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Meteor science

Modelling & analysis of diurnal variation in meteor flux
C. Powell*?3

Temporal and spatial variations of peak hour and idealised sine function fit are considered in reflection of an
extended model of the diurnal shift mechanism. This model is formed by extension of the currently understood
mechanism, providing a mathematical argument focusing on orbital velocity. Hourly detection counts collected
by forward-scatter radio detection are used as data to analyse the form of diurnal shift for each observer. The
fit and mean peak hour of the diurnal shift and are considered across nearly 350 observers, analysing variation
from 2000 to 2016, as well as variation between data from 9 latitude and 14 longitude categories spanning at
most 10° each, to determine the agreement of data with the model. Modelling the orbital velocity of Earth as
a primary factor behind diurnal variation is supported by the timezone corrected peak hours and correlation
with longitude. The mechanism does not appear to vary with time, however the relative intensity of diurnal
variation with respect to background detection counts is damped as a maximum in these hourly detection counts
is observed. This provides a mathematical model of the diurnal shift mechanism, accompanied with support

from a large dataset.
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1 Introduction

Diurnal variation, a notable increase and decrease in
meteor flux over the time scale of a single day, has been
observed and studied previously; observations are fre-
quently reported, for example Kero et al. (2012) and
Okamoto & Maegawa (2008). It is known that the vari-
ation relies on the rotation of Earth altering the com-
ponent of orbital velocity contributing to a meteor’s in-
cident velocity. However, this has not been described in
any mathematical detail. The motivation for this article
is the formulation of a model describing the mechanism
that causes diurnal variation, and subsequent compari-
son against data.

In order to compare the model to the data, a col-
lection of hourly detection counts provided by forward-
scatter radio detection is used to examine predictions
made by the model. In conjunction with this, the tem-
poral and spatial variation of sine function fit and peak
hour is investigated.

Singer et al. (2004) have presented an analysis not-
ing an annual variation of the diurnal shift, whilst Singer
et al. (2005) observe an inverse proportionality between
latitude and intensity. The data available for my own
study covers a larger range of latitudes, perhaps sup-
porting either of these studies. There are over 3.8 mil-
lion available hourly counts, providing a large sample
from which analysis of temporal variation can be made.

2 Modelling the diurnal variation
mechanism

For a detailed overview of the ‘standard’ explanation
for the mechanism behind diurnal variation, see Hines
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(1956). Despite being detailed, Hines (1956) is not a
mathematical formulation of the explanation. I put for-
ward a model with the aim of a more complete and
mathematically rigorous description.

First, I assume that the number of meteors detected
is proportional to the mean incident velocity of mete-
ors to Earth. This is reasonable: the actual velocities
are of course random. However, an overall larger mean
incident velocity of a collection of meteors means that
proportionally more will reach Earth, of those that are
in a direction that could cause a collision with Earth’s
atmosphere. Of a group of meteors with random veloc-
ities (both random magnitude and direction), very few
will be on a course tangential to Earth’s atmosphere.
However, this does not change as Earth rotates, so it
is a negligible variable. I consider only those that are
tangential with the atmosphere, and so only those that
could cause a detection. We have, at a very basic level:

(1)

The incident velocity is dependent on factors such
as the Earth’s rotational velocity, orbital velocity and
the velocity of the sporadic meteors themselves. vmeteor
is difficult to consider, since it (theoretically) has a ran-
dom direction. We know that vepic ~ 30000 ms—! and
Urotation ~ 450 ms~ .

Assuming that the path described by Earth’s orbit
around the Sun is a straight line through Earth when
‘up close’, let 6 be the angle between a radius from
Earth’s centre to the observer’s location, and the orbital
path (Figure 1).

