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A time-dependent nonlinear three-dimensional model for the evolution of the
equatorial bottomside lower ionosphere in the presence of dissipating gravity waves
has been developed. From the numerical solution of the model, it is found that
large bottomtype F-region ionospheric density perturbations and electric fields can
be driven by dissipating gravity waves from tropospheric sources. The spatial dis-
tribution of the ionospheric F-region density perturbations can be characterized as
a patchy, layer-like structure and may be responsible, in part, for observed large
scale wavelike structures in the equatorial bottomside F-region which are a precur-
sor to fully developed equatorial ionospheric bubbles. Favorable comparison of the

model with observations is made.



1. Introduction

Spread-F bubbles frequently occur in the terrestrial ionosphere and are a ma-
jor problem in ionosphere-thermosphere coupling and space weather forecasting.
Spread-F bubbles refer to large holes in the ionospheric F-region plasma density.
Recently, several studies both experimental [Fritts et al., 2008; Rodrigues et al.,
2008; Tsunoda, 2006; Hysell et al., 2005; Kil et al., 2004; Straus et al., 2003; Abdu
et al., 2009; Hocke and Tsuda, 2001] and theoretical [Huba et al., 2008; Keskinen
and Vadas, 2009; Hysell and Kudeki, 2004; Tsunoda, 2006; Bhattacharayya, 2004;
Keskinen et al., 2003; Kherani et al., 2005; Sekar and Kelley, 1998] have been de-
voted to the origin, evolution, and general characterization of equatorial ionospheric
bubble structures. A major issue in equatorial ionospheric weather, in the form of
spread-F bubble structures, is the identification of a precursor which would lead to
the forecasting of equatorial ionospheric bubble development.

Experimental observations in the equatorial Pacific [ Tsunoda and White, 1981;
Hysell et al., 2005] and South American regions [Rodrigues et al., 2008; Hysell
and Burcham, 1998; Kudeki and Bhattacharyya, 1999; Woodman and LaHoz, 1976]
have demonstrated a strong correlation between large scale patchy wavelike layered
structures in the bottomside F-region and the subsequent development of fully
developed topside equatorial spread-F bubbles. In the equatorial Pacific sector, it

was shown [ Tsunoda and White, 1981] that, before equatorial bubble development,



distinctive large scale wavelike structures (LSWS) can occur in the bottomside F
layer. The LSWS can occur over a large zonal distance of approximately 1200 km
with an average zonal wavelength of 400 km. It was suggested that the LSWS are
a precursor to equatorial spread-F bubbles. Similar observations were made in the
equatorial Pacific region during the EQUIS II campaign [Hysell et al, 2005] which
indicated bottomside layers at 200-250 km containing patchy structure with scale
sizes in the range 30-150 km. In the equatorial South American sector, observations
from the Jicamarca radar observatory [Hysell and Burcham, 1998; Rodrigues et al.,
2008] indicate that bottomside and bottom-type scattering are common especially
during solar minimum and are precursors to large scale radar plumes that evolve at
topside altitudes. Recently, large scale patchy structures have also been observed
in Brazil [Rodrigues et al., 2008] in the bottomside F-region preceding the onset
of equatorial spread-F bubbles. In summary, experimental observations indicate a
strong correlation between large scale wavelike patchy structure in the bottomside
F-region and subsequent fully developed topside equatorial ionospheric bubbles.
The altitudes of the bottomside patchy structures can be as low as 200 km during
solar minimum periods with characteristic scale sizes of 30 - 400 km. They typically
occur in regions below the steep F-region bottomside in the valley region. The
patchy layers have not been observed when fully developed topside bubble structures

are not observed.



Several models have been developed for these precursor wavelike patchy struc-
tures in the bottomside F-region. The collisional electrostatic Kelvin-Helmholtz
instability, generated in the region of shear nodes in the F-region zonal flow, has
been proposed [Hysell and Kudeki, 2004]. The gradient-drift instability, resulting
from retrograde ionospheric flows in the bottomside region and zonal ionospheric
density gradients, has been invoked [Kudeki and Bhattacharyya, 1999]. A sporadic-
E layer instability has been discussed [Tsunoda et al., 2006]. Gravity waves (GW)
have also been proposed to directly excite the Rayleigh-Taylor instability in the
steep bottomside F-region [Kelley et al., 1981; Huang and Kelley, 1996; Singh et
al., 1997]. Recent results from the SpreadFEx campaign [Fritts et al., 2008; Tay-
lor et al., 2009] have demonstrated the simultaneous observation [Takahashi et al.,
2009] of mesospheric gravity waves and equatorial ionospheric bubble structures.
In addition, it has been shown [Vadas et al., 2009; Vadas, 2007; Vadas and Fritts,
2005; Keskinen and Vadas, 2009] that large amplitude gravity waves from tropo-
spheric sources can propagate into the E- and F-region ionosphere simultaneously.
However, the nonlinear three-dimensional response of the bottomside ionosphere,
at altitudes below the steep bottomside F-region gradient and shear node regions,
to large amplitude dissipating gravity waves has not been studied in detail.

