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Summary: We analyze sporadic E (𝐸𝑆) occurrence rates (OR) obtained from iono-
spheric GPS radio occultation measurements by the FORMOSAT-3/COSMIC constella-
tion. Maximum OR are seen at 95 – 105 km altitude. Midlatitude 𝐸𝑆 are mainly due to
wind shear in the presence of tides, and the strongest signals are the migrating diurnal
and semidiurnal components. Especially in the Southern Hemisphere, nonmigrating
components such as a diurnal westward wave 2 and a semidiurnal westward wave 1 are
also visible, especially at high latitudes. Near the equator, a strong diurnal eastward
wavenumber 3 component and a semidiurnal eastward wavenumber 2 component occur
in summer and autumn. Terdiurnal and quarterdiurnal components are weaker than the
diurnal and semidiurnal ones.

Zusammenfassung: Wir untersuchen Auftrittsraten sporadischer E-Schichten (𝐸𝑆),
die aus ionosphärischen GPS-Radiookkultationsmessungen von FORMOSAT-3 / COS-
MIC bestimmt wurden. Maximale Auftrittsraten treten in 95 – 105 km Höhe auf. 𝐸𝑆 in
mittleren Breiten sind hauptsächlich auf Windscherung durch Gezeiten zurückzuführen,
und die stärksten Signale sind eine westwärts wandernde Tages- und Halbtageskompo-
nente. Insbesondere in der Südhemisphäre sind auch nichtmigrierende Komponenten
wie eine ganztägige westwärts wandernde Welle der Wellenzahl 2 und eine halbtägige
westwärts wandernde Welle der Wellenzahl 1 sichtbar. In der Nähe des Äquators treten
im Sommer und Herbst eine starke ostwärts wandernde ganztägige Komponente der
Wellenzahl 3 und eine ostwärts wandernde halbtägige Komponente der Wellenzahl 2
auf. Dritteltägige und vierteltägige Komponenten sind schwächer als die ganz- und
halbtägigen.

1 Introduction

Sporadic E (𝐸𝑆) layers are thin clouds of accumulated ions in the lower ionosphere. They
are most frequently found during the summer season at middle latitudes (e.g., Arras et al.,
2008). 𝐸𝑆 are generally formed at heights between 90 km and 120 km. Their occurrence
can be described through the wind shear theory (Whitehead, 1961), which describes the
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interaction between the metallic ion concentration, the Earth’s magnetic field, and the
vertical shear of the neutral wind (e.g., Gong et al., 2014; Fytterer et al., 2014).
The dynamics of the lower thermosphere at time scales up to one day are mainly

influenced by solar tides, with periods of a solar day and its harmonics (e.g., Forbes,
1995). Tidal amplitudes usually maximize around or above 120 km, where they are of
the order of magnitude of the mean wind. Shorter period tidal waves often have smaller
amplitudes, so that, on a global scale, the major diurnal variability of lower thermosphere
winds is due to the diurnal tide (DT, Pancheva et al., 2002), the semidiurnal tide (SDT,
Jacobi et al., 1999; Pancheva et al., 2002), and, to a lesser degree, also to the terdiurnal tide
(TDT, Beldon et al., 2006; Liu et al., 2019). Note, however, that at higher midlatitudes
the DT wind amplitudes become small compared with SDT ones during most of the
year. Owing to its smaller amplitude, the quarterdiurnal tide (QDT) has been analyzed
less frequently in the past, but more recently has attained increasing attention (Liu et al.,
2015; Azeem et al., 2016; Jacobi et al., 2018a, 2019; Guharay et al., 2018).
Solar tides are a major source of vertical wind shear, and the tidal contribution to the

overall wind shear is frequently larger than the one of the background wind. Therefore,
tide-like structures are also expected in 𝐸𝑆 occurrence rates. Consequently, tides are
generally accepted to be the major driver of 𝐸𝑆 (Mathews, 1998), and they lead to the
downwardmoving tidal signatures in ionosonde registrations (e.g., Haldoupis et al., 2006;
Haldoupis, 2012). Analyzing GPS 𝐸𝑆 observations together with meteor radar wind
measurements at Collm (51.3°N, 13.0°E), a clear correspondence of 𝐸𝑆 and negative
wind shear maximums has been found for the SDT (Arras et al., 2009), TDT (Fytterer
et al., 2013), and QDT (Jacobi et al., 2019), but not for the DT (Jacobi and Arras, 2019).
Fytterer et al. (2014) and Jacobi et al. (2019) compared GPS 𝐸𝑆 radio occultations (RO)
and modeled wind shear. They demonstrated the similarity of the TDT and QDT in 𝐸𝑆

