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Abstract. An all-sky imager was installed in Asmara, Eritrea and that its onset remains unpredictable in a strict sense.
(15.£# N, 38.9 E, 7 N dip) and used to monitor the Ol 630- Two manifestations of ESF make that study accessible to sta-
nm nightglow. Nine months of data were studied betweentions that are remote. Plasma instabilities in the lower F re-
September 2001 and May 2002, a time including the recengion generate bubbles that grow as they rapidly ascend, align
maximum in the solar activity cycle. Equatorial plasma bub- themselves with the magnetic field, and generate density ir-
bles (EPBs) were recorded on 63% of nights with adequateregularities in their wake. The result is a large region of ion-
viewing conditions. The station location within view of the ization depletion seen from below as one or more darkened
equatorial ionization anomaly and with a magnetic declina-flux tubes against the Ol 630-nm nightglow background. The
tion near zero makes it an excellent test case for comparisonightglow is the result of the two-step process

with satellite studies of the seasonal variation of EPBs with

longitude. The imager was accompanied by two Cornell GPO" + O — OF + O (1)
scintillation monitors, and the amplitude scintillation data are

compared to the all-sky data. GPS scintillations indicate thefollowed by

beginning of EPBs, but die out sooner in the post-midnight

period than the larger scale EPBs. Both phenomena exhibi ; +e—> Oz +hv(630 nm, )
clear occurrence maxima around the equinoxes. lonospherigg that the absence of ionization, meanirgiéns and elec-
zonal drift speeds have been deduced from EPB and GPgons, produces an airglow depletion plume usually called an
scintillation pattern movement. Average near-midnight EPBequatorial plasma bubble (EPB). Although too faint to be
drift speeds are between 100 and 120 m/s most months, witgeen by the naked eye, these bubbles are readily recorded

the GPS scintillation speeds being about the same. A wintefith all-sky imagers fitted with 630-nm interference fil-
drift speed maximum is evident in both EPB and GPS scin-ters, The second manifestation is the diffraction of tran-

tillation monthly means. sionospheric radio waves by the F-region irregularities. The
Keywords. lonosphere (Equatorial ionosphere; lonospheric Global Positioning System (GPS) network of satellites pro-
irregularities) — Radio science (lonospheric physics) vides all locations on Earth with carefully monitored and

coded radio signals from space, which are scattered by the
small-scale irregularities associated with ESF. The scattering
patterns appear to ground-based receivers as scintillations in
the received signal power. Both the EPBs and the GPS scin-
The study of the equatorial spread F (ESF) phenomeno t’|llat|ons indicate the presence of ESF, and since both are

great ionospheric turbulence events often detected at laSmbedded in the background ionization, both move with the

itudes near the magnetic dip equator, has continued foprift speed of the ionospher¥dlladares et al.1996. In the

decades and is currently quite intense. The stimuliforcurrenforesent study we report on observations of both EPBs and

activity are that electron density irregularities associated Withsopl\lS dgcmﬂlla;ons fotf)T Absmtﬁra, Er.'lt ri?’t(15:41 3?'?:"5’ d
ESF interfere with transionospheric radio wave propagation’ . Ip) made possi € by the avaiiabiiity of portable an
reliable ground-based instrumentation. This paper concen-

Correspondence td?. M. Kintner trates on the EPB observations and uses the accompanying
(pmkl@cornell.edu) GPS scintillation data primarily for comparison purposes.

1 Introduction
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30°N posed influencedvcClure et al (1998 challenged these two
k hypotheses as primary conditions and suggested that a seed-
SAUDI ing mechanism dependent upon longitude is available from
EGYPT ARABIA : tropospheric sources. In the event that EPB occurrence prob-

