N
N

N

HAL

open science

Sporadic sodium and E layers observed during the

summer 2002 MaCWAVE /MIDAS rocket campaign
B. P. Williams, C. L. Croskey, C. Y. She, J. D. Mitchell, R. A. Goldberg

» To cite this version:

B. P. Williams, C. L. Croskey, C. Y. She, J. D. Mitchell, R. A. Goldberg. Sporadic sodium and E
layers observed during the summer 2002 MaCWAVE /MIDAS rocket campaign. Annales Geophysicae,

2006, 24 (4), pp.1257-1266. hal-00318042

HAL Id: hal-00318042
https://hal.science/hal-00318042
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00318042
https://hal.archives-ouvertes.fr

Ann. Geophys., 24, 1257266 2006 ~ "*
www.ann-geophys.net/24/1257/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Sporadic sodium and E layers observed during the summer 2002
MaCWAVE/MIDAS rocket campaign

B. P. Williams?, C. L. Croskey?, C. Y. Shé’, J. D. Mitchell?, and R. A. Goldberg*

INorthwest Research Associates, Colorado Research Associates division, Boulder, CO, USA

2Communications and Space Sciences Laboratory, Electrical Engineering Department, Pennsylvania State University,
University Park, Pennsylvania, USA

3Department of Physics, Colorado State University, Fort Collins, Colorado, USA

4NASA/Goddard Space Flight Center, Laboratory for Solar and Space Physics, Greenbelt, MD, USA

Received: 10 October 2005 — Revised: 21 February 2005 — Accepted: 4 May 2006 — Published: 3 July 2006

Part of Special Issue “MaCWAVE: a rocket-lidar-radar program to study the polar mesosphere during summer and winter”

Abstract. On 5 July 2002, a MaCWAVEMountain and  sodium layers (Ng are narrow layers of neutral sodium oc-
ConvectiveWavesAscendingVErtically) payload launched curring in a similar altitude range. They have long been
from Andgya Rocket Range, Norway, observed narrow enshown to be correlated with sporadic-E layers (Kwon et al.,
hanced layers of electron density that were nearly coincideni988; von Zahn and Hansen, 1988) and may be produced
with sporadic sodium layers measured by the Weber sodiunby the conversion of sodium ions in the sporadic-E layer to
lidar at the nearby ALOMAR Observatory. We investigate neutral sodium (Cox and Plane, 1998).
the formation mechanism of these layers using the neutral The summer MaCWAVE (Mountain and Convective
wind and temperature profiles measured directly by the li-Waves Ascending VErtically) program included the launch-
dar and the vertical motion deduced from the sodium mix-ing of instrumented Terrier-Orion rockets on 1 and 5 July
ing ratio. Through comparisons of the lidar data to the spo-2002. These two rockets carried probes to measure the elec-
radic E in situ data, we find support for the concentrationtron and ion density profiles and associated fluctuations. The
and downward motion of ions to an altitude where chemicalbasic results were presented in Croskey et al. (2004), with
models predict the rapid conversion of sodium ions to neutrala concentration on the profiles and turbulence between 80
sodium. and 90 km. This paper discusses the enhanced electron con-
centrations above 90km for the 5 July 2002 rocket flight
r%hat we believe to be due to sporadic E layers. The Weber
sodium lidar was also operating and observed sharp sodium
density gradients during the evening of 1/2 July 2002 (Fritts
et al., 2004) and a sporadic sodium layer on 5 July 2002.
Williams et al. (2004) studied the vertical motion of the spo-
1 Introduction radic sodium layer to determine the vertical displacement
spectrum due to gravity waves. The sodium density during
Sporadic-E layers (Es) have been observed for many years bjhe 1 July MaCWAVE launch was modified by the presence
ionosondes, incoherent scatter radars, and rockets. They at# charged ice particles associated with polar mesospheric
narrow layers of ionization in the E-region of the ionosphereclouds and polar mesosphere summer radar echoes (She et
usually occurring at altitudes between 90 and 120 km. Com-al., 2005) and will not be reported here. This paper will con-
pression of the ionic material from meteoric debris into thin centrate on the correlation between the sporadic sodium and
layers has been classically described by Whitehead (1961 layers and the dynamics and plasma physics that produced
Axford (1963), Smith and Miller (1980), and numerous oth- the layers on 5 July 2002.
ers. “Wind-shear theory” predicts a “pileup” of positive ions
in the vertical shear region of the horizontal wind. Sporadic1.1 Previous in situ observations of sporadic-E

