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Abstract. Results are presented of a study of the temporall Introduction

and spatial variability in meteor count rate observations from

three VHF meteor radars. These radar are located in the ArcMeteors are the visible manifestation of meteoroids (extrater-
tic (at Esrange, 68N), in the Antarctic (at Rothera, 6&) restrial dust) as they ablate on entering the Earth’s atmo-
and near the Equator (on Ascension IslarfdSg Itis found ~ sphere. They are classified as being either part of a shower,
that for all three locations there is a strong diurnal cycle inor part of the background “sporadic” meteor flux. This
observed hourly meteor counts and the time of maxima andtudy concentrates on the latter (sporadic meteors) which
minima in these counts depends on the month of the yearcontribute the overwhelming majority of meteoroid material
In addition, at high latitude there is a strong annual cycleentering the atmosphere (e.g. Ceplecha et al., 1998; Bagga-
in observed monthly-mean meteor counts, whereas for théey, 2002). The deposition of this material is neither isotropic
radar at low latitude there is a semi-annual cycle. At highin direction nor constant in time. For example, studies such
latitude there is also an annual cycle in the mean height afis Campbell-Brown and Jones (2006) show that the sporadic
which meteors are observed. However, no such annual cyclgeteors appear to originate primarily from six rather diffuse
is found in observed meteor count rates from the low latitudesources. Two of these, the prograde and retrograde apex
radar. The meteor count data from all the radars are comsources, lie near the point on the celestial sphere towards
bined to investigate the sporadic radiant distribution (i.e. thewhich the Earth appears to be moving (Galligan and Bagga-
distribution of direction of arrival on the celestial sphere of ley, 2006). The four other sources are the helion (sunward)
sporadic meteors). This combined radiant distribution showssource, the anti-helion source and two sources at high eclip-
that there are six main source regions for meteors. The lattiC latitudes known as the north and south toroidal sources
itudinal and temporal dependence in observed meteor courftHawkins, 1956; Jones and Brown, 1993). The positions of
rates appears to result from a combination of the sporadic rathese sources appear to result from the Earth’s motion around
diant distribution, annual fluctuations in atmospheric density,the Sun and the distribution of the orbits of meteoroids about
the sensitivity of the radar to meteors from different sourcethe Sun.

directions and the temporal and spatial variability in meteor In addition to this spatial anisotropy, temporal variations
fluxes. have also been observed in the deposition of meteoroid mate-

rial into the atmosphere. Such variations have been attributed
Keywords. Interplanetary physics (Interplanetary dust; to (1) fluctuations in the number density of meteoroids in
General or miscellaneous) — Radio science (Remote senspace, (2) geometrical factors relating to the location of ob-
ing) serving sites and position of the sources, and (3) seasonal
changes in the atmosphere that could effect the observation
of meteors (e.g. Singer et al., 2004; Campbell-Brown and
Jones, 2006).
In the work reported here the latitudinal, seasonal, tempo-

Correspondence td: Astin ral and spatial variability in observed meteor count rate ob-
BY (eesia@bath.ac.uk) servations from three VHF meteor radars is described. These
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Fig. 1. (a) The Effective radar collecting radar area as a function of source elevation for the Esranggbpddre polar diagram with

respect to elevation, ar{d) the polar diagram with respect to azimuth, of a receiving antenna used at Esrange, Ascension Island and Rothera.
(d) The minimum detectable electron line density as a function of elevation for a 6 kW system for meteor velocities of 3Zkimeights

of 70 km (blue dots), 90 km (red dots) and 110 km (green dots).

meteor count rates are used to investigate the sporadic radiaahd Rothera (68S, 68 W). Their main features are sum-
distribution. The latitudinal, seasonal, temporal and spatiaimarised in Table 1. All three are commercially produced
variability is explained in terms of this distribution, annual Skiymet “all-sky” VHF systems optimised for measurements
fluctuations in atmospheric density, sensitivity of the radarof upper atmospheric winds (see Hocking et al., 2001, for a
to meteors from different source directions and diurnal anddetailed description of the radars). Each consists of a single
height variations in meteor fluxes. Yagi transmitting antenna and a 5-element receiving interfer-
ometer. The radars have a pulse width ofuk3and a pulse
repetition frequency of 2144 Hz.
2 Data and analysis The radars operate by detecting the drift of the ionisation
trail produced during the ablation of a meteoroid. How-
The instruments used in this study are meteor radars locateeiver, each radar can only observe this meteor trail if the
at Esrange (68N, 21° E), Ascension Island (85, 14 W) trail is perpendicular to the radar beam (resulting in specular

