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Abstract. On the night of 2 June 2002, the sodium lidar Keywords. Meteorology and atmospheric dynamics (Ther-

in Fort Collins, CO (40.6 N, 105 W) measured an extremely mospheric dynamics) — Atmospheric composition and struc-
strong sporadic sodium layer lasting from 03:30 to 05:00 UTture (Middle atmosphere — composition and chemistry; Ther-
with several weaker layers later in the night at 06:00 andmosphere — composition and chemistry)

09:00 UT. There is a double layer structure with peaks at 101
and 104 km. The peak sodium density was 21 000 aton¥s/cm
with a column abundance of up to twice that of the normal
sodium layer. The peak density was 500 times greater than

the typlcal denSity at that altitude. The Sporadic Iayer abun'SporadiC sodium |ayers (Nhare narrow (a few km tthk)
dance and strength factor were higher than any reported ifayers, generally on the topside of the sodium layer 80—
the literature. The two lidar beams, separated by 70km afi 10 km altitude. There have been many previous observa-
this altitude, both measured 0.6 h periodicities in the abun+jgns of Na (Kwon et al., 1988; Batista et al., 1989; Senft et
dance, but out of phase with each other by 0.3 h. Thereis alsg|., 1989: Nagasawa and Abo, 1995) and Collins et al. (1996)
evidence for strong wave activity in the lidar temperaturesgescribed the highest abundancesNayer reported to date
and winds. The NOAA ionosonde in Boulder, CO (40.0N, with an abundance of 50% of the normal layer. Previous ob-
105 W) measured a critical frequencyEf) of 14.3MHz at  servations at 40N in Illinois had suggested that there was
03:00 UT on this night, the highest value anytime during g midlatitude deficit of sporadic layers compared to low and
2002. The high values of total ion density inferred meanshigh latitudes (Beatty et al., 1988; Senft et al., 1989).
that Na" fraction must have been only a few percent to ex-  The current best theory for the formation of sporadic
plain the neutral Na layer abundances. The Bear Lake, Utalodium layers is that sodium ions are concentrated by wind
(41.9N, 111.4W) dynasonde also measured intenseeE  shears interacting with the electrodynamics to form a narrow
tween 02:00 and 05:00 UT and again from 06:00 to 08:00 UTion |ayer, which is then pushed downwards with the down-
about 700 km west of the Iidar, with most of the ionograms Ward phase propagation of most waves and tides (COX and
during these intervals measuring &p to 12MHz, the limit  pjane, 1998; Collins et al., 2002). The chemical lifetime
of the ionosonde sweep. Other ionosondes around Nortkyf Nat+ decreases rapidly with decreasing height. When the
America on the NGDC database measured norgtal ¥al-  Nat is pushed to an altitude where the chemical lifetime is
ues that n|ght, so it was a localized event within North Amer- short enough, the N‘a|s converted into atomic Na, which is
ica. The peak of Eactivity observed in Europe during the then detected as a narrow layer by the lidar. The height of
summer of 2002 occurred on 4 June. The observations argonversion ranges from rough|y 103 to 95 km' depending on
consistent with the current theories where a combination Ofa number of factors such as atomic oxygen concentration and.
wind shears and long period waves form and push downwarqlemperature (Collins et al., 2002).
a concentrated layer of ions, which then chemically reactand sporadic E layers are unusually dense regions of ioniza-
form a narrow layer of sodium atoms. tion that occur within the E region and reflect radio frequen-
cies varying from 2 to 30 MHz. They have been observed
for over 70 years, but are still not fully understood. The best O
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Fig. 1. Sodium density contours for both beams and altitude profiles at three times (marked by yellow lines) for beam 1 (black) and beam 2

(red).

waves interact with magnetic fields to cause ions to convergaltitude. The transmitted power is 0.5W per beam and the
at one height and then descend with the phase of the waveeceiving telescope diameter is 0.35m. The lidar transmits
Recently, a wind shear-driven dynamo in the IByer has 3 frequencies to sample the thermal width and Doppler shift
been investigated by Cosgrove and Tsunoda (2002). Thisf the resonance scattering spectra of the sodium layer. The
dynamo is postulated to be driven by a Kelvin-Helmholtz in- time/height resolutions were 2 min/150 m for sodium density
stability that can distort the mid-latitude Eayer. A strong  and 15 min/1 km for temperature and wind.

correlation with sporadic Na layers is expected and has been
widely observed (von Zahn and Hansen, 1988; Kirkwoodzl2

lonosondes
and von Zahn, 1991).