Keywords. Atmospheric composition and structure (lon
chemistry of the atmosphere; Thermosphere-compositio
and chemistry) — lonosphere (lonospheric irregularities)
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sporadic-E layers at midlatitudes. For example, Smith (1970ment of horizontal winds. Although moderately strong wind
described the results of a number of early flights conductedshears were present, no sporadic-E was observed.
from Wallops Island, Virginia. Two layers were observed, During another rocket flight, in situ measurements of an
with the upper layer descending with time, e.g., descendinges layer made by a quadrupole mass spectrometer (von Zahn
from 140km to 103 km in a 6-h interval. The width of the et al., 1989) demonstrated the presence of a double ion layer
descending layer decreased during this time, with a compenwith a vertical separation of about 5km. The relative con-
sating increase in electron density, implying an approximatecentration of the metallic ions in both layers was essentially
constant columnar electron density. During the same timethe same; Fe was the most abundant, followed by Mand
period, a more irregular lower layer had electron density val-then Na . The Mg"/Nat abundance ratio was about 10.
ues in the 3.5 10* cm~3 to 7.5x 10* cm~3 range with a layer Four sounding rockets carried quadrupole mass spec-
half-width of about 1 km. Application of wind-shear theory trometers during separate evenings of the ROSE campaign
to the descending intermediate layer was able to reproducehrough the E region, one of which observed a thiri km)
the observations fairly well, but it was not as successful forEs layer at 91.5 km superimposed on top of a broader (22 km
the lower, more irregular layer (Constantinides and Bedingerjayer). The measurements of the metallic ion concentrations
1971, Fujitaka et al., 1971; Smith and Mechtly, 1972). showed that the Pelayer was only a few hundred meters
Confirmation of the predictions of wind-shear theory at above the Mg layer (Steinweg et al., 1992).
midlatitudes was also provided by one of the two sound- The METAL campaign (Kirkwood and von Zahn, 1991),
ing rocket flights in the SEEK campaign (Yamamoto et al., which was conducted from Andgya Rocket Range, Norway,
1998) A swept-frequency impedance probe on one flight wad1as to date provided the most complete study of high-latitude
used to observe the electron density concentration, while gporadic-E and neutral layers. Neutral Fe layers were ob-
trimethyl aluminum (TMA) chemical release (Larsen et al., served by a ground-based lidar; EISCAT was used to mea-
1998) permitted observation of the neutral winds. The secsure electron densities and electric fields; ionosondes moni-
ond SEEK rocket used a Langmuir probe for electron densitytored the condition of the ionosphere; sounding rockets car-
measurement (Mori and Oyama, 1998, 2000). A TMA re- ried positive ion probes and a mass spectrometer; and chaff
lease was not included on this second rocket, and thus windeleases from meteorological rockets were used to observe
measurements were not available and a direct evaluation dhe winds below 100km. The rocket-borne plasma probes
wind-shear theory could not be made for that flight. observed weak Es layers on three nights of the campaign. Es
Similarly, neutral wind data were not available for the layers were also recognized on five gdditional evenings with-
flight from Wallops Island, Virginia, described by Kelley out rocke_t support fro”ﬁ study of the |ono_spnde and EI.SCAT
et al. (1995). A single-point absolute calibration of the data. Wh|lea5|mplt_a wind shear was sufficient to describe t_he
fixed-bias Langmuir probe was provided by a collocateqOPServed Es layer in one case, the other seven observations
ionosonde, and the sporadic-E layer reached a peak Conceﬁ:;quwed the presence of electric fields to properly underst_and
tration of 1x 10° cm2. The apogee for this particular flight the Es formation. The data from the mass spectrometer flight
was deliberately kept low; as a result, the horizontal veloc-Showed aweak Felayer a few hundred meters above aig

ity of the payload was much larger than the vertical velocity. layer (Alpers etal., 1993’)' . .
Much of the additional structure in the electron density seen  B€cause the underlying physics is more complicated at
above the layer was attributed to horizontal variations. high latitudes, the original formulation of wind-shear oper-

Althouah fih |wind field by a TMA ation has to be expanded to properly describe Es formation
t 1oug measurement of the neutral wind field by a . at these latitudes. This is because the Earth’s magnetic field
chemical release had been planned as part of an experime

) . nearly vertical at high latitudes and additional ion conver-
in 1998, only the_mstrumentgd rocket was launched (Earl ence mechanisms can exist as described in the next section.
et al., 2000). This payload included a mass spectrometer,
which enabled identification of Fe Mg™, and combined
NO™, Oj sublayers within the sporadic-E layer. Earle et
al. (2000) were able to work backward from the observed al-garly formulations of wind-shear theory for the creation of
titude spread of the sublayers to a consistent estimate of th§poradic-E (Whitehead, 1961; Axford, 1963) did not include
neutral wind structure. the effects of electric fields and have been shown to be ad-
While numerous ground-based studies of Es layers havequate, if not complete, at midlatitudes (Whitehead, 1971).
been made through ionosonde and incoherent scatter rad&towever at high latitudes, the magnetic dip angle is much
measurements at high latitudes (cf. Mathews 1998; Kirk-larger and electric fields can become the largest drivers of
wood and Nilsson, 2000), there have only been few case#on motion (Nygén et al., 1984; Kirkwood and von Zahn,
of direct in situ measurements. For example, the resultsl991; and others).
from Langmuir probes carried on seven rocket flights were For completeness we now briefly outline the various terms
reported by Reddy et al. (1969). Two of the flights were ac-that produce the vertical ion motion. Using the notation of
companied by chemical vapor trail releases for the measureKirkwood and Nilsson (2000), the vertical ion velocity for

