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Abstract17

Equatorial plasma bubbles (EPBs) are elongated plasma depletions that can occur in18

the nighttime ionospheric F region, causing scintillation in satellite navigation and com-19

munications signals. EPBs are believed to be Rayleigh-Taylor instabilities seeded by verti-20

cally propagating gravity waves. A necessary pre-condition for EPB formation is a thresh-21

old vertical ion drift from the E region, which is required to produce the vertical plasma22

gradients conducive to this instability. Factors affecting the variation of EPBs therefore in-23

clude magnetic declination, the strength of the equatorial electojet, and the wind dynamo24

in the lower thermosphere controlling vertical plasma drifts. In most longitude zones, this25

results in elevated EPB occurrence rates during the equinoxes. The notable exception is26

over the central Pacific and African sectors, where EPB activity maximizes during sol-27

stice. Tsunoda et al. [2015] hypothesized that the solstice maxima in these two sectors28

could be driven by a zonal wavenumber 2 atmospheric tide in the mesosphere and lower29

thermosphere. In this study, we find that the post-sunset electron density observed by30

FORMOSAT-3/COSMIC during the boreal summer from 2007 - 2012 does indeed ex-31

hibit a wave-2 zonal distribution, consistent with results expected from elevated vertical32

ion drift over the Central Pacific and African sectors. Numerical experiments are also car-33

ried out which found that forcing from the aforementioned tidal and stationary planetary34

wave (SPW) components produced wave-2 modulations on vertical ion drift, ion flux con-35

vergence, and midnight TEC. The relation between the vertical ion drift enhancements and36

the midnight TEC enhancements are consistent with the solstice maxima hypothesis.37

1 Introduction38

Radio waves propagating through the ionosphere can be refracted and diffracted by39

the plasma of the Earth’s ionosphere. Refraction is caused by changes in phase velocity40

and the corresponding refractive index, which is is a function of radio frequency, elec-41

tron density, Earth’s magnetic field strength, and collision frequencies. This phenomena42

is utilized for over the horizon communications using high frequency (HF, 3 - 30 MHz)43

band radio transmissions. Radio waves at the HF band and frequencies below are reflected44

or absorbed by the ionosphere [Frissell et al., 2014], leaving higher frequencies for trans-45

ionospheric radio frequency (RF) applications such as satellite communications and Global46

Navigation Satellite Systems (GNSS). Nonetheless, irregularities in ionospheric plasma47

distribution can cause diffraction of these trans-ionospheric RF signals, resulting in rapid48

fluctuations and fading in the received signal to noise ratio. This phenomena is referred49

to as scintillation, with severe cases of scintillation capable causing loss of lock on the re-50

ceiver end, rendering satellite communications and navigation services unusable [Kelly et51

al., 2014; Moraes et al., 2014; Jiao and Morton, 2015]. Understanding the sources, genera-52

tion mechanisms, and generation preconditions for scintillation causing ionospheric irregu-53

larities is therefore of great practical importance.54

Scintillation events occurring at various latitudes can be the result of different iono-55

spheric irregularities and can vary in severity. Using ground based GNSS receivers lo-56

cated at various latitudes, Jiao and Morton [2015] found that scintillation at low latitudes57

was typically more severe than that at high latitudes, the latter of which was more sen-58

sitive to geomagnetic conditions. This latitudinal variation in scintillation severity and59

sources was further confirmed by Xiong et al. [2016] using Swarm satellite observations,60

who attributed high latitude scintillation to gradient drift instability and energetic particle61

precipitation, while low latitude scintillation was driven primarily by equatorial plasma62

bubbles (EPBs). EPBs are longitudinally narrow but latitudinally long plasma depletions63

that extend poleward along magnetic field lines from the magnetic equator. In compari-64

son, the longitudinal extent of EPBs is on the order of 200 km or less [Smith and Heelis,65

2017]. Prediction of EPBs is complicated by the fact that their small longitudinal scales66

typically fall below the grid sizes of most general circulation models (GCMs), requiring67
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the use of very fine resolution localized models [Yokoyama et al., 2014]. Nonetheless,68

