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ABSTRACT2

A three-dimensional, regional simulation is used to investigate ionospheric plasma density3

irregularities associated with Equatorial Spread F. This simulation is first driven with background4

electric fields derived from ISR observations. Next, the simulation is driven with electric fields5

taken from the WAM-IPE global model. The discrepancies between the two electric fields,6

particularly in the evening prereversal enhancement, produce disagreeing simulation results.7

The WAM-IPE electric fields are then studied through a simple sensitivity analysis of a field-line8

integrated electrodynamics model similar to the one used in WAM-IPE. This analysis suggests9

there is no simple tuning of ion composition or neutral winds that accurately reproduce ISR-10

observed electric fields on a day-to-day basis. Additionally, the persistency of the prereversal11

enhancement structure over time is studied and compared to measurements from the ICON12

satellite. These results suggest that WAM-IPE electric fields generally have a shorter and more13

variable correlation time than those measured by ICON.14
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1 INTRODUCTION

Equatorial Spread F (ESF) is a broad term that refers to a wide range of phenomena observed in the16

equatorial F-region ionosphere associated with post-sunset instabilities. Its name is derived from its effect17

of “spreading” ionograms that was first reported by Booker and Wells (1938). The associated plasma18

density irregularities are primarily attributed to collisional interchange instabilities (Woodman and La Hoz,19

1976; Zargham and Seyler, 1987; Kelley et al., 1987) or inertial interchange instabilities (Zargham and20

Seyler, 1987). Collisional shear instability has been proposed as a preconditioner for ESF activity (Hysell21

and Kudeki, 2004). The resulting irregularities can cause the scintillation of radio waves traveling through22

the region. This can compromise critical systems such as communication, navigation, and imaging systems23

(Woodman, 2009; Kelley et al., 2011). Avoiding these hazards requires an accurate forecast of ESF events24

that perform better than climatological estimates. For the purposes of this study, an accurate forecast is one25

that predicts the presence or absence of robust irregularities on a night-to-night basis and can be validated26

with radar or satellite observations.27
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The earliest attempts at forecasting ESF involved analyzing linear growth rates estimated from field-line28

integrated quantities (Haerendel, 1973; Sultan, 1996). These approaches predicted the climatological29

patterns of ESF occurrences. However, they were unable to produce accurate night-to-night behavior.30

Additionally, linear growth rate methods failed to explain the observation of topside irregularities. Other31

forecast attempts have involved numerical simulations of ESF and its associated irregularities. One of the32

first simulations that showed topside irregularities was presented by Scannapieco and Ossakow (1976).33

They showed the nonlinear evolution of interchange instabilities into equatorial plasma bubbles (EPBs)34

that reached the topside ionosphere. Despite these EPBs penetrating the topside ionosphere, they took35

significantly longer to develop than bubbles observed in nature. Current work aims at pairing observational36

data with direct numerical simulations. The observational data can be provided by incoherent radar scatter37

(ISR) observations taken at Jicamarca Radio Observatory (Hysell et al., 2014) or satellite data such as that38

from the ICON satellite (Hysell et al., 2023, 2024).39

One important factor in identifying favorable conditions for ESF and predicting its development is the40

large-scale zonal electric fields near the day/night terminator. These electric fields produce the vertical41

E×B plasma drifts that raise and lower the ionosphere. Of particular interest is the evening prereversal42

enhancement (PRE) that is commonly observed prior to sunset. The strength and timing of the PRE have43

been closely associated with the occurrence of ESF (Fejer et al., 1999). Accurately predicting the PRE44

is crucial for forecasting ESF. Multiple theories of the PRE have been suggested (Rishbeth, 1981; Farley45

et al., 1986; Eccles, 1998) and have been shown to produce the PRE in numerical models (Eccles et al.,46

2015). A common feature of these theories is a neutral thermospheric wind that generates a dynamo electric47

field in the equatorial F-region and off-equatorial E-regions. Near the day/night terminator, the steep zonal48

gradient in conductivity causes this dynamo to produce an enhanced eastward electric field. The lack of a49

similar but reverse phenomenon in the morning near the dawn terminator is yet to be explained thoroughly.50

The climatology of the PRE is well captured by the empirical drifts model proposed by Scherliess and51

Fejer (1999). However, the high degree of day-to-day variability remains an open question in equatorial52

electrodynamics. The regional simulation for ESF that is used in this study has previously been shown to53

be most sensitive to the strength of the PRE (Hysell et al., 2024) as well as its timing and duration (Hysell54

et al., 2022).55

In this study, observational data are replaced with estimates from a global circulation model (GCM). As56

in Hysell et al. (2022), the GCM used is the Whole Atmosphere Model with Ionosphere, Plasmasphere, and57