The set of meteors that can be detected appear,
looking from above Earth’s pole, to form a triangle.
The average velocity of these meteors will be along the
height of this triangle, perpendicular to the surface of
Earth (vmeteor). This is clear simply from how meteor
showers appear: all meteors appear to originate from
the radiant. Since this perpendicular velocity vmeteor
remains perpendicular despite Earth’s rotation, the ro-
tational velocity of Earth can be disregarded. Thus, the
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Figure 1 — Model diagram: Earth in orbit, showing an ob-
server (red dot), the perceived meteor ‘cone’, and the inci-
dent meteor velocity vmeteor-

remaining velocity to consider is Earth’s orbital veloc-
ity:

(2)

Clearly, this is at a maximum when 6 = 0°. For an
observer at a longitude of 0°, this is 6:00. Since this is
where the angle is defined from, it is clear that for any
observer the peak hour will be 6:00* local time (assum-
ing local time is based on longitude, not timezones). It
should be noted that the peak hour can vary around
this time, based on conditions for observing. Particu-
larly important are changes in electron concentration
in the ionosphere as the Sun rises, which increases re-
flection of radio signals, allowing for better reception
of signals reflected by ionised meteor trails (Rana &
Yadav, 2014). This could shift the peak hour. This
effect may also contribute to a change in diurnal shift
intensity with latitude, since the increased atmospheric
ionisation caused by the Sun is dependent on latitude
(Dabas, 2000).

Vincident = Uorbit €0S 0 4+ Umetcor

3 Methodology

I use previous results to examine spatial and tempo-
ral variation of diurnal shift, including a measure of
goodness-of-fit between a sine function and the diurnal
shift curve.

3.1 Data source

The data used is a database of hourly detection counts
from almost 350 observers across the globe, provided
by the Radio Meteor Observation Bulletin (RMOB),
accessible at www.rmob.org.

3.2 Sine function fit

The diurnal shift curve is generated by taking the mean
of all data for a given hour after midnight for each ob-
server. Time, for all observers, is recorded in UTC.

2All times given in 24-hour format
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Table 1 — Sample sizes for location categories

Category N° observers

Europe 220
Asia & Australia 12
North America 37

Using this curve I will compare the intensity of diur-
nal shift for three different location categories: Europe,
Asia & Australia, and North America. The sample sizes
for each category are shown in Table 1. Observers are
sorted into these categories based on metadata provided
with the RMOB data. In conjunction with this, I fit a
sine curve, in order to test the model, indicating how
well diurnal shift is described by a sinusoidal function.

3.3 Spatial analysis

QGIS (QGIS Development Team, 2009) is used to gen-
erate a map, with a dot representing each observer with
a known location. These dots will be coloured based
on the peak hour of diurnal shift, indicating how this
changes with location. Further to this, I will anal-
yse the variation of the peak hour of diurnal shift, as
well as the error in fit for a sine function of the form
Asin (g—Zt + qb) + 1, indicating how well a sine curve fits
the diurnal shift. This is calculated using the reduced
covariance matrix X and the reduced chi-squared 2,
where

rTIr

N is the number of data points, r is the matrix
of residuals and I is the identity matrix. The numer-
ator is the minimum value of the weighted objective
function (the optimal parameters). Then the variance-
covariance matrix of the parameters M7 is;

X

-1

MP =2 (XTX) (4)

The parameter standard deviations is o; = \/Mg ,
and the sum of these three is taken. This analysis will be
over two independent variables: latitude and longitude.

3.4 Temporal analysis

Finally I analyse how the peak hour and sinusoidal func-
tion fit vary over time, from 2000 to 2016. This will use
the same calculated variables as the spatial analysis.
These analyses will be completed using a Python pro-
gram.

4 Results & Discussion
4.1 Sine function fit

Figure 2 shows the results for sine function fit. The op-
timal sine function and cubic are shown in red and green
respectively. The sum of parameter standard deviations
of the optimal sinusoidal function is 0.814, which indi-
cates a good fit. This suggests that the sine function
fits well. As a reference, a cubic is fitted. This shows
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how well a sine curve fits in comparison. This suggests
that the cause of diurnal shift is based on a sine func-
tion of Earth’s rotation (i.e. the hour of the day), which
supports the presented model.
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Figure 2 — Diurnal shift across all authors & sine function
fit.