GCMs are still valuable for understanding the preconditions favorable for EPB formation69

and their respective spatial and temporal variation.70

The preconditions favorable to EPB occurrence are strongly related to the forma-71

tion mechanism and physical interpretation. EPBs occur in the post-sunset F region iono-72

sphere, which still retains a comparatively high plasma density compared to the iono-73

spheric layers below, even in the absence of sunlight. This is due to the higher concen-74

tration of atomic ions in the F region, which have a longer lifetime compared to the rapid75

dissociate recombination of the molecular ions that are dominant below. The end result76

of this difference in plasma recombination rates results in a steep vertical plasma den-77

sity gradient due to the relatively higher plasma densities in the F region. Perturbations78

introduced to this statically unstable situation can result in the formation of a Rayleigh-79

Taylor instability resulting in the rapid depletion of F region plasma along magnetic field80

lines, thus forming an EPB [Sultan, 1996]. Conditions favorable to EPB formation there-81

fore include a large positive vertical plasma gradient in the post-sunset ionosphere. This82

condition is aided by large vertical plasma drifts exceeding a threshold value, which has83

been identified as a necessary but not sufficient condition for EPB formation [Smith et al.,84

2015]. An initial seed perturbation is also necessary to trigger the formation of an EPB,85

which is thought to be a gravity wave with vertical wavelength sufficiently long to propa-86

gate upward into the F region [Fritts and Alexander, 2001; de la Beaujardière et al., 2004;87

Tsunoda et al., 2015].88

All of the aforementioned factors contribute to the seasonal, geographical, and so-89

lar cycle variation in EPB occurrence, particularly that of the strong post sunset vertical90

plasma drift and the resulting large positive vertical plasma gradient. The Pre-Reversal91

Enhancement (PRE) corresponds to such a post-sunset increase in vertical plasma drift92

conducive to the strong positive vertical plasma density gradients favorable for EPB for-93

mation. Numerical experiments from Fesen et al. [2000] indicated that the vertical drift re-94

sulting from the PRE are directly proportional to solar activity, while being inversely pro-95

portionate to nighttime E region electron densities. Much like the PRE, EPBs also have96

a higher occurrence rate and larger growth rates around the equinoxes in most longitude97

zones when the terminator is aligned with both ends of magnetic field lines, resulting in98

similar electrical conductivities and larger vertical ion drift [Tsunoda, 1985].99

This vertical ion drift precondition and its relation to the angle between the ter-100

minator and magnetic field lines therefore imposes a dependence upon both season and101

magnetic declination on EPB occurrence rates. Defense Meteorological Satellite Pro-102

gram (DMSP) observations by [Gentile et al., 2011] have shown that EPBs occur most103

frequently around the equinoxes when the terminator and magnetic field lines are aligned104

in most longitude zones. The exceptions to this are South America, Africa, and the Cen-105

tral Pacific. In the case of South America, EPBs occur most frequently during the boreal106

summer, due to the larger magnetic declination angles in this sector [Tsunoda et al., 2015].107

In the case of Africa and the Central Pacific, EPB occurrence rates and nighttime vertical108

plasma drifts are highest during the boreal summer, for reasons which are not well un-109

derstood. The vertical plasma drift in the equatorial ionosphere is known to be driven by110

atmospheric tides via the E region wind dynamo, capable of modulating the zonal varia-111

tion of vertical plasma drift [Immel et al., 2006; Liu and Richmond, 2013]. Tsunoda et al.112

[2015] noted that the African and Central Pacific sectors were separated by roughly 180113

degrees in longitude and hypothesized that the anomalous seasonal variation of the verti-114

cal ion drift and EPB occurrences in these two sectors could be caused by forcing from115

atmospheric tides with zonal wavenumber 2.116

In this study, we utilize FORMOSAT-3/COSMIC electron density observations and117

numerical experiments to determine whether such a wave-2 distribution consistent with118

the above hypothesis actually exists, as well as whether such a wave-2 distribution can be119
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Component Tidal Harmonic (n) UT Zonal Wavenumber (s)

SPW2 0 2

DW3 1 -3

DE1 1 1

S0 2 0

SW4 2 -4

Table 1. Tidal and SPW components with wave-2 distribution at constant LT.141

forced by atmospheric tides in the E region. To our knowledge, this is the first examina-120

tion of the wave-2 EPB hypothesis using observations and numerical experiments.121

2 Methodology122

Based on the hypothesis of Tsunoda et al. [2015], the boreal summer maxima in123

EPB occurrence rates in the Central Pacific and African sectors is due to a similar dis-124

tribution in nighttime vertical ion drift forced by atmospheric tides. We therefore expect125

to find tidal signatures in ionospheric electron densities exhibiting a wave-2 distribution in126

constant local time, maximizing above the two aforementioned sectors during local night-127

time. We also expect a similar distribution in vertical ion drift when the ionosphere is128

forced by atmospheric tides exhibiting a wave-2 distribution in constant local time.129