Electrodynamics (WAM-IPE) from NOAA. WAM-IPE is run operationally at NOAA Space Weather58

Prediction Center (SWPC) providing ionospheric and neutral atmosphere state parameter estimates59

from inputs of solar and geomagnetic activity and lower atmospheric forcing (Fang et al., 2022). The60

model extends the Global Forecast System vertically to approximately 600 km altitude and includes61

additional upper atmospheric physics. These additional physics involve one-way coupling to an ionosphere-62

plasmasphere model and a self-consistent electrodynamics solver similar to that used in the NCAR63

TIE-GCM model (Maruyama et al., 2016). Here, the electric fields produced by this dynamo solver are64

studied, and their impact on a regional simulation of ESF-related irregularities is analyzed. It is believed65

that the day-to-day disagreement between WAM-IPE-produced and ISR-observed electric fields prevents66

accurate reproductions of ESF activity. This conclusion prompts a further analysis of WAM-IPE electric67

fields and testing whether they can be adjusted in a way that will match ISR observations.68

The remainder of this paper is structured as follows. In Section 2, we discuss the regional simulation used69

to replicate ESF observations. Results from an August/September 2022 campaign are presented and the70

effects of WAM-IPE electric fields are analyzed. In Section 3, a proxy electrodynamics model is described71
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and used to perform a variety of sensitivity tests on the dynamo electric fields from WAM-IPE. The tests72

here include adjustments to ionospheric composition and the structure of the thermospheric neutral winds.73

The effects of these tests are then compared to ISR observations for all nights of the campaign. Next, in74

Section 4, we compare the temporal evolution of the PRE in WAM-IPE to that observed by the ICON75

satellite. Correlation times of this structure are discussed and compared to theory. Finally, Section 576

summarizes the results and provides a brief discussion on advancing toward a true forecast of ESF events.77

2 REGIONAL SIMULATION

The regional simulation used here is a three-dimensional, multifluid simulation cast in magnetic dipole78

coordinates (Swisdak, 2006; Wohlwend, 2008). It tracks the number densities of four ion species (H+,79

NO+, O+

2
, and O+) and electrons. Results are validated through comparison with both coherent and80

incoherent radar observations of irregularities. The simulation was described in detail by Hysell et al.81

(2014) and is used here similarly to Hysell et al. (2022). For this reason, only a brief description of it is82

given here.83

There are two primary computations performed in the simulation. The first is a linear solver that calculates84

the electrostatic potential associated with the small-scale electric fields present in irregularities. This means85

the electric field is broken into two components: a large-scale background electric field E0, and a gradient86

of a scalar potential defining the small-scale electric fields, −∇Φ. Starting from the inertialess momentum87

equation and using this split electric field, one can find the following elliptic PDE by enforcing the88

divergence-free current condition (∇ · J = 0).89

∇ · (σ · ∇Φ) = ∇ ·

[

σ · (E0 + u×B)−
∑

s

qsDs · ∇ns + Ξ · g

]

(1)

where σ is the conductivity tensor, Φ is the electrostatic potential, E0 is the background electric field,90

u is the neutral thermospheric neutral wind vector, B is the geomagnetic field, qs is the electric charge91

of species s, Ds is the diffusivity tensor for a species, ns is the species number density, Ξ is a tensor92

containing all the terms describing gravity-driven currents, and g is the Earth’s gravitational field. Eq. 1 is93

solved using a preconditioned stabilized biconjugate gradient method with Robin boundary conditions on94

all boundaries.95

The second computation is a finite-volume code that updates species densities according to the continuity96

equation.97
∂ns
∂t

+∇ · (nsvs) = P − L (2)

where vs is the drift velocity that is calculated using the inertialess momentum equation, and P and L are98

production and loss terms. The chemical production and loss rates for charge exchange and dissociative99

recombination are taken from Schunk and Nagy (2004). A flux assignment scheme based on the total100

variation diminishing (TVD) condition is used with monotone upwind scaling for conservation laws101

(MUSCLs). Time advancement is performed with a second-order Runge-Kutta scheme with time steps of102

7.5 seconds for 2 hours.103

Initialization of the simulation is done with empirical and physics-based models paired with ISR104

observations. Ion composition is initialized with IRI-2016, and electron density is initialized by tuning105

SAMI2 to produce electron density profiles that are in agreement with ISR observations. This tuning is106
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done in two ways: adjusting the F10.7 solar flux parameter and adjusting a second parameter that controls107

the time history of the background electric fields. Both of these parameters are adjusted until there is108

optimal congruity between SAMI2-produced profiles and those observed through ISR, as shown in Figure109

