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Abstract. This paper reports, for the first time, observa- 1 Introduction

tional results of mesopause sporadic Na {Niayers by

a ground-based lidar at Qingdao {36, 120 E), China. . , .
Based om~430h of observational data on 95 nights from Free metal atoms are present in Earth’s mesopause region

December 2007 to June 2012, we have selected a totaﬁetwee.n 75 and 110 km'. Among Na, Fe, K’, and Ca, Na is
of 53Na layer events. It is found that characteristics of most widely observed. Lidar measurements indicate that the

Nas layers over Qingdao have general similarity with those numbe_r density prpfile O.f Na atoms roughly possesses the
over nearby sites, Wuhan (38, 114 E) and Hefei (32N, Gaussian shape with height and peaks &2 km normally.

117 E), but not those over the site Hachioji (38, 139 E) However, besides this normal layer (main layer), Na atoms

at nearly the same latitude as Qingdao. At the same tim can be sporadically enhanced within a narrow height range,

parameters of sporadic E {Elayers were recorded by an which has been defined as a sporadic Nas{Nger (Hansen

ionosonde. The fact thatsfayer occurrence probabilities of and von Zahn, 1999; Clemesha etal., 1999). .
19, 22, and 18 % in time intervals before, during, and after The characteristics of Ndayers have been widely sur-

the Na layers are very close to the average occurrence rati(%’ el?/eqa E eSEitT’f the _narrowFr\lAeIEm refg,i\lonl (typicaﬂw km

of the nocturnal Elayer (21 %), may reveal a general in- Uil wit t a't alt maximum, ) of Nalayers, they can
dependence between Nand E layers over Qingdao. Only exhibit horlzon_tal sizes bereen 1OQ and 2000 km measured
those strong Nalayers above the peak altitude of the main by multiple-point obse_rvatlons (Batista et al.,_1991; Kane et
Na layer might have a significant correlation witly By- a!., 1991). The occurring altltude_ of Méeayers is generally
ers. In addition, a total of 11 high-altitude (above 105km) hl_ghe_r than the peak of the main layer and. normally falls
Nas layer events have been surveyed specially. It is found thai"”th_t'me (Clemesha, 1995). Thp decay.perlod .Ofs Mheey-
these high-altitude Ndayers were usually weak. And they ers is normally longer than their formatloq 'per|oq (Kwon
possessed long-duration (> 147 min) and broad-layer widiret @l 1988; von Zahn et al., 1987). In addition, simultane-
(4.0 km) compared with Naayers below 105 km (> 96 min ous and common volume lidar observations &tlSGhowed
and 2.4 km). These characteristics are in accord with obseriNat: 62% of sporadic Na and Fe grdayers occurred in

vational results at Wuhan. It is suggested that there is ”meoverlapplng altitude ranges and moved following aimost the

correlation between this kind of Néayers and Elayers. Fi- same track (Yi etal., 2,007)' Qccasionally, Nayers COUId,
nally, the summer topside enhancement phenomenon of NgPpear at extremely high altitude (above 105km) (Collins

atoms observed at Qingdao is in accord with several earlieggi‘gj ég%; Yl let 2a(|)1 3209I'2h; Gonhg et aI._, 2003; I\ga Eli\;I]d v, d
observational results at different sites (18, 30, antNpdin Vi 2(’) 1001 et af., d r: rou% Fa lStatIStICSbStU 31/’053 an
the Northern Hemisphere. i ( ) have found that Neand Fg layers above m

at 3¢ N occurred mostly during summer and possessed long
Keywords. Atmospheric composition and structure (middle durations and broad layer widths.
atmosphere — composition and chemistry) However, the formation mechanism of Nayers is still
not very clear. Through simultaneous observations of spo-
radic E, Na, Fe, and Caion layers at Urbana, lllinois, Gardner
et al. (1993) suggested that high-altitudesNe&yers would
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be formed by the neutralization of Na ion in an associatedTable 1.Lidar parameters related to Na resonance fluorescence de-
sporadic E (E) layer. A high correlation between the occur- tection.
rences of Nalayers and Elayers has led to suggesting the

