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Abstract 16 

Sporadic E or Es is a transient phenomenon where thin layers of enhanced electron 17 

density appear in the ionospheric E region (90-120 km altitude). The neutral wind shear 18 

caused by atmospheric tides can lead ions to converge vertically at E-region heights and 19 

form the Es layers. This research aims to determine the role of atmospheric solar and 20 

lunar tides in Es occurrence. For this purpose, radio occultation data of FORMASAT-21 

3/COSMIC have been used, which provides complete global coverage of Es events. 22 

Moreover, GAIA model simulations have been employed to evaluate the vertical ion 23 

convergence induced by solar tides. The results show both migrating and non-migrating 24 

solar tidal signatures and the semidiurnal migrating lunar tidal signature in Es occurrence. 25 

The seasonal variation of the migrating solar tidal components of Es is in good agreement 26 

with those in the vertical ion convergence derived from GAIA. Furthermore, some non-27 

migrating components of solar tides, including semidiurnal westward wavenumbers 1 and 28 

3 and diurnal eastward wavenumbers 2 and 3, also significantly affect the Es occurrence 29 

rate.   30 
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Keywords 31 
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Introduction 33 

Thin layers of enhanced electron density, which are detected in the lower thermosphere 34 

at the altitude range of 90 to 120km, are referred to as Sporadic E and abbreviated as Es 35 

(Haldoupis, 2011; Mathews, 1998; Whitehead, 1989). This transient phenomenon 36 

frequently occurs at mid and low latitudes (Christakis et al., 2009; Haldoupis, 2012; 37 

Haldoupis et al., 2007), mainly during the daytime in the summer hemisphere (Arras et 38 

al., 2010). Es layers have been the subject of many studies since the mid-twentieth century 39 

(e.g., Macleod, 1966; Whitehead, 1961, 1970, 1989) due to their impact on radio wave 40 

propagation in communication and navigation systems.  41 

Wind shear theory is the most commonly accepted physical mechanism for midlatitude 42 

Es layer formation (Haldoupis & Pancheva, 2002; Haldoupis, 2011). According to wind 43 

shear theory, metallic ions such as Fe+, Na+, and Ca+ in the ionosphere dynamo region, 44 

influenced by vertical shears of horizontal wind and the Earth's magnetic field, will 45 

converge vertically to a thin layer of ionization (Axford & Cunnold, 1966; Haldoupis, 46 
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2011).  47 

The wind shears in the lower thermosphere are mainly produced by atmospheric tides, 48 

including solar /lunar tides with the period of a solar /lunar day and its harmonics. Solar 49 

tides are known to be the primary source of vertical shears in the neutral wind (Haldoupis, 50 

2012); hence a solar tidal signature is expected to be seen in the Es occurrence. Numerous 51 

studies have focused on the solar tidal signature in the Es layer. For example, Mathews 52 

& Bekeny (1979) demonstrated that the vertical motion of Es layers is consistent with 53 

diurnal and semidiurnal tides in the neutral atmosphere. Arras et al. (2009) presented 54 

semidiurnal solar tidal signatures in Es occurrence rate (EsOR) at northern hemisphere 55 

midlatitude (50°-55°N). They compared EsOR with meteor radar wind measurements and 56 

found a strong relationship between semidiurnal tides in EsOR and vertical shear of zonal 57 

wind. Christakis et al. (2009) studied the midlatitude Es layer seasonal variation and 58 

indicated diurnal tide influence on Es at altitudes below 110km and semidiurnal tide 59 

dominance above that altitude. Oikonomou et al. (2014) also showed that a semidiurnal 60 

tide-like periodicity dominates Es layers. Terdiurnal and querterdiurnal tidal signatures in 61 

