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1. Introduction
Medium scale traveling ionospheric disturbances (MSTIDs), characterized by quasi-periodic spatial variations of 
the plasma density extending from the lower F-region to the topside ionosphere, are one of the major phenomena 
taking place in the nighttime ionosphere at mid and low latitudes. Detected long ago from the induced distur-
bances on HF radio-wave propagation (Du Castel & Faynot, 1964), they have been intensively studied with the 
advent of modern ground-based and satellite observational techniques. Following a study by Behnke  (1979) 
with the Arecibo IS radar, HF-Doppler receivers, radars and satellite beacons (Jacobson et  al.,  1995; Ogawa 
et al., 1994; Shibata & Okuzawa, 1983) provided initial observations.

Over the last two decades, the complexity and importance of MSTID phenomena in the field of ionospheric 
plasma physics and its coupling with the neutral upper atmosphere aroused a large number of studies which 

Abstract Thermal ion measurements from the French Detection of Electro-Magnetic Emissions 
Transmitted from Earthquake Regions micro-satellite have been used to study the climatology of nighttime 
Medium-scale traveling ionospheric disturbances (MSTIDs) in the topside ionosphere at 650 km altitude during 
the 6 years of the satellite operation, from 2005 to 2010. This period encompasses the declining phase of solar 
cycle 23, the deep solar minimum of 2008–2009 and the early rise of solar cycle 24. MSTIDs were detected 
from the quasi-periodic variations of the density of the dominant ionospheric O + ions. Mostly present between 
∼15° and ∼40° invariant latitudes with a small number of events in equatorial regions, the MSTIDs exhibit, 
on the average, larger occurrence rates in the Southern hemisphere with a peak in the Eastern Pacific-South 
America longitude sector. The dependence of MSTID activity on solar activity appears more complex than the 
previously reported simple anti-correlation. In addition to year-to-year variations, our study has, in particular, 
put in evidence a noticeable hemispheric asymmetry in the seasonal variations during the deep solar minimum 
of 2008–2009. These statistical observations provide a remarkable observational support to the key role of 
sporadic Es layers and the conjugate mapping of the associated electric fields. Yet, improved theoretical and 
numerical models, taking into account the actual inter-hemispheric differences of the seasonal and solar activity 
variations of thermospheric and ionospheric processes, are needed for a better understanding of the highly 
complex MSTID phenomena.

Plain Language Summary Night-time Medium scale traveling ionospheric disturbances (MSTIDs) 
are quasi-periodic spatial structures of the plasma density that develop at nighttime at mid to low latitudes from 
the bottom of the F-region to the topside ionosphere. The long series of thermal ion measurements performed 
on-board the Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions satellite from 
2005 to 2010 have been used to study their climatology. Several new features of the MSTID activity and 
occurrence areas and their seasonal and yearly variations have been revealed, in particular during the deep solar 
minimum of 2008–2009. Contributing to a more accurate and detailed knowledge of the MSTID climatology, 
they provide a remarkable observational support to the key role of sporadic Es layers and the conjugate 
mapping of the associated electric fields. They also show that upgraded theoretical and numerical models, 
representative of the seasonal and solar activity dependence of thermospheric and ionospheric processes, are 
needed for a better understanding of MSTID phenomena.
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benefited from the continuous improvement of observational techniques. All-sky imagers at 630 nm, that produce 
high resolution 2D maps of 𝐴𝐴 O1 emissions from the dissociative recombination of molecular oxygen 𝐴𝐴 O

+

2
 at an 

altitude of ∼250  km directly representative of the plasma structures, have been extensively used in different 
longitude sectors: in Japan (Saito et al., 2001; Shiokawa, Ihara, Otsuka, & Ogawa, 2003), Central Pacific area 
(Duly et al., 2013), Brazil (Amorim et al., 2011) and Central America (Martinis et al., 2010). TEC measurements 
by dense networks of GPS receivers, free from meteorological and local time limitations, probe the ionosphere 
close to the maximum of the F-region at 300–350 km altitude. Thanks to elaborate processing algorithms (e.g., 
Beach et al., 1997), nearly continuously 2D maps of the ionosphere have been obtained over Japan (Saito, Fukao, 
& Miyazaki, 1998), USA (Kotake et al., 2007; Tsugawa et al., 2007) and China (Ding et al., 2011) and simulta-
neously over 6 distant sites in Japan, Europe, Eastern and Western USA, South America and Australia (Kotake 
et al., 2006). Optical and TEC observations have been combined by Saito et al. (2001) and Huang et al. (2016) 
to provide a more thorough description of the MSTID structures. Ionospheric HF radars, in particular the Super 
Darn network, brought several new observations (Frissell et al., 2014; Grocott et al., 2013; Ishida et al., 2008; 
Moffat-Griffin et  al.,  2011) and a novel observational technique, based on the analysis of phase fluctuations 
of VHF emissions from radio-sources recorded by the VLA radio-telescope, was reported by Helmboldt and 
Intema (2012).

Worldwide coverage has been allowed by low Earth Orbit (LEO) satellite observations which, due to their large 
orbital velocity, provide nearly instantaneous snapshot of the plasma density structures over several spatial wave-
lengths along the orbit track (e.g., Park et al., 2010; Shiokawa, Ihara, Otsuka, Ogawa, et al., 2003). Events charac-
terized by intensified fluctuations of electric (MEF) or magnetic fields (MMF) were identified as the signatures 
of MSTIDs by Saito et al. (1995), Saito, Iyemori, et al. (1998) and by Park et al. (2009), Park et al. (2016) from 
the CHAMP and SWARM satellite data.

As an average picture, in the Northern hemisphere MSTID fronts are elongated along a NW-SE direction and 
propagate toward SW with a low velocity of ∼50–120  m/s. Their spatial wavelengths range from ∼100 to 
∼500 km with local plasma density variations of ∼15%–30% relative to background in the topside ionosphere. 
Similar characteristics are observed in the Southern hemisphere with a symmetrical geometrical configuration 
with respect to the equator so that the Southern MSTID fronts are, on the average, elongated along the SW-NE 
direction and propagate toward NW. Inter-hemispheric studies have shown that MSTIDs often occur simultane-
ously over magnetically conjugate regions (Otsuka et al., 2004; Shiokawa et al., 2005) as also evidenced from 
satellite observations (Burke et al., 2016).

In a pioneering work Perkins (1973) showed that quasi-periodic disturbances may develop in the unstable night-
time mid-latitude F-region with an orientation close to the MSTID front orientation. However, the computed 
growth rate is far too small to account for the amplitude of the measured plasma density variations. Theoretical 
efforts to identify the processes that may yield large enough growth rates were initially performed by Kelley and 
Fukao (1991) and later completed by Garcia et al. (2000), Kelley et al. (2000) and Kelley and Makela (2001). 
These authors put in evidence the role of polarization electric fields in the development and motion of plasma 
undulations.

Subsequent theoretical and modeling studies by Tsunoda and Cosgrove (2001), Cosgrove and Tsunoda (2004), 
Tsunoda et al. (2004), Tsunoda (2006), Yokoyama et al. (2009), Yokoyama and Hysell (2010), Yokoyama (2013) 
have shown that the enhanced ionospheric conductivities and electric fields associated with sporadic Es layers 
and mapped along magnetic field lines connecting the E and F regions, may act efficiently to increase the growth 
rates and generate large amplitude MSTIDs in the F-layer. In a similar way, Yokoyama (2014) have shown that 
electrostatic coupling along the Earth's magnetic field allows electric fields present at one end of a magnetic field 
line to map to the conjugate ionosphere and offer favorable conditions for MSTIDs to develop in the conjugate 
area.

Atmospheric gravity waves (AGWs) are considered as a potential seeding mechanism: in the E-region, they 
induce wind shears that may give rise to sporadic Es layers and, in the F-region, they generate plasma irregulari-
ties that help the coupled E-F regions instabilities to develop. Most AGW arise from tropospheric or stratospheric 
sources (jet stream, cold fronts, thunderstorms, orographic waves, ocean waves etc…) and propagate upward in 
the thermosphere or deposit their energy in the mesosphere to generate secondary waves that further propagate at 
higher altitudes (Vadas and Becker, 2018, 2019; Vadas et al., 2018). Due to the major importance of propagation 
and the overall complexity of atmospheric and ionospheric processes, fully developed ionospheric disturbances 
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cannot, in general, be directly compared with local mesospheric AGW (e.g., Huang et al., 2016). Yet, an interest-
ing statistical correlation have been recently obtained by Tsuchiya et al. (2020) in a comparative study of AGW 
and MSTID wave number spectra and their seasonal and solar cycle variations. In addition, by separating dark 
band MSTIDs from periodic MSTIDs at low latitudes, Figueiredo et al. (2018) were led to distinguish two classes 
of events relying on different physical mechanisms: they concluded that events classified as periodic MSTIDs 
should arise from the F-region plasma disturbances induced by upward propagating AGW.

In this paper we report a detailed statistical study of the climatology of nighttime mid and low latitude MSTIDs 
observed in the topside ionosphere along the 650 km altitude, nearly sun synchronous orbit of DEMETER at a 
local time of 22.00 ± 0.5 hr. In the following, the term MSTID will refer to nighttime MSTIDs. This study was 
performed using mainly thermal ion measurements from the Plasma Analyzer Instrument (IAP) during the 6-year 
period of the satellite operation from 2005 to 2010. This period covers the fall of solar cycle 23 in 2005–2007 
with declining solar and magnetic activities, the deep solar minimum in 2008 and 2009 and the rise of solar 
and magnetic activities in 2010 early in the new solar cycle 24. After a brief overview of IAP and its modes of 
operation, we describe the method used to detect MSTID events and the data processing to determine their main 
characteristics. We then present the main outcomes of our study such as the geographical distribution of the 
occurrence areas, the influence of solar and magnetic activities, the seasonal and inter-annual variations of the 
events and their inter-hemispheric conjugacy. In a last section we discuss these statistical results in the light of 
current models of MSTID generation and development.