neutralization of the Na ion reservoir in the Byers as a Transmitter
source of the neutral Na atoms (von Zahn and Hansen, 1988; | aser Continuum 8020 ND6000
Beatty et al., 1989; Kane and Gardner, 1993; Cox and Plane, Nd:YAG Laser DYE Laser
1998; Clemesha et al., 1999; Shibata et al., 2006; Williams  Wavelength 532nm 589 nm
et al., 2006, 2007; Delgado et al., 2012; Yuan et al., 2013;  Linewidth lenrl 0.5cntl
Dou et al., 2013). In addition, according to several chemical ~ Pulse energy 550mJ (typ.) 70mJ (typ.)
theoretical studies, the Na ion is converted into a Na atom  Repetition rate 20Hz 20Hz
at a height around or above 100km (Cox and Plane, 1998;  Pulse width 5-7ns 5-7ns
Hansen and von Zahn, 1990; Collins et al., 2002). Also, the ~ Béam expander x2.5

Beam divergence 0.3 mrad 0.6 mrad

observations indicated that, sporadic neutral atorR) (&-
ers correlated with Elayers were likely to appear around
100 km (Beatty et al., 1989; Friedman et al., 2000; Williams Receiver

et al., 2007). Nevertheless, the correlation @fl&yers and Telescope aperture Cassegrain 1m
Eslayersisnot 1:1 (Clemesha, 1995). Observations aN69 Field of view 2 mrad

indicated that no Elayer appeared within 2 h before and af-

(after beam expander)

ter the occurrence of some Nayers and Fglayers (Hansen Filter
and von Zahn, 1990; Alpers et al., 1994). Through the obser-  Bandwidth 0.5nm
vations at different locations, Alpers et al. (1994) have found Transmission ratio 60 %

that the correlation between §and E layer events exhib-
ited obvious latitudinal variation. Through statistics work, it

was found that the probability of a Igllaaoyer simultaneously  china. Observations are performed routinely at night and one
appearing with the Hayer was low (32 %) at 6N (Hansen o the operational modes is adopted roughly alternately for
and von Zahn, 1990). The geographical distribution charaCeach night. The lidar parameters related with Na resonance
teristics of correlation betweensidnd E layers are very ob-  f,0rescence detection are given in Table 1.
scure. o . o The time bin length is 1 s corresponding to the range bin
_ Another origin of Ng layers may be direct meteoric injec- |ength of 150 m. The time resolution of Na profiles is nor-
tion, as source of metallic r_natenals among the mesopausgna|ly 250s (5000 laser shots), and was adjusted to 300s
The first report of a sporadic Na layer suggested that it reygooQ |aser shots) from 20 February to 15 October 2009.
sulted from meteor deposition (Clemesha et al., 1978). Ityhe pointing of the transmitting beam is established by scan-
has been suggested that the high-altitude sporadic metal lay;ing the backscatter signal at 30 km along two perpendicu-
ers might belong to a different population and have differ- 5 girections. The pointing of the laser beam is established
ent origin (Hansen and von Zahn, 1990; Kane and Gardnerpy the trapezoid method (Fiorani et al., 1998). The wave-
1993; Clemesha, 1995). Hoffner and Friedman (2004, 2005)ength is tuned up by scanning the maximum backscatter
suggested a direct link between ablating meteoroids andjgna) strength of Na atom at 90 km. The Na atom number
topside metal layers. Through a statistical study, Ma andgensity is obtained by contrasting the resonance fluorescence
Yi (2010) suggested the Northern Hemisphere high-altitudegcagtering signal of Na atoms to the Rayleigh scattering sig-
sporadic layers occurring mostly during summer would come 5| of the atmosphere at 30 km.
from enhanced micro-meteoroid influx. The ionosonde of CRIRP is located at a horizontal distance
In_thls study we present ok_)servanonal results of gers ¢ only ~30m away from the lidar. Its frequency sweeps
obtained by ground-based lidar at°36, as well as the sta-  from 1 to 32 MHz in~ 1 min, and the altitude uncertainty for
tistical results of correlation between Nand E layers. In - gporadic E layers is5 km. This ionosonde operates every
addition, high-altitude Nalayers are surveyed. hour on the hour. Consequently, the data period dfers
cover all Na data. The ionograms are scaled according to the

Manual of lonogram Scalingy Wakai et al. (1987).
2 Instruments

The multifunctional aerosol-temperature-sodium (ATS) lidar 3 General overview of sporadic Na layers

of the China Research Institute of Radiowave Propagation

(CRIRP) can detect the lower atmosphere and aerosols b@ur observations of Na atoms by lidar were first performed