Es occurrence rate are also indicated in other publications (e.g., Haldoupis & Pancheva, 62 
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2006; Fytterer et al., 2013; Jacobi et al., 2019). Recently, Liu et al. (2021) revealed a 63 

wavenumber 4 pattern in Es occurrence rate at mid and low latitudes formed by eastward 64 

propagating non-migrating diurnal tide with zonal wavenumber 3, and a similar feature 65 

was detected in the vertical shear of the zonal wind.  66 

Shinagawa et al. (2017) calculated the vertical ion convergence rate using GAIA 67 

(Ground-to-topside model of Atmosphere and Ionosphere for Aeronomy) simulations to 68 

show how the geographical and seasonal variations of wind shears are consistent with 69 

those in EsOR. Some previous studies have utilized GPS radio occultation (RO) 70 

measurements and combined them with winds from different models such as HWM07 71 

(Horizontal Wind Model 2007), WACCM (the Whole Atmosphere Community Climate 72 

Model), and GAIA, to show neutral wind shear correspondence with Es (e.g., Chu et al., 73 

2014; Liu et al., 2018; Qiu et al., 2019; Yeh et al., 2014). However, it is not yet fully 74 

understood precisely which components of tides contribute to Es layer formation. This 75 

paper provides a tidal spectrum of Es occurrence rate using GPS radio occultation 76 

measurements and then compares them with tidal spectra of vertical ion convergence rate 77 

using GAIA model simulations.  78 
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Some investigations have been done on the lunar tide influences on Es using ground-79 

based observations (e.g., Matsushita, 1952, 1957, 1967; Stening, 1999; Tarpley & 80 

Matsushita, 1971, 1972), but none of them have provided a global picture of lunar tidal 81 

signature in the Es occurrence. The present study will look over global lunar tidal 82 

variations of Es occurrence using GPS radio occultation measurements.  83 

Apart from atmospheric tides, planetary waves can also contribute to wind shear 84 

formation in the lower thermosphere. Some studies have suggested planetary wave effects 85 

on Es events (e.g., Haldoupis & Pancheva, 2002; Pancheva et al., 2003; Haldoupis et al., 86 

2004; Voiculescu et al., 1999), but planetary waves are not in the scope of the current 87 

paper. Interested readers can refer to the articles mentioned above.  88 

FORMOSAT–3/COSMIC radio occultation data 89 

For many years, Es events were mainly observed by ionosonde and sometimes in situ 90 

techniques (Mathews, 1998; Matsushita, 1962; Whitehead, 1989). In the past two decades, 91 

many studies have benefited from the new GPS radio occultation methodology to obtain 92 

the global distribution of Es layers (Arras et al., 2008; Hocke et al., 2001; Wu et al., 2005).  93 

GPS radio occultation is a satellite remote sensing technique in which GPS signals are 94 
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received by a low earth-orbiting satellite (LEO) after traveling through the atmosphere. 95 

Due to the atmospheric refractive index, the signals are bent on their way. This bending 96 

angle is the key observation to obtain information of the ionosphere and neutral 97 

atmosphere (Arras, 2010). 98 

FORMOSAT–3/COSMIC (FORMOsa SATellite mission–3 / Constellation Observing 99 

System for Meteorology, Ionosphere and Climate) consists of six LEO satellites, launched 100 

on April 2006. At the altitude of 80 to 130km, scintillations are observed in SNR and 101 

phase measurements of FORMOSAT–3/COSMIC radio occultation signals, usually 102 

caused by Es layers. Signal phase differences, ionospheric excess phase, and SNR values 103 

are used in different literature to extract Es events from GPS-RO measurements (Hocke 104 

et al., 2001; Wu et al., 2005). EsOR in this study is derived from the signal-to-noise ratio 105 

(SNR) profiles of GPS L1 signal of the level 1b atmPhs data product. Limiting thresholds 106 

has been set empirically to SNR values, and Es is defined as scintillations with SNR 107 

standard deviation more than 0.2 in a narrow altitude range. The method details can be 108 

found in Arras & Wickert (2018). Our investigations are based on FORMOSAT–109 

3/COSMIC radio occultation data of the years 2007 to 2017. 110 
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GAIA model simulation data analysis 111 