1.2 Wind shear theory of sporadic-E generation
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the Northern Hemisphere when electric fields and winds ar€2 Instruments and observations
included is given by Eq. (1):

cosl/ [E )
Vip = — |:—E — Wy sml] (1a)
1+ 0 Bog

2.1 Rocket instrument configuration

The large instrumented payloads of the MaCWAVE program
were primarily designed for the observation of plasma den-
pi cosl En sities and irregularities in the mesosphere and lower thermo-
1+ piz [__ } (1b) sphere (MLT). Both the forward and aft ends of each payload
contained an axially mounted fixed-bias Langmuir probe and
[ ol ] } two impact ionization detectors. The impact detectors were
+|1- z

(1c) used to determine the presence of ice particles in PMSE/NLC
regions (Mitchell et al., 2005). During the upleg portion of
each flight both Langmuir probes collected electrons (one in
the ram and the other in the wake), while the polarity of one

Q.Q; 1dmkT)] 2 i Vev; COF [ 14 instrument was switched at apogee so that positive ions were

Qi+ Qv [ } oo \° Vovi + Q. (1) collected in the ram during the downleg.

Absolute calibration of the observed electron densities for

where! is the magnetic dip angle anfl; and Ey are the  the upleg trajectory was performed by use of an on-board
eastward and northward components of the electric field Faraday rotation radio propagation experiment (Jacobsen and
Similarly, W andWy are the eastward and northward com- Friedrich, 1979). During the downleg portion of the flight,
ponents of the neutral wind fieldW is the vertical com-  the ray path geometry was not optimum and precluded direct
ponent of the neutral wind, anfly is the strength of the €lectron density calibration. A more complete description
magnetic field. k is Boltzman’s constant affidis the neu-  Of the operation of the Langmuir instruments is provided in

1+ p?

n; dz eBg

tral temperature. T,=Tion=Tneutral has been assumedsp; Croskey et al. (2006). In this paper we focus on the Langmuir
is the (metallic) ion gyro frequency; is the corresponding probe measurements for altitudes above 90 km, particularly
ion-neutral collision frequency, angl=v;/$2;. Similarly, 2,  in the sporadic-E region.

is the electron gyro frequency, andis the electron-neutral In addition, many inflatable falling sphere flights were

collision frequency. The effects of gravity have been ignoredused to measure the neutral winds and temperatures over
in Equation 1 since they produce little effect at altitudes be-several-hour periods before and after the launch of the large
low 300km (Bedey and Watkin997). Finally,n; is the  instrumented rockets.

metallic ion density, which is inferred from the experimen-

tally observed electron density as described in a following2.2 Lidar configuration

section.
The ground-based Weber sodium lidar located at the range

1.3 Generation of neutral sodium from concentrated ionsimultaneously observed the structure and motion of the neu-
layers tral sodium layer during the times of the launches. The
sodium lidar also provided measurements of the zonal winds
According to one current theory (Cox and Plane, 1998),and temperatures during the time of the launch of the large
once the metallic ions are concentrated in layers by the windnstrumented rocket. The Weber lidar measures sodium den-
shear theory, they can be moved downwards following wavesity, temperature, and radial wind by transmitting two 0.5-W
phase progression or by electric fields. AstMaoves down-  beams with a wavelength of 589 nm that resonantly scatter
wards, its chemical lifetime decreases from more than a dajrom the atmospheric sodium layer located at roughly 80—
at 100 km to minutes at 90 km and the N rapidly con-  105-km altitude. The backscattered Na light was collected
verted into neutral Na that can be observed by a sodium li-by two 1.8-m steerable telescopes (provided by the Rayleigh-
dar. This theory has been found to accurately model mosMie Raman (RMR) lidar team) that are designed to simulta-
sporadic layers observed by the sodium lidar and incoherenteously and independently receive the signals of the sodium
scatter radar over Arecibo (Collins et al., 2002). The situa-and RMR lidars. We shifted the frequency of the transmit-
tion at high latitudes is more complicated, however, by theted beams up and down by 630 MHz every second and third
additional effect of electric fields on the ion layers and the pulse, respectively, with a pulse repetition rate of 50 Hz to
absorption of both neutral sodium and charged particles ontaneasure the Doppler shift and broadening of the atmospheric
the surface of ice particles. In a case study using measuresodium spectrum and determine temperature, radial wind,
ments and simulations, Heinselman (2000) found that a spoand sodium density. The sodium density was calibrated by
radic sodium layer could form via the Cox and Plane (1998)normalizing our photon profiles to get the appropriate atmo-
chemical method and that the layer could be moved aroundpheric density between 30 and 40 km for the latitude and
by auroral ionization. season. The atmospheric density in the stratosphere varies

www.ann-geophys.net/24/1257/2006/ Ann. Geophys., 24, 1P536-2006
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Fig. 1. Digisonde data from Tromsg, Norway for 5 July 2002. Notice the development of the layer below 100 km.
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Fig. 2. Observed zonal winds during the night of 4/5 July, 2002. The vertical red line indicates the time of the launch of the large instrumented
rocket.

