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Abstract We show that atmospheric gravity waves can generate plasma ducts and irregularities in the
plasmasphere using the coupled SAMI3/WACCM-X model. We find the equatorial electron density is irregular
as a function of longitude which is consistent with CRRES measurements (Clilverd et al., 2007, https://doi.
org/10.1029/2007ja012416). We also find that plasma ducts can be generated for L-shells in the range 1.5-3.0
with lifetimes of ~ 0.5 hr; this is in line with observations of ducted VLF wave propagation with lifetimes

of 0.5-2.0 hr (Clilverd et al., 2008, https://doi.org/10.1029/2007ja012602; Singh et al., 1998, https://doi.
org/10.1016/s1364-6826(98)00001-7).

Plain Language Summary Electromagnetic plasma waves, known as whistler waves, are observed
to propagate in the ionosphere/plasmasphere system where the ionosphere is nominally defined as the partially
ionized gas surrounding the earth in the altitude range 901,000 km and the plasmasphere is essentially the
extension of the ionosphere 1,000s of km into space along closed geomagnetic field lines. Whistler wave
propagation has been characterized as ducted and non-ducted. Ducted propagation is guided along the magnetic
field by density tubes in which the plasma density is lower or higher than the background plasma. However,

the physical processes that generate these ducts has remained unclear. We show that these plasma ducts can be
generated by atmospheric gravity waves that perturb the ionosphere and plasmasphere electron density using
the coupled SAMI3/WACCM-X model.

1. Introduction

The plasmasphere is essentially the extension of the ionosphere into the inner magnetosphere along closed field
lines. It is a relatively dense (n, > 10? cm™), cold plasma (T < 4 x 10* K) (Lemaire et al., 1998). The boundary
between the plasmasphere and inner magnetosphere is the plasmapause and is typically defined as a steep drop in
the plasma density (Carpenter, 1963, 1966; Goldstein et al., 2003). The conventional perception of the plasmas-
phere based on modeling studies is that it has a smooth toroidal shape (i.e., donut-like) under quiet geomagnetic
conditions (e.g., see Figure 2 of Huba and Krall (2013)). On the other hand, during geomagnetic storms the plas-
masphere undergoes “erosion” (the plasmapause moves closer to the earth) and develops a “plume-like” structure
in the afternoon/dusk sector as well as “notches.” (Goldstein, 2006; Sandel et al., 2001, 2003).

However, numerous studies of whistler wave propagation in the low- to mid-latitude ionosphere/plasmasphere
system contrast “ducted” versus “non-ducted” wave propagation where ducts are nominally 10%-20% increases
or decreases in the electron density along the geomagnetic field over relatively small length scales (10-100s
km) (Bernhardt & Park, 1977; Clilverd et al., 2008; Lester & Smith, 1980; Singh et al., 1998; Sonwalkar, 2006;
Strangeways, 1982). Additionally, there have been observations of plasmaspheric ducts from radio-interferometric
measurements (Helmboldt, 2020a; Helmboldt et al., 2020; Jacobson et al., 1996; Loi et al., 2015) and density
structures from satellite observations (Darrouzet et al., 2009) indicating that the inner plasmasphere is not
spatially smooth as often characterized.

Several theories have been suggested for the cause of plasmasphere irregularities. Cole (1971) suggested spatially
varying electric fields orthogonal to the magnetic field generating an interchange instability. Helmboldtetal. (2020)
proposed variations in the neutral wind (caused by gravity waves) could generate electric field fluctuations that
lead to density irregularities. They modeled this using a framework from SAMI2 (Huba et al., 2000) and with
the background plasmaspheric electron density specified by the empirical model of Ozhogin et al. (2012) and an
analytical model of gravity waves. They also suggested electro-buoyancy waves driven by an E region instabil-
ity (Cosgrove & Tsunoda, 2002; Perkins, 1973; Yokoyama et al., 2009). In particular, Helmboldt (2020b) used
GPS and SuperDARN data from Japan to demonstrate the connection of E region irregularities and corotating

HUBA AND LIU

1of 10



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL 105470

plasmaspheric irregularities. We note that the aforementioned instability mechanisms only apply to nighttime
conditions and cannot explain the formation of ducts in the daytime.