The zonal wavenumbers (s) of atmospheric tidal components are typically expressed130

in a universal time (UT) frame. Based upon the universal time (UT) to local time (LT)131

conversion of tidal harmonics (n) and zonal wavenumbers described by Forbes et al. [2008],132

the zonal wavenumber of a tidal component in the LT frame is the sum of the tidal har-133

monic and the UT zonal wavenumber. Tidal and stationary planetary wave (SPW) compo-134

nents exhibiting a wave-2 pattern in the LT frame will thus satisfy the condition:135

s + n = ±2 (1)

Tidal and stationary planetary wave (SPW) components satisfying this condition are136

shown in Table 1, corresponding to SPW2, DW3, DE1, S0, and SW4, hereafter referred137

to as the "wave-2 components". Note that positive zonal wavenumbers denote eastward138

propagating tides, while negative zonal wavenumbers denote westward propagating tides.139

Zonal wavenumber zero denotes a zonally symmetric component.140

2.1 FORMOSAT-3 / COSMIC142

To determine whether the signatures of the wave-2 atmospheric tidal and SPW com-143

ponents are present in the ionosphere, we utilize electron density observations from FORMOSAT-144

3/COSMIC (hereafter referred to as COSMIC) from 2007 - 2012. Launched in 2006 into145

six orbital planes at 800 km altitude and 72◦ inclination, the six COSMIC microsatellites146

provide vertical profiles of electron density derived from GPS radio occultation.147

The COSMIC electron densities are vertically integrated between 200 - 800 km al-148

titude to yield the total electron content (TEC), that are then binned into a 5◦ grid in geo-149

graphic and magnetic apex latitude. The amplitudes and phases of ionospheric tidal and150

stationary planetary wave component signatures are derived using the methodology of151

Chang et al. [2013a], utilizing a linear least-squares fit applied to a sliding 40-day win-152
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dow centered on each day from 2007 - 2012. The 40 day window ensures coverage over153

all local times during this time period [Chang et al., 2013b], while also acting to smooth154

the temporal variation of tidal amplitudes and phases [Häusler et al., 2015].155

The derived amplitudes and phases of the tidal and SPW ionospheric signatures will156

be used to examine whether the seasonal and longitudinal variation of the post-sunset157

ionosphere is consistent with the hypothesized wave-2 distribution with nighttime peaks158

in electron density over the African and Central Pacific sectors. Per the methodology of159

Chang et al. [2013a] and Chang et al. [2013b], the daily absolute TEC amplitudes at each160

latitude are normalized by the daily maximum zonal mean TEC in the equatorial region.161

The use of these normalized amplitudes allows for the solar cycle variation in absolute162

amplitude to be suppressed, while at the same time allowing for the daily latitudinal vari-163

ation of each component to be preserved without convolution with the latitudinal variation164

in zonal mean TEC.165

2.2 TIE-GCM166

To determine whether the wave-2 atmospheric tides can introduce a corresponding167

zonal modulation of vertical ion drift and electron density, we perform a series of numer-168

ical experiments using the National Center for Atmospheric Research (NCAR) Thermo-169

sphere Ionosphere Electrodynamics General Circulation Model (TIE-GCM). TIE-GCM170

is a fully nonlinear general circulation model of the thermosphere and ionosphere with a171

lower boundary near 97 km, and an upper boundary between approximately 500 - 1000172

km depending upon the solar activity level. The entire model is subject to solar and geo-173

magnetic inputs, while the effects of atmospheric tides propagating into the thermosphere174

from the middle and lower atmosphere are accounted for using specified tidal climatolo-175

gies at the lower boundary. Detailed descriptions of TIE-GCM can be found in Roble et176

al. [1988] and Richmond et al. [1992].177

For the purposes of our numerical experiments, we utilize TIE-GCM version 2.0178

with a horizontal resolution of 2.5◦ in latitude and longitude, as well as a vertical res-179

olution of four points per scale height. To account for potential differences in different180

tidal climatogies, the atmospheric tides at the lower boundary are specified using two181

separate climatologies in two separate sets of numerical experiments: the Global Scale182

Wave Model 2002 (GSWM-02) and the Climatological Tidal Model of the Thermosphere183

