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[1] We report initial results of an effort to model the diurnal and seasonal variability of the
meteor rate detected by high power and large aperture (HPLA) radars. The model uses
Monte Carlo simulation techniques and at present assumes that most of the detected
particles originate from three radiant distributions with the most dominant concentrated
around the Earth’s apex. The other two sources are centered 80� in ecliptic longitude to
each side of the apex and are commonly known as helion and antihelion. To reproduce the
measurements, the apex source flux was set to provide �70% of the total number of
particles while the other �30% is provided by the combined contribution of the two
remaining sources. The results of the model are in excellent agreement with observed
diurnal curves obtained at different seasons and locations using the 430 MHz Arecibo
radar in Puerto Rico, the 50 MHz Jicamarca radar in Perú, and the 1.29 GHz Sondrestrom
radar in Greenland. To obtain agreement with the observed diurnal and seasonal variability
of the meteor rate, an empirical atmospheric filtering effect was introduced in the
simulation which prevents meteors with low-elevation radiants (�20�) from being
detected by the radars at mesospheric altitudes. The filtering effect is probably produced
by a combination of factors related to the interaction of the meteor with the air molecules
such as electron production and/or the ablation at higher altitudes. On the basis of these
results we calculate the micrometeor global, diurnal, and seasonal input in the upper
atmosphere.
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1. Introduction

[2] It is now widely accepted that extraterrestrial particles
in the size range of 10�11 to 10�4 g are likely to be the
major contributors of metals in the mesosphere/lower ther-
mosphere (MLT) [Williams and Murad, 2002]. These par-
ticles come both from meteor showers and from the
sporadic background complex. The latter provides a much
greater input of material into the upper atmosphere than
meteor showers [Ceplecha et al., 1998; Baggaley, 2002]. It
is also well established that this material gives rise to the
upper atmospheric metallic and ion layers observed by
radars and lidars. In addition, meteors are believed to be

an important source for condensation nuclei (CN), the
existence of which is a prerequisite for the formation of
NLC particles in the polar mesopause region [von Zahn et
al., 2002]. In order to understand how this flux gives rise to
these atmospheric phenomena, accurate knowledge of the
global meteoric input function (MIF) is critical. This func-
tion accounts for the annual and diurnal variations of meteor
rates, global distribution, directionality, and velocity and
mass distributions. Estimates of most of these parameters
are still under investigation.
[3] For example, the daily global amount of meteoric

material is still not well defined and estimates vary by more
than an order of magnitude, from �7 to 250 tons of material
a day over the whole planet [Hughes, 1978; Wasson
and Kyte, 1987; Love and Brownlee, 1993; Taylor, 1995;
Mathews et al., 2001; Cziczo et al., 2001]. In the past
decade, high power and large-aperture (HPLA) radar meteor
observations have also raised controversies regarding the
geocentric velocity distribution of dust-sized particles. The
very precise instantaneous micrometeor geocentric velocity
distributions derived from these observations are faster than
those derived from conventional lower frequency and low-
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power meteor radars. [Pellinen-Wannberg et al., 1998;
Close et al., 2000, 2002; Sato et al., 2000; Erickson et
al., 2001; Janches et al., 2000a, 2000b, 2001, 2002, 2003;
Chau and Woodman, 2004; Sulzer, 2004; Hunt et al., 2004].
The population of particles in the near-Earth interplanetary
space is also under current analysis. Some recent work
using different radio techniques [Yrjölä and Jenniskens,
1998; Janches et al., 2001; Chau and Woodman, 2004;
Sulzer, 2004; Hunt et al., 2004] have failed to detect
particles coming from some of the six accepted meteor
sources describing the sporadic meteor complex [Jones and
Brown, 1993; Taylor, 1997; Taylor and Elford, 1998].
Finally, since a better instrumental global coverage now
exists we can begin to study the geographical variability of
the meteoric influx. This is crucial because we cannot only
study the average amount of material that is deposited over
the whole atmosphere, but also when and where it is been
deposited. For example, Plane [2004], in order to model the
mesospheric Na layer, modulated the meteoric input with a
seasonal and diurnal function resulting from the radio
meteor survey reported by Yrjölä and Jenniskens [1998].
In order to understand globally how these metals are
distributed in the MLT it is not only important to know
this variability, but also how it is manifested geographically
for a particular time of the day and year. Recently, Janches
et al. [2004a] and Singer et al. [2004] reported meteor
observation results from the Antarctic and the Arctic and
showed that the activity is antisymmetric. In particular,

when the seasonal maxima occurs at one hemisphere, the
minima occurs at the opposite pole of the planet.
[4] We have started a theoretical, observational and

modeling effort with the main goal of understanding how
much, when and where micrometeor mass is deposited in
the Earth’s atmosphere. For this purpose we have developed
a simple model that utilizes Monte Carlo simulation tech-
niques with the goal to answer the following questions:
Given a small volume placed in the MLT, what is the
relative number of meteors that would intersect that volume
and how does that number depend on geographical location
and time? If this number can be effectively predicted, it
would represent the first step toward an accurate estimation
of the global MIF.