Ann. Geophys., 27, 2832841, 2009 www.ann-geophys.net/27/2831/2009/



P. T. Younger et al.: Sporadic radiant and distribution of meteors in the atmosphere 2833

Table 1. Main features of the three meteor radars used in this study.

Esrange Ascension Island Rothera
Frequency 32.5MHz 43.5MHz 32.5MHz
Peak power 6 kW 12 kW (6 kW after October 2005) 6 kW
Observational period  1999-2008 2001-2007 2005-2008

reflection). This reduces the number of meteors observedection of the trail. As a result, it is possible for an otherwise
as compared to their total number. In addition, the detec-detectable meteor to fall below the detection threshold of the
tion system used in the Skiymet rejects “overdense” meteoradar. This bias was corrected for in our radars by determin-
echoes (that is, where the local electron density, producedhg the “attenuation factor” using the method of Cervera and
during ablation, is so high that the electron plasma frequencyElford (2004). The pulse repetition rate factor comes into
in the trail exceeds the radar frequency). This rejection ofplay when the decay time of a meteor echo is smaller than
overdense meteors prevents multiple recording of the samthe inter-pulse period of the radar. In this case it is possi-
meteor. ble for a trail to form and decay between radar pulses. This
To better quantify the sensitivity of the radar to a meteor means that the meteor is not observed by the radar. For the
from a source at a given azimuth and elevation we use theadars used in this study the inter-pulse period is 0.5 ms and
method of Brown and Jones (1995) to define an effectivehence for our radars this effect is very small. Even so, this
“collecting area”. For brevity we refer the reader to that study effect was corrected for by determining the “echo rate reduc-
for further details. This area is a function of both radar pa-tion factor” following Ceplecha et al. (1998) and Galligan
rameters and meteoroid mass distribution. The latter, an oband Baggaley (2004).
served power-law distributio(t/ N o<m_sdm) is defined by In addition, meteors ablating at greater heights generate
a parameter called the mass indexn this, a smaller value larger initial meteor trail radii than those at lower heights.
of s implies a greater numbeN, of meteoroids with larger  This affects the Ascension Island radar more than the other
mass,n. Studies suggest thatlies within the range 1.8 to  two radars, because of its higher frequency. At these larger
2.4 for sporadic meteors (e.g. Simek and Mclintosh, 1968). initial trail radii, destructive interference within the trail re-
Figure 1a shows the effective collecting area of the Es-Sults in attenuation of the radar echo power. This effect is
range radar (fos=1.8, s=2.0 ands=2.2) as a function of ~most prevalent at heights over 100km. This is corrected
elevation angle. This is typical of all three radars used infor following the experimental work of Jones and Campbell-
this study. We see that the effective collecting area increaseBrown (2005) again by assigning an attenuation factor.
quickly with decreasing s and that the radar is most sensitive Ellyett and Kennewell (1980), using the earlier theories of
to sources at elevation angles betweeA-&° for middle  Kaiser and Closs (1952) and Kaiser (1960, 1961), contend
values ofs. In contrast, the antenna gain (Fig. 1b and c) andthat changes in atmospheric scale height (and hence density
associated sensitivity of the radar are largely independent ofnd density gradients) can produce significant variations in
azimuth and zenith. the observed meteor echo count rate. These not only affect
The radar detection is dependent on the number of electhe heights at which meteoriods ablate, but also the area over
trons produced per metre travelled by a meteor as it ablategvhich a meteoroid will ablate. This implies that when the at-
This is known as the electron line density. The minimum mMospheric scale height is small the meteor will ablate more
electron line density that can be detected by the Esrange rad&tuickly and over a shorter path than for a larger scale height.
as a function of elevation and height is given in Fig. 1d. Sim- Thus, the electron line density will be greatest when the at-
ilar results are found for the two other radars. The mini- mospheric scale heightis at a minimum. Therefore, when the
mum detectable electron line density increases with heighscale height is small, some meteoroids that would normally
due to the increase in initial radius of the meteor trail with be below the detection threshold of the radar will be detected
height. Hence, the radars are less sensitive to meteors &nd hence countrates will increase accordingly. This implies
greater heights. that there should be a seasonal variation in meteor counts
In addition to the effective collecting area several otherSClely resulting from changes in the atmosphere.
factors affect the meteor count rate. These generally reduce
the observed meteor count rate. These include the finite ve-
locity effect and the pulse repetition factor. The finite veloc-
ity effect is where the meteor trail forms in a region of high
diffusion rate and so will change significantly within the first
Fresnel zone of the radar. This reduces the scattering cross-
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Fig. 2. (a)Daily meteor count rate (blue dots) at Esrange (1999-2008), Ascension Island (2001-2007), and Rothera (2005—-2008). The red
line is the 30-day running mearib) Composite daily meteor count rate (blue dots) versus calendar date. Red line is the 30-day running