2. The DEMETER Satellite and Instrumentation
DEMETER, the first satellite in the Myriad program of the French Center National d’Etudes Spatiales (CNES), 
was primarily devoted to the search and identification of possible pre-earthquake disturbances in the ionosphere 
(Parrot, 2006). Launched from Baïkonour (Russia) on 29 June 2004 on a circular quasi-sun synchronous polar 
orbit with 98° inclination and at an initial altitude of 710 km, lowered to 650 km early in 2006, DEMETER was 
3-axis stabilized and Earth-pointing with a full set of instruments to measure the thermal ionospheric electron 
and ion populations, the DC and AC components of electric fields, the AC magnetic components of EM waves, 
and the energetic electron fluxes. The scientific payload, operated nearly continuously at magnetic latitudes 
below 60° over more than 6 years, has provided a very complete data set to monitor the mid and low latitude 
upper ionosphere on the night side of the orbit at a nearly constant local time between 21:30 and 22:30 LT. The 
scientific instruments were operated in high resolution Burst modes above seismic regions and lower resolution 
Survey modes elsewhere. The routine data processing provides the electron density 𝐴𝐴 𝐴𝐴𝑒𝑒 and temperature 𝐴𝐴 𝐴𝐴𝑒𝑒 from 
the Langmuir Probe Instrument (ISL) (Lebreton et al., 2006) with a time resolution of 1s in both modes and the 
ion densities 𝐴𝐴 𝐴𝐴𝑖𝑖 and temperature 𝐴𝐴 𝐴𝐴𝑖𝑖 from the Plasma Analyzer Instrument (IAP) (Berthelier et al., 2006) with a 
time resolution of 2.2s in Burst and 4.3 s in Survey modes. The solar and magnetic activities have been respec-
tively defined by the F10.7 index, measuring the solar flux at 10.7 cm, and the Am and aa usual global indices 
of magnetic activity.

3. Observations
Nguyen  (2015) has performed a survey of the frequently observed plasma disturbances in the nighttime mid 
and low latitude ionosphere and put in evidence 5 different classes of events among which the most frequent, 
characterized by quasi-periodic fluctuations of the O + ion density along the orbit track, has been identified as the 
signatures of MSTIDs.

Figure 1 shows, for the 2 December 2009 nighttime half-orbit 28,992_1, an example of the orbit profiles of the 
ionospheric plasma parameters (electron density Ne and temperature Te, O +, H +, He + densities) obtained from 
the routine level 1 data processing that constitute the basic data set of our study. During nighttime half-orbits, 
DEMETER travels from South to North and, within the time intervals highlighted in light blue, quasi-periodic 
variations of N(O +) are present with amplitudes that may reach large levels up to 30%–50% of the undisturbed 
level. One may notice that the measured values of Ne are often larger than those of N(O +): this difference arises 
from two instrumental effects. Non uniformity of the surface properties of the ISL Langmuir probe have consist-
ently altered the shape of the I/V characteristics, leading to 10%–15% overestimated Ne values retrieved from the 
routine processing algorithm. In addition, the DEMETER floating potential is often slightly positive, in particular 
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at low plasma densities, ranging from ∼0.3 to ∼0.7 V which prevents part of the light H + ion distribution from 
being detected by the IAP ion analyzer. Since H + ions have often densities of the same order of magnitude as 
O + ions and may even be the dominant species in the mid-latitude nighttime topside ionosphere at the 650 km 
DEMETER altitude, missing H + ions prevents a reliable measurement of the total ion density as is the case in the 
initial part of this half-orbit.

The data shown in Figure 1 are quite interesting since 3 different events have been detected. During the most 
intense one, from 02:43:35 to 02:48:30 UT at northern invariant latitudes between ∼25° and ∼35°, large amplitude 
oscillations of N(O +) from ∼3 × 10 2 ions/cm 3 to ∼1.4 × 10 3 ions/cm 3 are observed together with oscillations of 
Ne and faint (<100 K) anti-correlated Te variations. In the opposite hemisphere, an event occurs between 02:31:50 
and 02:35:20 UT, at southern invariant latitudes between ∼40° and ∼25°, with smaller amplitude oscillations of 
N(O +) and Ne and similarly anti-correlated Te variations of ∼100–150 K. In addition, a third event is observed 
between 02:37:15 and 02:41:10 UT, extending across the magnetic equator between invariant latitudes ∼−12° in 
the South and ∼+15° in the North, with 3 maxima in N(O +) and Ne yet at larger distances from each other than 
the successive maxima in the two previous events and with no detectable variations of Te.

4. MSTID Detection and Data Analysis
4.1. MSTID Detection

MSTID events have been detected by Nguyen (2015) through a visual analysis of the IAP thermal ion density 
profiles along night time orbits. Based on electron density Ne observations reported in previous studies (e.g., 
Park et al., 2010; Shiokawa, Ihara, Otsuka, Ogawa, et al., 2003), a “guiding model” of the main features of these 
events was established to allow their reliable recognition and detection. Basically, MSTIDs are recognized from 
the occurrence of quasi-periodic fluctuations of the O + ion density N(O +) superimposed on a rather continu-
ous large scale profile and lasting more than 1 min in spacecraft time that is, ∼450 km along the DEMETER 
orbit. This later criterion allows to sort out short duration ionospheric disturbances of different origin while the 

Figure 1. Nighttime half-orbit 28,992_1, 2 December 2009. Orbit profiles of electron density Ne, electron temperature Te, 
H +, He +, O + ion densities. Typical quasi-periodic variations of N(O +) and Ne are observed in 3 time intervals highlighted in 
blue at 02.31.50–02.35.20 UT, 02.37.15–02.41.10 UT and 02.43.25–02.48.30 UT.
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average duration of MSTID events ranges from ∼3 to 5 min in spacecraft time. This simple guiding model fully 
corresponds to MSTID features reported in several more recent studies for example, Kil and Paxton (2017), Lee 
et al. (2021). O + ion density data were considered for MSTID detection because the relative fluctuations of N(O +) 
are larger than those of light ion and electron densities thus allowing a more sensitive and reliable detection. 
This stems from the initiation of MSTIDs in the bottom-side ionosphere where O + is the by far the dominant ion 
species on which are set-up the plasma disturbances and also, as shown in Park et al. (2010), from the smaller O + 
scale height compared to that of light ions or Ne. Due to the ∼4 eV ram energy of O + ions, their measurement by 
the IAP analyzer are not impeded by a ≤1V positive spacecraft potential, making their orbit profiles free from 
the spacecraft potential variations.

At low latitudes, Equatorial Plasma Bubbles (EPB) are also regularly observed on data from the DEMETER 
plasma instruments IAP and the Langmuir probe ISL. Due to the 21.30–22.30 local time interval of DEMETER 
night time orbits, EPBs are in their early stage of development, with a rather moderate drop in the mean plasma 
density compared to the fully developed events after midnight. They bear some resemblances with MSTIDs, 
which may arise in part from common triggering mechanisms associated with AGW. In order to distinguish these 
two classes of events, another simple guiding model was established for the EPB based on two main features of 
the Ne and N(O +) profiles: (a) a decrease of the mean Ne and N(O +) values by at least a factor 2 compared to  the 
undisturbed level before and after the EPB, (b) a rather fast drop of Ne occurring in less than 15s spacecraft time 
at the start or end of the event or both, easily observed thanks to the 1s time resolution of Ne measurements.

The visual detection performed by Nguyen (2015) certainly required more work and longer efforts than the auto-
matic detection of MSTID's solely based on the level of Ne fluctuations often used in previous studies. However, it 
offers definite advantages for a reliable and accurate MSTID detection clearly distinguished from EPBs for which 
a data base of high interest is also obtained.

4.2. Data Processing

To perform the data analysis independently of the actually operated Burst or Survey modes the N(O +) and Ne 
densities measurements were re-sampled by a simple linear interpolation at a common time resolution of 4 s. 
From the initial visual examination of the N(O +) orbit profiles, approximate Start (T1) and End (T2) times are 
defined for each event and registered in an event database. The ensuing data processing includes 4 steps:

•  Step 1: Determination of the undisturbed base line P(t) of N(O +) that would be observed in absence of distur-
bances. To this aim, a time interval [TA,TB] encompassing the event is considered by taking into account 32 
undisturbed data points (128 s) before T1 (in the time interval [TAT1]) and 32 undisturbed data points after T2 
(in the time interval [T2TB]) to compute a weighted fit of N(O +)in the interval [TATB] based on a 7th degree 
polynomial expansion. Data points within the undisturbed intervals [TAT1] and [T2TB] are given 5 times larger 
weight than data points within [T1T2]. This method was validated on several orbits with no events to ensure 
that P(t) matches the measured N(O +) profile in the interval [TATB].

•  Step 2: Accurate determination of the actual start Td and end Tf times. The standard deviation Std of the differ-
ences between the data points and P(t) is computed over 8 data points (i.e., 32 s) that are successively moved 
forward by two points (i.e., 8 s) in order to smooth the standard deviation variations while maintaining a suffi-
cient time resolution. The average value Stdref of the Std values computed for the 8 first and 8 last intervals, 
that is, well before and after the event, is taken as a reference of the background fluctuations in the undisturbed 
ionosphere. Then, starting at the end of the last reference interval before the event, the exact Start time, Td, is 
defined as the mean time of the first segment of eight points when Std exceeds 1.5*Stdref. Similarly, the exact 
End time, Tf, is the mean time of the last segment of eight points when Std is larger than 1.5*Stdref.

•  Step 3: Normalization of the N(O +) variations. The relative differences d(t) = (N(O +)-P(t))/P(t) characterizes 
the instantaneous relative amplitude of the disturbances and allows comparing events irrespective of the actual 
mean value of N(O +) which is subject to large day-to-day, seasonal and solar cycle variations.

•  Step 4: Computation of the frequency power spectrum of the normalized differences d(t). In order to limit 
the frequency leakage due to time domain truncation, a Hanning truncation function was applied on d(t) in 
the interval [TA,TB] to get the windowed signal δ(t) before computing the FFT (Brigham, 1974). The FFT 
provides the frequency spectrum of the normalized N(O +) variations along the orbit. The lowest frequency 
range 𝐴𝐴 𝐴𝐴 ≤ 𝐴𝐴min ≈ 1.5∕ (𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑑𝑑) must be discarded since this part of the spectrum cannot be properly evalu-
ated using the simple FFT and would require a more sophisticated technique such as wavelet transform. Owing 
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to the DEMETER orbital velocity of ∼7.3 km/s, much larger than the development rate of MSTIDs and their 
own maximum propagation velocity less than ∼150 m/s (Otsuka et al., 2021), the N(O +) profile retrieved 
from DEMETER measurements provides a quasi-instantaneous image of the spatial structures of the MSTIDs 
encountered along the orbit. Therefore, the “frequencies” in the spectra can be interpreted in terms of “spatial 
periods” or “spatial wavelengths” of the ionospheric disturbances along the orbit.

4.3. Example

The three panels in Figure 2 display results from the data processing in the case of the major event in half-orbit 
28,992_1 in the time interval 02:43:35-02:48:30 (see Figure 1).