abilities measured at Asmara are not maximum at equinox, a
new determinant would be needed, but an equinox maximum
would not invalidate the claim made for tropospheric con-
vection seedingKil et al. (2004 suggest that the EPB distri-
bution follows the brightness of the Ol 135.6-nm emission,
proportional to the plasma density, but indicate that none of
the mechanisms is successful everywhere at all times.
o lonospheric drift velocities have been measured from EPB
motion from the ground (e.gTerra et al. 2004 and from
space mmel et al, 2003. Most reported measurements are
greater than 100 m/s in the pre-midnight hours, dropping to
around 50 m/s as dawn approaches, in agreement with mea-
surements by radio methods, notably those from the Jica-
marca incoherent scatter rad&efer et al. 1981). These
drifts are generally eastward and driven by vertically down-
0E 40 E 50 E ward electric fields generated by the nighttime F-region dy-
namo. Since the occurrence of EPBs is longitude dependent,
Fig. 1. Regional map of northeastern Africa showing Asmara nearit is natural to inquire as to the variability of drift speeds with
the center at 15N, 38.9 E, 7° dip. The magnetic equator is at |ongitude. This is again accomplished by providing obser-
9° N in this sector. vations from as many ground-based stations as possible, and
here we offer Asmara data toward this goal.
Since one of the least studied yet potentially most interest-
Ground-based studies of EPB behavior have been coning longitude sectors for EPB characterization is northeast
ducted mostly in South America (e.¢?imenta et a).2003 Africa, when the opportunity arose for one of the authors to
Terra et al. 2004, the Pacific Ocean (e.gMakela et al.  accept a position with the University of Asmara in Eritrea,
2004, and India (e.g.Mukherjee 2003, but vast sectors of installing an all-sky imager there became a priority. Asmara
the tropics have not been and cannot presently be investiis [ocated at 154N, 38.9 E, 7° N dip just south of the north-
gated from the ground. Satellite studies (eMcClure etal,  ern crest of the EIA and its optical counterpart, the northern
1998 Huang et al.2001) show that the seasonal dependenceintertropical arc. The location is at the center of the regional
of EPB occurrence probability is strongly dependent uponmap shown in Fig. 1. The all-sky imager was soon joined
longitude, although not all satellites agree on the form ofpy a pair of Cornell University GPS scintillation monitors,
that dependence. Ground truthing at a variety of longitudesyhich operated there for a total of 22 months. The present
should help to resolve some of these differences. This is impaper concentrates on the optical signature of ESF, the EPBs
portant because there are several longitude-dependent mecbbserved with the all-sky imager, and comparisons with the
anisms proposed to explain these systematic seasonal vaiPS scintillation data for the period in which the scintillation
ations. The first, byMaruyama and Matuurgl984, sup-  monitors and the imager operated together, from September
poses that seeding mechanisms are always present at tro#901 until May 2002, a period during which the solar activity
cal latitudes, but the growth of the Rayleigh-Taylor instabil- cycle reached its maximum. It must be noted that no attempt
ity into EPBs is suppressed by transequatorial winds whichis made here to separate nights on the basis of any geomag-
generally blow from the warm summer hemisphere into thenetic activity index. Our own efforts to do so indicated first
cool winter hemisphere. The second proposalTbynoda  that the problem is of sufficient complexity to be deferred to a
(1989, is that the instability grows best when the integrated|ater paper, and second that, even during this period, the great
E-region Pedersen conductivity at the conjugate ends of anajority of nights are of low to moderate activity so that the
flux tube is changing most rapidly, i.e., when the solar ter-storms only slightly affect the average occurrence statistics.
minator is parallel to the magnetic field lineBurke et al.
(2009 point out that the longitude region from 225 to
52.5 E (where the magnetic declination is essentially zero)2 Instrumentation
at equinox provides both a solar terminator parallel to the
field and a minimal transequatorial wind to give maximum The all-sky imager used in Asmara was borrowed from York
EPB occurrence at the equinoxes. Asmara is in this longitudéJniversity, Canada, where it was constructed and is de-
sector and therefore provides a testing ground for these proscribed byCriswick (1994). Light is collected by a fish-eye
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lens of 8-mm focal length, collimated by a 135-mm telephoto .
lens, passed through an interference filter optimized for lightg.a
of 630-nm wavelength, and then focused onto a CCD using
a 50-mm imaging lens. All of these lenses are commercial
grade for 35-mm format photography. The 50-mm diame-
ter interference filter has a center wavelength of 630.6 nn
and a bandwidth (FWHM) of 1.8 nm in order to minimize
the brightness variation of the 630.0-nm nightglow radiation
over the 0 to 5° incidence angles set by the lens geometry,
i.e., to optimize the “flat-field” characteristic. This filter is
carried on a wheel, along with seven others, which is driven
by a stepping motor. The detector is a Kodak KAF1300 CCD
with 1300x 1028 16<16um pixels, cooled to —3CC. Ele-
mentary pixels are binned at the camera intad4subarrays
so that images are transferred to the accompanying person
computer as 256256 arrays and stored in 16-bit FITS for-
mat for easy viewing with Smithsonian Astrophysical Obser-
vatory software.
The all-sky imager was operated on the roof of the main
University of Asmara building near the center of the city but
well above it so that city lights were not a severe problem for
the present purposes. On and off times were programmed tBig. 2. Typical all-gky image over Asmara in_Iate morning. The
limit observations to solar elevation angles less thar? -at@l oute_r edge of _the disk corresponds 'Fo the hor_lzon and the center to
lunar elevation angles less tharfe lunar disk illumination zenith. North is to the top and east is to the right. The large black
less than 60%. Three positions of the filter wheel constituted” treaks are EPBs.
the normal operational cycle: one for measuring the Ol 630-
nm red line nightglow and two for the two wavelengths for ) ] ) ) )
monitoring background light, assumed to be white. Each fil-Of EPBS is seen crossing the disk from left to right aligned
ter was in place for a 60-s exposure so that the time betwee!Ond the geomagnetic field direction. EPBs are often as
successive red line images was 216 s. The main rainy seasdiell-defined anq readily detectable' as these, but at least as
in Asmara is during the northern hemisphere summer, so datgften the_y are faint or absent. Our first t_ask was theref_ore to
from June through August are unavailable. At other timesS€€K @ climatology of occurrence. Eachimage was assigned a
clouds occur, but many sequences of cloud-free nights mady!ue of 1 for EPB visually detected anywhere on the disk, 0
it an above-average site. Results of an analysis of red lind®" N0 EPB seen in spite of acceptable observing conditions,

brightness distribution in latitude and time using this data se@nd 2 for unacceptable conditions, clouds, excessive moon,
are described byViens et al(2004. or instrumental problems. These values were grouped into

The Cornell GPS scintillation monitors also operated on_tlme intervals of 0.2h (12 min) duration. I a time sample

the roof of the main University of Asmara building sepa- included one image that showed an EPB, the whole interval

rated along a magnetically east-west line by 63 m. They ard/@S deemed a 1. The matrix of these values is plotted on a
based on a GEC Plessey development system modified fdf2y number vs. local time grid in Fig. 3.
logging the L1-band (1.57542 GHz) GPS signal power at a The first characteristic one notices in Fig. 3 is that verti-
rate of 50 samples/s. Each unit is contained on one printegally there are nine major groups of data separated by grey
circuit board mounted in a personal computer and is attached@reas, indicating no data available. The groups correspond
to a 10-cm diameter powered patch antenna. Design, corto months, beginning with September 2001 and ending with
struction, and testing details are givenB®gach and Kintner ~May 2002. The data gaps are periods when the moon was a
(2002. hindrance. More importantly, Fig. 3 shows a black interval
from day 106 (15 December) to day 156 (3 February), indi-
cating an almost total absence of EPBs centered on 9 January