GAIA is a whole atmosphere model that has been developed by coupling three existing 112 

models: A whole atmosphere general circulation model (GCM) for deriving atmospheric 113 

neutral density, velocity, and temperature; an ionospheric model for ion density, ion, and 114 

electron temperature, and electric conductivity; and an electrodynamics model for the 115 

electric field (Jin et al., 2011). In the present study, the temperature and composition of 116 

the neutral atmosphere and the neutral wind velocity are obtained from the GAIA model 117 

with a grid spacing of 2.8°  longitude by 2.8°  latitude, 0.2 scale height, and a time 118 

resolution of 1 hour. We have analyzed GAIA simulation data for the years 2007 to 2017.   119 

Neglecting diffusion, electric field force, and vertical component of neutral wind velocity, 120 

the vertical ion drift velocity wi can be written as follows (Mathews, 1998):  121 

wi = r cos I1+r2 U + cos I sin I1+r2 V  (1) 122 

where I is the Earth's magnetic field dip angle, U and V are magnetic eastward and 123 

southward neutral wind velocity, and r is the ratio of the ion-neutral collision frequency 124 

to the ion gyrofrequency. In the lower E region (90-115km altitude), r>>1 (Richmond, 125 

1995). Therefore, the zonal wind component is more efficient than the meridional wind 126 
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component in causing vertical ion motion and, as a result, the Es layer formation 127 

(Haldoupis, 2012). 128 

Using geographical neutral wind velocities, U and V used in equation (1) are expressed 129 

as follows (Qiu et al., 2019): 130 

{U = U′ cos D − V′ sin DV = V′ cos D + U′ sin D   (2) 131 

where U' and V' are zonal and meridional wind velocities, respectively. U' and V' are 132 

derived from the GAIA model, and D is the Earth's magnetic field declination angle, 133 

derived from International Geomagnetic Reference Field (IGRF; Finlay et al., 2010). We 134 

calculate the average vertical ion convergence rate (VIC) and assume only positive VICs 135 

lead to Es layer formation. Therefore, we can write VIC as (Shinagawa et al., 2017):  136 

VIC = {− ∂wi∂z ,   − ∂wi∂z > 0 0, − ∂wi∂z < 0      (3) 137 

Results 138 

Es occurrence rate analysis  139 

The Es occurrence rate is maximum in midlatitude summer hemispheres (Arras et al., 140 

2008), and in the latitude range of 40° to 60° south and north, tidal signatures are clearly 141 

seen. Therefore, we have analyzed two local summer periods of FORMOSAT-3/COSMIC 142 
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radio occultation data: one is for the period of June, July, and August of years 2007 to 143 

2017 at the latitude range of 40° to 60° north, and the other is December, January, and 144 

February of years 2007 to 2017 at the latitude range of 40° to 60° south. Binning the 145 

data into 1km altitude by 1-hour local time grids, altitude-local time cross-sections of the 146 

EsOR for the northern hemisphere summer is presented in Figure 1. Maximum values of 147 

EsOR reach up to 13% in northern hemisphere summer. 148 

A descending structure of EsOR with local solar time (LST) and local lunar time (LLT) 149 

is visible. EsOR variations with LST and LLT reveal a semidiurnal pattern at about 95-150 

115 km altitude. The same applies to southern hemisphere summer shown in Figure 2. 151 

However, the maximum values of EsOR reach only 6.5% in the southern hemisphere, 152 

Figure 1 Mid-latitude EsOR variations during northern hemisphere summer with solar local time (left) and lunar local 

time(right) at different altitudes 
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which is almost half of that in the northern hemisphere.  153 

Tidal modulations at periods of 12 hours are identified in the EsOR, with the peaks around 154 