Panel (a) shows the N(O +) profile in the half-orbit, shown in blue between T1 and T2, in red in the extended 
intervals TAT1 and T2TB with the base line P(t) between TA and TB drawn in green. In the TAT1 and T2TB intervals 
of time corresponding to the undisturbed ionosphere before and after the MSTID, the base line P(t) reproduces 
nearly perfectly the measured N(O +) profile and, at the scale of the Figure, practically no differences between 
these two curves can be seen so that the measured N(O +) profile in red masks the green base line curve. The accu-
rate Start and End times, Td and Tf are indicated by arrows. Panel (b) displays a zoomed view of the measured and 
windowed N(O +) profiles during the event with the computed start (Td) and end time (Tf). Large quasi-periodic 

Figure 2. Illustration of the data processing for orbit 28,992_1. (a): Orbit profile of the O + ion density N(O +), shown in blue during the visually detected event 
duration, in red the two 128s extended periods before and after the event used to derive the base line through a fit by a 7th degree polynomial function P(t). The 
accurate start and end times, Td and Tf, determined by the method described in the text are indicated by arrows. (b): Normalized disturbance d(t) = [(N(O +) (t)-P(t)]/P(t) 
(black curve) and δ(t) normalized disturbance after windowing by a Hanning function in the extended interval [TA,TB] (red curve). (c): Frequency power spectrum of the 
windowed signal. The gray area corresponds to the frequency range below Fmin, not to be taken into account as indicated in the text.

 21699402, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030517 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Space Physics

NGUYEN ET AL.

10.1029/2022JA030517

7 of 28

variations of N(O +) are observed up to ∼50% of the background level. In panel (c) the power spectrum exhibits 
four peaks at frequencies well above the frequency range below Fmin highlighted in light gray and with similar 
FWHM of ∼0.005 Hz. At F1∼0.0109 Hz the peak power is P1∼7.510 −3 in δ 2/Hz, at F2∼0.021 Hz, P2∼3.10 −3 and 
at F3∼0.0275 Hz, P3∼2.10 −3. Even if part of the power in the second peak near 0.022 Hz may arise from the first 
harmonics of the first peak due to the sharp gradients in the large N(O +) increase at the beginning of the event, a 
detailed examination of the density profiles of panel (b) shows that the F2 and F3 peaks mainly represent the actual 
quasi-periodic variations of N(O +) close to these frequencies. The last smallest peak at F4 ∼0.04 Hz has a slightly 
wider FWHM. As seen on Figure 2 the faster quasi-periodic fluctuations responsible for the F4 peak mainly occur 
during limited time intervals [1220–1250] and [1320–1370] which may explain its slightly wider FWHM.

Most power spectra display a sequence of several peaks with decreasing amplitudes at higher frequencies simi-
lar to the example shown in Figure 2. Some events are characterized by a power spectrum with a single peak, 
implying that, in such situations, plasma oscillations develop at a rather sharply defined frequency. The main 
peak at the lowest frequency may arise from the existence of a large disturbance in the N(O +) orbit profile usually 
observed at the beginning or end of the event, possibly a remnant of the initial triggering disturbance. The follow-
ing peaks with smaller amplitudes are representative of the quasi-periodic oscillations actually observed during 
the main part of the event and related to the local ionospheric instability. Sharp gradients are often observed on 
the flanks of the large N(O +) disturbance and may reflect non-linear physical processes involved in the MSTID 
evolution and propagation. These sharp gradients generate harmonic frequencies in the power spectra but, as 
already mentioned for the power spectrum in Figure 2, the tests performed on a number of events have shown 
that these harmonics contribute for a minor part to the peaks at higher frequencies in the spectrum that are thus 
representative of actual plasma oscillations. A more extensive analysis of the power spectra and their variability 
is foreseen in a forthcoming paper.

4.4. MSTID Wavelengths and Power Spectra

Typical wavelengths of MSTIDs determined from optical observations range from 50 to 500 km over Arecibo 
(Garcia et al., 2000) and from 100 to 300 km in the Japanese sector (Shiokawa et al., 2002) while Valladares and 
Hei (2012) reported average wavelengths on the order of 450 km from TEC measurements over Peru. Altogether, 
an average range of ∼50–600  km appears statistically relevant for MSTIDs. Although noticeable differences 
may exist among individual events, ground-based observations have shown that, on the average, MSTIDs are 
elongated along a NW-SE direction and move toward SW in the Northern hemisphere with a configuration 
symmetrical with respect to the equator for events occurring in the Southern hemisphere. Since the orientations of 
MSTIDs cannot be retrieved from the N(O +) orbit profiles alone, we have assumed that, in all cases, they follow 
the average NW-SE orientation and move in the perpendicular SW direction. As illustrated by the two sketches 
in Figure  3, drawn in geographical coordinates respectively for the Northern and Southern hemispheres, the 

Figure 3. Derivation of the actual Medium-scale traveling ionospheric disturbances wavelength from the along orbit 
assuming that the propagation velocity is along the average direction, toward SW in the Northern hemisphere and NW in the 
Southern hemisphere.
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relations between the measured spatial period LD along the DEMETER orbit and the actual MSTID wavelength 
λ perpendicular to the front direction are as follows:

�∼0.6��(Northernhemisphere)and�∼0.8��(Southernhemisphere) (1)

Due to the very crude assumptions underlying these relations, we took as a realistic average estimate λ∼0.7LD 
with an uncertainty of ∼± 0.1LD. Occurrence maps presented in Section 5 show that MSTIDs are organized with 
respect to the Earth's magnetic field, thus the orientation and propagation direction of the MSTID should also 
be evaluated in a frame of reference linked to the Earth's magnetic field. In the Pacific sector, where MSTID 
occurrence maximizes, the Earth's magnetic field meridians are inclined by ∼6–7° with respect to the geographic 
equator thus the 37° angle for the Southern hemisphere in Figure 3 would be increased to ∼43° and the relation 
(Equation 1) would be λ∼0.73LD thus slightly closer to the adopted relation λ∼0.7LD.

For a spectral peak at frequency Fi, the corresponding spatial period LD along the orbit is LD(km) = 7.3/Fi(Hz) 
and the estimated MSTID wavelength λ(km) ∼ 5.1/Fi(Hz) with an uncertainty of ±0.7/Fi(Hz). Taking 600 km as 
a maximum value for the MSTID wavelengths leads to a threshold value of FL ∼0.008 ± 0.001 Hz for the lowest 
frequency peak in the spectra.

A preliminary survey of power spectra disclosed only occasional cases with a first peak at a frequency Fp < FL. 
As mentioned in the previous paragraph, this may arise (a) from a specific MSTID configuration with a very large 
disturbance at the beginning or end of the event yet showing several large enough peaks at higher frequencies 
or (b) from the erroneous detection of a Large Scale Traveling Ionospheric Disturbances (LSTID). To eliminate 
those very rare LSTID events we have applied the following criteria: an event was considered as a MSTID (a) if 
Fp ≥ FL or (b) if Fp < FL but the spectrum includes a peak at a frequency F > FL with a power at least 20% of the 
power of the first peak. It must be pointed out that only very few detected events were considered as non-MSTID 
events and rejected, which attests of the effectiveness of the visual detection procedure.

5. Main Statistical Features of MSTIDs
The main statistical features of the MSTIDs detected from the DEMETER database, such as their geographical 
distribution, dependence on solar and magnetic activity, seasonal variations, are reported in this section. A more 
detailed analysis and discussion of the inter-annual and seasonal variations is given in Section 6.

One of the main advantage of DEMETER observations stems from the 6 years long homogeneous set of measure-
ments gathered at a nearly constant altitude (710 km the first year, then 650 km) over all longitudes at magnetic 
latitudes less than 60° and, on the night side part of the orbit, at a practically constant local time of 22.00 ± 0.5 hr. 
This avoids in particular the necessity to disentangle local time from longitude and seasonal variations, often an 
issue for satellite observations. Also, and more importantly, this large database encompasses the declining phase 
of solar cycle 23, the deep solar minimum of 2008–2009 and the early rise of solar cycle 24, thus providing 
detailed insights on the influence of solar activity on MSTID seasonal variations and geographic distribution.

5.1. Quantitative Comparison of DEMETER Occurrence Rates With Previous Observations

Before discussing the main outcomes of our study, we have first ascertained our results by checking that the 
DEMETER occurrence rates are consistent with those derived from ground-based or other satellite observations 
at similar locations and time periods. To compare with optical imager observations, our data were averaged over 
an area commensurate with the imager FOV using information given by Duly et al. (2013). Optical imagers used 
for MSTID observations are typically all-sky cameras with a fisheye lens and an optics, possibly with various 
filters allowing to observe different line emissions, coupled to a Charge Coupled Device. From long duration 
observations at 15°S magnetic latitude in Brazil, Amorim et al. (2011) reported occurrence rates of 28% and 20% 
in 2007 and 2008, in good agreement with the corresponding 31% and 18% DEMETER values. Average values 
derived from the CASI imager data at Hawaii (20°N) by Duly et al. (2013) in 2007–2009 amount to ∼60%, about 
12% larger than the corresponding DEMETER values. This difference can be explained by the early evening 
DEMETER orbit while CASI operates over the entire night and MSTID activity is known (Amorim et al., 2011) 
to maximize in the 23-02 LT interval especially during periods of low solar activity. Our ∼40% occurrence rates 
over China in 2009 are larger than the 30% values deduced from TEC measurements using a cluster of GPS 
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stations in the Hubei region (29°–33°N) by Ding et al. (2011). This difference is likely explained by a higher 
efficiency of visual detection by a trained observer of distinct N(O +) undulations on DEMETER measurements 
compared to the complex processing algorithms of TEC maps with safe enough thresholds to avoid false detec-
tion and also by the possibly degraded TEC measurement when the line of sight is not parallel to wave-fronts.

DEMETER occurrence rates are generally comparable and slightly larger than those derived from KOMPSAT 
and CHAMP (Park et al., 2010, 2015). CHAMP, at 400 km altitude, is closer to the 250–300 km altitude range 
where MSTIDs start to develop, thus could be thought in a mode favorable position to detect newly formed 
MSTIDs. As mentioned just above, visual detection certainly offers a higher capability to recognize the MSTIDs 
than the automatic detection of Ne fluctuations used by Park et al. (2010). Yet, another reason may play a major 
role to explain the observed counter-intuitive difference between DEMETER and CHAMP observations. At the 
650 km altitude of DEMETER, the N(O +) scale height is smaller than the Ne scale height at CHAMP so that, as 
shown by Park et al. (2010), the relative variations of N(O +) with respect to background are larger than those of 
Ne, making therefore the recognition of weak events easier and offering a more sensitive detection of MSTIDs 
on DEMETER N(O +) data.