2. Micrometeor Input Function Model
Description

[5] The model is constructed under the following basic
assumptions (Figure 1).
[6] 1. We assume a flat Earth. This assumption is appro-

priate as long as the chosen volume is small as is the case
for the HPLA radar illuminated volume in the MLT.
[7] 2. The radar observing volume is assumed to be a

cylinder with the bottom placed at 70 km and the top at
140 km of altitude. The diameter of the cylindrical volume
is first chosen to be 600 m, to simulate the case of Arecibo.
This assumption is supported by the fact that the MLT can

Figure 1. Diagram showing the assumptions made for the Monte Carlo simulation.
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be considered to be located within the Arecibo Observatory
(AO) 430 MHz radar near field [Breakall and Mathews,
1982]. In this case the radar beam can be approximated as a
cylindrical beam of the size of the �300 m diameter dish.
By doubling the size of the simulated observing volume we
also include the first side lobes, a region where meteors are
regularly detected at Arecibo [Janches et al., 2004b].
[8] 3. We assume meteor populations with known radiant

distributions. This assumption will be described in more
detail in the next section.
[9] 4. We assume a micrometeor velocity distribution

related to the chosen radiant distribution as explained in
detail in the next section.
[10] 5. The mass function utilized for this model is based

on a recent global influx curve estimated by ReVelle [2005],
in which the Arecibo micrometeor measurements are com-
pared with data obtained using infrasound [ReVelle, 2001]
and satellite measurements [Brown et al., 2002]. This new
estimate shows that the number of meteors per mass bin is
related to the initial meteor mass, in a log-log scale over
twelve orders of magnitudes, by a straight line with a slope
or mass index (a) approximately equals to one. To obtain
this mass index we overlooked, for now, the saturation that
is evident at small masses derived from early Arecibo
observations [see ReVelle, 2005, Figure 7]. The reason for
this is that we believe this saturation may result from a
combination of atmospheric and/or astronomical physical
factors which are not yet introduced in the model. In the
first group the obvious factors are that small particles will
not have enough energy to ablate and/or ionize upon their
entry. If not enough electrons are produced and/or if the
meteoroids are stopped in the MLT without significant
heating and ablation, these particle will not be detected by
the radar. There could be, however, additional astronomical
effects related to the population characteristics of very small
particles in the inner solar system. At present, the effect
caused by the lack of inclusion of these factors in the model
is that the total number of particles at a given time occurring
within the modeled volume is much higher that the one
measured. For now, however, we are more interested in the
upper mass limit of the curve because, as is going to be
discussed later, this will be directly related to the chosen
diameter of the modeled detecting volume. We finally note
that an a � 1 has been proposed earlier for particles of the
size range detected by HPLA radars [Taylor, 1995].
[11] 6. Another parameter we need to introduce in order

to simulate the observed meteor rates is the altitude at which
the meteor will be first detected by the radar, which will be a
function of its velocity (h(V) in Figure 1). Janches and
ReVelle [2005] showed that this altitude can be accurately
calculated for the case of the Arecibo measurements using
the meteor energy equation approximated for small particles
(i.e., assuming thermal equilibrium across the interior of the
particle). We apply the formulation presented in that work in
this model. We note also that by using this approximation,
the calculated initial altitude is independent of meteoroid
mass.
[12] 7. Finally, Janches and Chau [2005] have also

shown that having a radiant which elevation angle is above
the local horizon is not a sufficient condition for a micro-
meteoroid to be detected by the radar. The authors sug-
gested, from observational results of diurnal rates, that this

effect may be caused by the ablation of meteoroids at higher
altitudes. That is if the elevation is too low, the particles
might ablate significantly before reaching the MLT. In this
study, we introduce a simple empirical model in order to
simulate this atmospheric interaction. This effect is repre-
sented by the definition of the threshold length L shown in
Figure 1. If L is infinity, it implies that any meteoroid which
radiant has an elevation above the local horizon will
penetrate into the MLT and be detected by the radar. The
other extreme value of L is 0 which implies that only
meteoroids with vertical trajectories (elevation �90�) will
penetrate into the MLT and be detected by the radar.