1a. This tuning is typically minimal and does not have a large impact on simulation results. Since SAMI2110

is a two-dimensional model operating at a single longitude, local time and longitude are considered to be111

equivalent in order to extrapolate the SAMI2 results to neighboring longitudes. Parameters describing the112

neutral atmosphere are continuously taken from NRLMSIS 2.0 throughout the simulation.113

The driving terms include the background electric fields, E0, and neutral thermospheric winds, u0. These114

are also derived from empirical models and ISR observations. Additionally in this study, the electric fields115

can be derived from WAM-IPE estimates. HWM14 prescribes the neutral winds throughout the simulation.116

These winds can be tuned via a multiplicative factor to produce zonal plasma drifts that agree with ISR117

observations. No such tuning was necessary for the results shown here. In this study, simulation results are118

compared where the background electric fields are derived from ISR vertical plasma drift measurements,119

and taken directly from WAM-IPE. Another source for these electric fields that has been explored is those120

taken from the ion velocity meter (IVM) aboard the ICON satellite (Hysell et al., 2023, 2024).121

Multiple ISR experiments have been run at Jicmarca Radio Observatory over the last few years. These122

ISR experiments provide estimates for multiple state parameters of the ionosphere including plasma number123

density, electron and ion temperatures, and zonal and vertical plasma drift velocities. Figure 1 shows ISR124

data for all four nights of a 2022 campaign during the hours surrounding sunset. Blank patches in the125

ISR data correspond to coherent scatter from 3-m irregularities that interfere with the ISR technique and126

prevent parameter estimation. These irregularities are closely associated with ESF and serve as an indicator127

of ESF activity here. It can be seen in Figure 1 that 29 Aug. and 01 Sept. experienced particularly strong128

ESF events with large depletion plumes penetrating the topside ionosphere.129

Plotted in green against the right vertical axis in each (e) panel of Figure 1 are height-averaged vertical130

plasma drift velocities. These averaged drift speeds are parameterized using a sinusoidal function with four131

parameters: amplitude, V0, period, τ , UT hour offset, t0, and vertical offset, c.132

v(t) = V0 sin

(

2π

τ
(t− t0)

)

+ c (3)

This parameterization describes the zonal background electric fields throughout the 2-hour simulation and133

adequately captures the strength, timing, and duration of the PRE. It is plotted in blue against the right134

vertical axis in each (e) panel of Figure 1. The PRE is regularly observed by Jicamarca ISR experiments135

and it is important to capture for predicting ESF activity.136

2.1 Simulation Results137

Figure 2 shows simulation results for four nights of a 2022 campaign when driven with ISR-derived138

electric fields. All four nights were during a geomagnetically quiet period. Results are shown two hours139

after initialization, which took place at 2300 UT for the first two nights and 2310 UT for the last140

two nights. They show ionospheric composition in a zonal-altitudinal slice in the magnetic equatorial141

plane. Red, green, and blue coloring represents molecular ion, proton, and atomic oxygen ion number142

density. Strong ESF activity is visible during the first and fourth nights of the campaign in the form of large143

depletion plumes. These large depletion plumes penetrate well into the topside ionosphere within 2 hours144
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of their initialization. This closely resembles the radar observations shown in Figure 1, for all nights of the145

campaign. These results act as a validation of the regional simulation.146

Figure 3 also shows simulation results for the same August/September 2022 campaign with the147

simulation driven by WAM-IPE background electric fields. Additionally, WAM-IPE provided the initial ion148

composition and neutral compositions throughout the simulation. The most significant difference between149

results in Figure 2 and Figure 3 is the absence of plumes on the nights of 29 Aug. and 01 Sept. These150

are examples of missed detections of ESF. ESF activity was observed during both of these nights and151

replicated in simulations driven with radar data but absent in simulations driven with WAM-IPE estimates.152

Figure 4 shows the differences between vertical plasma drifts (via zonal background electric fields) in ISR153

observations (red) and WAM-IPE results (blue) for all four nights of the campaign. It can be seen that the154

particularly strong PRE observed by ISR on the first and fourth nights is absent in WAM-IPE. This lack of155

a PRE prevented the rapid growth of irregularities in the simulation. The two nights without ESF activity156

have significantly weaker PREs and show better agreement between WAM-IPE and ISR.157

Another visible difference between the two results is that WAM-IPE exhibits an enhanced molecular ion158

composition in the valley region compared to that predicted by IRI-2016. This is most noticeable between159

100-200 km altitudes for all nights in Figure 3. The effects of substituting WAM-IPE compositions into the160

simulation while being driven with ISR-derived electric fields was studied by Hysell et al. (2022) along161

with wind substitutions and electric field substitutions on multiple nights during a Sept. 2021 campaign.162

Those results indicated that WAM-IPE composition is likely not the source of discrepancy in simulation163

results. The same conclusion is reached here by noting that the enhanced molecular ion density occurs on164

all three nights. Missed detections only occur on the nights when WAM-IPE electric fields disagreed with165