In this Letter, we compute the nonlinear response of the bottomside valley

ionosphere to large amplitude dissipating gravity waves. It is found that large



amplitude bottomside F-region ionospheric density perturbations and polarization
electric fields can be generated by such gravity waves. The outline of this Letter
is as follows. In section 2 we present the model used to compute the ionospheric
response to dissipating large amplitude gravity waves. In section 3 the principal
results from this model are presented and compared with observations. Finally in

section 4 the primary results of this study are summarized.

2. Model

The evolution of the equatorial ionospheric E and F regions can be described

using the equations for the ionospheric plasma density, momentum, and current

continuity
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where a denotes ion or electron species, n, the density, m, the mass, v;, the ion-
neutral collision frequency, U is the thermospheric wind, v, v,; is the ion-electron
and electron-ion Coulomb collision frequency, E the electric field with E; = —V ¢
and E| = —V ¢ and ¢ the electrostatic potential, V is the velocity, and g is gravity.

For the E-region in Eq. (1), Pg = q; with q; the photoionization rate. In addition,



the chemical loss terms in Eq. (1) can be modeled Ly = —an? and Lr = —vgn; with
a and vy the E-region and F-region recombination rates, respectively. The electron
gyrofrequency is taken to be large compared to the electron collision frequency
and electron and ion inertial effects have been ignored. Using Egs.(2)-(3), the
total current J in Eq. (4) can be written as a sum of Pedersen, Hall, and parallel
current contributions [Keskinen et al., 2003; Keskinen et al., 1998]. A cartesian
coordinate system is adopted for simplicity with x-direction zonal (westward), z-
direction meridional (north-south), and y-direction vertical, respectively. Magnetic
field line curvature effects are not included.

Eq.(1)-(4) are solved for a three-dimensional volume extending from 100 - 250
km in altitude in the equatorial ionosphere. The simulated volume contains both
the lower F region (150-250 km) and E-region (100-150 km). Since electric fields
with transverse scale sizes greater than approximately 20 km are computed in the
coupled model, the E-region will be strongly coupled to the F-region and vice versa
[Farley, 1959]. It is assumed that the electric fields are electrostatic. For the

modeled volume, Eq. (2)-(3) yield, to lowest order,
JJ_:UPE/J_—O'HE/J_XQ (5)

Jy=oE (6)

where L and || denote perpendicular and parallel to the ambient geomagnetic field,



respectively. The effective electric fields E' = E+4(B/cv;)(g+1;U) xz and E]ll =B+
(meve/e) (1 = Ven/ve)Uj + (me/e)(1 — v /Vin)g) include the polarization electric field
and contributions from gravity and neutral motion. The Pedersen, Hall, and parallel
conductivities are written o, = ney;1, oy = —ney;g, o = nep,|. The mobilities
are given in standard form u;; = (¢/B)ki/(1 + £2), per = (¢/B)k?/(1 + K?),
win = (¢/B)RZ/(1 + K2), pe| = ¢ke/B, With ve = Ven + Ve, K = /vy, and
Ke = Qe/Ve.
The current continuity condition can be written:

0
VL-JL—F%(}”:O (7)

In detail, Eq. (7) can be written:
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The thermospheric winds act as a source term for the polarization electric fields in
Eq. (8).

The ion continuity equation Eq. (1) is solved in the simulated volume to provide
the ionospheric density in Eq. (8). Eq. (1) is written:
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Eq. (8)-(9) are the model equations for the electrostatically coupled F- and E-
region model and are solved numerically using computational techniques described
previously [Keskinen et al., 1998; Keskinen et al., 2003] The background ionospheric
and thermospheric profiles and parameters are found using IRI2001 and MSIS90E.
Inhomogeneous thermospheric winds Ug in the E-region and lower F-region Up
make separate contributions to the total ionospheric polarization electric fields E
from the current continuity equation (8). These polarization electric fields can then

generate ionospheric density perturbations using Eq. (9).

3. Results

To compute the nonlinear lower ionospheric response to lower thermospheric
gravity waves, we use the winds observed and modeled in the recent SpreadFEx
campaign [Vadas et al., 2009; Keskinen and Vadas, 2009]. In the SpreadFEx cam-
paign, tropospheric convection was determined to be the most likely source for
mesosphere and lower thermospheric GWs [Vadas et al., 2009; Takahashi et al.,
2009].