Figure 3 shows the same plot as Figure 2 for compar-
ison, as well as diurnal shift curves for each respective
location. “All” refers to the set of data from all ob-
servers. Surprisingly, each location category shows a
clear sine curve. The peak of these sine curves appears
to be correlated well with latitude. The average lon-
gitudes are, for Europe, Asia & Australia, and North
America respectively: ~15°, ~150° & ~ — 100°. This
supports the idea that the sine function can be used to
describe the diurnal shift, since larger longitudes pro-
duce a greater hour of diurnal shift. The average lat-
itudes are (respectively): ~45°, ~35° & ~15°. The
North American category has the largest intensity, fol-
lowed by the European category and then Asia & Aus-
tralia, though this is not the order of latitudes (seen
in Figure 4). This appears to disagree with Singer et
al. (2005), where it was suggested that the intensity
(amplitude) of diurnal shift is dependent on latitude.
It is difficult to comment on why the intensity of one
category is different to another without knowledge of
the exact detection setup, antenna type and observing
conditions for a given observer.
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Figure 3 — Diurnal shifts for each individual location (overall
shift of all observers included for reference).
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Table 2 — Diurnal shift parameter results for location cate-
gories. Column 5 contains the sum of parameter standard
deviations.

Category A 10) I Yo
All 134 —0.941 59.2 0454
Europe 154 —0.302 484 0.498
Asia & Aus. —-7.19 —0.585 19.0 0.352

N. America 29.5 —2.05 68.1 1.16

The sum of parameter standard deviations for each
location category are shown below. The positive num-
bers all indicate a positive correlation, as expected from
the figures. Again, “all” refers to the diurnal shift curve
when including data from all observers.

4.2 Spatial variation

Figure 4 contains a map showing the location of each ob-
server in the data set. The dot for each circle is coloured
(as in the legend) based on the peak hour of the diurnal
shift. This gives a more visual demonstration of what
is shown in Figures 3 and 7: the colours are clearly
grouped based on location. Observers in Europe have
diurnal shift peaks mostly around 6:00, North American
observers have peaks around 15:00 and in Asia & Aus-
tralia around 20:00. This supports implications from
the previously stated figures. There are clearly anoma-
lous results for some observers (note the blue dots in
Europe), though there is often anomalous data, so this
is not unexpected.

Latitude

There appears to be little correlation between lati-
tude and the peak hour. Although, overall, the hour
appears to decrease as the latitude varies from —40° to
60°, the error bars, indicating standard error, are sub-
stantial. The implication of this is there is little agree-
ment within each category, suggesting no correlation
at all. However, this is expected. There is no logical
reason why the peak hour would be influenced by the
latitude. Diurnal shift is modelled as being caused by
Earth’s rotation changing the average incident velocity
of meteors. This does not change with latitude, hence
no correlation is seen.

In Figure 6, little correlation is seen again. The stan-
dard deviations vary widely. There is no clear trend,
suggesting that the latitude of an observer has no effect
on how well collected data fits a sine function. Con-
sequently, it would appear location does not influence
diurnal shift.

Singer et al. (2005) analyse a variation of diurnal
shift amplitude with latitude, over a relatively small
range of latitudes. I find no correlation to support this
finding, though the distribution of observer latitudes for
my study is not uniform, making a definite conclusion
difficult.

Longitude
Figure 7 shows agreement with Figures 3 and 4. The
peak hour is lowest for a longitude of 0° and increases
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Figure 4 — Peak hour of diurnal shift for each observer.
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Figure 5 — Peak hour of diurnal shift against latitude.

either side of this, as seen in the stated figures. The
errors for some categories are reasonably large, though
still fall in a range that fits the trend. There is, of
course, minor variation though the trend is clear from
the data: latitude and peak hour of diurnal shift are
related.