much less than the sodium density. Beam 1 was oriented Unfortunately, the EISCAT incoherent scatter radar data is
at 20 west of zenith and Beam 2 was pointed® 2&ast of  not available for the time interval of the launch (00:47 UT) of
zenith (geographic coordinates) for this campaign, allowingthe Flight 41.033. Data from the Tromsg Digisonde, which
us to measure sodium density, zonal wind and temperatures located~137 km to the east of the rocket flight path, are
profiles at two locations separated by 62 km horizontally atshown in Fig. 1. After the sporadic-E layer was fully devel-

90 km altitude. oped, its virtual height was identified as 95 km by the auto-
matic curve fitting routine.
2.3 Data presentation As described by Williams et al. (2004), significant grav-

ity wave activity was present in the lower thermosphere and

We now describe our observations of a very thin Es layerUPP€r mesosphere during the 4/5 July observation period.
that was measured during the upleg portion of the 5 Ju|yThese gravity waves produced variations in the zonal wind

2002 rocket flight (NASA flight number 41.033). The thin throughout the evening (Fig. 2).

Es layer was not observed during the downleg portion of the The data used to produce Fig. 2 are one-hour averages of
flight, which was displaced horizontally by about 50 km to the lidar returns. In general, the wind structure changed con-
the northwest from the upleg traversal of the sporadic-E re-siderably during the eight hours of sodium lidar operation
gion. This implied horizontal spatial variation limits some of (Fritts et al., 2004). As can be seen in the figure, the zonal
the conclusions that we can make. The instrumented rockewvind rapidly reduced in magnitude in the 96—97 km region
flight provided a high-resolution snapshot at one particulararound the time of the launch, with a more constant wind
time, while the multiple falling sphere flights and continu- structure at 93km. Figure 3 shows the vertical distribution
ously operating sodium lidar offered a more continuous mon-of the zonal wind for a time interval centered on the time
itoring of the motions of the neutral atmosphere. of the launch (blue line). (The gray line represents the wind

Ann. Geophys., 24, 1257266 2006 www.ann-geophys.net/24/1257/2006/
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from an earlier rocket campaign and will be discussed in a 100

—Na lidar wi‘nd

following section.) We would expect that this wind shear is 05/07/2002 0047 UT
H Chaff wind + "5 mV/m"
related to the formation of the Es layer. 010911901 2108 UT. —

The data from the sodium lidar also show that a sporadic
sodium layer developed shortly after the launch of the main
rocket (Fig. 4). As Fig. 4 indicates, the Niayer developed 951
just below 95 km and continued downward for the next sev-
eral hours. Assuming that the Nkayer is a tracer of the
background neutral motion (and ignoring any possible hori-
zontal advection), the inferred vertical motion is small, being
on the order of 0.9 m/s.

Figure 5 presents the Na lidar data in an alternate for-
mat. In this figure, the “X” locates the position and time
of an upper Es layer observed in the Langmuir probe data.
A small “x” located 1 km below the large “X” represents a 851 = : = = -
smaller secondary Es layer also observed in the rocket data Zonal wind (m/s)

In the same figure, the color shading shows the sodium mix-

ing ratio for the west lidar beam while the black contour Fig. 3. Average of the zonal wind observed by the Na lidar for a
lines show the sodium mixing ratio for the east beam. Theone-hour interval centered arounc_i thgtime of the MaCWAVE rocket
sodium mixing ratio is defined as the sodium density divided'aunch. The data for the gray line is taken from Kirkwood and
by total atmospheric density. The atmospheric density is cal¥on Zahn, 1993 and represents measured wind plus the effect of
culated from the measured temperature profile as describe%ismwm southward electric field.
in Williams et al. (2002). If there is no source of sodium

and no horizontal advection, the sodium mixing ratio is con- 100

Altiude (km)