3. Results

3.1. MIF at Arecibo (Latitude ��18�N,
Longitude ��66�W)

3.1.1. Apex-Centered Radiant Distribution
[13] We first assume that the observed meteor population

originates only from a radiant distribution centered around
the Earth’s apex. The distribution is modeled as a 2
dimensional gaussian with sigma equal to 32 and 16 degrees,
in the ecliptic latitude and longitude respectively, in the
heliocentric frame of reference. These parameters are taken
from recent interferometric meteor head echo observations
using the 50 MHz Jicamarca Radio Observatory (JRO)
radar in Peru [Chau and Woodman, 2004], which showed
that the velocity distribution of most of the meteors detected
is clustered around the Earth’s apex. The clustering of the
measured meteor radiants are confined within the assumed
sigmas in the solar-centered frame of reference and appears
to be constant at all seasons. The JRO results are in
agreement with previous results derived from both HPLA
and traditional meteor radars. For example, Jones and
Brown [1993], Taylor [1997], and Taylor and Elford
[1998] described the sporadic meteor complex as formed
by 6 sources. Two of these sources are the north and south
apex (N/SA) which combined have the same characteristics
as the JRO observed results. Furthermore, Janches et al.
[2001] reported orbital properties of micrometeors observed
by AO which showed agreement in the distribution of the
orbital elements of the NA source. Finally, additional
analysis of two different types of radar observations at
Arecibo have confirmed the apex radiant as the main source
of the Arecibo meteor detections [Sulzer, 2004; Janches and
Chau, 2005].
[14] In accordance with the chosen radiant distribution, we

assume the geocentric velocity distribution to be bimodal
with a fast and dominant population centered at �55 km/sec
and a slower population centered at �15 km/sec (Figure 2).
The chosen distribution is taken from AO observations when
the radar beam is pointed directly into the direction of the
apex [Janches et al., 2003; Sulzer, 2004; Janches and Chau,
2005] and hence assumed to be the total geocentric velocity
distribution (i.e., not the radial component). This assumption
is well supported by different investigations. For example,
Hunt et al. [2004] derived the same velocity distribution
from interferometric observations using the Advance Re-
search Project Agency Long-Range Tracking and Instru-
mentation Radar (ALTAIR) system. This distribution is also
in agreement with the velocity distribution of meteors from
the NA and SA sources derived from conventional meteor
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radars [Jones and Brown, 1993; Taylor, 1997; Taylor and
Elford, 1998]. It is important to note that HPLA and
conventional meteor radars are two very different techniques
which base their studies on the detection of two different
scattering mechanisms [Janches et al., 2003]. This implies
that each technique introduces different biases to the obser-
vations and needs to be understood separately. A detailed
discussion of this issue can be found in Janches et al. [2003]
and Janches and Chau [2005]. It is evident now that HPLA
radar are sensitive to a meteoroid population with signifi-
cantly smaller sizes than the observed by traditional meteor
radar techniques [Janches and ReVelle, 2005].
[15] Figure 3 shows a comparison between the predicted

and observed meteor rates at Arecibo for 21 January 2002.
For this comparison we assume that as long as the meteor
radiant is above the local horizon particles originating
from the chosen distribution will be detected by the radar
(L � 1). Most of the observations presented in this paper
started in the early evening and ended at 08:00 AST of the
following day. That is why the observed curve in Figure 3
ends abruptly at that local time. It is evident from this figure
that the predicted flux does not match the observed one. The
disagreement shown in Figure 3 indicates that a meteor
radiant above the local horizon is not a sufficient condition
for the observation of these particles as already shown by
Janches and Chau [2005].
[16] We now explore the effects that different L values

introduce to the model and we compare in Figure 4 again
the predicted rates with the observed ones on 21 January
2002. For these comparisons we use three different L values

(100, 200, and 400 km). We can observed in these panels
that for a L � 200 km the agreement between data and
model in the first half of the diurnal curve is excellent. After
�05:30 AST, when the peak of the diurnal rate is reached,
the observed rate seems to decrease more rapidly and earlier
than the model predicts. In a previous work [Janches and
Chau, 2005] we suggested the possibility that this differ-
ence could be produced by the stronger radar return from
the background ionosphere that occurs after the Sun rises. In
that case, meteors with low SNR could become more
difficult to detect. The analysis of data at different seasons
shows this is not the case.
[17] The panels in Figure 5 present the comparison

between the model and the observed data for the rest of
the months. The details of the AO observations can be
found in Janches et al. [2003]. Each predicted curve is
normalized to fit an average of the maxima of the
corresponding measured curve. The normalization factor
used is the same for each single months which indicates that
the seasonal variability is also modeled as it is discussed
later in this section. For the diurnal curve measured on
14 February 2002 (Figure 5a) we found that an L � 200 km
is also needed to get agreement between observations and
model. However, for the observations obtained after
25 March 2002 (Figures 5b–5k), agreement between model
and data is found only when we increase the L value to
400 km instead of 200 km. This increment effectively
decreases the radiant threshold from �26� to �15� in eleva-
tion. That is, particles with radiants below this threshold do not
seem to be observed by the radar. In the next section we will