Mie and Raman scattering, as well as the middle atmospheran December 2007, and the data used in this study are up
by Rayleigh and Na resonance fluorescence scattering. It firdb June 2012. In order to ensure a good data quality, pro-
came into operation in June 2006 at Qingdac (86120 E), files with a threshold number density (the number density
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03-04 May 2009
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20°N Figure 2. Na density contour plot andsHayer parameters during
120 E 130 140 E the night of 3—4 May 2009. For detailed explanation please see text.
Notice the k layer occurred without any Ndayer during the entire

Figure 1. A map showing the relative positions of four lidar sites. observation of Na layers.

110°g

In the next section, we will survey the temporal correlation

corresponding to one single photon in one range bin) abov%etween sporadic Na and E layers by both case and statistical

3 -
A0cnr™ at 90km have been excluded. Then we have ob studies. And we will further study the correlation between

tained~ 430 h of Na number density data on 95 nights to- . .
. . . sporadic Na and E layers by surveying IByer occurrence
tally. Observation was performed at least three times in each S ! S
. probabilities in three different time intervals aroundsNay-
month except in July.

To be classified as a sporadic layer, the peak Na densiters in Sect. 5. Then Sect. 6 will pay attention to characteris-
must be equal to or greater than twice that of the backgroungI ¢s of high-altitude (above 105km) sporadic Na layers.
Na density (Clemesha et al., 1999). In addition, the peak

”“”_”ber density is required to reach 5007:'"mand_ aspo 4 Correlation between sporadic Na and E layers
radic layer should last at least for three successive profiles.

According to these criteria, a total of 53 sporadic Na layer o strength of a sporadic E layer detected by ionosonde

events have been selected from30h of data. is normally directly recorded by the plasma frequengy,
Through a statistical study of all these sporadic Na layer, MHz), which is related to the electron concentration &
events, we have obtained their characteristics exhibited in 54 10* £2cm3). First of all, a proper strength criterion

Table 2. For comparison, Table 2 alsollist characteristics(threshomfp) for judging the & layer event should be estab-
of Nas layers gained at another three lidar sites (Wuhan,jished. Based on the nighttime (19:00-05:00 LT — local time)
Hefei, and Hachioji). Figure 1 is the map showing the rel- 45¢5 by ionosonde from December 2007 to June 2012, the

ative positions of these four lidar sites. The distance betweenRgcylated probabilities fof,, reaching 3, 4, and 5 MHz are
Wuhan/Hefei and Qingdao~(900/500km) is nearer than 59 21 and 14 %, respectively. Thus we set the thresfipld

that between Hachioji and Qingdao- {700km), whereas o £_jayers to 4 MHz (Dou et al., 2013), in order to ensure
Hachioji (35 N) is nearly at the same latitude as QIngdao 5 gimilar ratio of event duration to total observation duration
(36°N). As seen in Table 2, it is found that the occurrence it Nas layers (19 %, as seen in Table 2). Thus, a recognized

rate and strength (average peak density, maximum peak defg, layer only represents one witfy of or exceeding 4 MHz
sity, average peak abundance and maximum peak abundancg)ine following.

of Nag layers over Qingdao are all close to those over Wuhan.
The average width and altitude of Niayers over Qingdao 4.1 Case studies

are close to those over Hefei. However, the strength (aver-

age peak density and maximum peak density) and averagg.1.1 Case study 1 (3—4 May 2009)

altitude of Na layers over Qingdao are much different with

those over Hachioji. Overall, characteristics ofsNayers  Figure 2 shows the Na density contour plot andl&er
over Qingdao have the general similarity with those overparameters during the night on 3-4 May 2009. The color
nearby sites, Wuhan and Hefei, but not with those over thecontour plot is the Na density with height and time. The
site Hachioji, which is nearly at the same latitude as Qing-two rows of values on the upper abscissa are plasma fre-
dao. Thus the observations of Nayers over these four lo- quency (above) and virtual reflection height in kilometers,
cations show little latitudinal dependence but are sensitive tas recorded hourly by the ionosonde. Tfaén red color rep-
longitude. Of course, we recognize that the data analysis antesents the occurrence of the [Byer. We point out that the
identification criteria of sporadic layers may have some dif- virtual height of an E layer will be slightly higher than its
ference for different observing locations. actual height due to the slowing of radiowave propagation in

www.ann-geophys.net/32/739/2014/ Ann. Geophys., 32, 7388 2014
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Table 2. Statistical characteristics of Né&ayers observed at different lidar sites in the midlatitude region.