9 and 21 local time in the northern hemisphere. This confirms previous studies on solar 155 

and lunar tidal signature detection in northern hemisphere Es layers (e.g., Matsushita, 156 

1962; Arras et al., 2009). The phase of solar and lunar tidal signatures are slightly shifted 157 

in southern hemisphere EsOR.  158 

Spatio-temporal characteristics of EsOR can be quantified using the least-square fitting 159 

method. This method estimates the amplitude and phase of tides at a specific frequency 160 

and zonal wavenumber, which enabels us to seprate migrating and non-migrating tidal 161 

components. We map the data in the frequency-wavenumber domain, and EsOR 162 

Figure 2 Mid-latitude EsOR variations during southern hemisphere summer with solar local time (left) and lunar local 

time(right) at different altitudes 
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measurements can be expressed as: 163 

EsOR = ∑ {A(n, s) cos[2π(nt + sλ)] + B(n, s) sin[2π(nt + sλ)]}n,s   (4) 164 

where n is frequency, s is the wavenumber, t is the normalized time of the day, and λ is 165 

the normalized longitude (Lühr & Manoj, 2013). In order to examine tidal components in 166 

EsOR, we have limited the data to the altitude range of 95-115km, in which the solar and 167 

lunar tidal signatures are dominant and binned them in 10° longitude by 1-hour local 168 

time grids. Afterward, frequency-wavenumber analyses have been performed on the data 169 

similar to the method suggested in Lühr & Manoj (2013). Tides with the periods of 24h, 170 

12h, 8h, 6h respectively are represented by n=1, 2, 3, 4 and are referred to as diurnal, 171 

semidiurnal, terdiurnal, and quarterdiurnal tides (Forbes et al., 2008). 172 

To describe different tidal components, we use the following terminology: tidal periods 173 

are represented by D, S, T, and Q, which are respectively corresponding to diurnal, 174 

semidiurnal, terdiurnal, and quarterdiurnal tides. Eastward (s<0) and westward (s>0) 175 

propagating tides are represented by E and W. These two letters are followed by an integer 176 

representing the zonal wavenumber. For example, DW1 means diurnal westward 177 
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wavenumber1, SE2 means semidiurnal eastward wavenumber 2, etc. The standing 178 

components are denoted as D0, S0, T0, and Q0.  179 

The tidal spectra shown in Figure 3 correspond to the amplitude of solar tides during local 180 

summers in northern and southern midlatitudes. Different migrating and non-migrating 181 

tidal components are seen; among which the SW2 component has the highest amplitude 182 

in both summer hemispheres. For the northern hemisphere, DW1 is in second place; 183 

however, for the southern hemisphere, D0 is the second component with a high amplitude. 184 

Figure 4 shows the tidal spectra of lunar tides signature in EsOR. Unlike solar tides, lunar 185 

tidal spectra show that only SW2 component is dominant in the summer hemispheres, 186 

and other tidal components are relatively small.  187 

Figure 3 Solar tidal spectra of mid-latitude EsOR amplitude during northern hemisphere summer (left) and southern 

hemisphere summer (right) 
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Comparison of VIC and EsOR 188 

In order to compare tidal components of VIC and EsOR, tidal analysis has been 189 

performed on 11-year VIC and EsOR data sampled around 100, 105, 110, 115km altitude. 190 

We studied the latitudinal variation of different tidal components of VIC and EsOR on a 191 

month-to-month basis at different altitudes. By calculating the correlation coefficients 192 

between each tidal component of VIC and EsOR at different altitudes, we realized that 193 

the altitude in which EsOR and VIC have the best correlation, vary for each component. 194 

For example, Figure 5 reveals DW1 component of EsOR and VIC over different months 195 

and latitude bands at different altitudes. The seasonal variation of DW1 component of 196 

EsOR in different latitudes at 105±5 km seems more similar to that of VIC at 110 and 197 

115km altitude than at 105 km. The correlation coefficient between DW1 in EsOR at 198 

