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Abstract

This report briefly discusses the ‘anomalous’ occultations — those for which the L1 bending an-
gle exceeds the L2 bending angle — that are observed surprisingly often (10—15% of the time) by
the GRAS instruments on the Metop satellites. Their distribution in space and time is examined. They
are found to be more abundant than average in winter, at night and in a patch in the southern hemi-
sphere. In the first two cases the background electron density is smaller than average; in the third
various localised ionospheric features may be at work.
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1 Introduction

Radio occultation measurements are usually made at two different frequencies, typically f; ~ 1.6 GHz
and f> ~ 1.2 GHz. This is because the ionosphere, through which any radio signal must pass on its
way from the GNSS transmitter to the LEO receiver, is dispersive to radio waves at these frequencies.
By exploiting this dispersion, observation at two frequencies allows ionospheric effects, which are
generally of little interest to NWP users, to be eliminated.

In the simplest case, the refractive index »n of air at radio frequency f can be written as (e.g. see

[6])

Pd €y €y ne
—l=ki—+h—+k——ki—. 1.1
n 1T+2T+ 372 4f2 (1.1)

In the above, ki, k>, k3 and k4 are positive constants, p,, e, and T are the dry air pressure, water
vapour partial pressure and air temperature, and n, is the electron density. The first three terms
in Egn (1.1) are independent of frequency. This means that, if the refractivity field is spherically
symmetrical, the bending angle at frequency f; and impact parameter a, o;(a), is given by the usual
Abel integral (e.g. see [9]), and can be written as

(1.2)

where (assuming the refractivity field decreases with height) A is a positive function of a, as is B,
provided a is far below the peak of the electron density distribution (e.g. see [4]). Since f; > f,
Eqgn (1.2) therefore implies that a;(a) < o (a).

It is indeed generally found that the L1 bending angle is less than the L2 one. See, for example,
the left hand panel of Fig. 1.1, which shows both bending angles for a typical, ‘regular’ Metop-A
occultation, as well as the ‘ionospherically corrected’ bending angle, «; ¢, defined by

_ fiou(a) - fion(a)
;=75
If Eqn (1.2) is true, then a;c(a) = A(a), the bending angle produced by the neutral atmosphere, be-

cause taking the linear combination of o (a) and a, (a) removes the frequency-dependent ionospheric
contribution to the bending angle.

(1.3)

Orc (a)

More frequently than we might expect, however, the L1 bending angle is found to exceed the L2
bending angle. See, for example, the right hand panel of Fig. 1.1, which shows both bending angles
and «;¢ for an atypical, ‘anomalous’ Metop-A occultation.

The distribution, abundance and possible explanations of the anomalous occultations observed by
the GRAS instruments on the Metop satellites are the subject of this report.
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Figure 1.1: Left hand panel: a1, a2 and ;¢ for a ‘regular’ occultation, together with
estimates of the uncertainties. Right hand panel: likewise for an ‘anomalous’ occultation.
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2 The evidence

For the purposes of this report, we define an anomalous occultation as one for which the L1 bending
angles exceed the L2 bending angles on at least half the impact heights between 49 and 51 km.
According to this definition, GRAS instruments on Metop satellites record anomalous occulations
10—-15% of the time, and have done so for some time, as can be seen from Fig. 2.1, which shows the
global average fraction of anomalous Metop occultations for the past ten years.

Between September 2014 and July 2016 (the grey points in Fig. 2.1), a processor update at EU-
METSAT led to a reduction in the number of ‘valid’ thinned occultations, which are the ones used in
this study. Fig. 2.1 shows the fraction of all observations that are valid and anomalous, which natu-
rally falls when the number of invalid occultations increases. As can be seen, the discrepancy falls
away when the PPF change was reverted in August 2016. The grey points in Fig. 2.1 will therefore
play no further part in this analysis.

Anomalous GRAS occultations
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Figure 2.1: Global average fraction of anomalous occultations every month between Jan-
uary 2010 and October 2020.