mean.

3 Results

3.1 Observed meteor count rates

Daily meteor count rates observed at Esrangée K§8 As-
cension Island (8S) and Rothera (685) are shown in Fig. 2.

by a slow decline in count rates throughout the period July
to December. Minimum count rates of approximately 40%
of maximum are detected in February and March. This min-
imum is followed by a rapid rise in count rate in the inter-

val April to May. These results are very similar to those
of Singer et al. (2004), using a meteor radar situated at the

A clear annual cycle is apparent in the data from EsrangeALOMAR observatory (69N), who also found a strong
with maximum count rates being observed in June followed
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annual variation in count rate, with maximum numbers be- (a)
ing observed in June and minimum numbers in February. 24 ESRANGE
Figure 2 shows that there is also an annual cycle in ob-
served meteor count rate in the Antarctic data (from Rothera)
where maximum count rates are observed in the austral sum-
mer (i.e. in December and January). This is followed by a
slow decline in count rate throughout the period January to
July, with minimum count rates (of approximately 50% of
maximum) observed in September. This minimum is fol-
lowed by a rapid rise in count rate in October and November.
In contrast, over Ascension Island (in the equatorial region)
the seasonal behaviour in meteor count rates follows a semi-
annual cycle, with maximum count rates observed near the
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The average monthly-mean count rates of Fig. 2 conceal 2400 -

considerable variability over both the short-term and between
different years. As an example, at Esrange a very clear an-
nual cycle is observed. However, the “profile” of this an- 18
nual cycle changes from year to year. This is most evident in
comparing the duration of the summertime increase in me-
teor activity (for example, this is much shorter in 2003 than
in 2004). In addition to the inter-annual and seasonal vari-
ability there is a strong variation in meteor count rate with
time of day. The diurnal variation of observed meteor count
rate per hour versus time (LT) for the three radars (Esrange,
Ascension Island and Rothera) is displayed in Fig. 3a, b and
c. At Esrange (Fig. 3a) the time of day of maximum meteor
count rate has an annual cycle with maximum meteor count ©

rates being observed at07:00 UT (08:00LT) in June. The ROTHERA
time of maximum count rate occurs progressively earlier in
the day throughout the interval July to January and in the pe-
riod February to May occurs progressively later. The time of
minimum meteor count rate also follows a similar seasonal
trend, but lags the time of maximum count rate-b$2 h.

At Ascension Island (Fig. 3b) the time of maximum me-
teor count rate also follows a semi-annual cycle. Maximum
meteor count rates were observed~@8:00 UT (07:00 LT)
in January and February. It is interesting to note that at As-
cension Island the time of minimum meteor count rate is sta-
ble throughout the year{18:00 UT).