ISR observations. This compositional difference is noted as it is the motivation for studying the effects of166

enhanced molecular ion densities on the development of electric fields discussed in the following section.167

3 ELECTRODYNAMICS SENSITIVITY ANALYSIS

A two-dimensional electrodynamics solver similar to the one used in WAM-IPE was built to serve as a168

proxy model for WAM-IPE electric fields. The model uses modified apex coordinates (Richmond, 1995;169

Laundal and Richmond, 2017) and an IGRF magnetic field (Alken et al., 2021). In this coordinate system,170

the two dimensions that are constant along a magnetic field line are the apex longitude, φ, and the modified171

apex latitude, λ. The apex longitude is defined as the centered-dipole longitude of the field line’s apex172

point. The modified apex latitude is defined to be the latitude that a dipole field line with the same apex173

altitude, hA, would intersect with a constant reference height hR. Here, a reference height of 90 km is used174

as that is considered to be the base of the conducting ionosphere.175

Magnetospheric sources are neglected, confining the model to magnetic latitudes below ±60◦. These176

magnetic latitudes are equivalent to apex heights ranging from 90 km to 19373 km. Assuming equipotential177

field lines (as done by Farley (1960)), the field-line integrated divergence-free current condition results in178

the following two-dimensional PDE for electrostatic potential, Φ.179

∂

∂φ

(

Σφφ

cosλ

∂Φ

∂φ
+ Σφλ

∂Φ

∂|λ|

)

+
∂

∂|λ|

(

Σλφ
∂Φ

∂φ
+ Σλλ cosλ

∂Φ

∂|λ|

)

= (RE + hR)

(

∂KD
φ

∂φ
+

∂

∂|λ|

[

KD
λ cosλ

]

)

(4)
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where RE is the mean radius of the Earth (6371.2 km), Σφφ and Σλλ act in a similar manner as integrated180

Pedersen conductivities, Σφλ and Σλφ act similar to integrated Hall conductivities, and KD
φ and KD

λ181

are integrated “wind-driven” current densities that act as source terms for the ionospheric dynamo. All182

quantities in Eq. 4 are constant along a magnetic field line and can be mapped down to a desired height183

along that field line. A more detailed derivation of Eq. 4, along with definitions of integrated quantities, is184

given in Appendix A and Richmond (1995).185

In reality, there is a small potential drop along magnetic field lines suggesting that the electrostatic186

potential is truly a three-dimensional structure. However, resolving this 3D global structure at a high187

enough resolution to capture the PRE would be computationally intensive. This is not a concern here188

as the purpose of this model is to serve as a proxy to the WAM-IPE electrodynamics model which189

makes the same equipotential field line assumption. Additionally, gravity and pressure-driven currents190

are also neglected here, although their effects were studied by Eccles (2004).191

The resolution of the model is 4.5◦ in the φ direction and 1.0◦ in the λ direction. While the grid is uniform192

in the modified apex latitude dimension, this does not equate to uniform spacing in the apex altitude of193

field lines. WAM-IPE densities and neutral winds are interpolated to irregularly spaced points along each194

magnetic field line and then integrated in the manner given in Appendix A. The spacing of field line195

points is determined by the altitudinal distance between neighboring points with 1 km spacing below 150196

km, 5 km spacing between 150-2000 km, and 100 km spacing above 2000 km. This allows for a better197

representation of E-region dynamics that occur near the base of the field lines and drive the Sq current198

system. In solving Eq. 4, periodic boundary conditions are used in the φ direction. Due to the lack of199

magnetospheric current sources, the high latitude/altitude boundary condition is Φ = 0. The current in the200

direction is restricted to zero at the low latitude/altitude boundary (i.e. Kλ = 0).201

3.1 Model Results202

Shown in Figure 5 are the results of the proxy model taken at 2300 UT on 29 Aug. 2022. At this time203

the day/night terminator is located approximately 7◦ East of Jicamarca, which is indicated by the vertical204

orange line in each panel. The values shown in Figure 5 are (a) the electrostatic potential for all modified205

apex latitudes, (b) upward plasma drift velocities between 100-600 km apex altitudes, and (c) upward206

plasma drift velocities at 300 km altitude compared to WAM-IPE results. The contours of electrostatic207

potential in Figure 5(a) act as flowlines for plasma drifts, with clockwise flow around local maxima and208

counter-clockwise flow around local minima. The enhanced upward velocity that’s indicative of the PRE209

can be seen a few degrees to the East of Jicamarca in each panel. Additionally, Figure 5(c) validates the210

proxy model as a reasonable replication of WAM-IPE electric fields.211

To compare directly to ISR measurements, the proxy model is solved at 12-minute increments from212