Ignoring the grey points, then, there is little variation in the mean fraction of anomalous occultations
shown in Fig. 2.1, especially after the PPF reset in 2016, when averages to about 12%. Before the
PPF change in 2014, there was more variation from year to year, although the average value is
about the same. The last solar maximum was in April 2014 (solar cycle 24, [10]), which is when the
anomalous occultation rate was at its lowest, but the largest anomalous occultation rate occurs in
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2012-13, which does not coincide with the (closest we have to the) last solar minimum in 2009.

The histograms of oy, o, a — o (to which the ionospheric components of a; and o, B/f? and
B/f2, are proportional (see Eqgn (1.2)) and ayc, all at 50 km in August 2020, are plotted in Fig. 2.2.
They show that both o and a, have broad distributions, whose standard deviations are around half of
their means. A few percent of both the L1 and L2 bending angles at 50 km are negative. (This is in fact
the case for the right hand plot of Fig. 1.1.) Since, according to Eqn (1.2), ax — o = B(a)(f; > — f; %),
and f, < f1, both ionospheric bending angles B(a)/f* must be negative for anomalous occultations.
Since the atmospheric bending angle decreases roughly exponentially with height, and the iono-
spheric bending angle is roughly constant, it follows that the total bending will eventually become
negative in such cases. The histograms in Fig. 2.2 show that indeed o;¢ is almost entirely positive,
while about 10% of the values of o, — a; are negative. (This matches the anomalous occultation rate
for Aug 2020 value in Fig. 2.1.) The standard deviation of o, — «; is less than that of o or a, which
shows that the L1 and L2 bending angles are positively correlated.

The curious bimodal shapes of the a; and «, distributions will be explained in Sec. 4.2.

Bending angle distributions at 50 km, 08/2020, GLOBAL
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Figure 2.2: Histograms of global bending angles, August 2020.

The global distributions of the occultations in Figs 2.1 and 2.2 hide their variation in space and
time. Figs. 2.3 and 2.4 are scatterplots of the regular and anomalous occultations in February and
August 2020 respectively. The anomalous occultations are more abundant in the winter hemisphere,
although a patch of anomalous occultations persists between about 0—120° E and 50-70° S even
in the southern hemisphere summer. This general impression is confirmed by the 2012 timeseries
of regular and anomalous occultations in the northern and southern hemispheres, shown in Figs 2.5
and 2.5 respectively. Anomalous occultations are clearly more likely during the winter.
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Regular (blue) and anomalous (red) occulations at 50 km
between 01/02/2020 and 28/02/2020
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Figure 2.3: Scatterplot of regular and anomalous Metop occultations in February 2020.

Regular (blue) and anomalous (red) occulations at 50 km
between 01/08/2020 and 31/08/2020
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Figure 2.4: Scatterplot of regular and anomalous Metop occultations in August 2020.
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Regular (blue) and anomalous (red) occultations at 50 km in
northern hemisphere during 2011
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Figure 2.5: Scatterplot of oq 1 — 0q» for northern hemisphere (latitude > 30° N) Metop
occultations during 2011.

Regular (blue) and anomalous (red) occultations at 50 km in
southern hemisphere during 2011
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Figure 2.6: Scatterplot of o1 — a o for southern hemisphere (latitude < 30° S) Metop
occultations during 2011.
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There is a diurnal variation, too. Fig. 2.7 shows that the anomalous occultations are more frequent
in the night-time, ascending orbit (local time centred around 21:30) than in the daytime, descending
orbit (local time centred around 09:30).

It appears, therefore, that anomalous occultations are more frequent when the photo-ionisation
that generates the ionospheric electrons is weakest, which is probably when the electron density is
smallest.