(CTMT).184

GSWM is a mechanistic model that solves the steady state linearized primitive equa-185

tions subject to specified tidal heating in the lower atmosphere, dissipation in the mid-186

dle atmosphere, and specified zonal mean zonal wind and temperature fields. Using this187

method, the amplitudes and phases of several migrating and nonmigrating diurnal and188

semidiurnal tides can be computed from the surface to an altitude of 124 km. GSWM has189

been included as the standard tidal lower boundary condition for several past TIE-GCM190

studies [Hagan et al., 2002, 2003].191

Figure 1 shows the temperature amplitudes of GSWM nonmigrating tides corre-192

sponding to a wave-2 structure in constant local time at the 97 km TIE-GCM lower bound-193

ary as a function of geographic latitude and month. These wave-2 tides include DE1 (Fig-194

ure 1a), DW3 (Figure 1b), SW4 (Figure 1c), and S0 (Figure 1d), which were included195

in the lower boundary conditions for the TIE-GCM runs forced by GSWM. It can be196

seen from the aforementioned figures that DE1, SW4, and S0 all exhibit seasonal max-197

imum during the boreal summer with peak amplitudes in the range of 1.5 - 2 K. DW3198

amplitudes exhibit a local minima during this season, but are still in the same amplitude199

range as the other tidal components. All four tidal components exhibit a distinct latitudi-200

nal structure during the boreal summer. DE1 exhibits a bimodal structure in latitude, DW3201

exhibits a single peak near the equator, SW4 shows a bimodal structure biased towards the202
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GSWM Wave-2 Tidal Amplitudes
a) b)

c) d)

Figure 1. Temperature amplitudes of GSWM wave-2 nonmigrating tides at the TIE-GCM lower boundary
as a function of geographic latitude and month for a) DE1, b) DW3, c) SW4, and d) S0.

205

206

southern hemisphere, while S0 shows a more complex latitudinal structure with four peaks203

in the mid to low latitudes and two additional peaks in the high latitudes.204

CTMT is a self-consistent climatological model of migrating and nonmigrating at-207

mospheric tides in the thermosphere derived by [Oberheide et al., 2011] through the fit-208

ting of Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite209

temperature and wind observations to Hough mode extensions extending from 80 - 400210

km. In this sense, the amplitudes and phases of the dominant tidal modes are fitted from211

observations, allowing for values more consistent with actual conditions. The tempera-212

ture amplitudes of CTMT nonmigrating tides utilized in this study to account for wave-2213

effects at the TIE-GCM lower boundary are shown in Figure 2, and include DE1 (Fig-214

ure 2a), SW4 (Figure 2b), and S0 (Figure 2c). DW3 climatologies are not available from215

CTMT, and were therefore not included in the lower boundary conditions for the CTMT-216

forced TIE-GCM runs. First employed by Jones et al. [2014], CTMT is now included as a217

lower boundary tidal option with TIE-GCM version 2.0.218

Although there are some similarities with the GSWM wave-2 nonmigrating tides219

shown previously in Figure 1, there are several striking differences with those resolved in220

CTMT, likely due to differences in the lower atmospheric tidal sources in GSWM, as well221

as the background middle atmospheric winds and temperatures that affect tidal propaga-222

tion and dissipation. In the case of DE1, both CTMT and GSWM resolve a bimodal struc-223

ture that is quasi-symmetric about the equator with larger amplitudes on the order of 1.5224

K during boreal summer. Unlike GSWM, SW4 and S0 in CTMT show generally smaller225

amplitudes during this time compared to during other times of year. The structure of SW4226

in CTMT is again bimodal about the equator, although considerably more symmetric com-227

pared to GSWM. While the latitudinal structure of S0 in CTMT is again more complex,228

there are two peaks in the low to mid latitude region, as opposed to the four resolved in229

GSWM. Both models show a peak in the high latitudes of both hemispheres during this230

time. There are also differences in the phases of the wave-2 nonmigrating tides resolved in231
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Tidal Climatology Solar Activity Lower Boundary Condition