In order to investigate this apparent trend further, I
have corrected the peak hour of each location category
such that Hcorrected = Hcalculated + %; provided the
longitude ¢ is in degrees. This means that the hour
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Figure 6 — Optimal sine function fit against latitude.

will be the local time (not using timezones, only the
time based on longitude). This is shown in Figure 8.
Error bars, in this case, are such that 75% of the data
for a given location category falls within the bars. The
values appear to fluctuate around a peak hour of 6:00
(shown in green), supporting the model I have proposed.
However, there is a large degree of variation.

In Figure 9 a histogram of the peak hour is shown.
It is clear from this figure that the model is supported.
Clearly most of the observers have a peak hour around
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Figure 7 — Peak hour of diurnal shift against longitude.
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Figure 8 — Corrected peak hour of diurnal shift against lon-
gitude.

6, with some having a peak hour of 7. This is rea-
sonable; as noted in section 2, the peak hour can vary
slightly, resulting in some distribution either side of
6:00, so this is expected.

Most meteor detection setups are simply receiving
stations. Typically a station, often a considerable dis-
tance away, emits a signal that reflects off the meteor’s
ionised trail and is received by the observer. This means
that there is a difference between the longitude of the
observer and the longitude of where the detection takes
place. This is likely to have caused the observed distri-
bution.

The sum of parameter standard deviations, indicat-
ing fit, varies a small amount with longitude for most
categories. However, some have much greater variation,
indicating less consistency in the data. There does not
appear to be a clear trend. However, the poorest fits
have large errors indicating that this is not a poor fit
throughout observers in said categories. Consequently
it would seem that the fit varies moderately across the
globe.

4.3 Temporal variation

Figure 11 shows the same result as previously noted,
namely a general diurnal behaviour. The peak hour
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Figure 10 — Optimal sine function fit against longitude.

for each location category varies around the hours ex-
pected, given that peak hour is correlated with longi-
tude. There is a large amount of variation for the Asia
& Australia category, so it is hard to make an analysis
from this. It is clear that in more recent years, there
is less variation. However, in general, no categories ap-
pear to increase or decrease over time, suggesting that
the diurnal behaviour is constant, and not subject to a
large degree of seasonal or annual change.

Generally, the fit, shown in Figure 12 is reasonably
good. The fit may be considered a measure of the con-
sistency of data obtained by each station. Thus the data
indicates that there is less consistent data obtained be-
tween 2005 and 2011, since the fits are much poorer.
This indicates either a weaker diurnal shift (an unlikely
occurence) or a greater background detection rate. For
periods outside this range, there is a low amount of vari-
ation. All categories have a similar fit and absent trend
over time.

A question that may require a more detailed model
of the mechanism behind diurnal shift is whether the
phenomenon changes on a yearly time scale. Seasonal
variation of diurnal shift may indicate an influence from
sources such as the Sun, or the orientation of the Earth
relative to its orbit. I do not make such an analysis,
leaving scope for this in the future.
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Figure 12 — Optimal sine function fit change over time.

5 Conclusion

1.

There is a clear correlation between longitude and
peak hour of diurnal shift, as suggested by the
proposed model. This is apparent from several
results, including a histogram of peak hours.

. The good agreement indicates that the proposed

model is a valid explanation of the mechanism and
is supported by the data. Thus it can be con-
cluded that the influence of orbital velocity on in-
cident meteor velocity is the primary mechanism
behind diurnal shift.

. There is little correlation between location and

a sine function fit, suggesting that the intensity
of diurnal shift (in the sense of relative inten-
sity compared to background detection rates) is
roughly uniform across the globe.

. There is no clear link to be made between the

intensity of diurnal variation and latitude.

. There are differences in amplitude between differ-

ent location categories, however I find no expla-
nation for this.

. During the period of increased detection rates, the

relative intensity of diurnal variation decreases.
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