Regular (bluez and anomalous (red) occultations at 50 km as
unction of local time during 2011
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Figure 2.7: Scatterplot of oq 1 — o » as a function of local time of Metop occultations during
2011.
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3 Further analysis

L1 and L2 bending angles at 50 km from Metop occultations for the 60 months between November
2013 and July 2014 inclusive, and August 2016 and October 2020 inclusive — that is, the blue points
in Fig. 2.1 — have been aggregated onto a 10° by 10° global grid. Data from the five Januarys in the
timeseries have been averaged into a mean January, and likewise for the other months. The fraction
of anomalous occultations at any time 7 in the resulting timeseries, f(¢), is Fourier decomposed as

f(t)=co+cicos(wt — ¢1) +cacos(2ot — @) + ... ., (3.1)

where @ = 27 /(12 months), ¢y is the time-mean of f(¢), ¢;(> 0) for i = 1,2,... is the amplitide of the
i mode and ¢ is its phase offset (between —x and ). f,¢; and ¢; all depend on location.

Maps of ¢y and ¢; are shown in Figs. 3.1 and 3.2 respectively. The mean fraction of anomalous
occultations, shown in Fig. 3.1, is about 11%, as expected from Fig. 2.1. They are, however, more
abundant poleward of about 50° S, and especially in a patch centred around (30° E, 60° S), where
they occur in almost 30% of all occultations. The amplitude of the annual cycle of anomalous oc-
cultations, shown in Fig. 3.2, peaks in the extratropics, which strengthens the suggestion of a bias
in favour of the winter hemisphere. There is again a higher amplitude in the southern hemisphere,
peaking this time in a patch centred around 70° W, 75° S). There is less annual variation in the ‘hot
spot’ of Fig. 3.1, suggesting that this is a more permanent feature. This is confirmed by Fig. 3.4,
which shows the timeseries of anomalous occulations in the regions marked ‘1’ in Fig. 3.1 and 2’
in Fig. 3.2. Region 1 has a small annual variation about its mean; in region 2 the amplitude of the
annual cycle is comparable to the time-averaged value.

The phase offset of the annual cycle, ¢;, is shown in Fig. 3.3. It clearly shows that the northern
hemisphere extratropical annual cycle peaks in January (¢, = 0), in contrast to the southern hemi-
sphere extratropical annual cycle, which peaks in July (¢; ~ «). The latter feature is also apparent
from Fig. 3.4. The picture in the tropics is a confusing mixture of both, but Fig. 3.2 shows that the
amplitude is small there anyway. (Phases of = and —x are equivalent in Egn (3.1), but they average
to 0, to which they are not equivalent, so the zonal means in this figure have been calculated as the
principal value of the argument of the zonal mean of exp(i¢,).)

Maps of ¢;, ¢3 and ¢4 (not shown) do not display any suggestive geographical features, and are
typically about three times smaller than ¢; anyway. ¢; accounts for about 61% of the variance of the
full timeseries; ¢, c3 and ¢4 add about 6% to this total. The rest of the variance appears to be small
scale noise concentrated around the poles.

12
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Figure 3.1: Map of ¢y in Eqgn (3.1). Data from [11/2013, 7/2014] | [8/2016, 10/2020]
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Figure 3.2: Map of ¢; in Eqn (3.1). Data from [11/2013, 7/2014] | [8/2016, 10/2020]
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Figure 3.4: Timeseries of anomalous occulation fractions over region 1 in Fig. 3.1 and
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4 Discussion

We have seen that, overall, anomalous occulations occur about 10—-15% of the time for the GRAS
receiver on the Metop satellites. There is strong evidence that they occur more often at night and in
winter. These will be reduced photo-ionisation at these times, and therefore it is natural to suppose
that anomalous occultations are favoured when the electron density in the ionosphere is small. This
is when the ionospheric bending itself is small. Several more aspects will now be briefly discussed.

4.1 Absence of spherical symmetry

Spherical symmetry is used to deduce Eqgn (1.2), which is the reason for supposing that the L2
bending angle should be greater than the L1 bending angle. In a simple slab model ionosphere,
Culverwell and Healy ([4]) estimated the size of the constant horizontal electron density gradient that
would be needed to reverse this inequality, by nullifying the intrinsically positive bending. They found
that the electron density would need to change by around 40% over the ~350 km' of the ionosphere
that the ray passes through on its entry to and exit from the neutral atmosphere. These gradients
would need to appear in both passages of the ray through the ionosphere, to prevent the overall
bending from still being positive. Although gradients of this magnitude can certainly arise, it seems
unlikely that they occur often enough to explain the observed frequency (~10-15%) of anomalous
occultations.