5.2. Average Geographic Distribution and Main Regions of Occurrence

MSTIDs are mainly observed at mid-latitudes, in accordance with the physical processes involved in their devel-
opment mainly based on the existence of structured electric fields associated with Es layers, as already mentioned 
in the Introduction. This is easily recognized on Figures 4a and 4b where are displayed the orbit segments along 
which MSTIDs were detected for 2 representative years, 2007 with the largest annual occurrence rate and 2009 
during the deep solar minimum with a smaller occurrence rate.

These Figures also show that a number of events occur at magnetic latitudes less than ∼15°, considered in earlier 
studies (Shiokawa et al., 2002) as the average low latitude boundary of MSTIDs. These observations will be 
discussed in more details in the following paragraph Section 5.3.

Maps of the average annual occurrence rates with a pixel size of 10° in longitude and 5° in latitude summarize 
the main features of the MSTID geographic distribution in each of the 6 years of DEMETER operation from 
2005 to 2010.

For a given pixel the occurrence rate is defined as the ratio between the number of orbit segments crossing this 
pixel along which an event was detected and the total number of orbit segments that cross this pixel. These maps 
extend those previously presented by Park et al. (2010) based on electron density measurements from CHAMP, 
KOMPSAT and DMSP, for shorter periods in 2000–2001 (high solar activity) and 2006–2007, and put in evidence 
new findings, in particular during the deep solar minimum when Northern MSTIDs occur more frequently than 
Southern ones. MSTIDs develop mainly over approximately conjugate areas between ∼10° and ∼45° latitudes 
in each hemisphere in accordance with several case studies reported from coordinated ground-based campaigns 
(Martinis et al., 2019; Otsuka et al., 2004; Shiokawa et al., 2005) and satellite observations (Burke et al., 2016). 
On the average MSTIDs occur more frequently in the Southern hemisphere (∼41% average occurrence rate) than 
in the Northern hemisphere (∼26%) with an average South/North ratio of ∼1.6, except in 2009 when this ratio 
falls to ∼0.9 with Northern more frequent than Southern MSTIDs. Occurrence rates reach their largest values in 
the 110°–300° longitude Southern sector from Australia to South America, in particular in 2006 and 2007, with 
localized enhancements observed in the Central Pacific area and close to South America. Specific conditions 
and/or physical processes in the ionosphere and upper atmosphere should combine in this longitude sector to 
favor the instability that allow MSTIDs to develop while they are not met over Europe and Africa. The regular 
existence of AGW generated over the Andes mountains (e.g., Hoffmann et al., 2013), ultimately propagating into 
the lower thermosphere, might be of importance for the generation of instabilities leading to the development of 
MSTIDs. In 2006–2007, enhanced occurrence rates, yet at a lower level, are also observed in the North over the 
same longitude sector, encompassing China, Japan and the Pacific Ocean while they are significantly lower over 
Europe and Africa with a clear minimum around the South Atlantic Anomaly. Due to the wide spread oceanic 
areas in the Southern hemisphere, few ground-based studies allow only a partial comparison with satellite results. 
Using GPS/TEC measurements in 1998–2001, Kotake et al. (2006) derived regional MSTID activity indices over 
6 areas in the East and West coasts of Northern America, South America, Europe, Japan and Australia, showing 
a minimum over Europe and a maximum over Japan and Australia, in good agreement with our maps. Following 
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the decrease of solar activity between 2005 and 2007, occurrence rates increase and the latitudinal extent of 
the MSTID area broadens, in particular in 2007. During the deep solar minimum of 2008 and 2009 two notice-
able differences are observed. The clear global minimum of occurrence in 2008 is opposite to the increasing 

Figure 4. 4a in 2007, 4b in 2009. Segments of orbit tracks where a Medium-scale traveling ionospheric disturbances was detected. Indicated are the Northern and 
Southern lines of 15° magnetic latitude defining the equatorial belt discussed in the text. MIN (in blue) and MIS (in green) occur only at mid-latitudes, respectively in 
the Northern and Southern hemispheres. MLN (in purple) and MLS (in yellow) extend mainly at mid-latitudes and partly within the equator belt, respectively in the 
Northern and Southern hemispheres. EQ (in black) occur only in the equatorial belt (see Section 5.3 for more detailed definitions).
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occurrence rates between 2005 and 2007 a period when the solar activity was already decreasing. This is also 
contradictory to previously published results and model predictions of more favorable ionospheric conditions for 
MSTID development during periods of low solar activity. In 2009 MSTIDs are more frequent in the Northern 
hemisphere than in the Southern hemisphere with a maximum of ∼35% over the South-Asia and Japan 130°–210° 
longitude sector. These two new findings are related to modifications of the seasonal variations which will be 
discussed in more detail in Section 6.

5.3. Low-Latitude MSTIDs

Low latitude MSTIDs have been recently reported by Figueiredo et al. (2018), and Sivakandan et al. (2019). We 
have taken advantage of the long duration of DEMETER observations and the large number of events in our data 
base, to assess the occurrence of MSTIDs at low latitudes in more detail. To this aim, as suggested by Shiokawa 
et al. (2002), we took +15° and −15° as the low magnetic latitude boundaries of the truly mid-latitude MSTIDs, 
and sorted the MSTID events among 5 categories that can be easily recognized in Figures 4a and 4b.

•  MIN and MIS occur only at mid-latitudes, external from the −15° to +15° latitude range of the so-called 
“equatorial belt.”

•  MLN and MLS extend mainly at mid-latitudes and partly within the equator belt below ∼15° latitude respec-
tively in the Northern and Southern hemispheres

•  EQ occur only in the equatorial belt at magnetic latitudes lower than 15°.

The following conclusions can be drawn:

•  Although low (<15°) invariant latitude MSTIDs are much less frequent than those present at mid-latitudes, 
there is a clear evidence that MSTIDs are observed at low latitudes, even across the magnetic equator, with 
MLS and MLN often extending to latitudes lower than ∼10°.

•  The relative annual occurrence rates of the 5 categories stay rather similar over the whole period of DEME-
TER observations 2005 to 2010 and are not affected by the varying solar activity.

•  MLS occur more frequently than MLN, as is the case of MIS versus MIN illustrated by Figure 5.
•  MLN and MLS events have wavelength and amplitudes similar to MIS and MIN events and appear as mid 

latitude MSTIDs that found proper conditions in the ionosphere and thermosphere to propagate down to low 
latitudes (Lee et al., 2008). It is generally thought that the low latitude extent of MSTIDs is limited by the 
Equatorial Ionization Anomaly (EIA) where higher plasma density and ion-neutral collision rates damp the 
ionospheric instability which triggers the MSTID development. Conditions allowing MSTIDs to propagate to 
low latitudes are encountered for weakly developed EIA as may be more often the case during solar minimum 
(Makela et al., 2010).

•  A distinct feature, clearly seen on the two maps in Figures 4a and 4b, is the existence of truly Equatorial 
Events (EQ), close to or over the magnetic equator. They usually extend only ∼7°–10° in latitude along the 
DEMETER orbit, hence over shorter distances than mid-latitude events, yet exhibiting similar characteristics 
in wavelength and amplitudes. Only sparse observations of very low latitude MSTIDs have been previously 
reported, all from optical ground-based observations: over Chili down to ∼5°S magnetic latitude by Makela 
et al. (2010), over the Malaysian peninsula ∼5° north of equator by Husin et al. (2011), at the magnetic equa-
tor (magnetic latitude ∼0.5°N) in Brazil by Paulino et al. (2016) and more recently over India down to ∼3.5° 
magnetic latitude by Sivakandan et al. (2019). The ∼3% average occurrence rate of our EQ events is similar 
to those reported by Husin et al. (2011). The origin of equatorial MSTIDs has been questioned since both 
the nearly horizontal Earth's magnetic field and the extremely seldom detection of Es layers in the equato-
rial regions make unlikely their local generation through the Es-F region coupling mechanism (Tsunoda & 
Cosgrove, 2001) effective at mid-latitudes. Nevertheless, Makela et al. (2010) and Sivakandan et al. (2019) 
ascertained the existence of electrified MSTIDs in their observations and suggested they may be initiated at 
mid-latitudes and further drift toward equatorial regions whenever they meet favorable conditions in the iono-
sphere. On the other hand, Paulino et al. (2016) concluded from their observations that MSTIDs were differ-
ent in nature and took their origin from the upwards propagation of AGW interacting with the ionospheric 
plasma but the physical processes that could account for their development and evolution have yet to be fully 
demonstrated by theoretical investigations and numerical models. Some of our EQ events extend till the 15° 
boundary and may well correspond to the events of the first type, while isolated ones with a reduced extent 
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along the orbit may belong to the second type. A more detailed investigation of the EQ events, taking into 
account additional measurements onboard DEMETER, will be subject of a future study.

5.4. Dependence on Magnetic Activity

A separate analysis (not presented here) performed separately for the MIN and MLN (respectively MIS, MLS) 
events has shown that events of both categories respond similarly to magnetic activity. We have therefore drawn 
in Figure  6, for each year from 2005 to 2010, the average curves showing the occurrence rates of Northern 
(resp. Southern) mid-latitudes MSTIDs irrespective of their low latitude extent as a function of magnetic activity. 
A similar Figure is shown for EQ events that only occur within the “equatorial belt.” Each nighttime half orbit 
was characterized by the Am index of magnetic activity in the corresponding 3-hr interval and the occurrence 
rates were averaged for 6 classes of Am indices [0–10], [10–20], [20–30], [30–40], [40–60] and [>60]. The aver-
age occurrence rate in each class is defined as the ratio between the number of orbits with an event and the total 
number of orbits in this class.

