radar dataset, the threshold
however can only be lowered to the noise limit of 5dB. At
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Table 3. Mean layer boundaries, separation of NLC and PMSE bottom altitudes and NLC brightness for each of the defined cases. Addi-
tionally, electron density from the IRI model is given. Data of the years 1999-2008 is averaged.

PMSE NLC B (10 19m-1s1) NLC—PMSE el dens.
Case Zpot (km) ztop (km) Az (km) Zpot (kM) ztop (km) Az (km) mean, median Azpot (km) e (cm3)
Ito VI 82.99+0.01 87.3%0.01 4.46-0.01 82.1%0.02 83.7%0.02 1.680.03 9.8:0.1,7.27 -0.88 5751
H+IV+V  82.104+0.02 87.130.03 5.030.04 82.120.02 83.8%0.02 1.69-0.03 9.8:0.1,7.31 0.02 5342
[ 83.27£0.02 87.470.02 4.26-0.03 604+2
I 538+2
i 85.36+0.09 87.180.08 1.82£0.12 81.920.05 83.3%0.06 1.420.08 9.4:0.3, 7.30 —3.44 49a:4
v 81.74£0.02 87.140.03 5.4@:0.04 82.080.02 83.86:0.02 1.72:0.03 9.9+0.1,7.35 0.34 5362
IVa 82.25:0.02 86.7%0.05 4.46:0.05 81.7#0.02 83.54-0.03 1.83-0.04 11.50.2, 8.80 -0.54 520£3
IVb 81.22£0.03 87.9¢:0.04 6.68:0.05 82.49:0.02 83.960.03 1.470.04 8.3:0.1, 6.07 1.27 5544
v 81.87+0.08 83.5%0.08 1.7@:0.11 10.2:0.4, 6.98 4844
4 PMSE/NLC bottom altitudes in common-volume advantage. We therefore study the altitude relations of the
observations layers for the different cases we have defined first, and then

turn to the quantification of the bottom altitude coincidence

The coincidence of PMSE and NLC bottom altitudes was re-in simultaneous and common-volume observations of PMSE
ported from different locations, first byon Zahn and Bremer and NLC by comparing single measurements.
(1999 at Andgya, later on bi.libken and ffner (2004) in Table 3 lists both top and bottom altitudes of the PMSE
SpitsbergenKlekociuk et al.(2008 in Antarctica and oth-  and NLC layers and the average NLC peak brightness for the
ers. Having in mind that PMSE is sensitive to a wider spec-defined cases. In average of all measurements (case | to V1),
trum of ice particle sizes, such a missing separation hints aho matter if NLC were present or not, the mean layer width
a very rapid sublimation. Typical temperature gradients atof PMSE is 4.4 km. The bottom of the PMSE layer is then lo-
NLC altitude during the NLC season aret.4Kkm™t (af-  cated~900 m above the NLC lower boundary, as was already
ter Lubken 1999 and models predict coincidences within indicated in Sect3.2. In case of NLC (no matter if PMSE
~200m (see alshiibken et al.2004. A sedimentation ve-  were present or not) the layer width is 1.7 km. As PMSE are
locity of NLC particles of~1km h™! restricts the lifetime of  sensitive to ice particles of all sizes, this means that in aver-
particles fallen below the lidar detection threshold to severalage PMSE conditions, ice particles are hardly large enough
minutes until they can no longer sustain PMSE. In conse-o be visible as NLC by the lidar and the average PMSE al-
quence, a small or zero separation between lower boundariagude, connected to the largest number density of ice par-
of PMSE and NLC implies that the lidar measurements of theticles, lies above typical NLC altitudes. Only in conditions
NLC lower boundary represent the lower boundary of the icecold enough providing ample time for ice particles to grow as
layer well. they sediment, PMSE occurrence extends to lower altitudes,