Sodium density and MaCWAVE rocket excess density (red) for 05/07/2002
T T T T

served in each parcel, and contours of the mixing ratio follow E
the vertical motion. The difference between the two beams .
gives an estimate of the horizontal variations in the time and ~  [{ | $© R . SR ]
height of the layers. The two beams show the same struc-_ i “gf‘
ture at longer periods but different structures on small time £ (
and spatial scales likely due to gravity waves with horizon- § {i “f
<

tal wavelengths smaller than the beam separation. WilliamsZ
et al. (2004) shows that the vertical displacement spectra of I
both beams follow the form expected for gravity wave mod-
ulation of the sodium layer. The downward motion of the
enhanced mixing ratio in the west beam is about 5 min ear-

lier than in the east beam, possibly due to a phase difference

of the perturbing wave at the two beam locations. We assume 0% 10 15 20 25 30 35
that the downward movement of the structure in the sodium Hours UT

mixing ratlo represents the mean yertlcal W_'nd; the red IIr]eFig. 4. Sodium lidar observation of the development of a descend-
on the figure corresponds to a vertical velocity of —0.9m/s. i, sudden sodium layer shortly after the launch of the instrumented

During the upleg portion of the rocket flight, the Lang- rocket. The excess electron density observed by the rocket during
muir probe was biased at +5 \Volts to collect electrons. Asthe traversal of the sporadic-E layer is shown in red. One hour cor-

has been mentioned, an on-board radio propagation experesponds to 5000 Na/chand 1Gelectrons/cri.
iment provided by M. Friedrich of the Graz University of
Technology was used to provide an absolute calibration of
the measured electron density. The background unperturbe@gion and would be the molecular ion concentration if the
electron density was subtracted from the observed profile t¢Poradic-E layers were not present. Because the lifetime of
produce the “excess electron” profile shown in Figs. 4 and 6 molecular ions is very short compared to transport times or
The Corresponding metallic ion density was inferred by fol- the metallic ion |ifetime, in photoequilibrium the molecular
lowing the procedure described by Smith and Miller (1980) ion production (Q) is equal to the loss (L) as determined by
and presented here. an effective ion-electron recombination rate,

The experimental data are the measurements of electrob — o N2 @)
number density),. The density of the molecular ions;gh, ton
is assumed equal i@, above and below the sporadic-E layer. This ion production rate will not be changed by the presence
An Njon profile is interpolated through the sporadic-E layer of a metallic ion layer. On the other hand, the increase in

www.ann-geophys.net/24/1257/2006/ Ann. Geophys., 24, 1P536-2006
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Altitude (km)

24.0 24.5
Time - hours past 4 July, 2002, UT

25.0 255 26.0

Fig. 5. The sodium mixing ratio is shown for beam 1 with the color contours and for beam 2 with the black line contours for the evening of

4/5 July 2002. The large X and small x identify the upper and lower sporadic-E layers, respectively, at the time of the in situ rocket-borne

observation. The red line provides one estimate of the vertical wind velocity.

41.033

99

—— Metal ion
—— Excess electronfj

981

o7t
96}
95}
o4t
93}

Altitude (km)

92r
91r
90r

89, 0 2 4 6 8 10 12
Charge density (cm'3) x 10*

neutrality. When Egs. (2) and (3) are combined, the metallic
ion density can be explicitly determined.
Nez B Nizon (4)

Ne
The depression of the molecular ion concentratidh—; ),
inside the sporadic-E layer has been confirmed by a mass
spectrometer measurement during a midlatitude rocket flight
(Roddy et al., 2004). The inferred excess electron density
and corresponding metallic ion density are shown in Fig. 6.
We note that although the excess electron density and the
metallic ion density could be assumed to be equal initially,
this condition will not satisfy Egs. (2) and (3). Once pho-
toequilibrium is reached, the model shows that both the final
electron and molecular ion densities are modified by the pres-
ence of the metallic ions. The peak metallic ion density was
roughly 8x10* cm~3for the main peak and 2:510% cm—3

n; =

Fig. 6. Measured excess electron density and corresponding metafor the smaller peak. The peak sporadic sodium density

lic ion density associated with the sporadic-E layer.

was roughly 1500 cm® 30 min after the rocket flight and
5000 cnt3 2 h later. This gives a Na/ion ratio of 2—6% for the
larger ion peak and 6—-20% for the smaller ion peak. These

electron concentration associated with the sporadic-E layefO ratio ranges are both possible, so it doesn’t help distin-
tends to increase the loss rate and the molecular ion corduish which ion peak gave rise to the Nayer.
centration will be reduced so that photoequilibrium is main-

tained. Now
QO = a (Ne—n;)N, 3)

wheren; is the metallic ion density, and the teriN ;) is

3 Discussion

As a result of the strong dependence of the ion-neutral colli-
sion frequency on altitude, the relative importance of each of
the four terms on the right-hand side in Equation 1 also varies

the molecular ion density in the layer as required by chargewith altitude. At the primary altitude of interest (96 km),

Ann. Geophys., 24, 1257266 2006
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evaluation of a number of terms in Eq. (1) produces a simpli- 100 100

fied result. 99 99
E .

v 2 2.2 x107° [—E — Wy Slnl} (5a) * ”