We show that atmospheric gravity waves can generate plasma ducts and irregularities in the plasmasphere using
the coupled SAMI3/WACCM-X model. Physically, gravity waves perturb the zonal and meridional neutral winds
which affect the plasma motion and electric field. Since the magnetic field lines are equipotentials, the perturbed
electric field maps into the plasmasphere and can generate duct and irregularities. We find the equatorial elec-
tron density is irregular as a function of longitude which is consistent with CRRES measurements (Clilverd
et al., 2007). We also find that plasma ducts can be generated for L-shells in the range 1.5-3.0 with lifetimes of
0.5 hr; this is consistent with observations of ducted VLF wave propagation with lifetimes of 0.5-2.0 hr (Clilverd
et al., 2008; Singh et al., 1998).

2. Models and Theory

WACCM-X is an atmospheric component of the National Center for Atmospheric Research (NCAR) Commu-
nity Earth System Model, which couples atmosphere, ocean, land surface, sea and land ice, and carbon cycle
components through exchanging fluxes and state information (Hurrell et al., 2013). It is based on the Community
Atmosphere Model and WACCM. The first version of WACCM-X is described by H.L. Liu et al. (2010) and the
most recent version is described in H.L. Liu et al. (2018). SAMI3 (Sami3 is Also a Model of the lonosphere)
is a seamless, global, three-dimensional, physics-based model of the ionosphere/plasmasphere system based on
SAMI2 (Huba et al., 2000). Details of SAMI3 are described in Huba and Joyce (2010). The codes are one-way
coupled in that WACCM-X provides the neutral composition, temperature, and winds as inputs to SAMI3 but
SAMI3 does not provide ion densities or velocities to WACCM-X.

The simulation parameters are the same as used in Huba and Liu (2020) for the “March case.” We consider the
day March 21 for low solar activity conditions (F10.7 =70 and F10.7A). The WACCM-X grid is 0.474° x 0.625°
in latitude and longitude, and covers the entire earth. The SAMI3 grid is also 0.625° in longitude but is variable in
latitude. The grid in latitude is ~1° for mid-latitudes (~40°), decreases to ~0.15° near the magnetic equator, and
increases to ~1.5° in the high-latitude region. The SAMI3 grid in latitude is +80° in magnetic coordinates. The
high-latitude convection potential is specified by the Weimer05 model (Weimer, 2005).

We performed two sets of simulations. The first uses the coupled SAMI3/WACCM-X model as described above.
The second uses the empirical thermosphere models NRLMSISEO (Picone et al., 2002) for the neutral composi-
tion and temperature, and HWM14 (Drob et al., 2008) for the winds. The key reason for this is that WACCM-X
includes atmospheric gravity waves while the empirical models do not; we can therefore compare the results of
these two simulations to assess the role of atmospheric waves on the behavior of the plasmasphere. As shown in
Huba and Liu (2020), atmospheric waves played an important role in the generation of equatorial plasma bubbles;
they did not develop using the empirical thermosphere models.

As described in Huba et al. (2015), the primary influence of gravity-wave induced neutral wind variations on the
ionosphere is determined by the velocity equation

Niiv,.v,=-Lvp+ LK
ot pi m;
[
o VixX B+ g = (Vi = Vo) - ;w,(vi—v,) 0
and the potential equation
V-Z-VO) =SV, 8). 2)

where the electric field is E = —V®. In the above, the variables have their usual meaning and Equation 2 is fully
defined in Huba and Joyce (2010). The variations in V, affect the ion velocity along the magnetic field through
the ion-neutral collision term v,V in Equation 1. Clearly the importance of this term depends on V_-B and is
related to the direction of propagation of the gravity wave relative to the direction of the geomagnetic field. The
variations in V, transverse to B affect the ion velocity perpendicular to the magnetic field through the E x B

drift associated with the dynamo-generated electric field from Equation 2, and this electric field maps along the
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16:44 UT (5¢3)

Figure 1. Isosurfaces of the electron density at n, = 5 X 10° cm~ (a, b) and n, = 10% cm~3 (¢, d) at 16:44 UT. The isosurfaces in the top panels (a, b) are at L ~ 2 while
the isosurfaces in the bottom panels (c, d) are at L ~ 4. The left panels (a, c) are for the SAMI3/WACCM-X simulation and the right panels (b, d) are for the SAMI3/

NRLMSISEO/HWM 14 simulation.

magnetic field to the conjugate region. Again, the importance of this effect is related to the direction of propaga-
tion of the gravity wave relative to the direction of the geomagnetic field.