As shown by Figure 6, the MSTID occurrence follows similar trends with respect to magnetic activity in both 
hemispheres: occurrence rates maximize during very quiet periods (Am<10 nT) at ∼15%–27% in the North and 
∼20%–35% in the South depending on solar activity, then decrease regularly when magnetic activity increases, 

Figure 5. Geographical maps of the annual averages of Medium-scale traveling ionospheric disturbances occurrence rates from 2005 to 2010. Pixels: 10° in longitude, 
5° in latitude.
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down to ∼7%–15% in the North and 10%–20% in the South for very active periods with Am ≥ 50 nT. Based on 
TEC and optical observations Huang et al. (2016) found similar variations in 2013–2015 at Northern mid-latitudes 
in China, with a somewhat steeper decrease when magnetic activity increases since they did not detect any signif-
icant MSTID activity for Kp > 4. Their lower occurrence rate during disturbed periods may arise both from 
difficulties in distinguishing actual MSTID events from large TEC irregularities present during disturbed peri-
ods and from an already significant reduction of MSTID activity in 2013–2015, close to the maximum of solar 
cycle 24. Due to poor statistics the dependence of the occurrence of EQ events on magnetic activity cannot be 
accurately evaluated but it seems practically independent on magnetic activity except for a weak increase during 
very active periods (Am ≥ 50 nT). This feature may indicate that, at least, part of the EQ events arise from the 
interaction of AGW with the ionosphere: large auroral events are indeed known to be a major source of high alti-
tude AGW that propagate from the mid-latitude heated thermosphere toward equatorial regions. The anomalous 
peak observed in 2009 for a large enough magnetic activity (40<Am<60 nT) is correlated with a similar peak of 
Southern mid-latitude MSTIDs although, on the average, Northern events predominate during the same period 
as evidenced by Figure 5.

Magnetic activity is a reliable image of auroral activity which is known to be a source of AGW from the lower 
thermosphere heating by precipitating auroral particles. AGW propagate toward lower latitudes and have been 
invoked as a possible seeding mechanism for MSTIDs: the anti-correlation between MSTIDs and magnetic activ-
ity clearly shows that, in practice, this mechanism is superseded by other physical processes that counteract 
the development of MSTIDs. Two different phenomena may be suggested. First, the mid-latitude thermosphere 
heating associated with auroral events, enhances the ion-neutral collision frequency and the integrated Pedersen 
conductivity in the lower F-region, leading to a substantial decrease of the Perkins instability growth rate. In addi-
tion, large-scale electric-fields are induced in the mid-latitude nighttime ionosphere by the extension of the auro-
ral zone to lower latitudes and the intensified auroral convection: they may modify the pre-existing electric field 
patterns associated with Es layers, leading to inadequate conditions for the development of electrified MSTIDs.

The statistical anti-correlation of MSTIDs with magnetic activity may also be observed on temporal sequences as 
illustrated in Figure 7 for April 2010. The Am magnetic activity index is shown by the blue curve and MSTIDs 
are indicated by bars, red in the North, green in the South, with the height of each bar proportional to the ampli-
tude of the main peak in the frequency power spectrum above ∼0.011 Hz (see Section 4) representative of the 
amplitude of the quasi-periodic oscillations of N(O +). A CME hit the Earth on April 5 at 08.25 UT, followed 
by high speed solar wind streams flowing from a coronal hole observed by SOHO (Fathy et al., 2014; Shimeis 
et al., 2012). The Am magnetic activity index peaks at ∼60 nT on days 5 and 6, decreases to moderate values 
between 20 and 30 nT in days 10–15 and to rather small values till the end of the month except between days 
22 and 24 where Am rises again to ∼15 nT. The number and amplitude of MSTID events are much larger in the 
Southern hemisphere, illustrating the general predominance of Southern events, and maximize in the second half 
of the month with a lack of events on day 12 simultaneously with the 30 nT peak of Am on the same day and, 
similarly, a lack of events on day 15 following the rise of Am to 15 nT on day 14. In the remaining of the month, 

Figure 6. Variations of the Medium-scale traveling ionospheric disturbances occurrence rates as a function of the Am magnetic activity index shown separately for 
each of the 6 years 2005–2010, (a) Northern hemisphere events with a high magnetic latitude end >15°, (b) Southern hemisphere events with a high magnetic latitude 
end <−15°, (c) Equator events occurring at magnetic latitudes <15°.

 21699402, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030517 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Space Physics

NGUYEN ET AL.

10.1029/2022JA030517

14 of 28

as soon as the activity drops, the amplitude and number of MSTIDs increase as exemplified during days 13 and 
14 and days 16–20.

5.5. Solar Activity and MSTID Occurrence

The anti-correlation between solar activity and MSTIDs has long been reported (e.g., Candido et al., 2008; Kotake 
et al., 2007; Shiokawa, Ihara, Otsuka, & Ogawa, 2003) and shown in more details by a recent study focused on 
the Japan longitude sector (Otsuka et al., 2021). Since the solar cycle variations of magnetic and solar activities 
are correlated and magnetic activity has a significant influence on MSTID occurrence rates, evaluating the influ-
ence of solar activity proper asks to disentangle the influence of magnetic activity from that of solar activity. 
To this aim, we have plotted the MSTID occurrence rates separately for 3 categories corresponding to (a) low 
(Am ≤ 20 nT), (b) moderate and high (Am > 20 nT) magnetic activity and (c) for all levels of magnetic activity. 
The annual occurrence rates of the Northern, Southern and low latitude EQ events have been plotted, from 2005 
to 2010, in the corresponding Figures 8a–8c. Also plotted in Figure 8c are the “total” annual occurrence rates 
(Northern + Southern + EQ events) and the ratio of the Southern to Northern events. The annually averaged 
values of the solar flux index F10.7 are shown in a separate plot below Figure 8c.

For a given range of Am values, the Northern annual occurrence rate is defined as the ratio between the number 
of night half-orbits for which a MSTID (MIN + MLN) was detected in the Northern hemisphere and the number 
of night half-orbits in the corresponding year in the same range of Am values. The same definition holds for the 
Southern (MIS + MLS), EQ and the “total” annual occurrence rates. During the end of solar cycle 23, F10.7 
decreases from 93 to 73 SFU from 2005 to 2007, then falls to very low values of 69.7 and 70.3 SFU in the 2008 
and 2009 deep solar minimum, and rises again to 80 SFU in 2010 at the start of the new solar cycle 24. Figure 8 
shows rather similar year to year variations of occurrence rates with no major influence of magnetic activity 
which, therefore, does not appear to induce any statistically significant bias in the observed variations of occur-
rence related to solar activity. The overall features observed in the 2005–2010 period may thus be considered as 
truly representative of the effect of solar activity proper. Three periods can be distinguished.

2005–2007: During the declining phase of solar cycle 23 with F10.7 decreasing from 92 to 73 SFU, the total occur-
rence rate increases from ∼65% to 85% with some differences between the two hemispheres: in the North a regu-
lar increase (∼20%–35%), nearly independent of magnetic activity, in the South an overall increase (∼37%–53%) 
but only a minor variation at low magnetic activity with a 2006 maximum even slightly above the 2007 value. In 
equatorial regions a nearly constant level (∼3–4%) with no obvious influence of solar activity. These results are 
in agreement with the above mentioned papers and with results of Park et al. (2010) based on CHAMP plasma 
data who showed an increase in the MSTID occurrence rates from ∼15% to 17% in the 2000–2001 solar maxi-
mum to ∼25%–27% at moderate solar activities in 2006–2007. Increased occurrence rates may arise from the 
shrinkage of the mid and low-latitude thermosphere and the lower plasma density in the F-region resulted from 
the steady decline of solar activity: these two parameters combine to decrease the integrated average ion-neutral 
collision frequency <νin> and amplify the maximum growth rate γmax of the ionosphere instability helping the 
development of MSTIDs Perkins (1973)

𝛾𝛾max ∼ 3.10−4 < 𝜈𝜈in>
−1
.
[

sin2 𝐷𝐷.sin2(𝜃𝜃∕2)∕ cos 𝜃𝜃
]

𝑠𝑠
−1 

Figure 7. A real-time evidence of the effect of magnetic activity on the occurrence of Medium-Scale Traveling Ionospheric 
Disturbances during April 2010: few events during the disturbed first 15 days, a large number of events during the quieter last 
15 days.
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2008–2009: During the deep solar minimum with F10.7 values of 69.7 and 70.5, opposite variations are observed 
with first a sharp drop of occurrence rates in 2008 (−20% in the North and −28% in the South) followed by a rise 
in 2009 only in the North (∼+30%) slightly above the Southern values maintained at their 2008 level. Interest-
ingly, one may notice that two ground-based observations also reported similar variations: event rates measured 
over Brazil rise between 2005 and 2007 and drop sharply by ∼25% in 2008 (Amorim et al. (2011), their Figure 5) 
and event rates in the Northern Central Pacific zone rise between 2006 and 2007 and fall by ∼8% in 2008 (Duly 
et al. (2013), their Figure 3). In 2009 the average DEMETER occurrence rates rise by ∼9% due to the increase 
of Northern MSTIDs alone since the Southern occurrence rates stay equivalent to their 2008 level. There are no 

Figure 8. An overview of the Medium-Scale Traveling Ionospheric Disturbance (MSTID) occurrence variations as a 
function of solar activity, distinguishing two levels of magnetic activity, quiet (Am < 20) (a) and active (Am > 20) (b). The 
similarity between the two cases, allows to ascribe the year to year variations summarized in (c) (drawn for all levels of 
magnetic activity) to solar activity alone. The secondary maximum of occurrence of Northern MSTIDs in 2009 is associated 
with seasonal variation as shown in Section 6.
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2009 data in Amorim et al. (2011) but, according to Duly et al. (2013) the rise in the 2009 occurrence rate is 
∼10–15%, thus similar to DEMETER. 2009 differs from 2008 by a very minor increase of solar activity of ∼1.8 
SFU but a sizable drop of magnetic activity from aa = 14 to aa = 8 making 2009 the quietest year in the last 
century (Zerbo et al., 2012). Owing to the very low auroral activity and minor increase of solar activity, condi-
tions in the thermosphere should not have varied significantly compared to those prevailing in 2008 as shown 
in Solomon et al. (2013) and, from Figure 6, only a very faint increase of the annual occurrence rate could only 
be expected. This is in agreement with the stability of the Southern occurrence rate but opposite to the sizable 
increase of the Northern occurrence rates.

2010: In the beginning of solar cycle 24, solar activity rises rapidly to a level comparable to the average level 
between 2005 and 2007. Southern occurrence rates get back to their average level prior to solar minimum but 
Northern occurrence rates drop to a low value of ∼10% in local summer (see Figure 9). A similar but much 
weaker trend was reported by Duly et al. (2013) from ground-based observations with a drop of 15% of occur-
rence rates between 2009 (67%) and 2010 (52%).

To summarize, while the general anti-correlation of MSTID occurrence with solar activity found by a number of 
early studies is confirmed between 2005 and 2007, a striking opposite evolution is observed at solar minimum 
with a sharp drop of the overall occurrence of MSTIDs in 2008 in spite of a very low F10.7 value, and a partial 
recovery in 2009 to a level yet lower than in 2007. In 2010, the occurrence of Southern events gets back to a 
level close to 2009 while Northern events drop to their smallest occurrence rate over the whole 6 year period. 