BO 97 97

_3 EN E % E®
+22x10°%| - =2 4+ wg (5b)y £ g

Bo 3 95 g 9%

+1.0Wy, (5c) <o <o

1dnT ® "

— 0034 [— (1) } (5d) 0 %

n; dz

91 91

From Eq. (5), one can see that the effectsfgf and Wy
(term (5a)) are negligible in this region. The application of 2 4 6 8 10 12, Doz 0 002 004
the simple wind-shear theory requires a balance between the ton densty () X0 W difusion (misec)
effects from the sum of zonal wind and northward E field
terms (5b) and the sum of tidal and gravity wave motion (5c¢)
against the ion diffusion (5d). However, this balance isn't
always required because as the ion layer descends, it may be
“dumped” at a low altitude if the ion vertical motion cannot
keep up with the phase speed of the driving gravity wave The mass spectrometer data from the METAL campaign at
(Chimonas and Axford, 1968). Andgya Rocket Range, Norway, (Alpers et al., 1993; Kirk-
The ion diffusion term (5d) depends on both the absolutewood and von Zahn, 1993) identified a Mdayer about
concentration and gradient of the ion density. Evaluation of600 m beneath a much smaller*Féayer that was located
Eq. (5d) requires a differentiation of the ion density profile at 96 km. As shown in Fig. 7, the ion density of the lower Es
(left panel of Fig. 7), which was modulated at the payload layer in this MaCWAVE flight is smaller than that of the up-
roll rate. As a result, the calculated ion diffusion shows someper layer, which is located at 96 km. The model of Kirkwood
artifacts related to the payload motion. The right panel ofand von Zahn (1993) was able to reproduce the observed
Fig. 7 does show “nulls” in the vertical metallic ion velocity metal ion layer heights if an empirically determined south-
at 95 and 96 km; however, once “dumping” has started, thesavard electric field of about 5mV/m was added to the wind
nulls don’t necessarily have to match the nulls of the verticalprofile that had been measured by radar tracking of falling
ion wind. chaff from a meteorological support rocket. We have taken
Finding a balance between terms (1b), (1c), and (1d) (orthe published chaff wind data from Kirkwood and von Zahn
terms (5b), (5¢), and (5d)) is problematic in this case. We can(1993) and added to it the equivalent windE(y/Bg) term
expect that the background vertical wind, which is used into produce the gray line in Fig. 3. If the effect of a 1 mV/m
term (1c), will be greatly dependent on the gravity wave ac-northward E field is added to the Na lidar wind data, the two
tivity, and large gravity waves were present during this timewind profiles of Fig. 3 would effectively line up at 96 km.
(Williams et al., 2004, Fritts et al., 2004). Based on the rateHowever even without that adjustment we believe that the
of descent of the Nain Figs. 4 and 5, we estimate a mean MaCWAVE program wind profile is similar enough to the
vertical velocity of —0.9 m/s. adjusted METAL program wind profile to use the model sim-
The normalized ion collision frequency=v;/2;, be-  ulations of Kirkwood and von Zahn (1993) to understand the
comes exponentially large as the ion layer descends, and asNMaCWAVE Langmuir probe Es data. Although Mgwvas
result, the downward ion motion is reduced, even if the windsmore abundant than Fefor the METAL measurement by a
and electric fields remain constant. Eventually a “dumping” ten-to-one ratio (Alpers et al., 1993), other high-latitude mass
of ions into a more permanent layer occurs when the ion vesspectrometer measurements have shown a four-to-one con-
locity becomes so small that the ions can no longer followcentration ratio (von Zahn et al., 1989) or a one-to-one ratio
the node of the wind structure (Chimonas and Axford, 1968).(Steinweg et al., 1992). We also note that, at midlatitudes,
The computer simulations of Kirkwood and von Zahn (1993) four-to-one (Aikin et al., 1974), one-to-four (Roddy et al.,
demonstrate this effect as ion trajectories that increasingy2004), and one-to-three (Earle et al., 2000)™Ee" den-
lag behind the descending wind node. These model simulasity ratios have been observed. The data of Fig. 6 indicate a
tions also show that if only a tidal zonal wind is present, up to one-to-three density ratio for the MaCWAVE flight. Because
24 h may be required to bring metallic ions down from 120 to the mass numbers of Naand Mg" are so similar, there is
below 100 km. However, the model also shows that a southiittle height discrimination between these two species, and
ward electric field (part of Eq. (1b)) can greatly increase thewe must attribute the lower Es layer to both ions. Since the
downward velocity and the rate of layer production. coefficient of term 1b determines the balance of the various

Fig. 7. Observed ion density (left panel) and corresponding vertical
ion motion (right panel).
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wind contributions, it is useful to consider its evaluation for in a sawtooth pattern by a gravity wave whose amplitude was
both heavy and light ions. The value shown in term 5b issufficient to steepen its wave fronts.
2.2x10723 for Fet; the same value occurs at about 95.1 km
for Nat (or Mg™). This is essentially the same altitude dif-
ference between the two Es layers shown in Fig. 7.