GSWM
Low Migrating Tides Only

Migrating + Wave-2 Tides

High Migrating Tides Only
Migrating + Wave-2 Tides

CTMT
Low Migrating Tides Only

Migrating + Wave-2 Tides

High Migrating Tides Only
Migrating + Wave-2 Tides

Table 2. TIE-GCM runs performed.236

both models (not shown). It is expected that these differences in amplitude and phase will232

manifest in the responses to vertical coupling effects in the ionosphere.233

Using each tidal climatology, TIE-GCM was forced using migrating diurnal and237

semidiurnal tides only (hereafter referred to as the "migrating only runs") or a superpo-238

sition of the migrating tides and nonmigrating diurnal and semidiurnal tides from Table 1,239

which correspond to a wave-2 distribution in constant local time (hereafter referred to as240

the "wave-2 runs"). Each set of runs was further formed for high (Daily and 81-day aver-241

age F10.7 = 200 sfu, cross tail potential = 60 kV, hemispheric power = 39 GW) and low242

levels (Daily and 81-day average F10.7 = 70 sfu, cross tail potential = 30 kV, hemispheric243

power = 18 GW) of solar activity, resulting in a total of 8 TIE-GCM runs using the dif-244

ferent tidal climatologies, lower boundary settings, and solar activity level as tabulated in245

Table 2.246

We note that SPW2 was not included in the numerical experiments as climatolo-247

gies suitable for use with TIE-GCM are not available. Additionally, SPW2 in the middle248

atmosphere is associated predominately with Rossby waves occurring in the winter high249

latitudes surrounding the stratospheric polar vortex, and are filtered by the mean winds at250

altitudes lower than the ionospheric E region. Forbes et al. [2002] noted that SPW2 am-251

plitudes were small above 80 km, suggesting that their effect on transmitting the wave-2252

signature via the E region dynamo is much smaller compared to the nonmigrating tides.253

The GSWM and CTMT lower boundary conditions are identical for both solar maximum254

and solar minimum conditions.255

3 Results256

In the following, we present the results of our analysis on the structure and variabil-257

ity of the ionospheric wave-2 in COSMIC observations to determine whether it is consis-258

tent with the anomalous seasonal variation in EPBs over the African and Central Pacific259

sectors. This is followed by the results of the TIE-GCM numerical experiments to deter-260

mine whether the observed ionospheric features can be generated through tidal forcing as261

hypothesized.262

3.1 Ionospheric Wave-2 Signature Observations263

We first seek to examine the seasonal variation and latitudinal structure of the wave-264

2 component signatures fitted from COSMIC TEC observations to determine whether they265

are capable of contributing to the boreal maximum in EPB activity over the African and266

Central Pacific sectors. Figure 3 shows the variation of the wave-2 tidal and SPW compo-267

nent signatures in COSMIC TECs as a function of magnetic latitude and time from 2007268
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CTMT Wave-2 Tidal Amplitudes

a)

b)

c)

Figure 2. Temperature amplitudes of CTMT wave-2 nonmigrating tides at the TIE-GCM lower boundary
as a function of geographic latitude and month for a) DE1, b) SW4, and c) S0.

234

235
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a) b)

c) d)

Figure 3. Relative amplitude in COSMIC TEC of a) DE1, b) S0, c) DW3, and d) SPW2 as a function of
magnetic latitude and time. Daily fit amplitudes at all latitudes normalized by daily maximum zonal mean.

282

283

- 2012. Here, we have identified that the ionospheric tidal components that maximize in269

the low latitude region during boreal summer, consistent with the anomalous EPB varia-270

tion in the Central Pacific and African sectors. These components are DE1 (Figure 3a), S0271

(Figure 3b), DW3 (Figure 3c), and SPW2 (Figure 3d).272

DE1, DW3, and SPW2 maximize between 15◦N - 45◦N magnetic latitude during273

the boreal summer, while S0 is quasi-symmetric about the magnetic equator. SW4 (not274

shown) maximizes during November - December in the southern hemisphere between 15◦275

- 30◦S, and is therefore unlikely to contribute to the anomalous EPB variation during the276

boreal summer. The seasonal and latitudinal variation of these components is interannu-277

ally recurrent, indicating that these are coherent features of ionospheric variability. The278

repeated occurrence of the wave-2 components (except SW4) in the low latitude and equa-279

torial regions during the boreal summer indicates that they have the potential to contribute280

to elevated electron densities in the F region during the nighttime.281

We now consider whether the phases of the aforementioned wave-2 tidal component284

signatures are consistent with elevated electron densities over the African and Central Pa-285

cific sectors during boreal summer nighttimes. The spatial features produced by the afore-286

mentioned wave-2 components in TEC maximizing during the boreal summer can be seen287

in Figure 4, which shows the TEC magnitudes reconstructed from the average amplitudes288

and phases of DE1 (Figure 4a), S0 (Figure 4b), DW3 (Figure 4c), and SPW2 (Figure 4d)289

during boreal summer 2008 (days 135 - 225) at 00 hours local time (LT) as a function of290

geographic latitude and longitude. 2008 corresponds to low levels of solar activity.291