2200 UT to 0200 UT. The plasma drift velocities 300 km overhead Jicmarca are recorded and plotted213

alongside WAM-IPE values. Figure 6 shows time series of zonal and vertical plasma drift velocities214

from all nights of the 2022 campaign. Note that the proxy model solutions (solid cyan curves) agree215

with WAM-IPE estimates (solid dark blue curves) within reason. This provides further validation216

for the model to act as a proxy for WAM-IPE electrodynamics. The first and fourth nights exhibit217

significant disagreement between the PRE in WAM-IPE and ISR observations (solid red curves),218

while the second and third nights show similarly small PRE patterns. The dashed lines plotted in219

Figure 6 show results from the proxy model due to the various sensitivity tests discussed below.220

The first sensitivity tested relates to ionospheric composition and is motivated by the observation of221

enhanced molecular ion densities in WAM-IPE mentioned in Section 2.1. In this test, the proxy model was222
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tested with only 10% of the original molecular ions given by WAM-IPE. Results from this test are plotted223

in dashed orange lines in Figure 6. Since the decrease of ions in the ionosphere diminishes the conductivity,224

larger electric fields (therefore larger plasma drift magnitudes) are required to maintain the same current225

flow. Despite the larger fields, there are minimal effects on the structuring of the PRE, and vertical drifts do226

not appear to match ISR observations any better than when the full WAM-IPE composition is used. This227

acts as further validation of the claim that enhanced molecular ion densities are not the source of inaccurate228

simulation results.229

The next two tests involve using HWM14 winds to drive the dynamo electric fields rather than230

thermospheric winds provided by WAM-IPE. The first of these tests is a direct substitution of HWM14231

winds and is shown in dashed dark green lines, while a second test uses HWM14 winds delayed by one hour232

and is shown in dashed light green lines. The one-hour delay is motivated by results in Hysell et al. (2024),233

where this offset produced optimal agreement with ICON satellite wind measurements. Both tests have234

similar impacts on the time series of horizontal and vertical drifts. It can be seen that these had the most235

significant impact on the proxy model vertical drifts and improved the agreement with ISR observations on236

29 Aug. 2022. However, each of these tests produced a similar PRE on all four nights including the237

two nights when a weak PRE was observed. This is not surprising as HWM14 is an empirical model238

that does not capture rapid day-to-day variations.239

The final two tests are motivated by results from Richmond et al. (2015) where it was found that the240

PRE structure was sensitive to the zonal winds located at magnetic latitudes near the Equatorial Ionization241

Anamoly (EIA), rather than only those near the day/night terminator. Their results suggested that242

eliminating the zonal winds near the EIA, diminished the magnitude of the PRE. To test this, the proxy243

model was first run with no zonal winds for all longitudes where 20 ≤ |λ| ≤ 40 (shown in dashed pink244

lines) and then with double the zonal winds in the same region (shown in dashed purple lines). The results245

here agree with those in Richmond et al. (2015), with a generally decreased drift magnitude with no EIA246

winds, and an increased drift magnitude with double EIA winds. However, neither of these tests produced a247

PRE comparable to that observed by ISR, on either night.248

As can be seen in each panel (a) of Figure 6, none of these sensitivity tests significantly impacted the249

evolution of zonal drift velocities. The regional simulation described above does not appear to be highly250

sensitive to zonal drifts. However, it is highly sensitive to vertical drifts. Both of these observations highlight251

the importance of predicting the vertical plasma drifts and the structure of the PRE in forecasting ESF.252

4 PRE PERSISTANCE

The final analysis of WAM-IPE electric fields performed here is on the persistence of the PRE in both253

magnitude and timing. The empirical model developed by Scherliess and Fejer (1999) and used in many254

ionospheric models predicts a global structure of vertical plasma drifts that is predominantly dependent on255

LT. This means that the PRE can be expected to remain roughly constant in magnitude and position relative256

to the day/night terminator. Therefore, if the PRE is sampled at the same LT at two different UTs, there257

should be a strong correlation between the two curves. This is not always observed in WAM-IPE estimates258

of the vertical plasma drifts.259

Figure 7 shows the evolution of WAM-IPE vertical drifts in UT for a span of LT surrounding the260

day/night terminator. Drifts are shown at 300 km altitude for all nights of the 2022 campaign are261

shown in 12-minute increments between 2300 UT and 0100 UT. The LT for each panel is constant with the262

terminator (1830 LT) in the center of the horizontal axis. The UT increases moving down a column, so263
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each subsequent panel moves to the west in longitude. It can be seen that the PRE structure does not remain264

constant across the two hours of samples, and can change rapidly across 36 minutes, or less. In general,265

both the PRE peak and the reversal time drift to the west as the night progresses. One significant266