3 Observations (day 130), twenty days after the winter solstice (day 110).
Data groups above and below this show the appearance of
3.1 EPB occurrence white bands, indicating EPB much of the night. The autum-

nal equinox, SE, on day 21 is white and is surrounded by
An all-sky image in 630-nm light is shown in Fig. 2. North nights of EPB sighting. The vernal equinox, ME, on day 202
is upward and east is to the right. The outer edge of the dislcoincides with the moon interfering with evening observa-
is the horizon and zenith is in the center of the disk. A pairtions, but the data groups before and after that time also

www.ann-geophys.net/24/1443/2006/ Ann. Geophys., 24, T4ER-2006
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EPB OCCURRENCE, ASMARA
Table 1. Monthly occurrence frequency.

Total Nights Event Nights % Occurrence

Month EPB GPS EPB GPS EPB  GPS

° 1Sep 13 28 13 28 100 100
b3 5 1 Oct 1 31 8 25 73 81
5 > 1Nov 21 30 19 25 920 83
5 ° 1 Dec 21 29 6 7 29 24
o 3 2 Jan 17 31 1 10 6 32
8 2 Feb 19 28 13 21 68 75
2 Mar 22 29 15 26 68 920
2 Apr 16 29 11 29 69 100
2May 19 31 14 28 74 90

18 20 22 00 02 04 06
Local Civil Time, LT (hr)

Fig. 3. Daily occurrence record of EPB over Asmara. White indi-

cates EPB seen in at least one image during a 12-min interval; blacgure bulge, a tidal effect shown biens et al(2004 to be

is no EPB sighted in spite of favorable viewing conditions; and grey effective during April and May as well as during the winter

indicates unfavorable viewing, moon, or clouds. SE=Septembemonths. This gives the April and May data a bias toward

equinox, ME = March equinox, and DS = December solstice. post-midnight detection, to the extent of EPBs being recog-
nizable until dawn. Therefore we know that EPBs are com-
mon over Asmara in May, but we are unable to reliably esti-

indicate much EPB activity. Figure 3 demonstrates that atmate their starting time. For the rest of the year, when EPBs

Asmara EPBs are most frequent around the equinoxes. Thergccur they usually begin between 20:00 LT and 22:00 LT and

is also considerable activity after the equinoxes, and a sugeontinue into the late morning hours.

gestion that the activity center may lie as much as twenty |t js instructive to compare the occurrence of EPBs with
days after the actual equinoxes at days 41 (11 October) anghe occurrence of GPS scintillations recorded by the scintil-
222 (10 April). The monthly statistics of EPB occurrence |ation monitors in Asmara over the same period of time. The
are listed in Table 1. If any image during the night showed s, index, the unity-normalized standard deviation of signal
an EPB, it was counted as an occurrence. If all cloudless Pepower (Yeh and Liy 1982, is calculated from the 50-Hz sig-
riods during a night, no matter how brief, showed no EPB, na| power time history for every minute of monitor operation
then the night was characterized as zero occurrence. The tdor every GPS satellite above the3@levation angle. In As-
ble shows remarkably high occurrence rates for this periodmara the number of GPS satellites available at any time var-
which, as already indicated, is at the maximum of the solaried between six and ten, giving excellent coverage over the
activity cycle. whole sky and ideal for comparison with the all-sky images.
Another striking feature of Fig. 3 is that EPBs are first The maximum % from all satellites in a 12-min interval was
sighted during the evening hours and often continue into theselected to represent that interval. The night-by-night, hour-
late morning hours. Caution must be exercised in considerby-hour results are plotted on a local time vs. day number
ing the notable exceptions after 9 April (day 221) and espe-grid in a manner similar to that used for the imager data in
cially the bottom group representing all of May. This visual Fig. 3. The plot shows the same 274 days in which the GPS
method of detecting EPBs depends upon contrast betweemeasurements were accompanied by all-sky images, and all
the EPB and its airglow background. As shownWWjens intervals with a maximum §Sindex greater than or equal to
et al. (2009, the evening EIA disappears over Asmara in 0.4 are assigned the value 1; all smallgrir®lices are given
April and May. This seasonal change occurs because ionizahe value 0. The plot is given in Fig. 4, specifically for com-
tion produced by the fountain effect is pushed by a transequaparison with Fig. 3. The obvious benefit of using radio meth-
torial neutral wind that blows from the warm summer hemi- ods rather than optical is the greatly reduced operational gaps
sphere into the cool winter hemisphere. This neutral windbecause the GPS measurements are unaffected by cloud and
pushes ionization down the magnetic field lines for faster re-moonlight. The data gaps that do appear are usually the re-
combination and increased nightglow brightness in winter,sult of power failures, from which the monitor automatically
and up the field lines for slower recombination and reducedrecovers, or operator absences, which were infrequent. A
optical emission in summer. The transition occurs at Asmaranumber of diagonal streaks pointing upward toward the right
in April and affects the premidnight brightness because theare the effect of multipath interference, their direction show-
fountain effect is strong only in the evening. After midnight ing the change of sidereal time with respect to solar time, and
the nightglow brightness is governed by the midnight pres-are not related to ionospheric effects.