Parameters Ngayers
Location Wuhan Hefei Hachioji Qingdao
Latitude and longitude 3N, 11#E 32N,11PE 3N, 139 E 36°N, 12C E
Distance from Qingdao/km ~900 ~500 ~ 1700 0
Reference Yietal. (2007) Douetal. (2009) Nagasawa and Abo (1995) this work
Number of observed Ndayer 30 64 >100 53
Occurrence ratefnt 1/6.5 1/14 1/10 1/8.1
Ratio of event duration to total observation duration 35 % NA 20% 19%
Average formation period/min 72 >56 NA >48
Average duration/h >2.3 >2.25 >2.0 >1.6
Average peak density/cn? 7270 6170 <2870 7510
Maximum peak density/ci 41760 17380 8800 34560
Average peak abundance/ck 1.1x 10° NA NA 1.4x 107
Maximum peak abundance/crf 4.2 % 10° NA NA 4.8x10°
Average width (FWHM)/km 2.1 2.6 NA 2.4
Average altitude of maximum density/km 96.1 94.8 97.8 94.4
28—-29 Feb 2008 16—-17 May 2011
f,/MHz:3.1 19 3.1 31 24 24 16 24 13 <15 <16 <1.6 . : 5.1 <1.6 1.7 <14
ﬁ‘/km:lOS 105 100 100 095 115 105 115 120 S S S 105 S 100 S
110 I 5 5
105 I 20 § 6 §
| g 5 8
g 100 ] 2
gt N . 3§
) [ I a2 i
%’ 90 I 10 E 3 ‘é
3 gl I 5, 2 g
[ | 5 o )
80 I E. 1 3‘
75[ | Mo © o °
19 20 21 22 23 0 1 2 3 4 5 6 20 21 22 23 0 1 2 3 4 5
Local Time Local Time

Figure 3. Na density contour plot andsHayer parameters during Figure 4. Na density contour plot andsHayer parameters during
the night of 28—-29 February 2008. Note an extremely strong Na the night of 16—17 May 2011. Note the temporally correlated spo-
layer burst around 22:39 LT without anys Bayer throughout the  radic Na and E layers occurring before midnight.

night.

time. In fact, the E region ionosphere was notably calm
the K layer. As seen from Fig. 2, during the observation pe-throughout the entire night, despite the appearance of this
riod of Na layers, the Elayers appeared witlf, of 5.1 and  impressively strong Nalayer. By the way, the symbol “S”
4.3MHz (Ne = 3.2 x 10° and 23 x 10°cm~3) at 22:00 and  of virtual height means the occurrence of interference in
23:00LT, respectively. TheHayers were also active within  ionosphere; no ionosonde echo by thel&er can be re-
~ 2 h before and after the observation of Na layers. Howevergceived. In this situation, the correspondirig recorded by
no Na layer event could be found during the entire observa-the ionosonde represents the lowest frequency of undisturbed

tion of lidar. ionosonde echoes. Consequently, the real plasma frequency
of the K layer, which may exist, would only be less than the
4.1.2 Case study 2 (28-29 February 2008) value of recordedy.

As seen in Fig. 3, during the night on 28-29 February 20084.1.3 Case study 3 (16-17 May 2011)

an Ng layer occurred near 95km at 22:23 LT. It grew very

rapidly and reached its maximum peak number density ofThe above two cases represent the singly appearing E
near 21600cm? near 91.8km at 22:40LT. Then this ex- and Na layers. Now we show a case of temporally cor-
tremely strong Nalayer gradually decayed and finished at related sporadic Na and E layers on the night of 16—
01:34LT. The layer was morphologically similar to Kelvin— 17 May 2011. As seen in Fig. 4, a Ndayer was al-
Helmholtz billows (Kane et al., 2001), and it was the sec-ready growing near-94.1km when the observation be-
ond strongest Ndayer during all 95 nights of observations. gan at 21:01LT. It reached its maximum peak density of
However, no correspondingsBehavior occurred around this ~ 7510 cnt3 near 93.9 km at 22:24 LT. The Ntayer lasted