observation is the disappearance and reappearance of the PRE on 29 Aug. (first column). The PRE is267

absent at 2348 UT but is weakly present 12 minutes before and after. It is expected that the PRE would268

be present, and maintain its magnitude and position, throughout the entire night rather than appear and269

disappear rapidly.270

To study this evolution of the PRE, in-situ data provided by the IVM device aboard the ICON satellite is271

used for comparison. Ion velocities from ICON are recorded as the satellite passes the magnetic equator272

near sunset. These measurements were used as a driver of the regional simulation by Hysell et al. (2023)273

and Hysell et al. (2024). Results presented in those studies highlighted the importance of the PRE in274

driving the regional simulation. Normalized autocorrelation functions of vertical plasma drift measurements275

were calculated from consecutive orbits separated by 104 minutes (the orbital period of ICON). These276

functions are shown in Figure 8, with red curves representing data from August 2022, and blue curves277

representing data from October 2022. Bright-colored curves indicate nights when ESF was observed, while278

pastel-colored curves indicate no ESF activity. The lag time on the horizontal axis represents the lag time279

relative to when ICON crosses a constant LT sector. Due to the satellite’s motion, both temporal and spatial280

variations are implicitly represented in these datasets. This is not the same as recording the spatial structure281

of the PRE at a constant LT as is done in Figure 7. However, it is an in-situ measurement that can be used282

as a baseline for the persistence of the PRE.283

It can be seen in Figure 8 that the PRE is well correlated across at least 104 minutes. Here, the correlation284

time, tcorr is defined as the maximum time between measurements with a correlation coefficient that has285

decreased by a factor less than or equal to 1/e. Since relatively few autocorrelation functions in Figure 8286

have a maximum correlation coefficient less than 1− e−1 (dashed black line), it is concluded that ICON287

data suggests a correlation time longer than 104 minutes. Additionally, the location of the PRE remains288

relatively constant, as indicated by the small lag times of the peak correlation coefficient. Nights in which289

ESF was observed exhibit a particularly strong correlation relative to nights without ESF. Based on these290

results, it can be concluded that the PRE has a correlation time of at least 104 minutes. This large tcorr is in291

agreement with the empirical model suggested by Scherliess and Fejer (1999).292

Similar, but not equivalent, normalized autocorrelations are taken with WAM-IPE estimates of vertical293

plasma drifts throughout 2021 and 2022 campaigns and are shown in Figures 9-10 (WAM-IPE data for294

the 2021 campaign were analyzed by Hysell et al. (2022)). The estimates of vertical drifts are recorded at295

590 km altitude (the orbital altitude of ICON satellite) and across a 60◦ wide longitude sector centered296

around the day/night terminator. Contradictory to the ICON data shown in Figure 8, this solely compares297

the spatial structure of the PRE. This longitude sector corresponds to ±2 hours in LT around the terminator.298

Autocorrelation functions are calculated by correlating these sectored vertical drifts at two different UTs.299

Autocorrelation functions with the same UT lag time are then averaged. For example, a 3-minute UT lag300

time correlation is calculated between 2300 UT and 2303 UT, between 2303 and 2306 UT, between 2306301

UT and 2309 UT, and so on before being averaged. The UT lag times are then increased by 3 minutes302

until a UT lag time of 120 minutes is reached or tcorr is reached. Correlation times are printed in the303

upper-left-hand corner of each panel in Figures 9-10. The horizontal axis is the LT shift (equivalent to a304

longitudinal shift) of the two longitudinal sectors relative to one another. A positive LT shift corresponds to305

an Eastward shift. The color of each line plotted is representative of the UT lag time between longitudinal306
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sectors that are being correlated. This essentially separates the spatial and temporal structure of the plasma307

drifts, which were combined for the ICON data.308

It can be seen that tcorr is highly variable on a night-to-night basis. Only two of the nine campaign309

nights show tcorr > 120 minutes, although it should be noted that two other nights (21 Sept. 2021 and310

23 Sept. 2021) exhibit strong correlation over at least 104 minutes. The nights with short correlation311

times (less than 2 hours) have tcorr ranging from 114 minutes to as little as 24 minutes. In particular, one312

of the shortest correlation times occurred on 29 Aug. 2022, which is one of the nights when WAM-IPE313

electric fields prevented the growth of irregularities in the regional simulation. Although the autocorrelation314

functions shown for each dataset cannot be compared directly, a general understanding of tcorr can be315

gathered from both. The occasional short correlation times in WAM-IPE estimates are contradictory to the316

regularly observed long correlation times seen in ICON data. There does not appear to be a connection317

between correlation time and accuracy of the resulting regional simulations. This is evident due to 29 Aug.318