Ann. Geophys., 24, 1443453 2006 www.ann-geophys.net/24/1443/2006/
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GPS SCINTILLATION OCCURRENCE

S4>0.4 Table 2. Monthly occurrence frequency.
Month % Occurrence
5 AGPS DMSP
o
s January 11.3 1.2
g s February 14.5 11.0
5 N March 39.0 25.9
g 5 April 50.8 44.3
3 8 May 9.8 13.4
& June 0.0 5.2
2 July 0.0 3.3
° August 19.2 23.4
September 51.8 36.7
== October 35.6 25.3
TR doiTme ttey. November 30.0 14.2
December 6.9 0.0

Fig. 4. Daily occurrence record of GPS scintillation wit}:$0.4.
White indicates occurrence for any fraction of a 12-min time inter- * from L. C. Gentile (personal communication)
val, black is no such occurrence, and grey indicates no operation.
OCCURRENCE FREQUENCY COMPARISON
SCINTILLATION OCCURRENCE, S4 > 0.5 GPS ASMARA AND DMSP F15
LOCAL TIME = 2130 HR
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Fig. 5. Daily occurrence record of GPS scintillation with -$0.5

for a full 22 months to illustrate equinox symmetry. The integer Fig. 6. Monthly average occurrence frequency comparison of As-

following SE, DS, etc., gives the year, e.g., “SE2"=“September mara GPS scintillation and DMSP EPB detection. Points are given

equinox 2002". at the start of the month for the whole month. The figure shows both
satellite and ground-based agreement on the symmetry of equinoc-
tial maxima.

The GPS scintillation occurrence pattern in Fig. 4 shows
the same seasonal variation as we see in Fig. 3, featuringijle to determine whether the solstice occurrences are also
the same dark band around day 110, the winter solstice, angymmetrical. For this we invoke the longer and more com-
maximum activity levels near the equinoxes, SE and ME.plete record of GPS scintillation occurrence shown in Fig. 5,
Figure 4 would agree with Fig. 3 in centering the equinoc- aso as an occurrence image on a local time vs. day number
tial activity around days 41 and 222, twenty days after thegyiq,
actual equinox dates, but the solstice gap in this case does |, Fig. 5 there are four distinct equinox groupings cor-
not show that 20-day lag. The solstice gap appears to show fesponding to the September 2001 (SE1), the March and
greater likelihood of GPS scintillation (at thg:$0.4 level) September 2002 (ME2 and SE2), and the March 2003 (ME3)
than of EPB appearance. The monthly summaries of occuraquinoxes, separated by the adjacent solstice periods. The
rence frequency are listed in Table 1, again choosin@tS  22-month record shown here allows for 12 monthly averages
the 0.4 threshold. of occurrence probability to be calculated as shown in Ta-

Having demonstrated that the EPB and the GPS scintillable 2, chosen specifically for a local time of 21:24 LT to
tions both show maxima at the equinoxes, it would be worth-21:36 LT. These data are also plotted in Fig. 6, which shows

www.ann-geophys.net/24/1443/2006/ Ann. Geophys., 24, T4ER-2006
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Table 3. Width increase of EBPs. the _sky project to shorter hor_izontal ground distances near the

zenith than at smaller elevation angles. However, real growth
17Nov 17Feb 19Feb 12 May in width is also evident. The growth of four well-defined

EPBs has been estimated by determining their widths (pro-
Local Time (h) 26.57 2453 2666  26.21  jected onto the ground) near the horizon and again as late as
EPB Width (km) ~ 110.06  53.37 22346 16343 a0 could still estimate edges. The widths and growth rates
g;g"\ggli)?itneg(%s) 212;10 113'00 5 ;37 5 gg are summarized in Table 3. The narrowest we measured was

' ' ' i 53 km wide but all were less than 250 km. If it is assumed

that the width expands exponentially and we use the rela-

tionship:

clear and almost equal maxima for April and September.f _ log(2) Ar 3)
The minimum in June and July, with zero occurrences, is log(w2/w1)

slightly deeper than the December/January minimum with

occurrence frequency only as low as 6.9%. Figure 6 showé"’herewl andwa are respectively the initial and final width
the two halves of the yearly cycle as being similar measurements, anflr is the time between these measure-

The primary hours of GPS scintillation activity are indi- ments, th'err Is the exponent'lal doub!mg yme.glven in Ta
. . - ble 3. This ad hoc exponential doubling time is from 1 to 6
cated by the horizontal extent of the white bars in Fig. 4. . : .
R hours according to these four EPBs. Alternatively, the lin-
Most of the scintillation occurs between the hours of ear arowth rate. listed simolv as the arowth rate in Table 3
20:00 LT and 02:00 LT. This is quite unlike the EPB behav- <o 9 , 15760 SIMPYy as the g \ ’
; : . . . may be a more realistic parameter: that mean is 9.8 m/s. As
ior, which usually continues into the late morning hours and S
T : . the EPBs expand, the forces that shut out ionization weaken
has implications we discuss later. As discussedviakela

: ; nd an inward diffusion of ionization en ing them
et al. (2004, the morning extension of the GPS scintillation and a ard d usion of lonization ensues, causing the
. . L - to fade. Some survive to cross the eastern rim of the image,
traces increases with a decreasingil®lex, so 3 indices

around 1.0 rarely occur after 00:00 LT and those of 0.15bUt others fade out of e.X|stence beforehang. .
. . ) ) . The period from 19:30 LT to about 23:00 LT provides
and above continue until morning, just like the EPB occur-

rences. The threshold 0£S0.4 was selected for presentation strikingly different behawpr. In Asmara the EIA is promi-
. o . nent but north of the station, a crescent-shaped brightening
here because of a perceived coincidence between the earlles?