Ann. Geophys., 32, 739448 2014 www.ann-geophys.net/32/739/2014/
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Table 3. The statistical correlation of Nand E; layers over Qing- ' ' '
105 o _ _
daO. | © Na, without E
® -1 h=At<1h ]
4 2 hsAt<-1h
Correlation of Ng and K layers  Number of events i » th<ats2h |
<4
Total number of Nalayers 53 E 1oor lo' .
Nas layers without k layers 27 (51 %) > F®<« © .
Nas layers with E layers 3 L&, .
Total number 26 (49 %) g o5 %7 " o —
—2h<Ar<-1h 7 B, . ]
—1lh<Atr<1h 17 (32%) O T SO SO i
lh<Ar<2h 2 I « 8 o o )l
90| o _
[ > AO PR B " 1 e | - ‘O. " ‘O PR | P PR ]
0 1x10* 2x10* 3x10* 4x10*
for more than 2 h and finished at 23:14 LT. With respect to the Peak number density/cm™

fp, it was more than 3.5MHz from 20:00 to 23:00LT. And _ _ )

the E event occurred at 23:00 LT witf, of 5.1 MHz. Then Figure 5. Altitude and peak number density of all Nkyers. At
the f, suddenly fell below 1.6 MHz at 00:00 LT and never represents the difference of occurrence time fog Biad E lay-
excégded 1.7 MHz until daWn Generall .s eakina. the e_ers. Positive value oAr means that a Nalayer occurs before an
. N ' Yy SP 9, P Es layer. While a negative value & means that a Ndayer lags
riod of this Na layer covered the occurrence of thgl&yer. behind an  layer.

And the time difference between maximum Nayer peak

density and maximunf, was 36 min. By the way, the sym-

bol “B” (at 05:00 LT) of virtual height means the occurrence

of absorption in the ionosphere. Es layer pair evolving with the same track obtained by lidar
o and incoherent scatter radar on 16 January 1989 at Arecibo
4.2 Statistics study (Beatty et al., 1989). However, considering the comparably

low resolutions (1 h and-5km) of Es layer data obtained

by our ionosonde, the claim of correlation between Riad

Es layers obtained above is crude. The extent of correlation
between Naand E layers is still a mystery. Therefore, we
will further study the correlation between Nand E layers

gy surveying klayer occurrence probabilities in three differ-
ent time intervals around a N&yer. As seen in Fig. 6a, the
first time interval is the period within 2 h before theNayer
initiates. The second time interval matches the occurrence
duration of the Nalayers. The third time interval is the pe-
riod within 2 h after the Nalayer dissipates. Noticing that the
ionosonde operates every hour on the hour, it operates twice
in both the first interval and the third interval. Whereas, the
number of ionosonde scans in the second interval is not fixed
and could be several or none (Fig. 6b). As seen in Fig. 6¢c, a
Nas layer could already exist when the lidar observation be-
gins. In this case, the real beginning time point of a Mdger

The correlation of Naand E layers is normally confirmed
by the difference of their occurrence time. Here we nse

to represent the difference of occurrence time for alisiger
and an E layer. The confirmation of a pair of correlated{Na
and E layers requiresAt to be within+2 h (Alpers et al.,
1994; Hansen and von Zahn, 1990). Table 3 lists the detaile
correlation of Ng and K layers at our site. The\r with a
positive value means that ary Eayer lags behind its corre-
sponding Nalayer, while theAr with a negative value means
that an E layer occurs before its correspondingsNeyer.

As seen in Table 3, among a total of 53Nayer events,
26 (49 %) events possessed correlation wigHaers. Fur-
thermore, 17 (32%) Nalayers occurred withint-1 h of
their corresponding Hayers. Figure 5 shows the height and
peak number density distribution of all Niayer events. The
Nas layers occurring without Elayers are drawn in hollow

circles, and the others are drawn in solid symbols. Differ- has not been caught. Hence its first interval is not knowable

ent solid symbols represent d|ﬁe_rent value raqgeApﬂ:or .and available. Similarly, the third interval could be unavail-
further details, please see the figure annotation. As seen in

Fig. 5, Na layers correlated with Elayers generally ex- ?é)ile gda; Na layer still exists when lidar observation stops
hibit higher altitudes. In addition, with respect toNayers 9. °¢).