Figure 9. Monthly averages of Medium-scale traveling ionospheric disturbances occurrence rates from 2005 to 2010 with the corresponding averages of Am, F10.7 
and SSN indices. Summer solstice months are highlighted in yellow for the Northern hemisphere, in blue for the Southern hemisphere.
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The anomalous behavior during solar minimum already noticed in Figure 5 will be discussed in detail in the next 
section.

6. Solar Activity, Inter-Annual and Seasonal Variations of MSTID Occurrence
Statistical results displayed in Section 5 point to a more complex influence of solar activity on MSTID occur-
rence and their inter-hemispheric distribution than expected from previous studies, in particular during the deep 
solar minimum between solar cycles 23 and 24. In addition, satellite observations (Park et al., 2010), although 
obtained over periods of less variable solar activity, have shown that seasonal variations and geographic distri-
bution of MSTIDs appear intricately coupled with the effects of solar activity. To proceed further in the analysis 
of the MSTID climatology, a combined analysis of inter-annual and seasonal variations of the Northern and 
Southern  MSTID occurrence rates was performed and first illustrated in Figure 9 where have been plotted the 
monthly averages of the Northern and Southern occurrence rates and the corresponding monthly averages of the 
Am magnetic activity index, solar flux F10 7 and SSN solar activity index.

The upper plot clearly put in evidence seasonal peaks of occurrence around June and December summer solstices 
often with remarkable year to year differences in extent and amplitudes between the two hemispheres. To help 
visualize these features, we have highlighted respectively in light yellow and light blue the periods corresponding 
to these seasonal peaks of MSTID activity. The yellow ones, around the June solstice, extend generally from May 
to August thus shifted by ∼1–2 months later than the solstice itself. The blue ones, around the December solstice, 
are shorter, generally extending from December to February, yet revealing the same tendency to be shifted later 
than the solstice. These consistent shifts suggest a “time constant” of the order of a month or two in evolution 
around solstices of the ionospheric and atmospheric parameters which control the development of MSTIDs.

A closer examination of Figure  9 helps to pinpoint several distinct features of the coupled inter-annual and 
seasonal variations. During the 2005-2007 declining phase of solar cycle 23, the worldwide MSTID activity 
is clearly dominated by Southern events with peaks of occurrence extending over several months around June 
solstices. Even if Northern occurrence rates also increase around June solstice, they stay at a lower level than the 
Southern ones, which accounts for the predominance of the annual average rate of Southern events. In 2005 and 
2006, close to December solstices, shorter secondary maxima of occurrence are observed with similar amplitudes 
in both hemispheres. A noticeable evolution is observed in 2007 which looks as a transition year prior to the deep 
solar minimum of 2008–2009. The 2007 Southern peak of occurrence in June is slightly reduced but extends 
widely on both sides toward the neighbor December solstices while the Northern occurrence rates increase and, 
even if smaller than the Southern ones, display monthly variations rather similar to that of the Southern events. 
The deep solar minimum in 2008 and 2009 marks a striking evolution of the MSTID monthly variations: opposite 
to previous years, Southern occurrence rates strongly decrease between the March and September equinoxes and 
show a deep minimum around June solstice while the Northern occurrence rates maximize in the same period. 
Peaks of occurrence are still observed around the December solstice with rather similar amplitudes in both hemi-
spheres. The very low Southern occurrence rates around June solstice together with the simultaneous high North-
ern peak of occurrence account for the overall predominance of Northern events in 2009. In 2010 with the initial 
rise of solar activity early in solar cycle 24, monthly variations of the Southern occurrence rates are back to those 
observed in 2005 and 2006 with a strong peak around June solstice. Even if showing a peak correlated with the 
Southern peak, the June solstice Northern occurrence rates stay at a much lower level than in 2005 and 2006.

Taking into account these results a detailed analysis of the MSTID geographic distribution at solstices and equi-
noxes was performed by sorting the observations among three periods:

•  Period 1 (2005, 2006, 2010) is characterized by a moderate solar activity (80  <  F10.7  <  92.3), marked 
seasonal variations of MSTID occurrence in both hemispheres and a significant predominance of Southern 
events with an average annual South/North event ratio of 1.6.

•  Period 2 (2007) a transition year prior to the deep solar minimum with a lower solar activity (F10.7 = 73.1), 
high MSTID occurrence, smoother seasonal variations and a lower South/North event ratio of 1.3.

•  Period 3 (2008, 2009), the deep solar minimum with a very low solar activity (68.7 < F10.7 < 70.5), charac-
terized by a striking change in seasonal variations with the disappearance of the Southern peak of occurrence 
around June solstice and a resulting lower South/North event ratio of ∼1.15 in 2008 and even ∼0.9 in 2009, 
the only year when more MSTIDs were observed in the Northern hemisphere.
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Considering the extents and delays of the occurrence peaks with respect to the solstice and equinox revealed by 
Figure 9, the solstice and equinox “seasons” were defined as follows:

“June solstice”: months 5,6,7,8, “December solstice”: months 11,12,1,2
“March equinox”: months 2,3,4,5, “September equinox”: months 8,9,10,11

Presented in Figures 10 and 11 are the MSTID geographic distribution maps corresponding to the 4 solstice and 
equinox seasons with separate maps drawn for the 3 periods. These maps are organized by pixels 10° in longitude 
and 5° in latitude and in each pixel, the occurrence rate is defined as the ratio between the number of orbits with 
an event recorded in this pixel to the total number of orbits crossing this pixel during the interval of time corre-
sponding to the map.

6.1. MSTID Occurrence Rates at June Solstices (Figures 10a–10c)

The first obvious feature, common to the 3 periods is the striking difference between the Northern and Southern 
MSTID areas: in the Northern hemisphere the MSTID areas are bounded by a set of line segments at constant 
geographic latitudes, close to ∼20° and ∼40°, indicated as white lines while Southern boundaries display large 

Figure 10. Seasonal geographical maps of Medium-scale traveling ionospheric disturbances (MSTID) occurrence rates at solstices shown separately for the 3 periods 
indicated in the text: [2005, 2006, 2010] with moderate solar activity, [2007] the transition year before the deep solar minimum and [2008, 2009] the deep solar 
minimum. The solid white lines indicate the boundaries of the MSTID areas of occurrence in the hemisphere where the Es layers are observed, North in June, South 
in December. The dotted white lines, in the opposite hemisphere, are the magnetic conjugates of these boundaries. The yellow line shows the position of the magnetic 
equator at the 650 km altitude of Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions.
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variations in geographic latitude as a function of longitude. Northern MSTIDs occur less frequently in 2005 and 
2010 (see Figure 9) leading to the lower average occurrence rates in Period 1 (Figure 10a). The 2007 MSTID area 
extends to lower latitudes of ∼15° at longitudes [−120°, −40°]. The constant geographic latitudes of the Northern 
boundaries bear a remarkable similarity with the geographic distribution of Es layers averaged from December 
2006 to January 2014 shown in Figure 5 of Yu et al. (2019). Following previous works by Wickert et al. (2004) 
and Wu et al. (2005), these authors have used the scintillations of the GPS signals received onboard the COSMIC 
satellite between December 2006 and January 2014 to detect the presence of Es layers at ∼100 km altitude along 
the propagation path of the GPS signal. A similar work was also performed by Arras et al. (2008). As shown 
by Figures 3 and 5d of Yu et al. (2019), Es layers develop at Northern mid latitudes during a 4–5 month period 
around June solstice within an area bounded by lines at nearly constant latitudes of ∼24° and 50° in the longitude 
sector [−15°, 180°]. In this longitude sector, the MSTID boundaries projected along the Earth's magnetic field 
lines to an altitude of 100 km, are located at latitudes 28° ± 2°and 43° ± 2° exactly in the center of the Es area. 
At longitudes less than −15° the latitudes of the Es area boundaries decrease nearly linearly with longitudes 
by about 10° to reach ∼14° and ∼40° at ∼−70° longitude. A similar quasi linear variation of the boundaries is 
observed between −180° and −140° longitudes. Es layers are significantly less frequent in the longitude sector 
[−70°–140°] as is the case in all 3 periods for Northern MSTIDs at June solstice that also maximize at latitudes 
lower by ∼5° than in other longitude sectors. The remarkable coincidence between the geographic distribution of 
MSTIDs and Es layers fully supports the “electrified MSTID” model proposed by Tsunoda and Cosgrove (2001) 

Figure 11. At Equinoxes, the less frequent Medium-scale traveling ionospheric disturbances are spread over the two hemispheres. The boundaries of the main areas of 
occurrence have been drawn as white solid lines in the Southern hemisphere where higher occurrence rates are observed. Their conjugates in the Northern hemisphere 
are shown as dotted white lines.
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and Tsunoda (2006). In this model, the structured electric fields associated with the Es layers at ∼100 km altitude 
couple along Earth's magnetic field lines to the plasma in the F-region at 250 km altitude and play a key role 
to enhance the growth rate of the ionospheric instability and allow large amplitude MSTIDs to develop. This 
process accounts for the high occurrence and amplitudes of the observed MSTIDs. Based on outcomes of the 
SD-WACCM general circulation model, Yu et al. (2019) have also put in evidence a close correlation between the 
geographic distribution of Es layers and the areas where the divergence of the ion velocity along magnetic field 
lines maximize during Northern summer in the altitude range 97–114 km. This area is located between constant 
latitudes of ∼30° and ∼60° in the Northern hemisphere, thus connected to the MSTID area. Even if they maxi-
mize in the collisional lower ionosphere, these disturbances extends to higher altitudes. Considering their close 
coincidence with the MSTID area and their impact on the dynamics of the upper ionosphere, they may also play 
a role in the MSTID development that should be considered by theoretical and numerical models.