and wind shear on a global scale. Resende et al. (2018a) modeled the connection of 𝐸𝑆

and tides, although focusing on the equatorial region, where electric field effects become
more important than at middle latitudes.
Comparisons of 𝐸𝑆 and wind shear have frequently been performed based on local

wind measurements (Arras et al., 2009; Fytterer et al., 2013; Jacobi et al., 2019; Ja-
cobi and Arras, 2019). These observations cannot distinguish between migrating and
non-migrating tidal components. To reveal the migrating 𝐸𝑆 tidal components only,
these results were compared with 𝐸𝑆 sampled in local time at all longitudes. This ap-
proach showed good correspondence for Northern Hemisphere (NH) stations, where the
migrating tidal component is obviously dominating.
Using frequency-wavenumber analysis, it is possible to analyze also non-migrating

tidal components from global fields. Therefore, in the following, we present analyses of
migrating but also non-migrating tides seen in 𝐸𝑆 OR, which are based on FORMOSAT-
3/COSMIC GPS RO observations. We will use the following notation: The period is
represented by the letterD, S, T,Q for diurnal, semidiurnal, terdiurnal, and quarterdiurnal,
respectively. This is followed by W or E for westward or eastward, and an integer
representing the zonal wavenumber. So DW1 represents the diurnal westward migrating
tide of zonal wavenumber 1, SE2 stands for the semidiurnal eastward wavenumber 2
component, and so forth.
Note that the correspondence between the wind shear and the 𝐸𝑆 diurnal variability

is much weaker for the DT than for the SDT, TDT, and QDT. This is owing to the fact
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that a diurnal 𝐸𝑆 variation is not only due to wind shear, but also owing to background
ionization, which is much stronger during daytime. Strictly speaking, it is therefore
incorrect to interpret the diurnal 𝐸𝑆 variation as a DT signature. For a consistent
description, we nevertheless refer to the diurnal 𝐸𝑆 signature as a DT.

2 Sporadic E analysis

Wemake use of ionospheric ROmeasurements by the FORMOSAT-3/COSMIC constel-
lation, which performs observations in both the neutral and ionized atmosphere (Anthes
et al., 2008) though a constellation of six low-Earth orbiting (LEO) satellites. During
each occultation, signals of the rising or setting GPS satellites are received by a LEO
satellite. When the signals pass the atmosphere/ionosphere of the Earth, they are in-
fluenced in particular by the ionospheric electron density, which causes refraction and
degradation of the GPS waves. This effect can be utilized to obtain information about
the ionosphere. Observation of the neutral atmosphere is also possible, but this is not
the topic of this study. Detailed information on the RO technique principles is provided
by Hajj et al. (2002) and Kursinski et al. (1997).
In this study the Signal-to-Noise (SNR) profiles of the GPS L1 phase measurements

are used according to Arras and Wickert (2018). The SNR is very sensitive to vertical
variations of the electron density, and these occur within an 𝐸𝑆 layer. These vertically
localized electron density variations lead to phase fluctuations of the GPS signal, which
can be observed as changes in the received signal strength (Hajj et al., 2002). In order
to avoid influences from the different basic signal power values on the further data
analysis, every SNR profile is normalized first. In the case of the absence of ionospheric
disturbances, the SNR value is almost constant at altitudes above 35 km. The SNR
standard deviation profile is considered to be disturbed when it exceeds an empirically
found threshold of 0.2. If large standard deviation values are concentrated within a
thin layer of less than 10 km vertical extent, we assume that the respective SNR profile
includes the signature of an 𝐸𝑆 layer. The height where the SNR value deviates most
from the mean of the SNR profile is considered as the altitude of the 𝐸𝑆 layer. This has
been validated by comparisons with ionosonde 𝐸𝑆 observations. (Arras and Wickert,
2018; Resende et al., 2018b).
The following analysis is based on observations from 2007 to 2017. The number of