2022 having a small tcorr value while 01 Sept. 2022 exhibits a large value of tcorr, yet both nights were319

missed detections when the simulation was driven with WAM-IPE electric fields. On the other hand, 30320

Aug. 2022 shows a large tcorr and 31 Aug. 2022 has a short tcorr while both nights had accurate simulations321

of absent ESF.322

5 CONCLUSIONS

The regional simulation described in Section 2 is capable of reproducing night-to-night observations of323

ESF activity when initialized and driven by proper observational data. Most importantly, the simulation is324

sensitive to the strength, duration, and timing of the PRE. Previous results of the simulation indicate that325

the most reliable method of determining background electric fields is to derive them from ISR-measured326

vertical plasma drifts. This, however, is not a true forecast as it relies on real-time radar measurements327

to reproduce irregularities that are actively present and not about to develop. Additionally, the simulation328

has a very high computational cost and is unable to run in real time. In an attempt to move towards a true329

forecast using the simulation, predicted background electric fields taken from WAM-IPE were used to330

drive the simulation. These attempts were less successful than the ISR-driven results as missed detections331

were recorded. The lack of night-to-night accuracy in WAM-IPE background electric fields is capable332

of suppressing instabilities and may also be capable of generating artificial instabilities in the regional333

simulation.334

To analyze the background electric fields from WAM-IPE, a proxy electrodynamics model was developed335

and used to perform a variety of sensitivity tests. Multiple sensitivities of the dynamo solver were tested336

related to the ionospheric composition and neutral wind structure. Replacing WAM-IPE winds with337

HWM14 appeared to improve agreement between the resulting electric fields and ISR observations for338

some nights, but not others. Other sensitivities tested also did not improve the agreement. These results339

suggest that there is not a simple substitution or scaling of WAM-IPE parameters that would produce340

electric fields comparable to ISR observations on a night-to-night basis.341

While no sensitivity tests reproduced ISR observations, they did appear to significantly impact342

the resulting electric fields. In agreement with Richmond et al. (2015) the PRE appears to rely on343

the global wind patterns rather than local patterns surrounding the terminator. This highlights the344

importance of thermospheric wind observations for a potential ESF forecast. Hysell et al. (2022)345

suggested disagreement between WAM-IPE and HWM14 thermospheric winds that may also prove346
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detrimental to the resulting electrodynamics. Further exploration and validation of global WAM-347

IPE neutral wind patterns may improve the day-to-day accuracy of its equatorial electrodynamics348

estimations.349

Additionally, the vertical plasma drifts produced by WAM-IPE electric fields were compared to those350

measured by the ICON satellite. In particular, we note that ICON data agrees with the theory that the351

global structure of the vertical drifts and the PRE maintain their shape and vary slowly. As measured by352

ICON the PRE appears to have a correlation time of at least 104 minutes In contrast, it was shown that353

WAM-IPE results may vary the PRE structure rapidly with correlation times dropping to as little as 20354

minutes. Further work is needed to understand the effect of a persistent, or rapidly changing, PRE on ESF355

development and the growth of irregularities in the regional simulation.356

A multitude of factors can affect the growth of irregularities associated with ESF. Contemporary results357

suggest that the most important of these factors are the background electric fields, the strength and timing358

of the PRE, and the neutral thermospheric winds that produce the ionospheric dynamo. A true forecast of359

ESF must capture each of these factors, and others, accurately on a night-to-night basis. Improvement of360

the night-to-night accuracy in WAM-IPE electric fields is critical to the model acting as the baseline for a361

regional forecast. Currently, the electric fields predicted by WAM-IPE do no better than climatology and362

are therefore unable to drive a forecast that is more accurate than climatology. Further sensitivity tests, may363

indicate additional sources for more accurate variability in the WAM-IPE electric fields.364

APPENDIX A ELECTRODYNAMICS SOLVER

Richmond (1995) defined the modified apex coordinate system that is used in the proxy electrodynamics365

model in this study as well as in WAM-IPE. They define the base vectors, d1, d2, d3, e1, e2, and e3. d1366

and e1 point in the magnetic eastward direction, d2 and e2 point in the magnetic downward/equatorward367

direction, and d3 and e3 point tangent to the IGRF magnetic field, B. Emmert et al. (2010) described368

efficient computations of these base vectors. The following vector decompositions are useful for369

electrodynamics calculations.370

B = (B · d3) e3

= Be3e3
(A1)

371
E = (E · e1)d1 + (E · e2)d2

= Ed1d1 + Ed2d2

(A2)

372
J = (J · d1) e1 + (J · d2) e2

= Je1e1 + Je2e2
(A3)

Additionally, E is expressed in terms of a gradient of a scalar potential, Φ.373

Ed1 =
−1

(RE + hR) cosλ

∂Φ

∂φ
(A4a)