Figure 2. Assumed micrometeor velocity distribution. The chosen distribution is taken from AO
observations when the radar beam is pointed directly into the direction of the apex [Janches et al., 2003;
Sulzer, 2004; Janches and Chau, 2005] and hence assumed to be the total geocentric velocity distribution
(i.e., not the radial component).
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show that this difference is an artifact of an other source. A
surprising feature that becomes evident also in the March and
later observations is that the observed meteor rate appears to
decrease earlier than the model predicts, reaching a local
minimum around 06:30–07:00 local time, and rapidly
increases to follow the predicted modeled curves. This effect
is very well pronounced for the observations performed on
25 June 2002 and later months (Figures 5e–5k). In particular
it can be observed from the observations for 21 September
2002 (Figure 5h) that the final daily decrease of the observed
rate follows the predicted curve very well. Unfortunately,
these are the only observations currently available that cover
that time period. Another interesting feature that can be seen
in Figures 5g and 5k (the only times we have observations
from both side of this feature or dip) is that although the flux
increases again, it appears to be to a lower peak than before
the dip.
3.1.2. Contributions of the Helion and Antihelion
Meteoroid Sources
[18] Aside from the January/February difference in the

parameter L and the dip in the observed diurnal curves, it is
evident that the predicted meteor rate resulting from these
simple assumptions shows good agreement with the general
diurnal trend of the observations. This suggests that, overall,
an apex-centered distribution is sufficient to reproduce the
general large-scale diurnal trend of the Arecibo measure-
ments, but does not explain the small temporal-scale details.
In order to investigate the origins of these observed features
we introduce the contribution of two other known meteor
radiant distributions known as the helion and antihelion
sources [Jones and Brown, 1993; Taylor, 1997; Taylor and
Elford, 1998]. They are also centered around the ecliptic

plane �80� to each side of the Earth’s apex direction with
sigma values in the ecliptic longitude and latitude approx-
imately equal to half of the apex [Jones and Brown, 1993].
We assume that the overall contribution of these sources is a
third of that from the apex one (a sixth for each secondary
source). This factor results in the best agreement between
data and model as shown in the panels in Figure 6 for every
month of 2002 and for an assumed L � 400 km. It is evident
from this figure that the additional contribution of these two
sources reproduces fairly accurately the smaller-scale fea-
tures of the observed rates. The dip in the rate is now
predicted and surprisingly its characteristics are seasonally
dependent. For example, there is no signs of a dip in the first
five months of the year. Instead, during this time it can be
seen that the peak of the distribution shift from �05:00 LT
in January to �09:00 LT in May with a flatter top in March
(spring equinox), at the middle of this period. In addition,
although the January measured rates seem to be too large
compared with the predictions, the behavior of the diurnal
curve during this month is modeled well. As mentioned
earlier, the peak of the flux at this time of the year is reached
earlier in the morning, decreasing sharply after the rate
maximizes. This effect is both measured and modeled
(Figures 6a and 6b). Also, the measured rate increases in
January and February still occurs later than the predicted
model. Starting in June, the dip in the rates becomes evident
and manifests seasonal variability during the later half of the
year which is again both modeled and measured. During
June, July, and August the second peak is larger than the
first one, indicating that at Arecibo-like latitudes, the helion
contribution during this part of the year is larger than the
antihelion. During the autumn equinox, the distribution

Figure 3. Comparison between the predicted and observed meteor rates at Arecibo for 21 January 2002
assuming that, as long as the meteor radiant is above the local horizon, then particles originating from the
chosen distribution will be detected by the radar (L � 1).
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seems to be symmetric around �06:00 LT, and after this
time the first peak becomes increasingly more dominant,
suggesting a stronger contribution from the antihelion
source on the MLT at the Arecibo Observatory geographical
location. Although our measurements do not cover the
whole period of time to unequivocally verify that this
behavior is observed, most of these features are nevertheless
evident in the data. For example, in September, Figure 6i,
we started our observation right at the time of the dip and
the data follows very accurately the rate recovery and final
daily decrease. In addition, in December, Figure 6l, our
observations lasted until 10:00 LT, and we can observe that

as predicted, the meteor rate after the dip is lower than the
first peak. Figure 7 displays observations performed during
2004 and 2005 which covered period beyond 08:00 LT and
again we can see that the predicted rates follow the observed
rates generally well.
[19] The seasonal and diurnal variability on the small-

scale features of the meteor rates suggest that for a given
small volume in the MLT at the Arecibo latitude, the
contribution of the different meteor radiant distributions to
the meteoric mass flux varies throughout the year. Since
particles from different radiant distribution, or orbital fam-
ilies, have different origins, cometary and/or asteroidal, they
most likely also have different compositions. This would
indicate that for a given latitude the composition of the
material being deposited in the upper atmosphere could vary
seasonally.
[20] There are still some discrepancies between observa-