above 92 km, the stronger parts with peak densities great than Us_mg these intervals to ana_lyze all 534Ny ers, we have
3 : obtained the total number of ionosonde operation times for
1 x 10*cm~2 are all correlated with Hayers.

each of the three time intervals. As seen in Table 4, the
ionosonde made 70, 86, and 88 scans in the first, second,
5 E, layer occurrence probabilities around Na layers and third intervals, respectively. By calculation, occurrence
probabilities of E layers in the same three time intervals
As we know, a reliable correlation between ong Mgerand  are 19% (13/70), 22 % (19/86), and 18 % (16/88). Very im-
one E layer can only be established based on data with highportantly, the advantage of introducing these three probabil-
enough temporal and spatial resolutions, such as thahh  ities is their mathematical comparability with the average

www.ann-geophys.net/32/739/2014/ Ann. Geophys., 32, 7388 2014
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06-07 May 2009
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The first interval :““‘.: The third interval Figure 7. Na density contour plot andsHayer parameters during
the night of 6—7 May 2009, which displayed a high-altitudes Na
layer above 105km. Notice the correlation between the &fad

Es layer events on this night seemed good.
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| Thesceond | 6 Characteristics of high-altitude sporadic Na layers

The first interval .
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|
. |
ionosonde |
|

I Thesecond | 1 pivd ingerval
| interval |

© @ Considering the fact that the detection ability of lidar de-

Figure 6. The definition of three time intervals around thesNayer. creases with increasing altitude, we have decreased the tem-
poral resolution of Na data to 15 min by integrating several
raw photon count profiles, in order to ensure a good data

nocturnal E layer occurrence ratio. Obviously, if the occur- quality. Referring to our previous work, the high-altitude

rence of Na and E layers is mutually independent, the val- Nag layers are defined to match three criteria: (1) the alti-
ues of E layer occurrence probabilities in three time inter- tude is above 105km. (2) The peak density is greater than
vals should all tend to the averagelByer occurrence ratio. 50 cnt3, which is five times of corresponding detection

As mentioned above, the average occurrence ratiq iy threshold (10 cm?®) at 110 km. (3) The layer lasts for at least

ers (fp reaching 4 MHz) during the night over Qingdao is 45min (three consecutive profiles).

21 %. Therefore, the fact that BEayer occurrence probabili-

ties in three time intervals (19, 22,land 18 %) are very close6_1 Case studies

to the K layer occurrence ratio at night (21 %) should reveal

the general independence between Biad E layer events

over Qingdao. In other words, it seems the fact that the coin-6‘1'1 Case study 1 (67 May 2009)

cidence probabilities betweenr Bnd Na layers are the same

as their incidence probabilities is a pretty strong argumentn our previous work, we found a phenomenon that the high-

that any coincidence of&and Na layers is exactly that, a altitude sporadic Na layers appeared on the same night (18—

coincidence. 19 May) in two different years (2001 and 2006) at Wuhan

Guided by Fig. 5, we have further surveyegd&er occur- (Ma and Yi, 2010). Interestingly, this reappearance phe-
rence probabilities around different samples of Ngers in ~ homenon of high-altitude Ndayers also occurred at Qing-

Table 4. With respect to the Niayers above 92 km,Hayer ~ dao.

occurrence probabilities in three intervals are 22 % (12/54), Figure 7 displays a Na density contour plot during the

26 % (19/74), and 22 % (15/68), respectively. Angllger ~ hight of 6-7 May 2009. A high-altitude sporadic Nayer

occurrence probabilities around Nayers with peak density Was distinguished around 115km at 21:00LT. Then it

above 16 cm=3 and altitude above 92 km are 67 % (10/15), 9radually descended and reached its maximum peak den-

889% (7/8), and 40 % (4/10). These values are much higheity of 128cnT® near 110.7km at 23:30LT. At the same

than the average occurrence ratio gf@ers at n|ght (21 0/0) time, its FWHM and column abundance were 4.05km and

Thus it might suggest that only those strong Ngers above ~ ~4x 107 cm~2, respectively. This Nalayer existed for

the peak altitude of the main Na layer have a correlation withabout 5h and finished after 01:45LT when it merged with

Es layers. Nevertheless the number of such samples may b€ main Na layer. With respect to the Byer, it reached

insufficient. the plasma frequency of 6.4—6.5 MHz during the formation
period of the Nalayer, and then was less than 4 MHz un-
til the Na; layer finished. Generally speaking, the correlation
between the Naand E layer events on this night seemed
good.