Ed2 =
−1

(RE + hR) sin Im

∂Φ

∂λ
(A4b)
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where RE is the mean radius of the Earth, hR is the reference height used, and sin Im =374

2 sinλ
(

4− 3 cos2 λ
)

−1/2
is the sine of the inclination of a dipolar magnetic field at the reference height.375

The transverse to B current density is expressed by an Ohm’s Law expression.376

Je1 = σPd
2
1 (Ed1 + ue2Be3) + (σPd1 · d2 − σHD) (Ed2 − ue1Be3) (A5a)

Je2 = (σPd1 · d2 + σHD) (Ed1 + ue2Be3) + σPd
2
2 (Ed2 − ue1Be3) (A5b)

where σP and σH are the Pedersen and Hall conductivities, respectively, D = |d1 × d2|, and Be3 = B/D377

is the scaled magnetic field strength which is constant along a field line. Integrating along equipotential378

magnetic field lines, the system collapses to a two-dimensional one that is defined by the integrated current379

density, K.380

Kφ = | sin Im|

∫

Je1
D

ds = ΣφφEφ + ΣφλEλ +KD
φ (A6a)

Kλ = ∓

∫

Je2
D

ds = ΣλλEφ + ΣλλEλ +KD
λ (A6b)

where integration is performed with respect to s, the distance along the magnetic field line from its base in381

the Southern hemisphere to the conjugate point in the Northern hemisphere. Upper signs are used in the382

Northern Hemisphere, and lower signs are used in the Southern Hemisphere. The integrated quantities on383

the right-hand side of Eq. A6 are defined by Richmond (1995) and listed here. The electric fields are scaled384

values of Ed1 and Ed2 and are given by385

Eφ = Ed1 =
−1

(RE + hR) cosλ

∂Φ

∂φ
(A7a)

Eλ = −Ed2 sin Im =
−1

RE + hR

∂Φ

∂λ
(A7b)

The integrated conductivities, represented by Σ, and integrated wind-driven currents, represented by KD,386

are given by387

Σφφ = | sin Im|

∫

σPd
2
1

D
ds (A8)

388

Σλλ =
1

| sin Im|

∫

σPd
2
2

D
ds (A9)

389
Σφλ = ± (ΣH − ΣC) (A10)

390
Σλφ = ∓ (ΣH + ΣC) (A11)

391

ΣC =

∫

σPd1 · d2

D
ds (A12)

392

ΣH =

∫

σHds (A13)

393

KD
φ = Be3| sin Im|

∫
[

ue2
σPd

2
1

D
+ ue1

(

σH −
σPd1 · d2

D

)]

ds (A14)
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394

KD
λ = ∓Be3

∫
[

ue2

(

σH +
σPd1 · d2

D

)

− ue1
σPd

2
2

D

]

(A15)

where uei = u · di, and once again the upper signs are used in the Northern Hemisphere, while the lower395

sign is used in the Southern Hemisphere.396

Consider the Northern and Southern hemispheres separately, noting that λS = −λN = −|λ|, where397

superscripts N and S represent quantities evaluated in the Northern and Southern hemispheres. Using398

similar notation for all quantities, the divergence-free current condition is expressed by the following.399

∇ ·K = (∇ ·KN ) + (∇ ·KS) =
∂

∂φ

[

KN
φ +KS

φ

]

+
∂

∂|λ|

[

cosλ
(

KN
λ −KS

λ

)]

= 0 (A16)

Eq. A5 and Eq. A7-A15 are substituted into Eq. A6 for each hemisphere. Those results are then substituted400

into A16, producing the following elliptic PDE for the electrostatic potential that was given in Eq. 4. Here,401

the superscript T is used to represent the total value between the Northern and Southern hemispheres, even402

though it was dropped in Eq. 4.403

∂

∂φ

(

ΣT
φφ

cosλ

∂Φ

∂φ
+ ΣT

φλ

∂Φ

∂|λ|

)

+
∂

∂|λ|

(

ΣT
λφ

∂Φ

∂φ
+ ΣT

λλ cosλ
∂Φ

∂|λ|

)

= (RE + hR)

(

∂KDT
φ

∂φ
+

∂

∂|λ|

[

KDT
λ cosλ

]

)

(A17)

where total integrated quantities are combinations of those in the Northern and Southern hemispheres404

according to the following.405

ΣT
φφ = ΣN

φφ + ΣS
φφ (A18)

406

ΣT
φλ = ΣN

φλ − ΣS
φλ (A19)

407

ΣT
λφ = ΣN

λφ − ΣS
λφ (A20)

408

ΣT
λλ = ΣN

λλ + ΣS
λλ (A21)

409
KDT

φ = KDN
φ +KDS

φ (A22)
410

KDT
λ = KDN

λ −KDS
λ (A23)
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