tions and model. For example, the measured rates in January
and June seem to be much larger when compared with other
months and the predicted seasonal variation. Also, the
observed diurnal curve on 15 March 2005 (Figure 7b) also
show some variability which is not predicted after reaching
the peak. Future observations will provide additional infor-
mation as to whether these are real observational features.
[21] From the agreement found between prediction and

observations at different seasons and even years, it is natural
to assume that the model presented in this work will predict
equally well the shape of the diurnal meteor rate observed
above AO every other day during a given year. In Figure 8
we show the predicted meteor rate that should be detected in
the small observed volume for the full year at Arecibo. As
can be seen from this image, for a given small volume in the
MLT region above Arecibo, the micrometeor rate will be
minimum on 21 March when the highest elevation of the
Earth’s apex in the Arecibo local sky is lowest compared
with other seasons [Sulzer, 2004; Janches and Chau, 2005].
Such a feature has been reported in the meteor observations
at Arecibo and other radars [Janches and Chau, 2005;
Dyrud et al., 2005]. In the case of Arecibo, the observed
rate in March decreases almost half of the rate measured in
January or June (Figure 5). Janches and Chau [2005] also
suggested that on 21 September the meteor rate observed at
AO should be maximum because of the same geometrical
effect. During this day the highest elevation of the apex is
maximum for all seasons in the Arecibo sky. However, the
geometrical and atmospheric filtering effects discussed here
manifest in a somewhat different manner than previously
suggested. The maximum micrometeor rate is reached early
in June and it remains constant until late December/early
January. The duration of the maximum rate, on the other
hand, shows seasonal dependence lasting up to �6 hrs
during the autumn solstice. As mentioned earlier, the
relative contribution of the other sources also manifest a
seasonal variability. The later peak (contribution from
helion source) appears in May and disappears in late
November. The earlier peak on the other hand (contribution
from the antihelion source) it is not evident until after the
summer solstice and lasts until late February.
[22] The predicted seasonal variability on the meteor rates

is also modeled very well as it is evident from the panels in
Figure 6. First, the relation between the rates measured in
March and those measured in the last 6 months seems to

Figure 4. Comparison of predicted rates with the observed
ones on 21 January 2002. For these comparisons we use
three different L values (100, 200, and 400 km).
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follow the predicted curve. For example, calculating the
ratio of the daily maximum to that of 21 September for the
days in March for which observations are available results
in �0.72 and �0.69 for the modeled and measured rates
respectively. It can be noted also from Figure 6 that the
maximum rates in the last 6 or 7 months of 2002 are fairly
constant as predicted by the model. On the other hand, as
we mentioned earlier the rates observed in January and June
are particularly much higher than predicted. Also the
decrease in the rates from January to March and the increase
from March to May seem to be more pronounced than the
modeled one. We are currently programming observations
during the springtime, when most changes seem to occur, as
well as the inclusion of more sophisticated ablation and
electron production models into the simulation which will
provide more information on this variability.

3.2. MIF at JRO (Latitude ��12�S, Longitude ��77�W)

[23] Since we find general agreement between the pre-
dicted and observed seasonal and diurnal behavior of the
meteor rate at Arecibo, we can now attempt to simulate the
diurnal and seasonal meteoric rate at other geographical
locations. Obtaining full diurnal coverage of the meteor
activity using the JRO system is challenging because of the

presence of the ionospheric electrojet. When the jet is
active, the return from the ionosphere is so strong that it
is very difficult to separate meteor signals from the back-
ground. Although observations have been performed at very
different times using this radar [Chau and Woodman, 2004;
Janches and Chau, 2005], at present we obtained only one
fairly complete diurnal curve presented in Figure 9. This
curve was obtained by integrating three consecutive days of
observations in November 2002. In Figure 9 we also show
the predicted rates where the effects of the secondary
sources in the small-scale variability is evident. The agree-
ment between data and model shown in Figure 9 is once
again excellent. An ongoing effort which utilizes sophisti-
cated signal processing technique may be able to provide
more often complete diurnal curves in the near future.
Because of the agreement shown in Figure 9 we assume
once again that the model will predict equally well the rate
measured by JRO every other day of the year. Figure 10
shows the predicted meteor rate at JRO (�12�S, 77�W).
showing a somewhat similar behavior to Arecibo but
inverted in time. This makes sense since JRO is located in
the Southern Hemisphere. The minimum rate is now pre-
dicted to occur on 21 September, the Southern Hemisphere
spring equinox. Also note, that since JRO is closer to the
Earth’s equator than AO, the ratio of maximum daily rate
between spring and autumn is lower than at AO.