Figure 1 shows the thermospheric wind, temperature, and density in the lower
thermosphere from a GW source in the troposphere [Vadas et al., 2009; Keskinen
and Vadas, 2009]. The zonal horizontal GW wavelengths are in the range of 120 -
200 km with the vertical wavelengths approximately 20 - 90 km. In addition, Figure

1 also shows that the GW periods in the lower thermosphere from the tropospheric



source are approximately 18 min at the lowest altitudes and approximately 10
min at the higher altitudes. The GW model [Vadas et al., 2009] yields maximum
horizontal GW winds u and vertical winds w’, with amplitudes of approximately
150 m/sec and 100 m/sec, respectively, in the lower thermosphere. In addition, large
thermospheric temperature T" and density p’ perturbations are generated from the
GW model. The thermospheric winds are incorporated into the ionospheric model
equations Eq. (8)-(9) assuming U = (U+u )x+w'y + (V+v')z where U,V are the
mean zonal and meridional winds, respectively. The GW perturbation winds are
taken to be of the form: (u',v',w') = (u'(y),v (y),w (y))cos(k.x + k,y + k.z — wt)
with w = 27 /7 and kg = 27 /g with 8 =x,y, z.

Figure 2 displays the steady state ionospheric density perturbations in the F-
region at t=135 min after imposing the thermospheric winds, temperatures, and
density profiles Fig. 1. In addition to polarization electric field generation from
the GW winds in Eq. (8), the GW effects on the recombination loss terms in
Eq. (9) are also included [Hooke, 1968] with da/ae = —1.2T" /T for the E-region
and évg/vg = p/p — T'/T. Tt is found that the F-region ionospheric density
perturbations have both a large scale periodicity of approximately 120-150 km
together with a smaller scale tilted patchy structure with scale size of 30-40 km. In
addition, the ionospheric density perturbation amplitudes maximize in a layer-like

structure at approximately 200 km in altitude. The ionospheric F-layer density
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perturbation amplitudes can be as large as 43 %. The spatial k-spectra of the
F-region density perturbations broaden in time so that a range of scale sizes are
generated in the nonlinear regime. In comparison with experimental observations,
Figure 3 gives an example of radar observations of bottom-type layered patchy
structure at approximately 200 km in altitude [Hysell et al., 2005] that typically
precedes fully developed equatorial ionospheric plumes. The radar observations of
the patchy structures in Figure 3 are coherent echoes of 1m ionospheric irregularities
[Hysell et al., 2005]. The minimum scale size in the model is approximately 1 km.
The model ionospheric F-region density perturbations in Figure 2 are consistent
with these observations if it is assumed that the radar data is a signature of the
larger scale dynamics. Similar patchy layer structures have recently been observed
[Rodrigues et al., 2008].

Figure 4 shows the polarization electric fields computed from the nonlinear iono-
spheric model. It is found that the vertical electric fields are larger than the zonal
electric fields. In addition, the zonal electric fields are found to be less structured
than the vertical electric fields. The model results indicate that the polarization
electric fields E are proportional to the combination of thermospheric GW wind
vorticity (V x U) and the wind divergence (V - U) weighted by the Pedersen and
Hall conductivity. The electric field magnitudes are also consistent with observa-

tions [Hysell et al., 2005]. Similar polarization electric fields are also seen when the
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model is initialized with a constant zonal electric field simulating the post sunset

rise vertical drift.

4. Summary

A time-dependent nonlinear three-dimensionl model for the evolution of the
equatorial bottomside lower ionosphere in the presence of dissipating gravity waves
has been developed. Using the model it is found that large bottomtype F-region
ionospheric density perturbations and electric fields can be driven by dissipating
gravity waves from tropospheric sources. The spatial distribution of the ionospheric
density perturbations can be characterized by a patchy, layer-like structure and may
be responsible, in part, for observed large scale wavelike structures in the equatorial
bottomside F-region which are a precursor to fully developed equatorial ionospheric

bubbles. Favorable comparison of the model with observations is made.
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Figure Captions

Figure 1 Altitude dependence of (a) GW zonal (bold), vertical (dashed) and merid-
ional (dash-dot) wavelengths, (b) mean zonal U (bold) and GW zonal u’ (dashed),
(c) mean meridional V (bold) and GW meridional v’ (dashed), (d) GW vertical
w' (bold), (e) GW periods 7, (f) % GW temperature perturbations T'/T and GW
density perturbations p'/p.

Figure 2 Vertical and horizontal dependence of relative F-region ionospheric den-
sity perturbations dng/ngg in the equatorial plane at t=135 min. Here ngq is the
background ionospheric density profile at t=0.

Figure 3 Experimental radar observations of bottom-type scattering layer at ap-
proximately 200 km altitude (from Hysell et al., 2005) preceding the onset of equa-
torial spread F plumes.

Figure 4 Altitude dependence of zonal E, and vertical E, polarization electric

fields.
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