Ann. Geophys., 32, 739448 2014 www.ann-geophys.net/32/739/2014/
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Table 4. The statistical occurrence probability of Byers in three different time intervals aroundNayers.

Time intervals

Number of within 2h during within 2h
Sample of Naglayers Na layer events  before Ndayers Ng layers after Nalayers
All 53 19% (13/70) 22% (19/86) 18% (16/88)
above 92 km 42 22% (12/54) 26 % (19/74) 22 % (15/68)
>10%cm3 and above 92 km 7 67 % (10/15) 88% (7/8) 40 % (4/10)
06-07 May 2010 Table 5. Statistical characteristics of high-altitude (above 105 km)
e - sLe go5 <8 <¢® Nag layers observed at Qingdao and Wuhan, China.
125 5
120 1 bis g Location Wuhan (3DN) Qingdao (38 N)
é usr 7] g Reference Ma and Yi (2010) this work
%; 110 - 1.0 & Number of observed Ndayer 12 events/178 nights 11 events/95 nights
2 2 Peak density/cm3 >200 >50
< 108 N ] 05 < Average duration/min >197 > 147
100 - - 8 Average width (FWHM)/km 3.4 4.0
95 ‘m' 0.0 &

20 21 22 23 0 1
Local Time

Nas layers below 105 km (>96 min and 2.4 km). These char-
acteristics accord with the observational results at Wuhan.
Figure 9 has shown the seasonal distribution of high-
altitude Na layer events, and their intensities (peak densities)
have been denoted by solid circles with different colors. The
cyan bars represent the total number of observation nights in
each month. As seen from Fig. 9, high-altitudesNeyers
6.1.2 Case study 2 (6-7 May 2010) all occurred from April to August. This indicates that there
exists a strong seasonal/annual distribution of high-altitude
As seen in Fig. 8, the high-altitude sporadic layers reap-Ng layers. The peak densities of these high-altitude by
peared 1 year later (6-7 May 2010). ThissNeyer formed at  ers were very small. Among a total of 11Nayer events,
116 km around 21:45 LT, and descended all along. It reached gnd 4 of them had the peak densities of less than 200
its maximum peak density of 71cri near 110.7km at  and 100 cm3, respectively. For the identical peak density
23:45LT. At the same time, its FWHM width and column threshold of 200 cm3, the occurrence rates of high-altitude
abundance were 6.00 km andBx 10’ cm™2. This Na layer  Ng; layers were 1/215H over Qingdao and 1/113# over
was still apparent when the lidar observation stopped aiyyhan.
00:15LT. So it lasted for more than 165 min. HOWeVer, with By a similar statistical Work’ aner occurrence probab“_
respect to an Hayer, none occurred during the entire obser- jties in the three time intervals around high-altitude; Ngy-
vation of the Na layer. Finally, notice both the high-altitude grs gre 33 % (4/12), 41% (11/27), and 13 % (1/8), respec-
Nas layers on the nights of 6—7 May in 2009 and 2010 pos-tjvely. Nevertheless, it should be noticed that all high-altitude
sessed weak number density, broad layer width and long dunag ayers appeared from April to August. By calculation,

Figure 8. Na density contour plot andsHayer parameters during
the night of 6—7 May 2010, which displayed a high-altitudes Na
layer above 105 km. Notice thesHayer did not occur during the
entire observation of the Na layer.

ration. the corresponding average occurrence rate of théayer
during the nights from April to August is 40 %. Hence, the
6.2 Statistics study fact that the E layer occurrence probabilities are less than