The only significant difference in the wind comparison of

We should also note that Lanchester et al. (1991) have
used EISCAT incoherent scatter radar observations of Es as a
tracer of gravity waves. They plotted the relative height vari-
ation of the Es layer around the average slope of the descend-

Fig. 3 is the presence of a 3.3-km gravity wave in the Na li- . .
) 4 . ing layer for three nights, and sawtooth waveshapes were
dar wind data. Turunen et al. (1993) attribute the very rapid . :
not recognizable. However, as soon as a descending slope

downward movement of observed high latitude Es layers ta_~ .
. . . Is reinserted, sawtooth waveshapes are apparent. Unfortu-
the presence of gravity waves with a period of about 1 h.

- . . nately, the resulting rising edge has a reduced slope rather
Such variation of the zonal wind has been shown (Chlmona%han )t/he falling edge (opgosit?a to the MaCWAVE olta)serva-

and Axford, 1968; Mathews and Bekeny, 1979) to modulate.. . .
; . . . : tion), so the steady vertical wind component must have been
the ultimate dumping height for the ions. Because the instru- A : )
. in the opposite direction. Obviously, more detailed model
mented rocket measurement provides only a snapshot of the . o
d Simulations are necessary to fully understand these possibil-
Es structure, we do not have an observation of such modui-ties
lation. However there is an intriguing possibility that 96 km '
was not the final dumping altitude for the metallic ions. Chi- Determination of the detailed physics that creates neutral
monas and Axford (1968) show that for some combinationsmetal layers has still not been fully accomplished despite
of modulation of the zonal winds by gravity waves and steadymany efforts (von Zahn and Hansen, 1988; Hansen and von
vertical winds (as generated by a constant E field), the modZahn, 1990; Kirkwood and von Zahn, 1991, 1993; Cleme-
ulation of the dumping height follows a “sawtooth” pattern. sha, 1995; Cox and Plane, 1998; Clemesha et al., 1999).
The general picture is that when the ion velocity has beernWhile a number of sources that could serve as reservoirs of
sufficiently reduced due to more frequent ion-neutral colli- neutral atoms have been considered (e.g. Hansen and von
sions, the ions can no longer follow the phase velocity of theZzahn, 1998), finding mechanisms that work at various lati-
gravity wave. The background vertical wind then moves thetudes and which explain observed seasonal dependencies has
newly freed ions upward, their mobility increases, and theynot been straightforward. Early observations of a strong cor-
are once again trapped by the downward node of the gravityelation between the occurrence of sporadic E and sudden
wave—producing the next downward slope of the sawtoothneutral layers (von Zahn and Kirkwood) have suggested that,
This cycle could repeat for a number of cycles if the driving at the minimum, a common “driver” is involved in both phe-
gravity wave is sustained. nomena. Evidence for a more direct link was provided by
We also observe a similar structure in the plot of the heightHeinselman et al. (1998), who observed the formation af Na
of the Ng layer that was given by Williams et al. (2004). In- about 30 min after the formation dfs. While the Eg time
spection of that plot reveals a sawtooth time dependence witlistory is undersampled for the MaCWAVE data, it does not
a period of about one hour. In the discussion of Sect. 2.3 wecontradict a similar time delay. On the other hand, midlat-
have estimated a downward phase velocity of 0.9 m/s for theétude observations of neutral metallic layers below 100 km
mean vertical motion of the Na structure shown in Fig. 5; ahave sometimes shown the development of the layer with-
1-h period is consistent with the 3.3 km wavelength shown inout an ion layer or even before the development of the ion
Fig. 3. The observed periodicity in the Naeight was con-  layer (Friedman et al., 2000), so conversion fromNa Nas
sistent with a direct modulation of the neutral backgrounddoes not seem to be the full explanation. Another difficulty
by the vertical wind component of the gravity wave. The is whether the N& reservoir is large enough to supply the
vertical motion was about 1.5km and would correspond toNas layer, but the data of Heinselman et al. (1998) and Hein-
a 14K peak-peak amplitude and a —9.3 K/km gradient overselman (2000) suggest that it was in their observations. We
half a vertical wavelength. This is quite close to the adia-believe that the N& layer was still developing at the time of
batic limit where the potential temperature and streamlinegshe MaCWAVE rocket flight, so we cannot answer that ques-
in an altitude-time plot go vertical, thus likely explaining the tion. The appearance of Nat Andgya is clustered between
observed sawtooth time dependence. 22:00 and 02:00 LT (Hansen and von Zahn, 1990). The de-
Another possibility is that the Nareservoir was dumped pendence of the vertical ion drift on both winds and electric
with a sawtooth time dependence, and the Mger tracked  fields may explain this link. As discussed by Kirkwood and
it. This has the potential to provide a longer time interval for von Zahn (1993), a northward E field tends to suppress Es
the ion-neutral conversion to occur and would not dependformation, while a southward field greatly speeds up its de-
as much on the Nachemical lifetime. However, the most velopment. While the auroral electric field typically points
likely scenario was that the ions moved downwards due tonorthward in the early evening, it later changes to south-
the combination of the wind-shear mechanism and the vertiward (Nygén et al., 1984), at which time the combination
cal electric fields to a height where the Nans converted of E field and winds provides an efficient downward move-
rapidly to neutral sodium. Then the Nayer was modulated ment to the lower E-region.