3. Results

In Figure 1 we show isosurfaces of the electron density at n, = 5 X 10* cm~3 (a, b) and n, = 10° cm~3 (¢, d) at
16:44 UT. The isosurfaces in Figures la and 1b are at L ~ 2 while the isosurfaces in Figures 1c and 1d are at
L ~ 4. The left panels (a, c) are for the SAMI3/WACCM-X simulation and the right panels (b, d) are for the
SAMI3/NRLMSISEO/HWM14 simulation. In these panels the sun is in the +z-direction. The obvious difference
between the two simulations is the corrugations in the electron density isosurface for the SAMI3/WACCM-X
case which is attributed to atmospheric waves. In Figure 1b the electron density isosurface is smooth but there
is a stronger longitudinal dependence associated with the diurnal behavior of the system. On the other hand, the
over shape and extent of the plasmasphere is similar in Figures 1c and 1d except for the corrugated structure in
Figure 1c. (As several colleagues have noted - the plasmasphere shape is more of a pumpkin than a donut.) Lastly,
the outflow of plasma in the high latitude, polar cap region is different; this is attributed to differences in the
neutral composition between the two cases.

In Figure 2 we plot the electron density as a function of longitude at 16:44 UT for (a) L = 2 and (b) L = 4.
The black curves correspond to the SAMI3/WACCM-X case and the red curves correspond to the
SAMI3/NRLMSISEO/HWM 14 case. In Figure 2a there are small scale electron density irregularities in longitude
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Figure 2. Line plots of the electron density as a function of longitude at 11:59 UT for (a) L = 2 and (b) L = 4. The black
curves correspond to the SAMI3/WACCM-X case and the red curves correspond to the SAMI3/NRLMSIS/HWM 14 case.
(a few degrees) for the WACCM-X case while the electron density is relatively smooth for the NRLMSISE(Q/
HWM14 case. The large scale variation is associated with the diurnal behavior of the plasmasphere. On the
other hand, in Figure 2b there is no obvious structure associated with diurnal behavior. In the WACCM-X case
there are small (few degrees) and medium (~10°) scale electron density irregularities about an average density
n, ~ 1,100 cm=. In the NRLMSISEO/HWM14 case there are electron density fluctuations about an average
density n, ~ 800 cm =3 but they are much weaker than the WACCM-X case and are associated with variations in
the high-latitude convection potential.
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Figure 3. Contour plots of dN. for MSIS/HWM at time 16:44 UT as a function of (a) latitude and altitude at longitude 288°
(corresponds to 11:56 LT) and (b) longitude and latitude at the base of the field lines.

In assessing duct formation as it relates to whistler wave propagation we calculate the total electron content along
a magnetic flux tube (Singh et al., 1998)

1000N B
Np = / ne(s)=2 ds (3)
! B,

000S

where we integrate along a flux tube from an altitude of 1,000 km in the southern hemisphere (1000S) to an alti-
tude of 1,000 km in the northern hemisphere (1000N), s is the coordinate along the flux tube, n,(s) is the electron
density, B, = 0.31 G is the reference field, and B, is the magnetic field along the flux tube. We also calculate
dN; = N; — N,,,r where N, is the N, averaged over a 30 min window. This technique is similar to identifying
traveling ionospheric disturbances in data and model results (e.g., Vadas et al., 2023).

In Figure 3 we show contour plots of dN, for the NRLMSISE(/HWM 14 case at time 16:44 UT as a function of
(a) latitude and altitude at longitude 288° and (b) longitude and latitude at the base of the field lines in the iono-
sphere. In Figure 3a there are essentially no “ducts”, localized regions of variations in dN, at mid-latitudes (=70°
to —30° and 10°-50°). The ducts at high-latitudes are associated with variations in the high-latitude convection
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Figure 4. Contour plots of dN. for WACCM-X at time 16:44 UT as a function of (a) latitude and altitude at longitude 288°
(corresponds to 11:56 LT) and (b) longitude and latitude at the base of the field lines.

potential, and in the equatorial region the Appleton ionization crests. In Figure 3b there is very little structure in
dN,. The dotted line at 288° corresponds to the longitude of the contour plot in Figure 3a, and the dark lines are
isocontours.