Figure 4 Lunar tidal spectra of mid-latitude EsOR during northern hemisphere summer (left) and southern hemisphere 

summer (right) 
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100±5km and VIC at 100km is 0.16, while it reaches up to 0.73 when EsOR at 105±5km 199 

and VIC at 115km are taken into account. We note that in general a tidal component of  200 

  

  

  

  

VIC at a fixed altitude tends to correlate with the same tidal component of EsOR at a  201 

Figure 5 Month-to-month amplitude variation of DW1 component of tides in EsOR (left column) and VIC (right 

column) at different altitudes 
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higher altitude. Also the altitudes at which VIC and EsOR tidal components correlate the 202 

best, differ for different tidal components. This might be due to some inaccuracies in the 203 

tides of GAIA model simulations.  204 

Four different migrating and non-migrating components of EsOR tidal spectra with the 205 

largest amplitude were determined, and their annual variations in different latitudes are 206 

displayed in Figures 6 and 7. In addition, a comparison to the corresponding VIC tidal 207 

spectra at the altitude at which they have the best correlation with each other is made in 208 

those figures.  209 

Among all migrating components of EsOR and VIC tidal spectra, SW2 has the highest 210 

amplitude. SW2 component of northern hemisphere VIC is present in all seasons, and it 211 

is dominant in midlatitude local summers for EsOR and VIC. DW1 is the second, 212 

regarding its amplitude which is present throughout the year around the latitude band of 213 

50° south to 50° north. Subsequently, TW3 and QW4 have lower amplitudes. Although 214 

month-to-month and latitudinal variations of SW2 and DW1 components of EsOR are in 215 

good agreement with those in VIC, seasonal variation of QW4 in EsOR is better 216 

consistent with VIC in the northern hemisphere rather than southern hemisphere; and  217 
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TW3 component in EsOR is not necessarily similar to that in VIC from GAIA. 218 

According to Figure 7, at high and midlatitudes, SW1 has the largest amplitude among 219 

all n on-migrating components of EsOR and VIC. In both tidal spectra, it is dominant at  220 

  

  

  

  

Figure 6 Month-to-month amplitude variation of migrating components of tides in EsOR (left column) and VIC (right 

column) 
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southern hemisphere high-latitude regions from November to April. The second in 221 

amplitude among non-migrating components is SW3, having similar month-to-month  222 

variation in EsOR and VIC only in the southern hemisphere. 223 

  

  

  

  

Figure 7 Month-to-month amplitude variation of non-migrating components of tides in EsOR (left column) and VIC 

(right column)  
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At low latitudes, DE2 and DE3 have the largest amplitudes in the non-migrating 224 

components of EsOR and VIC. DE3 component is dominant during July to September in 225 

VIC and EsOR tidal spectra. Around winter and summer solstice in low latitudes, DE2 226 

component is maximum.   227 

Considering only the latitudinal variation of tidal components, DE3 of EsOR and VIC are 228 

in good agreement; however, their monthly variations do not match perfectly. DE2 229 

component of tides follows a similar seasonal distribution in EsOR and VIC at the latitude 230 

band of 30° south to 30° north. 231 

Discussion  232 

The results have shown that tidal components in EsOR are in agreement with those in 233 

VIC. In general, the consistency between tidal components in EsOR and VIC confirms 234 

that wind shears generated by tides play a major role in Es layer formation.  235 

According to Figure 7, SW1 and SW3 components have the highest amplitudes among 236 

all non-migrating tidal components in EsOR. This can be explained by two possible 237 

mechanisms. First, SW1 and SW3 in EsOR could originate from corresponding tidal 238 

components in the neutral atmosphere, produced by nonlinear interaction of the SW2 and 239 
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stationary planetary wave with zonal wavenumber 1 in that region (Miyoshi et al., 2017). 240 