ever first sighting of EPB activity in the evening and the first along the top of th_e disk is not seen in Fig. 2. The first ap-
. .~ pearance of EPBs is as small, closely spaced streamers more
appearance of gising above that level that same evening.

or less confined to the EIA crest region and perpendicular

gﬁgfﬁﬁgﬁiﬁ;ﬁéhgn]etf];g[gg ;V(\;I:)n tﬂrai:;%r?eeg?r;gﬁzgs. 310 it. These streamers are invariably moving eastward, often
y from the western extreme of the crescent, but sometimes aris-

before EPBs are visually detected. As described in the fOI'in from areas of the crescent well to the right of the western
lowing section, EPBs are difficult to detect in the formative 9 g

) . : extremity, possibly east of the crescent center. These latter
stage. Both figures show that the earliest start times occur, Y, P y

. . . - . Streamers we suppose to be formed within our field-of-view.
at the equinoctial maxima of activity. Start times are around bp

20:30 LT nearest the solstice and about an hour earlier at thThese cases cannot be llustrated here because they are de-

) - . . I I layi ie of ive i . EPB
height of the activity season, a trend admittedly easier to segeCtab € only by playing a movie of successive images S

in Fig. 4 than in Fig. 3. Notice that the late start of EPBs in in this tlme_perlod are seen in varying widths, indicating that
. : . some are first seen at a later stage of development than oth-
May receives some confirmation from the late start of GPS . . .
P : ers. We therefore claim that northeastern Africa can be either
scintillations in late May as well. ; . .
a source region or slightly east of a source region for EPBs.
After this period and into the morning there is no evidence

3.2 EPB morphology for incipient EPBs; all come from the western horizon.

Given the unique geographical location and the frequent 0c3.3 EPB drift speed

currence of EPB over Asmara, it is natural to ask whether

this data set can describe the origin, the fate, and the nightiffhe previous section indicated that the EPBs are always in
behavior of the EPBs. Their usual fate is the easier challengenotion. It is possible to estimate the speed of the drift by
because they are often seen to decay and disappear wheomparing the location of an EPB on successive images and
viewing conditions are favorable. In the morning hours EPBssimply dividing by the time difference between them. To
are usually seen to move into the field of view from the west-simplify the data processing, a west-east linear array of pix-
ern horizon, often individually, but just as often in groups of els including zenith has been used to estimate the drift speed.
two or more in succession, as in Fig. 2. They apparently ex-Pixel position in the array is linearly related to zenith angle
pand as they approach the zenith of the all-sky image. Parand can be mapped to a ground location. This mapping as-
of this apparent expansion is simply that equal arc lengths irsumes a red line emission altitude of 280 km. The projected

Ann. Geophys., 24, 1443453 2006 www.ann-geophys.net/24/1443/2006/
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pixel array is 882 km centered on the station. Brightnesses
recorded in the pixel coordinate system are interpolated to : SEP 2001 OCT 2001 NOV 2001
scale of 2-km intervals on the distance coordinate. In princi- 200
ple the linear arrays of brightness for successive images ca

be cross-correlated, the correlation delay giving the distanct 100 H\'W M M

the features have moved. Greater success was achieved, ho

ever, by applying increasing delays until the horizontal dis- 0

tances between features were minimized, the amount of shit g 200 DEC 2001 JAN 2002 FEB 2002
required providing the distance moved. This method worked >

best when the EPB had well-defined edges and when adje 8 19 — — M
cent frames had been used. But, as shown in the all-sky im £

ages oMakela et al(2004), EPBs are constantly in turbulent 0

Zonal

motion and, as found here, they both grow as they move ani § MAR 2002 APR 2002 MAY 2002
the perspective of their three-dimensional geometry changes 2gg
Thus, successive images frequently differ enough that the

analysis program could be confounded. Instead, the proce 100 M A H\‘\H

dure employed uses nine images in eight successive pairs, r

jecting by visual inspection any of the fits that are regarded a 0 20 00 0420 00 0420 00 04
unsuitable, and averaging the rest over the half hour the nin
images represent. Monthly hour-by-hour averages have bee Local Time (hours)

compiled and plotted as a series of nine monthly graphs in
Fig. 7. Error bars are standard deviations, including the vari-ig. 7. Monthly means of hourly EPB drift velocity. Error bars in-
ability of the measurement technique and the natural varidicate standard deviations including measurement and geophysical
ability. variability; lack of an error bar indicates fewer than three data.

The most common feature of the average nightly variation
of EPB drift speed shown in Fig. 7 is a decrease through-

out the morning hours. Some seasonal variation is eviden* MONTHLY MEAN OF DRIET SPEEDS
in that the months of October through February show drift w w T w ‘
speeds greater than 100 m/s most of the night. March ani  120f o —+—EPB |

September drifts reach speeds faster than 100 m/s only in th oGPS
pre-midnight hours, and April and May drifts are almost al- & 100—
ways less than 100 m/s. The hourly averages for the 03:00 L1€
hour are plotted in Fig. 8, which shows a winter maximum,
even though the data from December and January, months
and 5, are quite limited.