The Bear Lake, Utah ionosonde is operated by Utah State

2 Instrumentation University. at 41.9N latitude and 111.4 W longitude. The
Boulder, Colorado ionosonde is operated by NOAA at lati-
2.1 Sodium lidar tude 40.0N and longitude 105W. The ionosondes sweep in

frequency and record the time-of-flight and frequency of re-
A recent discussion of the narrowband sodium lidar tech-flections over a range extending from 70 to 750 km altitude,
nigue and the science enabled is given in (Arnold and Sheas well as many other ionospheric parameters. From the criti-
2003). This lidar has been operated routinely by Coloradocal frequency @Es), they can infer the electron density. The
State University in Fort Collins, Colorado (40.6 N, 105W) time-of-flight represents the virtual height which needs to
since 1991. The lidar measures sodium density, temperaturde corrected to obtain the actual height of the layer. How-
and zonal and meridional wind from 80-105 km altitude us- ever, in the E-region the retardation is small, especially when
ing 2 beams. Beam 1 was pointed®°38ast of zenith and the E-region is not sunlit so that the virtual and true heights
beam 2 was pointed 3Morth of zenith. This gives about are effectively identical. Operating as an MF (Medium Fre-
a 70 km horizontal distance between the 2 beams at 100 kmyuency) radar, the Bear Lake dynasonde also measures the
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Fig. 2. Contour plot of the Bear Lake ionosonde reflection fre-
quency.

c: Peak altitude of Na, Nag, and Eg layers

I

mesospheric winds during the time interval between swept-
frequency soundings (Jones et al., 2003).

3 Observations

Peak Altitude (km)

When the lidar was started after dark on 2 June 2002 for a g
day/night campaign, a strong sporadic sodium layer was al- 5 p N 5
ready present in both beams. In Fig. 1, we show the sodium .
density for beam 1 and beam 2 as a function of UT time and __ ) _ )
altitude. The sporadic layer was apparent at about 103 kni19- 3. (8) Peak sodium dens@y for the sporadlg ant_j normal layers
altitude lasting for about 1.5 h. Both beams showed a doubl or beam 1 () and beam 2 (diamonds). The thick line, &t .(b)
- . ame as (a) for column abundan(®).same as (a) for peak altitude.

layer structure most of the time. The sporadic layer lasted un-
til about 05:00 UT with a weaker reappearance from 05:30
to 06:12 UT. The Boulder and Bear Lake ionosondes wereand 05:00 UT. The abundance showed a large oscillation with
both operational that night. The NOAA Boulder ionosonde a period near 0.6 h. The oscillation in the two beams was out
measured an,E; of 14.3 MHz at 03:00 UT on this night, the of phase, which may indicate that the horizontal wavelength
highest value during 2002. The Bear Lake, Utah dynasond®f the wave perturbation was about 140 km, but this depends
also measured intense Es between 02:00 to 05:00 UT ansitrongly on the direction of wave propagation. The abun-
again from 06:00 to 08:00 UT about 700 km west of the lidar, dance of the sporadic layer was roughly equal to the normal
with most of the ionograms during these intervals measurindayer on average, with excursions up to twice the abundance
foEs up to 12 MHz, the limit of the ionosonde sweep. Other of the normal sodium layer. The strength factor is often used
jonosondes within North America included in the NGDC inthe literature and is defined as the ratio of the peak sporadic
database measured normgiEf values that night, so it was layer density to the typical density at the altitude. The normal
a localized event within North America. There was high ac- sodium density at 102 km is 3040 ¢ty giving a strength
tivity reported in Europe, however. Figure 2 shows the heightfactor of over 500 for beam 1. As far as we know, this was
of reflection for different ionosonde transmitted frequenciesthe highest strength factor reported in the literature.
at Bear Lake. The two areas of high frequency returns are The altitudes of the peak densities for the normal and spo-
apparent from 02:00—05:00 and 06:00-08:00 UT. radic layers are shown in Fig. 3. The altitude of the normal

Figure 3 shows the evolution of the peak Na density, Nasodium layers in the two beams was typical and ranged from
abundance, ionosonde critical frequency, and peak altitudeS0 to 88 km. The sporadic sodium layer showed a double
of the sporadic Na, normal Na, and sporadic E layers. Thdayered structure and was higher than the sporadic E layer
peak density was 21200 sodium atomsicat 102 km for  from 3.5-05:00 UT. The height of the sporadic E layer had
beam 1, versus 12 700 cth for beam 2. The Boulder,E; descended from 120km to 96 km the evening before (not
peaked at 14.3 MHz at 03:00 UT with smaller peaks at 04:30shown).