3.3. MIF at Sondrestrom (Latitude ��67�N,
Longitude ��51�W)

[24] We now simulate the flux at a high northern latitude
(�67�N; �51�W) which is the case for the 1.29 GHz
Sondrestrom radar in Greenland and show the comparison
of the model with actual observed rates at this location in
Figure 11. For this comparison, the diameter of the modeled
volume was increase to 1 km since the Sondrestrom radar
beam is wider than the Arecibo one. The observations
displayed here were obtained during late summer/spring
and autumn months in three different years. Although the
earlier observations were performed during the Leonids
meteor shower period, it has been largely accepted now
that HPLA radars do not seem to be effective at detecting
showers and most, if not all, of the detections are due to
sporadic activity [Janches et al., 2001, 2002; Chau and
Woodman, 2004; Hunt et al., 2004]. The model results are
once again fit to the measured maximum rate observed at
Sondrestrom. First it is important to note the low rate of
meteors shown in Figure 11. During the autumn months
there is �1 meteor per minute detected at the peak of the
diurnal curve compared with �25 in the Arecibo observa-
tions (Figures 5 and 6). Although the low meteor rate is
predicted by the model it is likely that the higher radar
frequency utilized in Sondrestrom also contributes to the
low count. The frequency-dependent scattering mechanism
of the head echo precludes detections at higher frequencies
and reduces the head echo SNR, thereby making it more
difficult for higher-frequency radars to detect head echoes
[Close et al., 2002]. More details on this issue are discussed
at the end of this section. Nevertheless, during the autumn
months when the detected meteor count is sufficiently high,
once again the agreement in the diurnal variability between
observations and predictions is excellent. It can also be
argued that the October rate is somewhat higher than the

Figure 7. Same as Figure 6 but for observed data in
August 2004 and March 2005.
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one measured in November. During the late summer and
spring months the observed count rates are very low but the
agreement with the predicted diurnal trend is good. It is
important to notice that the low count rate during springtime
is also predicted by the model.
[25] We also calculated the influx for a full year at this

location and the results are shown in Figure 12. As
expected, the seasonal variability looks very different than
that at lower latitudes. There is a large depletion on the
micrometeor input in spring that extends for several months
and a sharp increase toward the autumn equinox. Once this
time of the year is reached the maxima last similar periods
of time as at lower latitudes but the flux does not seem to
drop to zero. This is related to the fact that at this latitude
and during this time of the year, at least a small portion of
the radiant distribution will always be above the elevation
threshold set by L in this model. The ratio of spring to
autumn is much larger than at lower latitudes, again because
during the spring only a small portion of the radiant
distribution will appear above the elevation threshold. The
contribution of the secondary sources also do not manifest
separately like at lower latitudes.

3.4. Global MIF

[26] Since our model shows great agreement with the
seasonal and diurnal observations performed at Arecibo and
suggests an equal type of agreement with observations at a
high northern latitude, it is natural to assume that it can be
used to predict the micrometeor rate over the whole range of
latitudes from these sporadic particle populations. A set of
predictions every 5� in latitude for the 15th of each month at
a longitude of �66�W is shown in the panels of Figure 13.
In this picture a seasonal variation is observed which is
largest at higher southern and northern latitudes. For exam-

ple, in February the predicted meteor activity increases at
southern latitudes greater than 50 degrees, reaching a
maximum in March (Southern Hemisphere autumn) and a
minimum in September (Southern Hemisphere spring). An
equal behavior is shown in the Northern Hemisphere where
the maximum is reached during the autumn months (Sep-
tember) and the minimum around spring (March). Also at
these high latitudes, once the activity is high, the diurnal
variability is lower. In particular, at or near the poles the
model predicts practically no diurnal variability. Janches et
al. [2004a] presented meteor radar observations using a
system located at the South Pole. The authors showed that
the observed rate is minimum in spring and maximum in the
summer months (December–January). They also showed

Figure 8. Predicted meteor rate that should be detected in the small observed volume for the full year at
Arecibo-like latitudes.

Figure 9. Comparison between prediction and observed
rates at JRO for November 2002.
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Figure 10. Predicted yearly meteor rate at JRO (�12�S, 77�W).