The Southern magnetic conjugates of the Northern boundaries have been shown by white dots and superpose 
nearly perfectly with the observed boundaries of the Southern MSTID area in Periods 1 and 2 (Figures 10a and 10b) 
bringing a remarkable observational validation of the Yokoyama (2014) model of inter-hemispheric conjugacy 
of electrified MSTIDs. During Northern summer, no Southern Es layers are observed (Arras et al., 2008; Yu 
et al., 2019) and the mapping of Northern electric fields to the Southern conjugate regions only provide the proper 
conditions for the development of local electrified MSTIDs. During the deep solar minimum of 2008–2009 
(Period 3, Figure 10c), the occurrence rates of Southern MSTIDs fall to very low values and concentrate over 
a reduced zone around the center of the conjugate area of the Northern MSTIDs. This region corresponds to 
the maximum occurrence of the Northern Es layers again showing the key role played by structured electric 
fields mapped from the Es area to its conjugate. On the other hand, Figures 10a and 10b shows that the highest 
occurrence rate areas in opposite hemispheres are not always magnetically conjugated. As an example, in 2007, 
the occurrence in the North at longitudes [−180°, −140°] is larger than in the conjugate Southern sector while 
a reverse situation occurs with high occurrence in the South at longitudes [−140°, −60°] and significantly less 
events observed over Northern conjugated longitudes. Differences between the upper atmosphere and ionosphere 
over conjugated longitude sectors likely result in differences in the growth rates of MSTIDs and their dynamics. 
An obvious difference arises from the opposite seasonal variations imposed on conjugated upper atmosphere and 
ionosphere. Additional and likely more important differences arise from the differences between the geographic 
latitudes of conjugate areas. As an example at longitudes [−140°, −60°] Southern MSTIDs occur at geographic 
latitudes significantly higher (by ∼10°–15°) than the conjugates Northern latitudes. Finally, AGW, which have 
been advocated as an efficient seeding process of MSTIDs, may occur much more frequently in some longitude 
sectors of a given hemisphere, thus possibly increasing the local MSTID occurrence rates.

Obvious in Figures 9 and 10c, the major feature of the MSTID climatology is the nearly disappearance of South-
ern events around June solstice during the 2008–2009 deep solar minimum (Period 3) while Northern large 
summer peaks of occurrence are still observed, even amplified in 2009 with respect to the 2007 and 2008 values. 
Monthly Southern occurrence rates fall to extremely low values of ∼5% in July and August 2008 and ∼10% in 
August 2009. Averaged over 4 months around June solstice (May–August), the South/North event ratio falls 
abruptly from ∼1.35 in 2007 to ∼0.5 in 2008 and ∼0.4 in 2009, the only year in the 2005–2010 period with an 
annually averaged occurrence rate lower in the South than in the North. The Northern Es time series in Figure 3 of 
Yu et al. (2019) do show in 2008 and 2009 the usual 4–5 month period of occurrence with similar characteristics 
as in other years and no variation linked to solar activity. In 2009 the observed slight enhancements of the S4max 
index denote an increased number and/or larger amplitudes of Es layers and which may account for the higher 
occurrence of Northern MSTIDs, up to 40%, the largest level among the 6 years of the DEMETER database, with 
most events detected over South-East Asia, China and Japan and moderate occurrence rates extending toward 
Eastern Europe.

The drastic drop of Southern MSTIDs around June solstice in 2008–2009 should result from substantial modifi-
cations of the processes involved in their generation and development, in particular (a) the mapping of the North-
ern Es electric fields to the conjugate Southern hemisphere and (b) the effectiveness of the ionospheric instability 
that controls the growth of MSTIDs in the Southern hemisphere.

The inter-hemispheric mapping of electric fields depends on two main factors. The first one is the spatial struc-
ture and orientation of the Northern Es electric fields: it is known (e.g., Park, 1979) that electric fields with 
shorter spatial scale lengths maps less efficiently to the conjugate region. A preliminary investigation of the 
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DEMETER data did not show major changes of the spatial wavelengths of MSTIDs in 2008–2009 but a more 
thorough analysis of the whole set of measurements available from DEMETER is needed and will be presented in 
a subsequent report. The second factor is the dependence of the mapping process upon ionospheric conductivity 
profiles at both ends of the magnetic field lines. The well documented seasonal inter-hemispheric differences 
in the ionosphere mainly arise from the differences between the dominant photochemical production and loss 
processes and between thermospheric winds. They may be amplified during the deep solar minimum, especially 
during the Southern winter hemisphere with larger differences in the conductivity profiles thus on the mapping 
of electric fields. A less efficient electric field mapping would result in a similar decline of the Southern MSTID 
occurrence. A more detailed modeling of the seasonal variations of the conjugate mapping of electric fields is 
needed to ascertain its possible impact on the seasonal inter-hemispheric differences of MSTID occurrence.

The actual growth rate of the ionospheric instability also plays a major role in the rise and development of 
MSTIDs, thus on the occurrence of Southern MSTIDs. It depends on the altitude profiles of the local ionospheric 
conductivities directly related to the characteristics of the neutral atmosphere and ionosphere. The electrified 
MSTID model, complemented by the inter-hemispheric mapping of electric fields, works well for standard condi-
tions of the upper atmosphere and ionosphere, as shown by Yokoyama (2014). However, it may lose efficiency for 
notably different conditions such as those met in the Southern winter ionosphere during the 2008–2009 deep solar 
minimum. Modeling efforts are thus needed to quantitatively ascertain the impact of the substantial solar mini-
mum shrinkage of both the upper neutral atmosphere and ionosphere reported by Araujo-Pradere et al. (2011), 
Nanan et al. (2012), Balan et al. (2013) and Solomon et al. (2013). In addition to the plasma density and compo-
sition in the lower ionosphere, thermospheric winds and wind shears that control in part the occurrence and 
propagation of AGW have also a noteworthy effect on the triggering of MSTIDs and their dynamics, in particular 
for conjugate events (Narayanan et al., 2018). The sizable evolution of thermospheric winds at low solar activity 
(e.g., Drob et al., 2015) may impact the MSTID growth rates and lower them in the Southern region conjugate 
to the area of Northern events. This would lead to the weakening and even disappearance of Southern MSTIDs. 
Global modeling studies are indeed needed to help in a better understanding of the effect of seasonal variations 
on the MSTID hemispheric asymmetry. Before ending this section, one may also mention that worldwide, cycli-
cal meteorological phenomena have a sizable impact on the lower atmosphere by modifying the wind regime 
and orographic gravity wave activity. These events vary in intensity from year to year as with a similar variable 
impact on the lower atmosphere and on the forcing of the ionosphere from below which is thought to be a likely 
mechanism to trigger MSTIDs. Thus year to year variations in the occurrence of MSTIDs may, in part, reflect the 
year to year variations of meteorological conditions.

6.2. MSTID Occurrence Rates at December Solstices (Figures 10d–10f)

At December solstices, MSTIDs occur less frequently and their geographic distribution displays both similar-
ities and differences with the distribution observed at June solstice. As Northern MSTIDs in June, Southern 
MSTIDs in December are detected in an area with boundaries organized along geographic coordinates: as shown 
in Figures  10d–10f the latitudes of the boundaries decrease slowly and nearly linearly with longitude in the 
longitude sector [−180°,−40°] with an opposite variation in the longitude sector [−40°,20°]. On the contrary 
the boundaries of the MSTID area in the opposite hemisphere are characterized by highly varying latitudes as a 
function of longitude. The underlying physical processes are similar to those already discussed for June solstice: 
around December solstice satellite observations point out the existence of Es layers at ∼100 km altitude over 
Southern mid-latitudes and local electrified MSTIDs develop from the coupling between the slightly unstable 
plasma in the F region and the structured electric fields associated with these Es layers. In December, Southern 
Es occur during a shorter period (∼2–3 months) than the Northern Es in June and the values of the S4max index, 
lower than those in June in the North (see Figure 2 of Yu et al., 2019), are indicative of fewer and/or less intense 
Es layers in accordance with the overall lower occurrence of Southern MSTIDs around December solstice. The 
Es area boundaries taken from Figure 6b of Yu et al. (2019), are close and parallel to the Southern MSTID area 
boundaries. Alike Northern MSTIDs at June solstice, Southern MSTIDs at December solstice develop along 
magnetic field lines issued from the Es area. The Northern conjugates of the MSTID Southern boundaries, shown 
as white dots on Figures 10d–10f closely correspond to the boundaries of the observed Northern MSTID area, 
reproducing an inter-hemispheric pattern of MSTID distribution symmetrical to what happens at June solstice, 
again in full agreement with the conjugate electrified MSTID model of Yokoyama (2014).
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A few noticeable features can be observed in Figures 10d–10f. In all 3 periods, Southern MSTIDs maximize at 
longitudes from ∼110° to 180° and −180° to −50° but are very scarce between ∼−30° and ∼120° longitudes. 
The conjugate events in the North display a similar longitudinal distribution with a maximum of occurrence in the 
longitude sector [−130°,−60°] where the MSTID area is located at the lowest geographic latitudes of ∼10°–∼20°. 
Specific favorable conditions in the neutral upper atmosphere and ionosphere for the instability to develop may 
be encountered at such low geographic latitudes in the winter Northern hemisphere. A major difference between 
the June and December solstices lies in the year to year evolution of the South/North event ratio which will be 
discussed at the end of Section 6.

6.3. MSTID Occurrence Rates at Equinoxes: March (Figures 11a–11c) and September (Figures 11d–11f)

As shown by statistical results from Yu et al. (2019) and Li et al. (2020) the occurrence and geographic distribu-
tion of Es layers around equinoxes looks like a fuzzy transition between the very clear maxima of occurrence at 
solstices in opposite hemispheres. Es layers are significantly less frequent, with occurrence rates between 30% 
and 40% of those at solstices and, as an average picture, in March they migrate from Southern to Northern mid 
latitudes maximizing, on the average, at low latitudes of 10°–20° while a symmetric migration, from Northern 
to Southern mid latitudes, happens in September. These features explain quite well the lower occurrence rates of 
MSTIDs at both equinoxes, about ∼50%–25% compared to those at solstices. As seen in Figures 11a–11c around 
March, Southern MSTIDs clearly predominate over Northern events in all three periods, thus independently of 
solar activity. A similar dissymmetry is observed in Figure 11d around September for years with a moderate 
solar activity (period 1), less marked in 2007 (Figure 11e) and nearly vanishing during the deep solar minimum 
of 2008–2009 (Figure 11f). As at solstices, MSTIDs maximize from ∼100° to ∼−40° longitudes from Australia 
to South America in the Southern hemisphere and from Eastern Asia to Northern America in the North with 
weak local Northern and Southern maxima occurring along conjugated longitude sectors. The Southern MSTID 
boundaries (thick white lines) have been mapped to their Northern magnetic conjugates (white dotted contours), 
showing that MSTIDs do occur within conjugate areas in opposite hemispheres again in full agreement with the 
Yokoyama model of conjugated electrified MSTIDs.

Two detailed features of interest may be noticed. In March 2007, the unusual increase of Southern MSTIDs 
is associated with a similar uncommon extent of the local summer Es layers till March in the Es maps of Yu 
et al.  (2019), providing additional support to the prominent role of Es layers in the development of MSTIDs. 
In September 2008–2009, at longitudes from −140° to −50°, Southern MSTIDs extend to very low magnetic 
latitudes slightly less than 5°, indicating that favorable ionospheric conditions are encountered even close to 
magnetic equator. On the contrary, the corresponding Northern MSTIDs only occur at magnetic latitude above 
∼15° reflecting a significant asymmetry between the Northern and Southern ionospheres in this longitude sector 
during very low solar activity.