It can be seen that all four components exhibit midnight maximum in or near the292

African sector (0◦ through 45◦ longitude) in the southern magnetic hemisphere during this293

time, with DE1 and DW3 showing peaks almost directly over Africa, while S0 and SPW2294
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show peaks off the African coast over the Indian Ocean. DE1 and DW3 further show295

maxima in the Central Pacific sector (-180◦ through -135◦ longitude), while the peaks296

of S0 and SPW2 are shifted closer toward the eastern Pacific. A similar geographic dis-297

tribution can be seen in Figure 5, which shows the local midnight latitude and longitude298

distribution of DE1 (Figure 5a), S0 (Figure 5b), DW3 (Figure 5c), and SPW2 (Figure 5d)299

during boreal summer 2011, corresponding to elevated levels of solar activity. DE1 and300

DW3 again show midnight peaks covering Africa and the Central Pacific, while the peaks301

of S0 and SPW2 are shifted further eastward.302

Expressed in local time, the zonal angular phase velocity of a tidal component can303

be expressed as:304

cLT =
nΩ

s + n
(2)

Here, Ω = 360◦
24 hour−1 is the Earth’s angular rotation rate, while positive (negative)305

values correspond to eastward (westward) zonal phase velocities. Consulting the values in306

Table 1, the longitudes of the peaks will shift with local time, with DE1 and S0 shifting307

to the east with local time, and DW3 shifting to the west. The peaks of DE1 will therefore308

be directly over Africa post-midnight (around 3LT), whereas the peaks of S0 are located309

directly over Africa pre-midnight (roughly around 19LT). DW3 has one peak almost di-310

rectly over Africa at 00LT. As the bulk of ionospheric electron density is in the F region311

during the nighttime, DE1 and DW3 account for a midnight electron density distribution312

consistent with favorable formation conditions for EPBs in the African and Central Pacific313

sectors.314

Also note that DE1 and SPW2 also produce midnight maximum in the northern315

hemisphere above Europe and Northeast Asia, consistent with the Mid-Summer Night-316

time Anomaly (MSNA) [Lin et al., 2010]. This geographic distribution is consistent in317

both 2008 and 2011, during low and high levels of solar activity, respectively.318

Figure 6 shows the superposition of all COSMIC TEC wave-2 components at 00324

LT in the boreal summer of both 2008 (Figure 6a) and 2011 (Figure 6b). It can be seen325

that for both of these years, as well as all other years examined in this study, the iono-326

sphere wave-2 corresponds to midnight enhancements in TEC above the Central Pacific327

and African sectors in the southern hemisphere, as well as over Europe and Northeast328

Asia in the northern hemisphere. The COSMIC observations therefore confirm that an329

ionospheric wave-2 is indeed present during the boreal summer, with spatial distribution330

in the southern hemisphere and equatorial region consistent with that which would be ex-331

pected from enhanced vertical ion drift over Africa and the Central Pacific.332

3.2 Tidal Forcing Experiments336

We now utilize TIE-GCM to determine whether wave-2 atmospheric tidal compo-337

nents are capable of modulating the nighttime vertical ion drift and electron density, cre-338

ating regions favorable for EPB occurrence. As shown previously in Table 2, we perform339

separate TIE-GCM runs with migrating tides only lower boundary conditions (the "mi-340

grating only runs"), as well as runs with migrating tides and wave-2 tides at the lower341

boundary (the "wave-2 runs"). This process is repeated using both GSWM and CTMT342

tidal climatologies at low and high solar activity.343

Figure 7 shows the differences between TIE-GCM parameters from the wave-2 and348

migrating only model runs at solar maximum in geographic latitude and longitude. The349

figures in the left column correspond to the model runs using GSWM lower boundary350

conditions, while the right column corresponds to the model runs using CTMT lower351

boundary conditions. The top row shows the difference in TEC at 00 LT, while the middle352

row shows the difference in ion flux convergence vertically integrated between 200 - 400353

km at 22 LT, and the bottom row shows the difference between vertical ion drift at 300354

–10–



Confidential manuscript submitted to JGR-Space Physics

a)

b)

c)

d)

2008

Figure 4. Spatial features produced by COSMIC wave-2 TEC components during boreal summer 2008 at
00 hours local time as a function of latitude and longitude. Components shown are a) DE1, b) S0, c) DW3,
and d) SPW2. Magnetic apex latitudes given by orange contours. Magnitudes normalized by maximum zonal
mean TEC.