To determine such small or even zero separations betweeimcreasing its layer width. In this case (our case V), the bot-
measurements obtained by two very different instruments obtom altitude of PMSE is even found 340 m below the NLC
serving two different phenomena remains challenging. Inlower boundary. This complies with the understanding that
our dataset, the vertical resolution is 300 m for the radar andsublimating particles, having become invisible, continue to
40 m, resp. 150 m, for the lidar, being smoothed with a glid- cause PMSE for a short time until they are sublimated com-
ing average of 475m. The horizontal resolution of lidar and pletely. The here mentioned numbers are significant, as they
radar is however different by three orders of magnitude withare obtained by averaging over a large number of measure-
the width of the radar beam 610 km and that of the li- ments. The statistical errors are also given in Teébleln
dar beam o10 m. Additionally, small-scale structures in the typical case where NLC is embedded in the lower part of
ice layers as known from visual NLC observations and icethe PMSE layer (case 1Vb), the PMSE layer is 6.7 km wide.
layer tilts as known from twin lidar measurements of NLC However, our brightest NLC observations are accompanied
contribute to the uncertainty. Keeping this in mind, we es-by PMSE that, although shifted to lower altitudes, do not
timate the possibly best resolution of altitude differences toreach below the NLC lower altitude (case IVa). It seems that
be on the order of 500 m. This is a good resolution know-in the presence of such large ice particles, or bright NLC,
ing the natural variability of the bottom altitudes during one NLC can reach further down than PMSE. Although it is pos-
day is 2km for PMSE and 1.2 km for NLC, such that a co- sible that very weak PMSE below the detection threshold of
incidence within 500 m already indicates a strong couplingthe radar exist, case IVb proves that the detection of low-
of the layers. Nevertheless a large dataset from which avaltitude PMSE is possible and is not restricted by sensitivity
erage values with low statistical error can be obtained, is ofof the instrument. This indicates that ice particles are only

www.atmos-chem-phys.net/11/1355/2011/ Atmos. Chem. Phys., 11, 13662011



1362 N. Kaifler et al.: Common-volume PMSE and NLC
830 “PMSE botiom (IV) — Table 4. Distribution of difference of lower boundaries_ of _PMSE
830 | Q) NLC bottom (V) s and NLC (Azpot=zhot NLC —Zbot PMSE)s 1999-2008 By is given

__ 828 in10710m=-1g1,

£ s26

§ 22; Bthr=4 Bthr=4 Bthr=0

= ' zenith only

I 820
81.8 Hours 386 240 560
81.6 Median (km) —0.05 —0.05 0.06
814 A S Mean (km) 0.18 0.24 0.33

0 2 4 6 8 10 12 14

_10 Std.dev. (km) 1.26 1.35 1.29
B (10 "/m/sr)

Skewness 2.05 1.74 1.80
|Az|<250 m (%) 274+0.7 263+0.8 268+05

PMSE below NLC

_______________ before (see Figh and discussion) a higher NLC thresh-
2 M old removes dim NLC from the sample set, and as those
NLC below PMSE are usually located at higher altitudes (anti-correlation of
altitude and brightness, e.@€hu et al, 2006, the NLC
6 ‘ ) ‘ ' ‘ bottom altitude decreases with increasing brightness. Fig-
ure6a shows how this correlation also effects accompanying
PMSE. The PMSE lower boundary decreases with increas-
ing NLC brightness in a way that it is located below the
NLC bottom altitude. However, as NLC become brighter,
this separation diminishes. This is consistent with the dis-
cussion of case IVa in the previous paragraph and although
the amount of data decreases from 560 Bygt=0 to 130 h
at Binr = 14x 10719m~1sr1, the error of the mean is small
(almost within symbol size). We can conclude that the lower
boundary of PMSE that accompany NLC (case V) is below
the NLC lower boundary and that in the presence of bright
NLC, PMSE reach to lower altitudes, but the lower bound-
aries are found closer together.

simultaneous observations of NLC and PMSE (case IV) as a funcgervations of PMSE and NLC directly to each other. The
tion of the thresholdyy. (b) Distribution of separation of PMSE iy tion of differences of bottom altitudes is shown in
and NLC bottom alttudes fofi=4>10~"%m~% s of com- Fig. 6b. As expected from previous publications on the strik-
bined observationgc) Mean and median of the distribution (h) . 9. S P P _p .
; ing coincidence of lower boundaries, it is centered clearly
as a function of3ip,- . - i .
around zero altitude difference. Statistical properties are
listed in Table4. Both mean and median are not signifi-
o - cantly different from zero regarding a resolution of 500 m.
a necessary but not a sufficient condition for PMSE forma-, fact, in about 27% of all measurements the bottom al-
tion. Other necessary conditions are ionization and turbulenj,des agree withinAz| < 250 m, and the standard devia-
activity, which might be limited especially at low altitudes. g is 1.26 km, which is comparable to natural variability
This restriction would then also explain our observations of;, gne day. These results are in agreement \itoken
PMSE located way above NLC layers (case Ill). Since it is gt g1 (2004, who presented histograms of three events with
known that PMSE can develop stable double layer structuresy estimated standard deviation of 1.6km and a mean of
(Hoffmann et al., 2005, 2008), this observation arises wherggo_500m. Also, our distribution is asymmetric preferring
a lower layer of such a double layer structure, that wouldn| ¢ embedded into the PMSE layer, as expected. To rule
have coincided with the NLC layer, has faded out and only gyt any influences of spatial separations due to tilted lidar
the upper layer remains. beams, we restrict the dataset to zenith lidar measurements
To take the study of the dependence of PMSE altitudegTable 4, middle column), but do not obtain significantly
on NLC brightness on, we select NLC events regardingchanged results. Inclusion of all detectable NL&g(= 0)
their brightness by choice of the threshold. As mentionedalso does not improve the coincidence of lower boundaries