For comparison purposes, the drift speeds deduced frons
the GPS scintillations are shown for the same set of month'c
in Fig. 9. The speed is measured by correlating the 50- Hzg
received signal power time histories from the two GPS re-
ceivers that they receive from one GPS satellite. With a
63-m separation along a magnetic east-west line, the zone ‘ ‘ ‘
drift speed is calculated as this distance divided by the cross Oct Dec Feb Apr
correlation delay time. The method is described_&tv- Month
ina et al.(2004). Figure 9 shows that the zonal drift speeds
deduced from the GPS scintillations seem to decrease morgig. 8. Annual variation of zonal ion drift speed from EPBs (solid)
rapidly through the morning hours than those found fromand from GPS scintillation (dashed) measurements. The EPB trace
the EPB measurements (Fig. 7) but, in general, the scintiluses 03:00 LT averages from Fig. 5 because they are available for
lation determinations are of the same magnitude as the eppll months. The GPS scintillation trace is for midnight averages.
determinations. The winter maximum of zonal drift speedsBoth show the winter maximum.
suggested by the EPB measurements is verified by the GPS
scintillation measurements. In Fig. 8 the average monthly
drift speed from Fig. 9 at 00:00 LT is plotted against month,
showing a pronounced winter maximum similar to the EPB
plot for 03:00 LT in the same figure.

807

urly drift speed

601

40} 1

www.ann-geophys.net/24/1443/2006/ Ann. Geophys., 24, T4ER-2006



1450 R. H. Wiens et al.: Equatorial plasma bubbles over Eritrea

SEP 2001 OCT 2001 NOV 2001 around the April maximum may have cloud problems, but
200 they are supported by the GPS scintillation occurrence prob-
\\Hﬁw\ abilities. The differences in the seasonal variation of EPB
100 SRR occurrence between Asmara and Hawaii are real and sub-
0 stantial due to the differences between the magnetic latitudes

and the longitudes of the two stations.
The symmetry of the equinox occurrence maxima is sup-
s ported by the DMSP F15 measurements of ionospheric de-
= H\‘\x\x/\v pletion reported by Gentile et al. (2006). The DMSP occur-
rence probabilities reported for the longitude range 6ft80
45° at the local time of 21.3 to 21.5 MLT for the period of
MAR 2002 APR 2002 MAY 2002 2000 to 2004 binned according to month are listed in Table 3

DEC 2001 JAN 2002 FEB 2002

N
o
o

Zonal Velocity (m/s)
'_\
o
o o

200 and plotted in Fig. 6 along with our Asmara GPS scintillation
100 \\’\!\\\)\/, W monthly occurrence probabilities. The satellite data clearly
/X\H"\Hﬂ\ show two equinox maxima coincident with the Asmara data
0 at April and September with deep minima at the solstices. A

20 00 0420 00 0420 00 04 small difference is that the DMSP December-January mini-
Local Time (hours) mum is deeper than the June—July minimum, the opposite of

the comparison for the Asmara GPS scintillations, but this

Fig. 9. Monthly mean of hourly GPS scintillation drift velocity. may result from the small number of occurrences involved.
Error bars indicate standard deviations, including measurement an&ince the DMSP satellites measure EPBs above 800 km and
geophysical variability. the Asmara imager measured them below 300 km, the com-
parison is not exact. Nevertheless, it may be supposed that a

certain fraction of EPBs found at 300 km will actually reach

4 Discussion 800 km, as indicated by Gentile et al. (2006).
As stated earlier, the Asmara seasonal occurrence proba-
4.1 Occurrence probability bility may provide a test for the success of proposed mech-
anisms used to explain seasonal/longitudinal dependence
4.1.1 Annual variation globally. Burke et al.(2004 pointed out that, at the As-

mara longitude (between 22.%nd 52.8), the conditions
A recent ground-based study of EPBs readily comparable tset by botiMaruyama and Matuurél 984 and byTsunoda
and overlapping this data set in time was madeMakela (1985, i.e., minimal suppressive transequatorial wind and
et al.(2004) from Haleakala, Hawaii (20°MN, 203.7 E, ge-  solar terminator parallel to the magnetic field, hold true at the
omagnetic 21.3N). They employed an all-sky imager sen- equinoxes, producing maximum EPB occurrence then. Our
sitive to Ol 630.0-nm nightglow and a narrow-field camera data in Figs. 3 through 6 and in Tables 1 and 2 show defini-
sensitive to Ol 777.4-nm nightglow. One main difference tively that this is the caseMcClure et al.(1998 also stud-
between their station location and Asmara is that they arded the longitude dependence of EPB occurrence, this time
north of the EIA crest. The easiest comparison is betweerusing data from AE-E in situ satellite measurements over
Table 1 and Makela et al.’s Table 2. First of all, notice that four seasons. They challenged tdaruyama and Matuura
Table 1's occurrence probabilities are somewhat larger thar§1984) proposal on the basis of longitude comparisons of
theirs, varying from 6% in January to 100% in September,EPB occurrence with several other studies. Here the com-
while theirs are between 0% in December and January tgarisons wittMaruyama and Matuurg 980, Watanabe and
41% in September. This may result from the Hawaiian cam-Oya (1986, andMcClure et al.(1998 lend themselves to a
era looking at the flux tubes from the top side (tangent tocomparison study with our ground-based data. Ample jus-
the magnetic field) north of the EIA, while the Asmara cam- tification for the validity of comparing these diverse satel-
era, south of the EIA crest, views them from below, mak- lite measurements is given byicClure et al.(1998, and
ing it less sensitive to azimuth variation. Also notice that we again suppose some direct relationship between the satel-
the Hawaiian September maximum is much broader than thdite and ground-based measurements of occurrences. Occur-
April maximum. The Asmara EPB data alone cannot dis-rence probability vs. longitude plots are given lgClure
pute such broadening because of the lack of July and Augustt al.(1998 for each of the satellite studies for four seasons:
imager data, but Asmara’s March maximum is broader thanFebruary, March, April; May, June, July; August, September,
that in Haleakala, showing abundant EPBs from February tdOctober; and November, December, January. Each season’s
May. More significantly, Fig. 6, using Asmara GPS scintilla- graph has been scaled for each of the satellite studies pre-
tion data, shows both equinox maxima to be about the sameented byMcClure et al.(1998 at a longitude of +49 and
width. Makela et al.(2004 caution that their image data then plotted along with our own data in Fig. 10. In the case
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of Asmara’s data, labelled “Asmara” in Fig. 10, the values OCCURRENCE PROBABILITY OF EPBS
from Table 1 have been grouped together into these three * ‘ ‘ ‘ — Aomara
month groups. Asmara’s occurrence probabilities are muct 4 - & -McClure
higher than those from the three satellite studies. For easE 5 T Ny 100
ier comparison, Asmara’s data are plotted using the ordinat: g \