or approximately equal to the corresponding average occur-
First of all, a total of 11 high-altitude (above 105km)JNa rence rate of Elayers (40 %) might suggest little correlation
layer events have been selected from 95-night lidar databetween high-altitude Ndayers and Elayers over Qingdao.
Some characteristics of high-altitude Nayers over Qing-  Nevertheless, we point out that the numbers of ionosonde
dao as well as those over Wuhan are shown in Table 5. Noteneasurements are insufficient for a good statistical study.
that the sensitivity of lidar at Qingdao is higher than that at Figure 10 draws the seasonal variation of the nocturnal
Wuhan due to the larger telescope aperture. By comparingnean Na atom density in which all sporadic layers have been
the results in Tables 2 and 5, it is very obvious that high-retained. To preferentially show the Na atom number densi-
altitude Na layers over Qingdao possessed long durationties with small values, the density is drawn on a logarithmic
(> 147 min) and broad layer width (4.0 km) compared with scale. In addition, the red dots under the bottom of the panel
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Figure 9. Seasonal distribution of peak altitudes for the high- Figure 10. Na density at Qingdao (36N) on logarithmic scales.
altitude Na layers over Qingdao (38\). The peak densities are For further explanation please see text.
denoted by the color of solid circles. Cyan bars represent the night

number of the lidar measurements in each month. Note that high- )
altitude Na layers all occurred from April to August. ionosonde, we are unable to conclude that there is corre-

lation between the Naand E layers obtained above. So
we have further surveyedsHayer occurrence probabilities
together with the right-hand ordinate represent the numbemn three different time intervals around Niayers. By cal-
of observation nights on a given day. It should be pointedculation, E layer occurrence probabilities in time intervals
out that the observations from mid-June to mid-August arewithin 2 h before, during, and within 2 h after Neyers are
sparse. A detailed explanation has been given in Sect. 2.4 df9, 22, and 18 %, respectively. The fact thati&er occur-
Ma and Yi (2010). As seen in Fig. 10, with respect to the rence probabilities in these three time intervals are very close
topside layer, there exists significant Na atom enhancemertb the occurrence ratio ofdayers at night (21 %) should in-
just prior to and during summer (from April to August). This dicate the general statistical independence betwegrai
feature at Qingdao (36N) is general in agreement with sev- Eg layers over Qingdao. The subset of Nayers with peak
eral earlier observational results at different sites (18, 30, andlensity above 10cm 3 and altitude over 92 km have higher
54° N) in the Northern Hemisphere (Hoffner and Friedman, coincidence probabilities with Hayers: 67 % for E occur-
2004; Ma and Yi, 2010). ring 2 h before Na 88 % for concurrent layers, and 40 % for
Es within 2 h following Na. These values are much higher
than the average occurrence ratio gfdyers at night (21 %).
7 Summary Thus it might suggest that only those strong Neers above
the peak altitude of the main Na layer have correlation with
Es layers, although the number of events is still too small to

We have surveyed the characteristics of sporadic Na lay
ers based on Ii_dar observations from December 2007 t each a firm conclusion.

June 2012 at Qingdao. A total of 53§\lhaye.rs have been Nas layers at high altitude deserve special attention. It is
sglected from-~ 43.0h Of. Na number density data on 95 oy ¢ high-altitude Nalayers over Qingdao possess
nights. By comparison, it is found that the occurrence rateIong duration (>147 min) and broad layer width (4.0km)
and strength of Nelayers over Qingdao are a_II close to those compared with normal ones (>96 min and 2.4km). These
over Wuha_n. And the average width and altltUQe O Ng- characteristics agree with our observational results at Wuhan.
ers over Qingdao are cIo_se to those over Hefel._ However, th‘JSimiIarIy, the fact that Elayer occurrence probabilities dur-
strength and average altitude ongaye_r_s over Qingdao are ing high-altitude Nalayers (33, 41, and 13 %) are less than
ml,!ch different with those over Hachioji. Overall, the_charqc— or approximately equal to the corresponding occurrence rate
te_nst|cs of Na layers over Qingdao havg ageneral S|m|Iar|ty of Eg layers (40 %) suggests insignificant correlation between
with those over nearby sites, bu_t not with those over the S'tethis kind of Na layers and E layers. Finally, the summer

at nearly t_he same latitude as Qingdao. topside enhancement phenomenon of Na atoms observed at
. Sporadic E Iayers were S|multan§ously qbserved by anQingdao is in accord with several earlier observational re-
ionosonde standing at onty 30 m horizontal distance from sults at different sites (18, 30, and“54) in the Northern

the lidar. Among a total of 53 Ndayer events, 26 (49 %) Hemisphere. T

events possessed temporal correlation witheyers. Fur-

thermore, 17 (32 %) Ndayers occurred withia=1 h of their

corresponding & layers. However, considering the com-

parably low resolutions of £layer data obtained by our
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