NLC bottom - PMSE bottom (km)
o

Altitude difference (km)

0 2 4 6 8 10 12 14
B (107 Ym/sr)
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Fig. 7. Occurrence rates as function of local time and solar zenith angle.

further, meaning this result is not limited by the detection between the main maxima of PMSE and NLC may be due
threshold chosen here. Selecting NLC by brightness as beto the sensitivity to different-sized ice particle populations
fore, Fig.6c shows the mean and median of the distributionthat react with different time lags to the background atmo-
for 0 < Bir < 14x 10°19m~1sr1. Both values are close sphere. The pronounced maximum of PMSE around noon,
to zero and decrease with increasing threshold, meaning theowever, has previously been attributed to increased electron
distribution is slightly shifted to prefer NLC below PMSE as density due to a maximum in Ly-induced D-region ion-
only bright NLC are taken into account, all consistent with ization Klostermeyer1999. During the day (about 09:00
our previous analysis. to 19:00 LT), given observations of NLC, the probability to
observe PMSE rises significantly to almost 100% (prob. 3.).
Accordingly, the probability of observing NLC in the ab-
sence of PMSE (prob. 5.) is close to zero. The situation is
different in the late evening hours, when PMSE occurrence
is at minimum. The probability to observe NLC is enhanced

:Q//i hg\ée rcT)]sesri]SIc:e n:;i glr?;;%gn'sogf?ﬁgnoggé?ya:gr?:Igfn T\laL(é: if PMSE is present (prob. 4.), but also the probability to ob-
yasp b serve NLC without PMSE is enhanced (prob. 5.). It is largest

without PMSE. Turbulent activity in this altitude range and ;

. : L . . - 27— .0 in the early morning hours, with a maximum at 02:00LT,
especially with respect to variations in altitude or time is dif- o
when NLC occurrence is high.

ficult to assess and there is limited observational data. loniza-" _ i I .

tion is mainly influenced by Ly radiation as described by Flgu_re7 (right) shows a_II probabilities as afuqcho_n of S0
the Chapman production function and varies/segy with lar zenith angle. As mentioned b;afore, we restrict discussion
the solar zenith angle. As derived Bapp et al(2008 Ap- to solar zemth a_ngles bgtw_een 48nd 89 as only those .
pendix A), the radar volume reflectivity depends quadrati-are equally dI.StI’Ibl.Jte(.j Wlthlq the season. The decreasing
cally on the electron number density, using an expression eleqtron dens!ty with increasing solar zenith angle Iead_s_ o
for the refractive index byHocking (1989. Besides these a slightly declining PMSE occurrence rate. The probab|||ty
two mechanisms acting upon PMSE, both PMSE and NLCOf PMSE measured during NLC dlsplays also decreases: yv|th
are subject to thermal tides and therefore exhibit diurnal anosolar zen!th angle (pr(_)b. 3.). Accordingly, the probability
semi-diurnal variations. In this section, we will first show the _Of obsgrvmg NLC. during the gbsence of PMSE (prob._&}.)
probabilities 1.-5.) from Tabl2 as a function of local time IS maximum at high solar zenith angles. The probability
and then study these occurrence rates as a function of sol r NLC without PMSE now seems to be anti-correlated to

zenith angle, including a comparison with electron numberthe PMSE occur:jence ratz, md(;caltmg tha(;a Ia_rge fraction of
density as derived from a model. these cases are due to reduced electron density.