At Rothera (Fig. 3c) the time of maximum meteor count
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rate also has a clear annual cycle with maximum meteor MONTH

count rates being observed afl2:00 UT (08:00LT) in the
interval December to April. The time of maximum count

rate occurs progressively earlier in the day throughout the N~ Cunt rates (in local time) 48) Esrange (1999-2008)b) Ascen-

terval May to July until in July and August maximum count sion Island (2001-2007), ar(d) Rothera (2005-2008). Note the

Fig. 3. Contour plots showing diurnal variation of hourly meteor

rates are observed a10:00 UT (05:00 LT) and in the period  ;,nual variations in meteor count rates.
September to November the time of maximum count rate oc-
curs progressively later in the day. The time of minimum
meteor count rate follows a similar seasonal trend, lagginghe altitude range 70 to 110 km are derived. These, for Es-
the time of maximum count rate by12 h. range (68 N), Ascension Island (8S) and Rothera (68),

The radars also determine the height of each meteor ech@re shown in Fig. 4a, b and c, respectively, with the mean
From these observations, monthly-mean height profiles oveheight in each month plotted as a black circle. In Fig. 4a
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ESRANGE is seen in the summer months (June to August). An annual
cycle in the height of peak meteor count rates is also ob-
served at Rothera (Fig. 4c¢). During the period June to Au-
gust (austral winter) peak count rates are detected at heights
~88 to 89 km, whilst, during the summer/autumnal months
(December to April) peak count rates are observed at heights
~91km. These heights are similar to the results from Es-
range. However, over Ascension Island (Fig. 4b) there is
no significant seasonal change in the height of peak meteor
count rates, which occurs at90 km throughout the year.

The simultaneous measurements of Fig. 4a and ¢ show a
shift of approximately six months between the height vari-

HEIGHT tkm)

@) SR VAT ations in the Northern and Southern Hemispheres. As the
ASCENSION Esrange and Rothera radars are identical instruments sited

at conjugate latitudes this implies that the variation is likely
atmospheric in origin (Ellyett and Kennewell, 1980) rather
than a shift in meteor distribution which would produce a
simultaneous shift in the height profile of meteor echoes in
both hemispheres (McKinley, 1961). This is discussed fur-
ther in Sect. 4.

3.2 The sporadic radiant distribution

Figure 5 presents the monthly-mean sporadic meteor radiant
distributions of all meteors detected over Ascension Island
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(b) TVE Momg for each month from January 2005 to December 2006 inclu-
ROTHERA sive. These are derived using geocentric velocity of meteors
versus heliocentric longitude and ecliptic latitude based on
observations given in Galligan and Baggaley (2005).
The radiant distributions are plotted in the standard eclip-
tic coordinate frame where the centre of the plots gives the
direction of the Earth’s motion about the Sun. In this frame
the Sun is always at 90to the left of this point. One of
the first things to note about Fig. 5 is that all six sporadic
sources identified by Galligan and Baggaley (2005) are rep-
resented. The helion and anti-helion sources (located approx-
imately 70 to the left and right of the direction of the Earth’s
70 motion) are meteoroids in highly elliptical low inclination
© FoMoA ;’]MEJ Momh; S O MND orbits (Taylor and Elford, 1998) that strike the Earth post-
perihelion (in the case of helion source) or pre-perihelion
(anti-helion source). In addition to these, the apex sources lie
Fig. 4. Contour plots showing monthly mean height profiles at approximately 15 above and below the ecliptic plane. The
(a) Esrange in the period 2000 to 200®) Ascension Island in  more northern of these appears to have a greater intensity
the period 2001 to 2006 arfd) Rothera in the period 2005 to 2006. than the southern one, and these sources appear weaker than
Note the annual variations in meteor count rates. the helion and anti-helion sources. This is in broad agree-
ment with the studies of Taylor and Elford (1998) and Galli-
gan and Baggaley (2005). Additionally, two weaker sources
(data from Esrange) an annual cycle is apparent in the datare observed to lie approximately 6@bove and below the
During the interval April to October the peak in meteor count ecliptic plane. These represent populations of meteoroids in
rates is observed at height®1 km. However, in the inter-  high inclination orbits. The earlier work of Taylor and Elford
val December to February (winter) the peak in meteor count(1998) also identify two sources but they place these toroidal
rates is observed at lower heights§9 km). This seasonal sources at higher latitudes than presented here. This is possi-
cycle is observed in all years except 2002 and 2004 when &ly due to differences in techniques used to define the source
secondary “dip” in the height of the meteor region80 km) regions.
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Fig. 5. The radiant distribution of all meteors observed at Ascension Island in the interval January 2005 to December 2006. All figures are
plotted in the Ecliptic coordinate frame to avoid longitudinal motion of the source regions throughout the year. Contours are based upon
meteor counts in4by 4° latitude/longitude bins.