319

320

321

322
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2011a)

b)

c)

d)

Figure 5. Same as Figure 4, but for 2011323
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a)

b)

2008

2011

Figure 6. Superposition of all COSMIC TEC wave-2 components at 00 LT as a function of geographic lat-
itude and longitude during the boreal summer of a) 2008 and b) 2011. Magnitudes normalized by maximum
zonal mean TEC.

333

334

335
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Figure 7. Geographic latitude and longitude maps of difference between TIE-GCM runs with and without
GSWM (left column) and CTMT (right column) wave-2 lower boundary conditions at solar maximum for
TEC at 00 LT (top row), vertically integrated ion convergence at 22 LT (middle row), and vertical ion drift at
22 LT (bottom row). Note the difference in magnitudes between the GSWM and CTMT runs.

344

345

346

347
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km and 22 LT. The two hour delay between the TEC and ion transport difference fields is355

to account for the latency between changes in transport and changes in TEC.356

From Figure 7a, it can be seen that GSWM wave-2 forcing results in a wave-2 pat-357

tern in the TEC difference, albeit with different phases in different latitude zones. In the358

southern hemisphere tropics, the wave-2 peaks are respectively over the Central Pacific359

and the Indian Ocean, while the peaks in the northern tropics are shifted to being above360

South America and East Asia. The former is closer to the 2011 COSMIC observations361

shown previously in Figure 6b, indicating that there are still differences between wave-2362

tidal phases and the corresponding ionospheric changes in the model run and in reality.363

The aforementioned TEC enhancements over the Central Pacific and Africa are similar364

to the geographic distribution in low latitude enhancements in integrated ion flux conver-365

gence shown in Figure 7b, although the Central Pacific enhancement in integrated flux366

convergence is shifted to the south of the TEC enhancement. A stronger similarity in spa-367

tial distribution is seen with the low latitude enhancements in vertical ion drift shown368

in Figure 7c, with equatorial enhancements over the Central Pacific, as well as Eastern369

Africa. The difference in the longitudes of the integrated ion flux convergence wave-2370

peak over the Indian Ocean and the vertical ion drift peak over Eastern Africa suggest371

that horizontal transport may play a larger role in the formation of the TEC wave-2 peak372

over the Indian Ocean, compared to the Central Pacific wave-2 TEC peak, which can be373

attributed mostly to changes in vertical drift.374

Similarly, a wave-2 pattern is also resolved for the changes in TEC using CTMT375

wave-2 forcing, shown in Figure 7d, though with phases shifted to the west compared376

to the GSWM forcing results, as well as with larger magnitudes. In this case, equatorial377

peaks are resolved over the Western / Central Pacific and Africa. These enhancements in378

midnight TEC are similar in spatial distribution to the changes in ion flux convergence379

(Figure 7e) and vertical ion drift (Figure 7f), again demonstrating that wave-2 tidal forcing380

at the lower boundary of TIE-GCM can result in the generation of a wave-2 in midnight381

vertical ion drift, TEC and by extension, F-region plasma density.382

Ionospheric changes in response to wave-2 forcing at solar minimum are shown in384

Figure 8. As can be seen in Figures 8a and 8d, a wave-2 pattern is introduced to 00 LT385

TEC using lower boundary forcing from both GSWM and CTMT wave-2 tides. The lon-386

gitudes of the enhancements in response to GSWM forcing are shifted considerably from387

the expected regions, occurring over Central America and East Asia. The CTMT-driven388

enhancements occur over the African and Central Pacific sectors as expected. Compared389

to the solar maximum results shown previously in Figure 7, the magnitudes of the wave-2390

TEC enhancement are smaller by roughly half. The solar minimum enhancements are also391

shifted further into the northern hemisphere tropics and subtropics compared to the solar392

maximum results, as well as the COSMIC observations from 2008 (Figure 4).393

The longitudes of the wave-2 enhancements in TEC are consistent with those re-394

solved in vertically integrated ion flux convergence at 22 LT shown in Figures 8b and 8e395

for GSWM and CTMT, respectively. It is notable that the integrated ion flux convergence396

enhancements occur closer to the equator compared to the TEC enhancements, with the397

latter potentially being the result of plasma cascading down along magnetic field lines to398

higher latitudes. Figure 8c shows the changes in vertical ion drift at 300 km in response399

to GSWM wave-2 tidal forcing. The longitudes of the vertical ion drift enhancements are400

displaced to the west of the integrated ion flux convergence enhancements, indicating that401

horizontal ion transport also plays a role in the formation of the wave-2 TEC enhance-402

ments. A larger difference is also resolved between the geographic distribution of the ver-403

tical ion drift enhancements compared to that of the integrated ion flux and TEC enhance-404

ments in response to CTMT wave-2 tidal forcing shown in Figure 8f.405
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Figure 8. Same as Figure 7, but for solar minimum.383
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4 Discussion406