occultations and the number of observed 𝐸𝑆 are each binned into a 4-dimensional grid
of 5° × 10° × 1km × 1h (latitude × longitude × altitude × time), calculated within partly
overlapping boxes of 10° (latitudes, 20° (longitude), 10 km (altitude) and 1 h, respectively,
and as 3-monthly (seasonal) means. 𝐸𝑆 OR are then calculated as the number of 𝐸𝑆

divided by the number of occultations in each bin. Note that the OR of an individual bin
is set to zero if there are less than five occultations within this bin.

3 Global distribution of Sporadic E

Figure 1 shows the 2007 - 2017 mean zonal mean and seasonal mean 𝐸𝑆 OR for De-
cember–February (DJF), and June–August (JJA). The distributions are similar to those
shown by Fytterer et al. (2014); Jacobi et al. (2019) obtained from a more limited dataset.
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Figure 1: Zonal and seasonal mean 𝐸𝑆 occurrence rates in a 10 km vertical window each
for (a) DJF, (b) JJA. Data are averages over 2007 - 2017.
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Figure 2: Global distribution of JJA mean 𝐸𝑆 occurrence rates at 95 – 105 km for (a)
12 UT, (b) 16 UT, (c) 20 UT.
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Maximum OR are found at altitudes slightly between 95 km and 105 km. OR maximize
in summer, which is thought to be owing to increased meteor influx during that season
(Haldoupis et al., 2007). The summer maximum is more pronounced in the NH, which
is due to the weaker magnetic field within the South Atlantic Anomaly (e.g., Arras et al.,
2008; Chu et al., 2014; Arras and Wickert, 2018). Near the equator, 𝐸𝑆 OR are small,
owing to the horizontal magnetic field at the magnetic equator, which does not allow the
electrons to follow the vertically moving ions (e.g., Arras et al., 2008, 2010; Arras and
Wickert, 2018).
As an example of the diurnal variability of JJA mean 𝐸𝑆, Figure 2 presents latitude-

longitude sections of OR in an 10 km height window centered at 100 km, for three
different universal times differing by 4 hrs each. The data have been sampled in windows
of 10° latitude and 20° longitude. The strong summer signal is visible between 10 and
20°N, and it exhibits a clear wavenumber 2 signature at midlatitudes. This structure is
moving westward with time, and obvious is the signature of the migrating SW2. The
SW2 is also visible in the Southern Hemisphere (SH). At the equator, the semidiurnal
signal is only weakly visible.

4 Spectral distribution of tidal components

In order to analyze the tidal components in the long-term diurnal 𝐸𝑆 signal, we performed
frequency-wavenumber (f-k) analyses that have been based on gridded data that have
again been sampled in boxes of 10° times 20° in latitude and longitude, resp., and 10 km
in height. Again, we analyze results in windows centered at 100 km. Figure 3 presents
f-k spectra at 30°N, while the spectra for 30°S are shown in Figure 4.
In the NH, the main signal is due to the DW1 and SW2. In winter, OR are small
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Figure 3: Wavenumber-frequency spectra of 𝐸𝑆 OR at 30°N in the 95 – 105 km height
window for (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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Figure 4: As in Fig. 3, but at 30°S.

and only a DW1 is visible. During equinoxes, a TW3 also appears, which reflects the
seasonal cycle of the TDT with maximums in autumn/spring and winter (Jacobi et al.,
2018a; Lilienthal et al., 2018). The QW4 is weak and only visible in summer. The only
relevant non-migrating component is a SW3 signature in summer.
In the SH at 30°S, more non-migrating components show up. In addition to a winter

(JJA) SW3, there is a distinct DW2 in all seasons except for winter. The stronger non-
migrating components may be owing to the distinct non-zonal structure of overall 𝐸𝑆 OR
through the South Atlantic Anomaly.
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Figure 5: As in Fig. 3, but at the equator.
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The spectral distribution at the equator shown in Figure 5 differs from the one at
midlatitudes. The DW1 is strongest in most months, but during NH summer (JJA) and
equinoxes, a clear DE3 is visible, with amplitudes partly larger than the DW1. The DE3
is accompanied by a SE2 during these months. The SE2 is stronger than the rather weak
SW2 at the equator. There are several other non-migrating components, namely a DE1
and a SW1 in NH winter (DJF), a SE1 in JJA, and a DW2 in SON. These components
may partly be due to the non-zonal structure of the background 𝐸𝑆, especially at the
South American Anomaly. TDT and QDT signatures are weak at the equator.
The latitudinal distributions of DT and SDT spectra are shown in Figures 6 and 7.