www.ann-geophys.net/25/3/2007/ Ann. Geophys., 25, 3-8, 2007
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Fig. 4. Contour plots of density, temperature, and zonal and meridional winds with 15 min and 1 km resolution.
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strong southward flow of 80 m/s from 95-100km and an
eastward flow of 60 m/s from 98—104 km due to a large ver-
tical wavelength wave. This large scale wave produced large
wind shears and downward phase progression which some
theories suggest are related to sporadic E layer formation
(Smith and Miller, 1980; Kirkwood and von Zahn, 1991).
The meridional wind also had a 2km vertical wavelength
wave of 25m/s amplitude. This wave was present in the
temperature but not in the zonal wind, suggesting meridional
propagation. This wave likely caused the double peak in the
sporadic sodium layer. The temperature data had lower wave
activity with shorter period waves more apparent. There
was no large temperature enhancement associated with the
sporadic Na layer. The temperature just increases smoothly
with latitude into the thermosphere in a typical fashion. The
sodium density had variations at several periods, ranging

Fig. 5. Profiles of density (blue), temperature (black), and zonal from 1hto 5h.
(red) and meridional (green) winds with 15 min and 1 km resolution
at 3.5 UT for beam 1 (x’s) and beam 2 (diamonds).

4 Discussion and conclusions

The zonal and meridional winds showed strong and com-The ionosonde critical frequency can be related to electron

plicated wave fields with possibly both downward and density, N,, with the formula: N,=1.24x10%f;} (cm™3),
upward phase progression (Figs. 4, 5). The winds had avith f, denoting the plasma frequency in MHz. For the
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maximum frequency measured by the Boulder ionosondén the 1980s (Senft et al., 1989), possibly indicating a large
of 14.3MHz at 03:00 UTN,=2.5x 10 electrons/crd. The interannual or decadal variability in the sporadic layer occur-
limiting frequency at Bear Lake of 12 MHz corresponds rence rate. More recent observations in Japan by Nagasawa
to 1.7x10°e /cm®. The frequency was 11.4MHz or and Abo (1995) at 35N and by Gong et al. (2002) at 3N
1.6x10f e-/cmiat 3.5 UT when the sodium density reached showed a similar occurrence rate as in Colorado in summer
its peak in beam 1. The ratio of,No Na density was 75 for 2002—-2003. To understand the interannual, seasonal, and lat-
beam 1 at 3.5 UT and 35 for beam 2 at 3.75 UT, assumingtudinal variations better, we will need to calculate the occur-
the sporadic layers are horizontally uniform and we shouldrence rate for the rest of the more than 9000 h of data from
compute the ratio at the same time. If instead we think thethe CSU lidar taken between 1990 and 2006.
variations are wave induced and we should use the peak elec-
tron and sodium densities regardless of time, the ratio wag\cknowledgements. This research was supported by NSF grants
118 for beam 1 and 197 for beam 2. If we assume the to.ATMOOO3171, ATM0218206 (USU) and ATM9714676 and NASA
tal ion density was equal to the electron density and that th@rant NAG510076. We thank NOAA for use of their Boulder
atomic sodium was produced from sodium ions, the Sodiummnosonde data and J. W. Wright at CIRES/University of Colorado
ions then constituted between 0.5% and 3% of the total jond®" Ma" helpful comments. .
S . . Topical Editor U.-P. Hoppe thanks one referee for his/her help

on this night. In the literature, it has often been assumed thaﬁ1 evaluating this paper
sodium ions comprise about 5-35% of the total ions (Kopp, '
1997). Even though this was a very large sporadic sodium
layer, the sporadic E layer was even larger, so there shoulgheferences
have been an abundance of sodium ions present that could be
converted to neutral sodium. Several previous reports havérnold, K. S. and She, C. Y.: Metal fluorescence lidar (light de-
suggested that there were not enough sodium ions available tection and ranging) and the middle atmosphere, Contemporary
to produce the larger Naayers observed (Kane and Gard-  Physics, 44, 35-49, 2003.
ner, 1993), but that probab|y was not the case here. Batista, P. P., Clemesha, B. R., Batista, I. S., and Simonich, D. M.:

The peak densities in the sporadic sodium layers on this Characteristics of the Sporadi(_: Sodium Layers Observed at 23S,
night were large but not unprecedented. The layers were J- G€ophys. Res.-Space Physics, 94, 15349-15 358, 1989.
very thick, so the total abundance was the largest we hay&¢aW: T- J., Bills, R. E., Kwon, K. H., and Gardner, C. S.: Cedar
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