5 PMSE/NLC occurrence rates and NLC without
PMSE

5.1 Variation with local time and solar zenith angle 5.2 Dependence on electron density and correlations

Figure7 (left) shows the occurrence rates defined in T&ble We calculate electron number densities from the Interna-
as a function of local time. The PMSE occurrence rate istional Reference lonospherBilitza, 1998 at an altitude of
maximum at 06:00 and 13:00 LT, whereas the NLC occur-83km and geographic coordinates°®9 16° E. IRl com-
rence rate has a main maxima at 03:00 LT and only a wealbines various data sources like ionosondes, incoherent scatter
variation owing to the semi-diurnal tide. (Detailed tidal anal- radars and instruments on satellite and rockets to derive pa-
ysis of the data used here are found in Hoffmann et al., 1999ameters of the ionosphere. Over the altitude range where
and Fiedler et al.,, 2005.) The phase shift of three hoursPMSE occurs, electron density can vary up to an order of
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Fig. 8. Electron density (IRI, left axis) and solar zenith angle (right axis) for the time of measurements as a function of year, local time and
solar zenith angle. With respect to local time, the seasonal variation of the solar zenith angle is indicated by the bars.

Table 5. Correlation coefficients between PMSE/NLC occurrence rates per local time (12 values, top) and between solar zenith angle and
IRI electron density per solar zenith angle (24 values, bottom). In brackets the 95%-confidence interval is givBavyaftd938. The
correlation is significant (printed bold), if zero is not included in the confidence interval.

r (LT) | P(PMSE) P(NLC) P(NLC|PMSE)
P(NLC) 0.19 (-0.20, 0.53) -

P(NLC|PMSE) | 0.00 (-0.38,0.38)  0.85 (0.65, 0.96) -

r (sza) | P(PMSE) P(NLC) P(NLC|PMSB
sza —0.90(—0.60,—0.98)

iri 0.94 (0.52, 0.99) —0.65(—0.02,—0.88)
P(PMSE) - —0.74(—0.91,-0.20)

magnitude in altitude. However, as we focus on the jointas indication that observations of NLC without PMSE are
occurrence with NLC that are observed at an altitude of ap-due to missing electron density that reduces PMSE in gen-
proximately 83 km, we study electron densities at this fixederal. Depletion of PMSE connected to low electron density
altitude only. Mean values of electron density as a functionwas also observed Hyapp et al(2009 their Fig. 4) during
of year, time and solar zenith angle are presented in&ig. a rocket flight.
together with the solar zenith angle. All values were calcu- Further strong evidence for the impact of electron den-
lated for the actual measurement times and averaged. Thsity on the occurrence of NLC without PMSE is the mean
yearly mean electron densities are strongly influenced by soelectron density calculated for all our defined cases as listed
lar cycle, being maximum in year 1999/2002 and minimum in the last column of Tabl&. Despite variations with so-
in year 2008 (Fig8a). During daytime, electron density is lar cycle on the order of 200 cm and day-night-variations
anti-correlated to solar zenith angle and during night, theof ~400 cnT23, the mean electron density per case varies as
model assumes it to be at constant level (FBig), averag- much as 120 cm?. Significantly lower electron density than
ing over energetic particle precipitation events that occur ataverage is found for cases VI and Ill, which is NLC without
night. PMSE at all or with NLC well below PMSE. The largest val-
ues for electron density are found for case I, which is PMSE

Results of a correlation analy_s!s of the PMSE and NI‘Cwithout NLC, further corroborating the dependence on elec-
occurrence rates, electron densities and solar zenith anglqﬁ)n density

discussed here are listed in Taldle As a function of local

time, the PMSE occurrence rate is neither significantly corre-

lated with the NLC occurrence rate nor with the probability 6 Conclusions

to observe NLC in the absence of PMSE, due to the mix-

ture of thermal tides and influence of electron density. AsWe have analyzed nine years of PMSE and NLC measure-
a function of solar zenith angle however, influence of elec-ments in the same volume by combining the datasets of the
tron density becomes apparent. Both the PMSE occurrencALWIN radar and ALOMAR RMR lidar at Andgya, North-
rate is significantly correlated with electron density and theern Norway. We observe an enhanced occurrence rate of
probability to observe NLC without PMSE is significantly PMSE or NLC if the other phenomena was present, con-
anti-correlated to the PMSE occurrence rate. We take thidirming that their occurrence is positively linked. In case of
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