Figure 5 shows that there is considerable month-to-monttperiod late-spring to mid-autumn (May to September). The
variability in the radiant distributions (i.e. the amplitude and anti-helion source mirrors this behaviour and is above the
the centre location of the source regions are not constantecliptic in the winter (December to February) and below the
The most conspicuous variations are (1) the very weak in-ecliptic plane in the period April to August and (5) the in-
tensity of the northern apex source during February to April,tensity of the northern prograde apex source has a maxima
which is mirrored by the very weak intensity of the southern in April to July, with a shorter, secondary peak in January,
apex source during September to November (2) the intenand the southern prograde apex source maximises in August,
sity of the northern apex source is strong in June to AugustNovember and December.
and peaks in July (3) the intensity of the helion source peaks
in June and the anti-helion source peaks in July (4) the he-
lion source is below the ecliptic plane in the winter months
(November to February) and above the ecliptic plane in the

www.ann-geophys.net/27/2831/2009/ Ann. Geophys., 27, ZB311-2009
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Fig. 6. (2) The monthly-mean atmospheric scale height over Esrange (at 90 km) from temperature and density values taken from the MSIS-
90 model,(b) Percentage change in meteor count rate as a function of time and meteor mass iG@thexge is expressed as percentage
deviation away from maximum value®) As Fig. 5a but for Ascension Islandd) As Fig. 5b but for Ascension Islan@) As Fig. 5a but

for Rothera andf) As Fig. 5b but for Rothera.

4 The effect of atmospheric density perturbations scale heights of-6 km in the winter and~4 km in the sum-

mer months (Fig. 6a and b). The transition from winter to
Figure 6a to f shows both the seasonal variations in scaléummer values (and vice versa) is gradual. The changes in
height from the MSIS-90 model and the expected effect theséhe meteor count rate associated with these changes in atmo-
changes should have on meteor count rates at a height @Pheric scale height are calculated following Ellyett and Ken-
90km at Esrange, Ascension Island and Rothera. At Eshewell (1980). The results of these calculations are shown
range atmospheric scale heights follow an annual cycle witHn Fig. 6b (as % change relative to the maximum value) as
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function of the mass index s of observed meteors. This shows North Celestial Pole

that the effects that changes in atmospheric density have on

meteor count rate is strongly dependent upoBy assuming

that fluctuations in count rates only depend upon atmospheric

density fluctuations it is expected that maximum count rates

should occur in July. This is in agreement with the time of Ecliptic Plane

the maximum observed meteor count rate (Fig. 2). However,

the shape and amplitude of the observed meteor count rate ,..; Horizon

distribution is not well reproduced (see, for example, Fig. 2 in June /

and Singer etal., 2004). . . . Local Horizon South Celestial Pole
At Rothera atmospheric scale heights arBkm in the in March

winter months,~5.5km at the equinoxes ané4 km in the

summer months (Fig. 6e and f). Again, following Ellyett Opmgrade apex Qapex Sources Q helion/anti-
and Kennewell (1980), the associated changes in count rate helion Sources

are calculated. This is displayed in Fig. 6f. From this fig- _ _ _ . )
ure, we find that maximum count rates are expected to ocFig. 7. Schematic of the sporadic sources in the Ecliptic coordinate

. .. ._frame. The helion and anti-helion sources are coloured yellow, The
cur in January and minimum count rates should occur in
. . . northern and southern apex sources are red and the prograde apex
May and September. A secondary maximum in the inter-

. . . . sources are coloured blue. The local horizon at Esrange in March is
val June to July is also predicted. The time of maximum yenoted by the red dotted line, and the local horizon in June—July is
and minimum count rates (January and September, respegrnoted by the blue dotted line.

tively) agrees well with observations (see Fig. 2). However,
a minimum at the autumnal equinox is not observed and the
observed amplitude of the annual variation in count rates is

a factor of four larger than that predicted by the method ofP€ due to an asymmetric solar system meteoroid dust cloud
Ellyett and Kennewell (1980). as this would cause maxima to occur simultaneously in both