4.2 Statistical noise

Fig. 2.2 shows that the probability distributions of the L1 and L2 bending angles are rather broad. In
the region where they overlap, the L1 bending angles exceed the L2 ones, and the degree of that
overlap might be expected to increase as the ionospheric component of the bending decreases, and
oy and o converge, provided that the width of the distributions does not decrease in a compensating
way. Evidence in support of this is provided by Figs 4.1 and 4.2, which separates the distribution
of bending angles at 50 km in August 2020, as shown in Fig. 2.2, into the extratropical northern
hemisphere (latitude > 30° N) and southern hemisphere (latitude < 30° S) parts. In the summer
(northern) hemisphere, where the background electron density and ionospheric bending are relatively
large, a; and a, have large mean values, and the mean of (o — @) is about 14 urad. The standard
deviation of (o — 0y is around 8 urad, and about 3% of the occultations are anomalous. In the winter
(southern) hemisphere, however, where the background electron density and ionospheric bending are
smaller, a; and o, have much smaller mean values, and the mean value of (o, — o) is about 5 urad.
The standard deviations of oy and «, are about the same, however, as is that of o, — oy, which
remains around 7-8 urad. This means that about 18% of the southern hemisphere occultations are
anomalous.

The difference between the summer and winter bending angle distributions in Figs 4.1 and 4.2 is
clear. By combining the a; and o, distributions by eye, the reader will be able to see how the bimodal
distributions shown in the global data in Fig. 2.2 arise.

"Not the 670 km wrongly estimated in RSR 17.
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Bending angle distributions at 50 km, 08/2020, N HEMISPHERE
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Figure 4.1: Histograms of extratropical northern hemisphere bending angles, Aug. 2020.
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Figure 4.2: Histograms of extratropical southern hemisphere bending angles, Aug. 2020.
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4.3 Effects of electron density at LEO

The bending angles in this study have been calculated by assuming that the electron density, and
therefore the refractivity, is zero at the Metop satellite. This is not strictly true, and although the
effects are small, they are systematic, since the LEO electron density is never negative.

In [5], Healy shows that, to account for the mis-specified refractive index at the LEO, the observed
bending angles at a given impact parameter a must be increased by

_k a
2 /r(LEO?2—&2

Aoy (a) n.(LEO). (4.1)

The zonal mean TEC (vertically integrated electron density) is around 25 TECU in the tropics
and 15 TECU in the extratropics ([4]). (1 TECU = 10'® electrons/m?.) For an ionospheric F-layer
of strength 20 TECU, centred at 300 km and having a width of 75 km, the correction in Egn. (4.1)
amounts to about 1.0 urad for o; and 1.6 urad for o at 50 km (although in fact there is little variation
with height, up to 80 km at least). o, — oy must therefore be increased by about 0.6 urad. This is
in the right direction, but a glance at the o, — a; distribution in Fig. 2.2 shows that it is probably not
large enough to reduce significantly the number of anomalous occultations — especially when it is
realised that the correction increases with LEO electron density, whereas we have seen plenty of
evidence that anomalous occultations are more abundant when the electron density is low. In fact,
a small side calculation, simply adding 1.0 urad to o and 1.6 urad to o, reduces the fraction of
anomalous occultations in August 2020 from 10% (Fig. 2.2) to 8% (not shown). But the fraction of
anomalous occultations, in the sharply decreasing tail of the o, — o distribution, is strongly dependent
on the position of the centre of that distribution, which depends on the TEC and the peak height and
width of the n,(r) profile. Variations from the above average values of these parameters might lead to
significant numbers of anomalous occultations. The idea should not be abandoned yet.