axis on the right side of the plot. In Fig. 10 the seasonal 5 4ot
variation at Asmara appears to be of the same form as the§
of McClure et al.(1998 and least like that oMaruyama
and Matuura(1980. However, our EPB representation for
the season May-June-July is restricted to data for May. GP¢
scintillation data from May, June, and July (Table 1) give
only a 3.3% probability of occurrence, which lowers the sec-
ond Asmara point so that the form resemblesNtauyama
and Matuurg1980 trace. The Asmara data thus do not con-
tradict any of the hypotheses given, although they readily °®  Feb-Mar-Apr May-dun-Jul Aug-Sep-Oct Nov-Dec-Jan
lend confirmation to the equinox EPB maxima predicted by Season

the Maruyama and Matuura (1984) and the Tsunoda (1985)

mechanisms. Some of the difference between the seasonhig- 10. Seasonal variation of occurrence probability of EPBs at
variation patterns at Asmara and Haleakala could be due t§0° comparing Asmara with McClure et al. (1998), Watanabe and
the fact that Haleakala is in a maritime environment while ©Ya (1986), and Maruyama and Matuura (1980).

Asmara’s environment is continental, the tropospheric seed-

ing mechanism oMcClure et al.(1998 thus affecting the

two environments differently. As pointed out Igil et al. late as 04:00 LT and estimate that the origin must have been
(2004, the global longitude/seasonal distribution of EPBs 3000km to the west, assuming a drift speed of 100 m/s.
will not be completely explained by only one mechanism A similar out-of-season EPB was observed at Asmara on
but by a number of mechanisms. They find a correlation be26 December 2001 at 05:00 LT. Its estimated drift speed was
tween the brightness of the Ol 135.6 nm radiation (related tol00 m/s and, assuming it was seeded at 19:30 LT, it lasted
F-region plasma density) seen by the TIMED/GUVI satellite for 9.5 h and formed 3400 km to the west of Asmara in West
imager and point out that, like all other correlations, this oneAfrica. For this special case the growth rate appeared to be

S

180

301 160

\ A \
201 N S 140
\

>
Asmara EPB Occurrence (%)

Satellite-Based EPB Occurre

4

has its limits of applicability. Zero.
Makela et al(2004) do not discuss the decay of EPBs that
4.1.2 Diurnal variation pass over Hawaii, so we suppose that most formations sim-