Second, SW1 and SW3 in EsOR could be generated by stationary wave number 1 241 

structure in is the Earth's magnetic field (𝐁 ) and SW2 in the horizontal neutral wind 242 

velocity (𝐕), because Es layers are formed by Lorentz force (𝐕 × 𝐁). Seasonal variations 243 

of SW1 and SW3 components of VIC at different latitudes are presented in the top panel 244 

of Figure 8. The middle panel shows the same, but for the zonal wind term in VIC 245 

(∂(r cos I1+r2 U) ∂z⁄ ). The agreement of these two confirms that the vertical shear of the zonal 246 

wind has the primary role in VIC. The bottom panel of Figure 8 shows the zonal wind 247 

term in VIC, but magnetic field-related terms (r and I) were replaced by their zonal mean 248 

to remove the effect of zonal asymmetry in the Earth's magnetic field. Comparing the two 249 

bottom panels, we conclude that zonal asymmetry of the Earth's magnetic field does not 250 

play a major role in the SW1 and SW3 components of VIC and consequently Es layer 251 

formation. Therefore, SW1 and SW3, seen in EsOR, is due to the presence of those 252 

components in the neutral atmosphere.  253 
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The results of this research bring up questions that can be answered in future studies.   254 

Comparison of VIC and EsOR tidal components presented in the current paper was based 255 

on solar tides. Since GAIA does not include mechanisms to produce lunar tides, further 256 

studies using wind models, including lunar tides, could be done to examine lunar tidal 257 

components of VIC and their influence on Es layer formation. Furthermore, based on 258 

Figure 5, seasonal and latitudinal variations of EsOR tidal components match those in 259 

Figure 8 Month-to-month amplitude variation of SW1 (left column) and SW3 (right column) components of VIC (first 

row), zonal wind term in VIC (second row) and the zonal wind term VIC without the effect of magnetic field zonal 

asymmetry (third row) at different altitudes 
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VIC at higher altitudes. Therefore, another possible future work can be performed using 260 

other wind model simulations to see whether the agreement in tidal components of VIC  261 

and EsOR would improve. 262 

Conclusions 263 

This study has examined the role of atmospheric tides in Es layer formation using RO 264 

data of FORMASAT-3/COSMIC and GAIA model simulations. Tidal analysis has been 265 

performed on EsOR and VIC to derive the amplitude of different tidal components. 266 

Seasonal variations of migrating and non-migrating tidal components of EsOR and VIC 267 

were also studied at different latitudes. The main results are as follows: 268 

1- Analyzing 11-year Es, a semidiurnal solar and lunar tidal pattern is visible in the 269 

midlatitude EsOR. This confirms previous studies (e.g., Arras et al., 2009; Matsushita, 270 

1962) and provides a comprehensive picture of lunar tidal signature in Es occurrence rate, 271 

using global RO data. 272 

2- Performing spectral analysis on Es data, a qualitative difference between solar and 273 

lunar tidal signature in EsOR is evident. Solar tides include both migrating and non-274 
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migrating components, while lunar tides show only the dominance of semidiurnal 275 

migrating component at midlatitude.    276 

3- Deriving neutral winds from GAIA model simulation, comparisons between vertical 277 

ion convergence induced by neutral winds and Es occurrence rate are made. Among all 278 

different tidal components, the amplitudes of SW2, DW1, DE2 and SW1 in EsOR show 279 

seasonal and latitudinal variations similar to those in the corresponding components of 280 

VIC. These agreements suggest that tidal components in EsOR are primarily associated 281 

with atmospheric tides.  282 

4- SW1 and SW3 are the most dominant non-migrating tidal components of EsOR in 283 

southern hemisphere high latitudes. SW1 and SW3 components in EsOR are likely 284 

generated by the corresponding tides in neutral atmosphere. Our numerical experiments 285 

suggest that the zonal asymmetry of the Earth’s Magnetic field does not play a major role 286 

in producing SW1 & SW3 in EsOR.  287 
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