6.4. Inter-Hemispheric Differences and Their Seasonal and Solar Activity Dependence

The Northern and Southern MSTID occurrence rates display a complex interplay of solar activity and seasonal 
variations. To disentangle these two effects, we have drawn in Figure 12, separately for the solstices and equi-
noxes, the annual variations of the Northern and Southern MSTID occurrence rates and the South/North ratio 
in the period 2005–2010. As already shown in Figure 8, the F10.7 solar flux index decreases from ∼90 to ∼70 
between 2005 and the deep solar minimum in 2008–2009 and rises again in 2010 to the same value of ∼80 as in 
2006.

Southern MSTIDs are more frequent than Northern MSTIDs in all seasons except at June solstices during the 
deep solar minimum of 2008–2009 but the annual variations of the seasonally averaged occurrence rates display 
distinct features for each season.

At June solstices, Northern occurrence rates show a rather regular increase from 2005 to 2009 before a sharp 
drop in 2010, while the high Southern rates of ∼35% between 2005 and 2007 with a moderate maximum in 2006, 
fall drastically at solar minimum to increase again in 2010 to the same value as in 2007. The strongly opposite 
variations of Northern and Southern MSTIDs in 2008 and 2009 might be interpreted as a consequence of large 
inter-hemispheric differences in the thermosphere and ionosphere during the deep solar minimum. MSTID activ-
ity would be favored in the Northern summer hemisphere but impeded in the Southern winter hemisphere. As 
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already mentioned, both a less efficient mapping of Northern electric fields to the Southern hemisphere and/or a 
lower growth rate of the ionospheric instability in the winter ionosphere may lead to such a situation. However, 
the South/North ratio (S/N) decreases regularly between 2005 and 2009, from ∼2.7 in 2005 to ∼0.5 and ∼0.4 in 
2008 and 2009. This remarkably regular trend over 5 years seems more consistent with a long term effect of the 
declining solar activity on the inter-hemispheric differences of MSTID activity. In 2010, the solar activity is back 
to its 2006–2007 level as well as the Southern MSTID occurrence rates. One would thus expect that Northern 
occurrence rates would stay close to their ∼23% 2006–2007 level while they fall to a surprisingly low value of 
∼8%, leading to a large S/N value of ∼3.4. At June solstice, the development of Southern MSTIDs rely on the 
existence of local electric fields mapped from those associated with Northern Es layers: the similarity of Southern 
occurrence rates with those in 2006 suggests that the 2010 “electric field” conditions are similar as in 2006. The 
abnormally low Northern occurrence rates might therefore be linked to a significant modification of the condi-
tions in the Northern ionosphere that control the generation and development of the local MSTIDs. As mentioned 
in Section 6.1, unusual meteorological conditions and their consequences on the forcing of the ionosphere from 
below may play a significant role in such anomalous effects.

Contrary to June solstices, December solstices are characterized by practically constant Northern and Southern 
occurrence rates of respectively ∼20% and 27% between 2005 and 2009. Due to the end of DEMETER operation 
early in December 2010, it was not possible to determine the exact value of the 2010 occurrence rates. However, 
from the November and early December data, it was concluded that the occurrence rates for the 2010 December 
solstice should also stay similar to those in the previous 5 years. Thus, opposite to what happens at June solstices, 
solar activity does not play a significant role in the worldwide MSTID activity during December solstices and, 
in addition, the absence of any “anomalous” year to year variation must be noticed. Further studies, based, in 
particular, on improved numerical models including the actual ionospheric seasonal variations, are needed to 
understand the surprising opposite behavior of MSTID activity at June and December solstices.

Figure 12. Northern (black) and Southern (blue) average occurrence rates and the ratio of Southern to Northern occurrence 
(red) rates from 2005 to 2010 shown separately in panels (a and b) for the June and December solstices, and in panels (c and 
d) for the March and September equinoxes.
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At both equinoxes, Northern and Southern occurrence rates are significantly higher and regularly increasing 
between 2005 and 2007, then decrease to nearly constant levels during the last 3 years, 2008 to 2010 with two 
exceptions: Northern occurrence rates show a relative maximum in 2009, with a predominant peak at September 
equinoxes followed by a drastic fall to ∼5% in 2010 with a simultaneous decline of the Southern occurrence 
rates. At September equinoxes, the peak in 2009 and the moderate but regular decline of the South/North ratio 
between 2005 and 2009 are reminiscent of similar effects observed at June solstices. This likely arises from the 
4 months averaging to compute the seasonal occurrence rates: month 8 (August) is taken into account both in the 
“June solstice” and “September equinox” periods and, as shown in Figure 9, the increase of the 2009 Northern 
occurrence rates around June solstice extends over 4 months from June to September. At March equinoxes the 
South/North ratio does not show any definite trend associated to solar activity, with only a local increase in 2008.

7. Summary and Conclusions
Using thermal ion measurements from the DEMETER satellite, we have performed a statistical study of the 
mid-latitude night-time Medium Scale Traveling Ionospheric Disturbances (MSTIDs) detected from the 
quasi-periodic undulations of the O + ion density N(O +). The 6 years of satellite operation, from 2005 to 2010, 
encompass the end of solar cycle 23, from 2005 to 2007, with a moderate, decreasing solar activity, the deep solar 
minimum in 2008–2009 and the rise of activity in 2010 at onset of solar cycle 24. The nearly continuous opera-
tion of the satellite at magnetic latitudes less than 60° and at an almost constant 22 ± 0.5 local time allowed an in 
depth study of the MSTID geographic distribution, their response to the varying magnetic and solar activities and 
their seasonal variations. The main outcomes of this study may be summarized as follows:

1.  Over the whole 6  year period 2005–2010, MSTIDs are detected very frequently on almost 30%–40% of 
the orbits under the form of quasi-periodic N(O +) oscillations corresponding to average wavelengths of 
∼300–400 km in good agreement with those deduced from ground-based optical or TEC measurements.

2.  Mid-latitude MSTIDs, with part of them extending to magnetic latitudes lower than ∼15°, are by far the major 
population, hence the main subject of our statistical study. Equatorial events observed within ≤10° of the 
magnetic equator are a minor, yet interesting, population that will be the subject of a forthcoming study. The 
annually averaged geographic distribution shows areas of highest occurrence rates in the Southern hemisphere 
from Australia to South America with a lower maximum in the Northern hemisphere over South-East Asia 
and the Eastern Pacific. Global occurrence rates maximize at low magnetic activity and decrease regularly by 
a factor ∼3 during disturbed periods. Averaged over the 6 year period, night-time MSTIDs occur ∼1.7 times 
more frequently in the Southern than in the Northern hemisphere.

3.  The worldwide total occurrence rates increase as solar activity decreases, to reach a maximum events prob-
ability of 50%–60% per orbit in 2007 but decreases markedly during the 2008–2009 deep solar minimum 
contrary to the expected trend predicted by previous studies. This unexpected variation arises from the nearly 
disappearance of Southern MSTIDs around June solstice indicating either a less efficient mapping of electric 
fields from the Northern Es layers to the Southern ionosphere and/or a strong decrease of the growth rate in 
the wintertime ionosphere at low solar activity. At June solstice, the South/North event ratio decreases regu-
larly from 2.7 in 2005 to 0.4 in 2009 at the end of the deep solar minimum the only year when MSTIDs are 
more frequent in the Northern than in the Southern hemisphere.

4.  The seasonal maps of MSTID occurrence display a remarkable difference between solstices and equinoxes.
 At solstices, in the summer hemisphere, MSTIDs maximizes over a band parallel to the geographic equator 
in the North or slightly inclined with respect to the equator in the South. These areas of occurrence fit nicely 
with those of Es layers derived from the analysis of scintillations on the GPS signals received on-board 
CHAMP and COSMIC satellites as shown by Lee et al. (2021). In the winter hemisphere, in absence of local 
Es layers, MSTIDs are still frequently observed in the magnetically conjugated area of the summer hemi-
sphere events. These results provide a new and strong observational support to the key role played by the 
structured electric fields associated with Es layers in the initiation and development of electrified MSTIDs and 
to their inter-hemispheric model of development based on the mapping of Es electric fields to the conjugate 
hemisphere.
 At equinoxes, MSTIDs are significantly less frequent than at solstices with a general predominance of South-
ern events except around September during the deep solar minimum. They maximize between Australia 
and South America and, to a lesser extent, over South-East Asia and the Northern Pacific. The geographic 
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distribution indicates that MSTIDs develop over conjugate areas in opposite hemispheres, again showing that 
the inter-hemispheric coupling of Es electric fields play a major role in their development.

5.  The analysis of the Southern and Northern occurrence rates variations with solar activity have shown a 
striking and unexpected seasonal effect. At June solstice, the South/North event ratio displays a marked and 
continuous decline between 2005 and 2009 correlated with the decrease of solar activity, dropping from ∼2.7 
in 2005 to ∼0.4 in 2009 at the end of the deep solar minimum and the only year with more Northern than 
Southern events. On the contrary, at December solstice, the South/North event ratio stays practically constant 
at ∼1.2 over the same period 2005 to 2009. Since DEMETER observations provide a definite evidence of 
the occurrence of “electrified” MSTIDs associated with the underlying Es layers, the nearly disappearance 
of Southern MSTIDs at June solstice must result from substantial modifications in the upper atmosphere and 
ionosphere, likely more sensitive in the winter Southern hemisphere, that would lead to a less efficient elec-
tric field mapping and/or to a lower MSTID growth rate. On the contrary, at December solstice, the South/
North event ratio stays constant irrespective of the level of solar activity, indicating that no such variation of 
the inter-hemispheric asymmetry linked to solar activity would occur in this season. These new results call 
for an extensive effort in numerical modeling to decipher the physical processes in the upper atmosphere and 
ionosphere associated with solar activity and seasonal variations which impact the MSTID generation and 
development.

Data Availability Statement
The SSN and F10.7 solar indices and the am magnetic activity index were provided by the following web sites: 
http://solarscience.msfc.nasa.gov/SunspotCycle.shtml and https://www.swpc.noaa.gov/phenomena/f107-cm-ra-
dio-emissions. DEMETER data are accessible from https://cdpp-archive.cnes.fr. Am and aa indices can be found 
at ISGI—International Service of Geomagnetic Indices (http://isgi.unistra.fr).
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