Figure 6 also shows that in the NH the migrating DW1 dominates, in all seasons, while
in the SH there is also a DW2 as already visible in Figure 4. At the equator, the DE3 is
visible. Note that there is a strongDW1 signature at high latitudes, which is not connected
with tidal activity, but due to the action of magnetospheric electric fields (Kirkwood and
Nilsson, 2000). The SDT (Figure 7) in the NH is, as is the case with the DT, mainly due
to the migrating SW2, except for a summer SW3, which is also seen in the SH summer.
In the SH, also the non-migrating SW1 is visible during most of the year.
The latitudinal distributions of TDT and QDT spectra are shown in Figures 8 and

9. Their amplitudes are much weaker than the DT and SDT ones. For the TDT, again
the migrating TW3 dominates, but there is a considerable activity of non-migrating
components, in particular a TW2, but in some seasons and at some latitudes also a TW4,
TW1, and TE1. The QDT is more irregular. The migrating QW4 dominates in most
months, but there is also a distinct QW3, QW2, and other components.
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Figure 6: Global distribution of DT wavenumber spectra of 𝐸𝑆 OR in the 95 – 105 km
height window for (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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Figure 7: As in Fig. 6 but for the SDT.

(a)

-4 -3 -2 -1 1 2 3 4
wavenumber

-80

-60

-40

-20

0

20

40

60

80

La
tit

ud
e 

(°
)

Es OR harm. f=3 (2007-2017), 100km DJF

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

x 1/1000/10km (b)

-4 -3 -2 -1 1 2 3 4
wavenumber

-80

-60

-40

-20

0

20

40

60

80

La
tit

ud
e 

(°
)

Es OR harm. f=3 (2007-2017), 100km MAM

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

x 1/1000/10km

(c)

-4 -3 -2 -1 1 2 3 4
wavenumber

-80

-60

-40

-20

0

20

40

60

80

La
tit

ud
e 

(°
)

Es OR harm. f=3 (2007-2017), 100km JJA

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

x 1/1000/10km (d)

-4 -3 -2 -1 1 2 3 4
wavenumber

-80

-60

-40

-20

0

20

40

60

80

La
tit

ud
e 

(°
)

Es OR harm. f=3 (2007-2017), 100km SON

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

x 1/1000/10km

Figure 8: As in Fig. 6 but for the TDT.
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Figure 9: As in Fig. 6 but for the QDT.

5 Conclusions & Outlook

We analyzed 𝐸𝑆 OR obtained from ionospheric GPS RO. Maximum OR are seen at
95 – 105 km altitude. The strongest signals are due to the migrating DW1 and SW2.
Especially in the SH, non-migrating components such as a DW2 and a SW1 are also
visible, especially at higher latitudes. Near the equator, a strong DE3 and also a SE2
occur in summer and autumn. Terdiurnal and quarterdiurnal components are weaker
than the diurnal and semidiurnal ones.
Note that the amplitudes of OR oscillations, or tidal components in OR, are determined

by the tidal activity and the corresponding wind shear, but also by the background
ionization of metallic ions. The latter, in particular produces a DW1 signature, but this
is not connected with shear, as has been shown by phase comparisons by Jacobi et al.
(2018a). Furthermore, the seasonal cycle and global structure of 𝐸𝑆 amplitudes also
reflect the respective background OR, which are determined by meteor influx (Haldoupis
et al., 2007; Jacobi et al., 2013). Removing the background variability by normalizing
OR amplitudes by the OR background (e.g., Fytterer et al., 2014; Jacobi et al., 2019)
frequently leads to a stronger correspondence of the wind and 𝐸𝑆 amplitude distributions.
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