ply pass their eastern horizon. In Asmara many EPBs do not
A comparison of Figs. 3 and 4 shows that the GPS scintil-reach the eastern horizon but instead fade within the field of
lations reach $-0.4 at least as early as the first visual de- view. In situ measurements of plasma density from DMSP
tection of EPBs. Usually a half hour or so is needed for thecorroborate the claim that EPBs are uncommon east of As-
disturbance to grow from the 250-m scale size that causemara Huang et al.2007). At the 1991 peak of the solar
the GPS scintillation to the tens of kilometers characteris-activity cycle they reported many EPBs right up to our lon-
tic of detectable EPBs. For the rest of the evening, the twogitude of 40 E and many fewer to the east of the African
scale sizes of the ESF coexist. The fact that the GPS scineoastline. This is in good agreement with the longitude stud-
tillations cease after 02:00 LT while the EPBs persist resultses reported byicClure et al (1998, where at the longitude
from the small-scale irregularities disappearing earlier thanof 40° E, in all cases the occurrence probability drops off
the large-scale irregularities and from the general decreaseapidly eastward. As reported byocke and Tsudé2001),
in ionization in the morning hours. This same behavior wasgravity wave activity is especially frequent at°4® in the
reported byMakela et al (2004 in Hawaii. They were able tropics. Gravity wave activity is often viewed as a likely
to watch the initial growth of the ESF plumes near sunrisecandidate for seeding ESF, but Asmara’s data suggest that
at the equinox maxima. The first appearance of EPBs aftegravity wave activity may be able to induce mixing at iono-
22:00 LT was common for dates not near the equinox max-spheric altitudes, causing the EPBs to fade. The increasing
ima, as is true in our data. These EPBs showed no sign odmplitude of gravity waves with altitude leads to wave break-
having developed near the station and are attributed to oriing that results in turbulence and mixingr{drews et al.
gins west of Hawaii. The same effect is seen in Asmara by1987. It is not yet possible to trace the waves from the
noting that late beginnings always came from the westerrtroposphere into the ionosphere, but travelling ionospheric
horizon while early beginnings could sometimes be locateddisturbances (TIDs), which are considered to be ionospheric
at the longitude of Asmara and even to the eastakela  gravity waves, are well known, and it is reasonable to sup-
et al. (20049 report some EPBs arriving over Haleakala as pose that many originate in the lower atmosphere.
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4.2 Zonal EPB drift velocities in India, though less evident and excluding the early evening
hours.
Numerous studies of EPB zonal drift velocities have been
conducted in recent years. Perhaps the most extensive set .
of ground-based images to be so analyzed is reported by Conclusions
Terra et al(2004) from Cachoeira Paulista (22.8, 45.0 W,
17.8 S dip) in Brazil. Their data from 109 nights show a de-
crease of drift speed with increasing local time from a maxi-
mum of 136 m/s at 21:00 LT to a minimum average of 62 m/s
at 04:00 LT. Although a detailed comparison is not intended
here, similar values are seen in Figs. 7 and\Balde et al. 1. With its magnetic dip latitude at°N, just south of the
(2004 analyzed Ol 630-nm data from 5 nights and found a EIA crest, there is an abundance of ESF with EPBs ap-
range of drift speeds between 85 and 185m/s at Sao Jose pearing on 63% of nights with possible observing con-
dos Campos (23°%5, 45.9 W), also in Brazil, somewhat ditions and GPS scintillations 0f4S 0.4 appearing on
faster than ours and faster than those of Terra et al. (2004)  75% of nights of operation.
in nearby Cachoeira Paulisteimenta et al(2003 analyzed
12 nights of Ol 630-nm all-sky EPB images from two im- :
agers to obtain latitude variations in drift speeds. The sta- most .probable _aroupd the equinoxes and least around
tions were Cachoeira Paulista and Sao Joao do Carifi /.4 the, vylnter solstice with a suggestion that the center; of
36.5 W), Brazil. They found peak speeds of 160m/s in activity are as much as 20 dgys after t.he gctual equinox
the 21:00-22:00 LT time period near the magnetic equator dates. The summer ?OISt'Ce behgwo_r IS found only
with a minimum for the same time period of 120 m/s. From from our GPS scintillation o_Iata, whm_h '”d'_C‘"?‘te that it
Hawaii Tinsley et al.(1997) found drift speeds between 40 IS at_ least as_deep as the winter ;olsﬂce minimum. The
and 130m/s. These various studies serve to show that our ~ €4uiNOX Maxima of occurrence differ from the.segsonal
determinations are in fair agreement with most all-sky mea- depgndence at other longitude sectors, confirming the
surements recently reported. Satellite confirmation is given longitude dependence of seasonal EPB occurrence be-

Observations of EPB and GPS scintillation occurrence and
drift speed have been reported for a 9-month period during
the recent maximum of solar activity from Asmara in north-
east Africa. Our conclusions are enumerated as follows:

2. The occurrence of both EPBs and GPS scintillations is

by Immel et al.(2003, who showed that IMAGE FUV im- havior.

ages gave speeds between 90 and 200 m/s at 21:00 LT and 133, The earliest sightings of EPBs during equinox periods

to 120 m/s at 03:00 LT, depending upon the F10.7 index. seem to coincide with the first time that the GPS scintil-
GPS scintillation measurements of drift speed were re- lation S, index rises to about 0.4 or more. Some EPBs

ported byKil et al. (2000 for Cachoeira Paulista, with av- appear to originate at the longitude of Asmara at these

erage speeds over 150 m/s at 20:00 LT and 100 m/s at mid-  times.

night. These speeds were found to increase for stations closer o .

to the magnetic equator kil et al. (20029. The Asmara 4. EPBs g(_an_eral_ly p(_ar5|st into the morning hours after Fhe
GPS scintillation measurements of drift speed are about the ~ GPS scintillation index has reduced to below 0.4, in-
same as those from Cachoeira Paulista and show the same dicating that the small scale structure dissipates more
slowing trend through the morning hours. The data used  Auickly than the large scale structure.

by Kil et al. (2009 at Cachoeira Paulista come from iden- 5 £pBs during the morning hours always come from the
tical Cornell GPS scintillation monitors with the same data western horizon. They expand as they drift and are often
processing routines as those used in Asmara, SO We SUPPOSe  geen to fade before they reach the eastern horizon. We
this comparison to be especially valuable. The similarity be- suggest that gravity wave activity, known to be abun-
tween the Asmara GPS scintillation pattern speeds and the  q5nt at Asmara’s longitude, may induce mixing at iono-
Asmara EPB speeds suggests that the vertical shear of hori- spheric altitudes, which could possibly explain why As-
zontal drift is either absent or small. The altitude assumed for mara might be the terminus for many EPBs.

the EPBs was that assumed for the Ol 630-nm airglow layer

or 280 km. The GPS scintillation altitude has been assumed 6. Zonal ionospheric drift speeds were deduced from both
to be the height of the ionization maximum, assumed hereto ~ EPB drift speeds and GPS scintillation speeds. Both

be 350 km. The gradient implied byaerendel et a(1992 methods showed the decrease with local time reported
on the basis of theory and data lies within the error bars of by others, and both showed a winter maximum in drift
our two methods. speeds.

The winter maximum of drift speeds shown in Fig. 8 has
not been reported for EPB or GPS scintillation determina-
tions of zonal ionospheric drift velocity. Nevertheless, it was
reported byPathan and Ra(l996 from 244-MHz FLEET-
SAT beacon signals at Trivandrum on the magnetic equator

7. Average drift speeds measured for EPBs and for GPS
scintillations were between 100 and 120 m/s for much
of the year, but late morning speeds in May were about
40 m/s, our minimum.
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