Ann. Geophys., 24, 1257266 2006 www.ann-geophys.net/24/1257/2006/



B. P. Williams et al.: Sporadic sodium and E layers 1265

4 Summary and conclusions Bedey, D. F. and Watkins, B. J.: Large-scale transport of metallic
ions and the occurrence of thin ion layers in the polar ionosphere,
Observations of the background neutral wind in the lower J. Geophys. Res, 102, 9675-9681, 1997.
E-region were made by a Na lidar during the launch of an in-Chimonas, G. and Axford, W. |.: Vertical movement of temperate-
strumented rocket on 5 July 2003 as part of the MaCWAVE _ Zone sporadic E layers, J. Geophys. Res, 73, 111-117, 1968.
program. The observed wind had a very strong shear irplemesha, B. R.: Sporadic neutral metal layers in the mesosphere
the 96-98 km altitude region. The presence of gravity wave i‘ggslower thermosphere, J. Atmos. Terr. Phys., 57, 725-736,
structure in the wind was also noted between 90 and 96 km .

ith h el ic fiel h ff fClemesha, B. R., Batista, P. P., and Simonich, D. M.: An evaluation
Although electric fields were not measured, the effect of ¢ 4 o cvidence for ion recombination as a source of sporadic

the winds alone were similar to the net effect produced by neytral layers in the lower thermosphere, Adv. Space Res., 24,
the sum of a wind shear and southward electric field con- 547_556, 1999.

sidered in a previous measurement campaign (METAL). AcCollins, S. C., Plane, J. M. C., Kelley, M. C., Wright, T. G., Soldan,
mass spectrometer payload observed metallic ion layers at P., Kane, T. J., Gerrard, A. J., Grime, B. W., Rollason, R. J.,
95 and 96 km during that previous METAL flight. The Lang-  Friedman, J. S., Gonzalez, S. A., Zhou, Q. H., Sulzer, M. P,,

muir probe of this MaCWAVE instrumented rocket observed and Tepley, C. A.: A study of the role of ion-molecule chemistry
sporadic-E layers at the same altitudes. in the formation of sporadic sodium layers, J. Atmos. Sol.-Terr.

The Na lidar data also provided a display of the vertical _ th's"t_@d 845E86062§O§_' 3. E: Observed redistribution of
distribution of neutral sodium for the time interval surround- ~°n°2ntnides, £. and Bedinger, J. +.. Jbserved redistribution o

. . . E-region ionization by neutral winds, J. Atmos. Terr. Phys., 33,
ing the rocket flight. The mean downward velocity of the 461_9472 1971 y y

sporadic sodium layer was consistent with the gravity WaVEcox, R. M. and Plane, J. M. C.: An ion-molecule mechanism for the
seen in the zonal winds. A plot of the altitude of the peaks  formation of neutral sporadic Na layers, J. Geophys. Res., 103,
of the Na layer exhibits a sawtooth periodic structure that 6349-6359, 1998.

is consistent with modulation by a gravity wave whose am-Croskey, C. L., Mitchell, J. D., Goldberg, R. A., Blix, T. A., Rapp,
plitude is just below its convective limit. The data was all M., Latteck, R., Friedrich, M., and Smiley, B.: Coordinated in-
consistent with: the formation of an ion layer by the wind-  vestigation of plasma and neutral density fluctuations and par-
shear mechanism and electric fields, movement of the layer ticles during the MaCWAVE/MIDAS summer 2002 program,
downwards with the phase of a gravity wave, and conversion G€0Phys. Res. Lett.,, 31, L24S08, doi:10.1029/2004GL020169,
of sodium ions to neutral sodium that was then advected byC 084' C. L Mitchell. J. D.. Friedrich. M. Schmidiin. F. J d
the neutral vertical wind of the gravity wave. The lack of di- roskey, C. L., Mitchell, J. D., Friedrich, M., Schmidlin, F. J., an

¢ t f Naor the electric field t Goldberg, R. A.: In situ electron and ion measurements and ob-
rect measurement s ot Neor the electric elds prevent us served gravity wave effects in the polar mesosphere during the

from making a definitive conclusion, however. MaCWAVE program, Ann. Geophys., 24, this issue, 2006.
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