Figure 11. Comparison of the model with observed rates at high northern latitudes using the
Sondrestrom radar in Greenland.
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that during the months when the rate is high there is no
diurnal variation on the observed rate, but a variation on the
observed azimuth of the meteor distribution. Similar sea-
sonal variability at arctic latitudes is reported by Singer et
al. [2004]. The scattering mechanisms and geometry of the
Antarctic and Arctic measurements, which utilize a conven-
tional meteor radar are very different than those presented
here. They detect the radio echo of specular meteor trails
from a direction perpendicular to the radar beam. The
HPLA observations are based on the detection of the head
echo. The meteoroid populations that the HPLA radars and
conventional radars detect are also different. We know in
fact that HPLA radars are more sensitive and hence they
detect smaller particles [Janches and ReVelle, 2005]. In
addition, since the observed volume is very small they are
less sensitive to the larger sizes detected by traditional
meteor radars. Nevertheless it is important to outline some
of the agreement between the model presented here and
those observations.
[27] At the equator the seasonal variation predicted by the

model is negligible, while at mid latitudes it is similar
to those presented here for the JRO and AO locations
(Figures 8 and 9), but is more pronounced as the latitude
increases (Figure 13).
[28] In order to understand how well the model predicts

the geographical measured variability using the different
radars we performed the following exercise. As discussed
earlier, to fit the model with the observed rates, we first
normalized, for a given observatory, the entire predicted
year to that of the seasonal maxima (21 September for AO
and Sondrestrom and 21 March for Jicamarca) and then
renormalize each curve to the maximum rate at the seasonal
peak. If we divide this factor by the assumed radar beam
area we can then have an estimate of meteors per minute per
kilometer square resulting in �99 and �0.3 for AO and

Sondrestrom respectively. If we compute the ratio of the
maximum rate per minute per kilometer square on
21 September at Sondrestrom latitude to that of Arecibo
latitude we obtain a factor of �0.8 which is �270 larger
than the measured ratio (0.3/99). This implies that Sondres-
trom detects much less particles than predicted by the
model. This implies that the effects introduced by using
higher frequencies is large. We also note that Arecibo will
detect smaller particles than Sondrestrom since the latter is
less sensitive, thus the discrepancy in the modeled and
measured ratio will also be influenced by this effect. We
are currently developing a model of the frequency depen-
dance on meteor detectability which will provide a better
insight on this issue.

4. Discussion

[29] In the previous section we have presented the results
of simulating, using Monte Carlo techniques, the expected
micrometeor rate that will occur within a small volume
located in the MLT. We have compared the simulations with
observations at different seasons and latitudes, finding
generally excellent agreement. We have also shown, that
in order to simulate the observed rates it is necessary to
introduce an empirical effect in the model that effectively
sets a limit to the minimum elevation angle that the meteor
radiant must have to be detected by the radar. In this section
we first discuss the possible instrumental and/or physical
effects that could be responsible for setting this threshold.
[30] We argue that the low detectability of low-elevation

radiant meteors is probably caused by a combination of
physical processes related to the particle interaction with the
air molecules upon atmospheric entry. Love and Brownlee
[1991] published the results of a model, which included
51,000 particles with initial diameters between 10 mm and

Figure 12. Modeled meteoric influx over a whole year at Sondrestrom-like latitudes.
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100 mm. Assuming a melting temperature of �1350�C the
authors concluded that strongest heating occurs between 85
and 100 km of altitudes, independent of size, velocity or
entry angle, with half of the sample undergoing strong
heating between 85 and 90 km. These altitudes seem to
be too low if they are compared with recent micrometeor
head echo altitude distributions observed with HPLA radars
[Janches et al., 2003; Janches and ReVelle, 2005]. This is
not surprising since the modeled particles are somewhat
larger than those detected by these instruments [Janches et
al., 2000b; Mathews et al., 2001; Close et al., 2005].
Nevertheless, the authors showed that shallow atmospheric
entry will produce weaker but extended heating processes.
If the same effect is produced during the shallow entry of
smaller particles, this could prevent the particle from
producing enough ionization to exceed the necessary elec-
tron density to be observed by the radar but at the same time
reach temperatures sufficiently high to deposit part or all the
meteoric material at higher altitudes. We also note that for
very small elevation angles (<7�) it is possible that most of
the particles will skip off the atmosphere and bounce back
to the interplanetary space as suggested by the model results
presented by Love and Brownlee [1991].
[31] The most probable answer for this question is a

combination of all these effects. Although in this work a
single value of L seems to be enough to simulate the diurnal
curves it is entirely possible that the value of this parameter
will be a function of the velocity and mass of the entering
particle. For example, for a given entry velocity and angle a
larger particle will survive and/or produce more electrons
than a smaller one and hence have a different elevation
threshold. We are currently building models of these pro-
cesses to be included in this simulation and some prelim-
inary results can be found in the work of Janches and
ReVelle [2005].
[32] In addition, we argue against two other observational

effects for the lack of detectability of low-elevation meteors.
These are
[33] 1. Time of flight. We first consider the possibility

that the disagreement shown in Figure 3 is produced by the
inability of detecting low-elevation particles because of
their relatively short time of flight through the radar beam.
Figure 14 shows a diagram of such effect. A low elevation
and fast meteor will have a large tangential velocity com-