Taken together, the results of the COSMIC observations show that a wave-2 en-407

hancement in TEC with peaks over the Central Pacific and African sectors at 00 LT is408

a persistent feature during the boreal summer at both solar maximum and solar mini-409

mum. This is consistent with the hypothesis of Tsunoda et al. [2015] that the increased410

plasma bubble occurrence rates during this season over these two sectors can be attributed411

to higher nighttime F-region plasma densities and vertical gradients. The TIE-GCM nu-412

merical experiments demonstrated that forcing from wave-2 atmospheric tides can pro-413

duce wave-2 enhancements in TEC during both solar maximum and solar minimum con-414

ditions. The longitudes of the equatorial wave-2 TEC enhancements resolved using CTMT415

wave-2 tidal forcing are closer to the expected Central Pacific and African sectors com-416

pared to that resulting from GSWM wave-2 tidal forcing. This is consistent with the fact417

that the CTMT tides are the result of fitting to SABER and TIDI observations, and would418

therefore be expected to have amplitudes and phases in the lower thermosphere that are419

closer to reality. The latitudinal structures of the TEC wave-2 resolved in TIE-GCM show420

greater differences with observations, and may be related to model variables not con-421

strained by observations, such as thermospheric neutral winds, as well as direct propa-422

gation of atmospheric tides into the thermosphere.423

Although wave-2 TEC enhancements are resolved in response to wave-2 tidal forc-424

ing at both solar maximum and solar minimum, there is a greater consistency between425

the geographic distribution of the vertical ion drift enhancements and the corresponding426

wave-2 enhancements in integrated ion flux convergence and TEC at solar maximum com-427

pared to solar minimum. This suggests that formation of the ionospheric wave-2 in TEC428

is more strongly dependent on vertical ion drift enhancements, and by extension, wave-2429

atmospheric tides modulating the equatorial fountain via the E-region dynamo during so-430

lar maximum. At solar minimum, other coupling mechanisms such as horizontal plasma431

transport or direct propagation of the atmospheric tides may play a larger role. The lat-432

ter mechanism is consistent with the reduced thermospheric tidal dissipation during so-433

lar minimum, which was found by Oberheide et al. [2009] to result in significant thermo-434

spheric amplitude increases of long vertical wavelength tides such as DE3. We note again435

that the tidal lower boundary conditions were identical for both solar maximum and so-436

lar minimum conditions, which indicates that any differences in the ionospheric wave-2437

response can be attributed to in-situ thermosphere and ionosphere mechanisms.438

5 Conclusions439

Analysis of FORMOSAT-3/COSMIC observations and TIE-GCM numerical ex-440

periments were performed to examine the hypothesis of Tsunoda et al. [2015], which at-441

tributed the elevated plasma bubble occurrence rates during boreal summer over the African442

and Central Pacific sectors to modulation of vertical plasma drifts resulting from interac-443

tion of atmospheric tides of local time zonal wavenumber 2 with the E-region dynamo.444

This hypothesis is supported by observational results which revealed a recurrent nighttime445

wave-2 pattern with TEC enhancements over Africa and the Central Pacific during all of446

the boreal summers from 2007 - 2012, consistent with increased nighttime vertical plasma447

gradients and plasma bubble growth rates.448

Numerical experiments conducted using TIE-GCM forced by wave-2 atmospheric449

tides from GSWM and CTMT found that the midnight TEC wave-2 can be produced dur-450

ing both solar maximum and solar minimum using this method, with the longitudes of the451

enhancements formed through CTMT tidal forcing being closer to that observed. This is452

likely related to differences in tidal phase between the two models, as both models showed453

similar amplitudes. Analysis of the relation between TEC wave-2 enhancements and those454

in the integrated ion flux convergence and vertical ion drift showed that wave-2 modula-455

tion of vertical ion drift exhibited greater consistency with the TEC wave-2 during solar456
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maximum compared to solar minimum. This suggests that mechanisms besides tidal mod-457

ulation of the E-region dynamo may also play a role in the formation of the TEC wave-2458

during solar minimum.459
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