At Ascension Island a semi-annual cycle in scale heighthemlspheres. In contrast, a semi-annual variation in meteor

implies that a semi-annual cycle in observed meteor counfoum rate is observed using a similar radar at Ascension Is-
rate is predicted (Fig. 6¢ and d). This semi-annual cycle and (near the Equator). In this radar the observed meteor

should have a maximum in January and July. The timing Ofcount rate has maxima in both summer and winter and min-

these maxima is in agreement with observations. The transii & in spring and autumn. One possibility is that the seasonal

tion between solstical maxima and equinoctial minima aISOfluctuatlons are due to seasonal fluctuations in atmospheric

agrees with observations. However, the expected variation iﬁhcale':er']ghftl' HOW‘?Vef',bV m?d(;”'_n%th's '(tj is found that al- q
meteor count rates calculated following the method of g though the fluctuations in scale height produces maxima an

lyett and Kennewell (1980) (0f-3%) does not match the minima at similar times to those observed at all three radars

30% variations in count rate observed over Ascension Islan he magnitude of the modelled fluctuations is too small (by a

(Fig. 2) actor of 4 to 10) to account for the observed variation. Thus,
o %nother mechanism must also be acting to cause the observed

Hence, the work presented here suggests that either th

annual variation in MSIS scale height at the three locations isseasonal variability in meteor echo count rates. One possibil-

insufficient to account for the observed change in count rateIty is the motion of the Earth. .
or unrealistic values for the mass index s must be assumed to The annual rotation of Earth around the Sun will causes

bring in to agreement the observed and theoretical variationghe elevation angle of the sporadic sources to move up and
in count rate. down through the year like the Constellations. As discussed

in Sect. 2, this change in elevation will change the sensitivity

of the radars to meteors from each source. Hence, even if
5 Conclusions the meteor flux was constant one would expect there to be a

seasonal variation in observed count rate at each radar due to
Simultaneous observations of meteor count rates using tweeasonal changes in elevation. The daily rotation of the Earth
identical VHF radars at Arctic and Antarctic latitudes show about its own axis also causes the sporadic sources to rise and
large annual, and inter-annual, fluctuations. However, in bothset during the course of the day. This will cause the number
there are maxima in observed count rate in their respective®f meteors observed to vary throughout the day depending on
summer season and a minimum near their spring equinoxwhich sources are in the view of the radar. Hence, the motion
Thatis, the time of maximum (or minimum) in count is out of of the Earth around the Sun and about its own axis will cause
phase by six months between the radar in the Northern Hemiboth a seasonal variation in the total daily meteor count rate
sphere and the radar in the Southern Hemisphere. Thus, thend a change in the diurnal cycle in hourly count rate. To
seasonal variation in the number of observed meteors cannatvestigate this further the location of the sporadic sources

www.ann-geophys.net/27/2831/2009/ Ann. Geophys., 27, ZB311-2009
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Fig. 8. Hourly meteor count rate observed at Esrangéa)idanuary 2004 angb) July 2004 (Note the use of universal time). The elevation
angles of the six source regions of the sporadic radiant distribution are shown in (a) for 15 January 2004 and (b) for 15 July 2004.

and the field of view of the Esrange radar were determinedmeteor count rates observed in March. However, in June
These are displayed in Fig. 7 for March (red dotted line) andand July the helion, anti-helion, southern apex and northern
June/July (blue dotted line). These two periods correspondgources are all above the local horizon and thus all contribute
to the time of minimum and maximum meteor count ratesto observed count rates. As discussed in Sect. 4, and above,
respectively. In March the southern apex and southern proat this time the change in density structure of the atmosphere
grade apex source regions are below the local horizon. Hencalso results in the detection of fainter meteors than at any
meteors from these source regions can not be observed ather time of the year. Thus, the combination of good view-
Esrange. The northern apex, helion and anti-helion sourceimg geometry and the atmospheric conditions results in the

are also close to the local horizon (withir20°) thus less-

Ann. Geophys., 27, 2832841, 2009

large count rates observed in the summer months. Similar
ening the sensitivity of the radar to these sources (Sect. 2Jarguments can be used to explain the count rate distributions
This poor viewing geometry appears responsible for the lowat Rothera and Ascension Island.
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