ponent. For example, a particle traveling at 50 km/sec in the
tangential direction and through the center of the radar beam
will need �12 msec to cross it. This time includes the
meteoroid also traveling through the first side lobes
[Janches et al., 2004b]. Since the interpulse period (IPP)
used for these observations was 1 msec [Janches et al.,
2003], the lifetime of the particle within the radar beam is
long enough to obtain several samples of such event. As the
meteoroid path moves closer to the edge of the radar beam,
the time needed to cross its width will decrease. It is
reasonable to think that the probability of detecting a meteor
will decrease as the traveling time of the meteor through the
radar beam decreases. We performed a simulation of this
effect for which we assume a uniform distribution of
particle, for a given elevation and velocity, crossing the
radar observing volume. Some of the particles will travel
closer to the center and hence last longer within the radar
beam. Others will travel closer to the edge and last shorter
time inside of the volume. In Figure 15 we compare the AO
observed rates in January 2002 with the predicted rates. We
compare different time thresholds, that is, assuming that a
meteor will be detected if the time of flight through the
radar beam is greater than a given value. We used four
different values and again find disagreement between pre-
diction and observations for all of them. It is clear from
these results that this effect will not explain the observed
diurnal rate and it is unlikely that is a major factor on
filtering low-elevation meteors.
[34] 2. Aspect sensitivity. The second scenario is that the

head echo is aspect sensitive. That is the radar signal return
is stronger for meteors traveling at high-elevation angles
(more parallel to the beam axis). However, polarization ratio
measurements using the ALTAIR radar system presented by
Close et al. [2002] showed that the meteor head echo needs
to be approximately spherical in shape (i.e., the radar cross
section is isotropic) in order to explain their observations.
These results suggest that the detection of the head echo will
not be strongly aspect sensitive.
[35] Another issue that needs to be discussed in this

section is the effect produced in the simulation by changing
the size of the modeled volume. As mentioned earlier, the
size must be small enough for the flat Earth assumption to
apply. However, from the comparison with Arecibo results
to that with the JRO and Sondrestrom observations, we

Figure 14. Diagram showing the effect that could be introduced by meteors which have large tangential
velocity components while crossing the radar beam.
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changed the radius by almost an order of magnitude from
0.3 to 1 km. As expected, the differences in the beam size it
is not manifested on the diurnal and/or seasonal trend of the
occurrence rate, but in the increase of the number of
particles and upper limit of the meteoroid size (or mass)
detected. For example, the highest particle radius detected
on the AO beam for one day simulation using the mass
function described earlier is �3 mm, while for Sondrestrom
and JRO was �30 mm. This is assuming a meteoroid mass
density of 3 g per cc. The lowest size limit is not affected by
changing the detecting volume. This limit will be, most
likely, set by the radar sensitivity which is not yet included
in the model, but it is expected that AO will detect smaller
particles than JRO or Sondrestrom because of its higher
sensitivity.

5. Summary

[36] In this work we have presented a simple model using
Monte Carlo simulation techniques that predicts fairly
accurately the observed diurnal and seasonal trend of the
micrometeor influx rate detected by HPLA radars at two
different sites. The simulation assumes that the radar ob-
serving volume is a cylinder and that the particles will be
first observed at an altitude calculated from the meteor
energy equation approximated for small particles [Janches
and ReVelle, 2005]. The model also assumes that the
incoming flux originates uniformly over the year and the
main source of particles originates from an apex-centered
particle population as observed recently by JRO [Chau and
Woodman, 2004; Sulzer, 2004; Janches and Chau, 2005].
The small-scale details of the observed Arecibo diurnal rates
are reproduce by the contribution of two secondary meteor

populations known as helion and antihelion which, accord-
ing to the results presented here, provide only �30% of the
total number of particles while the apex-centered distribu-
tion provides the remain �70%. Recently, Galligan and
Baggaley [2005] reported meteor radiant measurements
from a large data set obtained with the AMOR system in
New Zealand. The authors claimed to have measured a
noticeable difference between the number of particles with
radiant belonging to the antihelion (AH) population to that
originating from the helion (H). This difference results in
�1.3 more particles from the AH than the H source after the
radiants were corrected by a number of effects. For our
model, we have assumed that both sources provide equal
amount of particles at a given time (1/6 each). This
assumption results in excellent agreement thus far with
the observations presented in this work. We also show that
for a given location, the contribution of each meteor
population varies as a function of season. To obtain agree-
ment between model and observations we have included an
empirical model of an atmospheric effect that effectively
sets a limit to the minimum elevation that the meteoroid
radiant must have to be detected by the radar. We discussed
different processes that could be responsible for this effect.
We used the model to predict the observations at higher
latitudes and to predict also the global and annual influx of
these particle populations. Future work will include ablation
and electron production models to attempt to explain
physically the need for the threshold on the elevation angle.
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