4.4 Geographical distribution

The persistent patch of anomalous occultations in the southern hemisphere, as shown in Fig. 3.1, is
curious. It may be related to the South Atlantic Anomaly (SAA), the area where the inner Van Allen
radiation belt dips closest to the surface of the earth (e.g. [7]). But the SAA is centred further west, at
around 40° W, and in any case it is not clear that it would affect the background electron density in a
way that explains the distribution of the anomalous occultations.

Another possible explanation is that anomalous occultations are more common in ionospheric
troughs, which are circumpolar regions of the ionospheric F-layer where the night-time electron den-
sity is anomalously low (e.g. [8]). The electron density gradients in these troughs are certainly strong
enough to reverse the intrinsically positive bending. (The schematic figure in [8] suggests electron
density changes of over 300% in 350 km.) And the strong diurnal variation is shared by the anoma-
lous occultations. On the other hand, there are mid-latitude ionospheric troughs in both hemispheres,
and Fig. 3.1 shows a clear north-south asymmetry in the pattern of the anomalous occultations. And
again, it is not clear that troughs occur frequently enough to explain the ~30% anomalous occultation
rate over the Southern Indian Ocean.

Finally, it has been suggested that polar holes — night-time depletions of the ionospheric F-layer,
poleward of about 70° N or S (e.g. [1]) — may help to explain the geographical distribution of the
anomalous occultations. Polar holes have strong electron density gradients at their edges, and we
have noted that these could generate negative bending angles and therefore anomalous occultations.
There are, however, polar holes over the Arctic as well as the Antarctic. In addition, the anomalous
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occultations have persisted at a steady rate for at least 10 years (see Fig. 2.1), whereas ionospheric
polar holes are rather active features, changing location and intensity on an hourly timescale ([2]).
There would need to be enough of them to produce a steady average if polar holes were to play a
significant part in the story of the anomalous occultations.
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5 Conclusions and outlook

This report has briefly discussed the ‘anomalous’ occultations — those for which the L1 bending angle
exceeds the L2 bending angle — that are observed surprisingly often (10—-15% of the time) by the
GRAS instruments on the Metop satellites. Their distribution in space and time has been examined.
They have been shown to be more abundant than average in winter, at night and in a patch in the
southern hemisphere. In the first two cases the background electron density is smaller than usual, in
the third various localised ionospheric features may be at work.

Various explanations have been briefly discussed. The presence of horizontal electron density gra-
dients is an obvious explanation, since spherical symmetry implies strongly that the L2 bending angle
should exceed the L1 one. It is, however, difficult to see how electron density gradients, strong enough
to reverse the natural tendency towards positive bending angles, could arise frequently enough to ex-
plain the observed 10—15% abundance of anomalous occultations. The statistical distributions of the
L1 and L2 bending angles are broad enough that they overlap, so that as the electron density falls and
the two distributions converge, the degree of overlap increases and thus we observe more occulta-
tions with o exceeding . But this does not explain why we find negative ionospheric bending angles
in the first place. Failure to account for the finite electron density at the Metop satellites might explain
it, but correcting this oversight does not, in the simplest analysis, eliminate many of the anomalous
occultations. But the abundance of these is sensitive to the details of the electron density distribution.
It could be rewarding to repeat the analysis if reliable estimates of this distribution became available.

The practical importance of anomalous occultations in operational weather forecasting remains
unclear. Are they symptomatic of a fundamental bending angle observation problem, meaning that
they should be rejected from the assimilation process, or is the cause of the anomalous behaviour
successfully removed by the usual linear combination of the L1 and L2 bending angles, leaving behind
useful neutral atmosphere information? (Any effects arising from the finite electron density at the
LEO would be absent from o ¢c.) An NWP trial that tested the impact of removing the anomalous
occultations from the operational assimilation system should answer this question.

Finally, attempts have recently been made to retrieve ionospheric electron density profiles by us-
ing measurements of the difference between the L2 and L1 bending angles (e.g. [3]). As we have
seen, anomalous occultations imply negative electron densities if spherical symmetry is assumed.
They would therefore need to be screened out of any programme to assimilate such data using a
spherically symmetric forward model. On the other hand, such retrievals may shed light on the cause
of these curious occultations.
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