In Figure 4 we show contour plots of dN; for the WACCM-X case at time 16:44 UT as a function of (a) latitude
and altitude at longitude 288° and (b) longitude and latitude at the base of the field lines in the ionosphere. We
point out that the local time is 11:56 LT in Figure 4a, that is, it is in the daytime. In sharp contrast to Figure 3a,
in Figure 4a are a number of “ducts” at mid-latitudes. Again, the ducts at high-latitudes are associated with vari-
ations in the high-latitude convection potential, and in the equatorial region the Appleton ionization crests. Addi-
tionally, in Figure 4b there is also considerable small-scale structure in dN. The irregularities dN; are attributed
to atmospheric waves in WACCM-X absent in NRLMSISEO/HWM 14 that perturb the neutral wind patterns as
noted in Equation 1.

In Figures 4a and 4b we also label three ducts: 1, 2, 3. In Figure 4a duct 1 extends to ~32° with a maximum alti-
tude ~4,500 km, duct 2 extends to ~35° with a maximum altitude ~7,000 km, and duct 3 extends to ~40° with a
maximum altitude ~9,500 km. These ducts are confined to widths of a few hundred kms in altitude. In Figure 4b
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we indicate where these ducts map to the ionosphere in longitude and latitude. In these cases, the ducts are also
confined to a limited range in both longitude and latitude as noted by the closed isocontours centered about 288°.
Thus, these regions of dN; are consistent with being ducts in that they are confined in altitude, latitude, and
longitude.

In Figure 5 we show contour plots of dN. for the WACCM-X case as a function of latitude and altitude at longi-
tude 288° at times (a) 16:29 UT, (b) 16:44 UT, and (c) 16:59 UT, and have labeled each panel with the positions
of ducts 1,2,3 shown in Figure 4a. Over this 30 min period we note that ducts 2 and 3 are maintained albeit at
different magnitudes, but duct 1 is not evident at 16:29 UT but only at 16:44 UT and 16:59 UT. Although not
shown, ducts 1, 2, and 3 do not occur at earlier or later times (e.g., 16:14 UT and 17:14 UT) at this longitude.
Thus, the maximum lifetime of a duct for this case is ~30 min.

4. Discussion

Clilverd et al. (2007) used data from the CRRES satellite to determine the electron density in the plasmasphere
in the range L = 2.5-5.0 during solar maximum conditions. Although the focus of the study was on the longitu-
dinal and seasonal variations of the plasmaspheric equatorial electron density, they presented the electron density
as a function of longitude and L shell in their Figure 2. We note that the variation they report at L = 4.0 is very
similar to that shown in Figure 2b. This is not a direct comparison of data and simulation results per se but does
indicate that longitudinal variations in the plasmasphere electron density have been observed consistent with
model results.

Clilverd et al. (2008) investigated the propagation of ducted and non-ducted whistler wave propagation in range
1.1 < L < 3.0 using VLF transmitters and plasma wave instruments on the CRRES and DEMETER satellites.
They found that for transmitters at L < 1.5 most of the whistler wave energy that propagates into the plasmasphere
is non-ducted. On the other, whistler wave propagation is predominantly ducted for transmitters at higher L shells
(>1.5). For example, in their Figure 5 they show the strongest intensity of whistler waves in the latitude ranges
70°S —40°S and 30°N-50°N in the longitude range 270°-330°. This is consistent with the mid-latitude ducts
shown in Figure 4.

Singh et al. (1998) provided a review of plasmaspheric parameters (e.g., equatorial electron density, total electron
content along a flux tube, characteristic duct properties) based on whistler spectrograms. In their Table 3 they
report prior results related to plasmaspheric ducts. One interesting finding is that the lifetime of ducts is typically
in the range 1-2 hr which is also consistent with several of the ducts shown in Figure 4b.

5. Summary

We show that atmospheric gravity waves can generate plasma ducts and irregularities in the plasmasphere using
the coupled SAMI3/WACCM-X model. Physically, gravity waves perturb the zonal and meridional neutral winds
which affect the plasma motion and electric field. Since the magnetic field lines are equipotentials, the perturbed
electric field maps into the plasmasphere and can generate ducts and irregularities. We find the equatorial elec-
tron density is irregular as a function of longitude which is consistent with CRRES measurements (Clilverd
et al., 2007). We also find that plasma ducts can be generated for L-shells in the range 1.5-3.0 with lifetimes of
~(0.5 hr; we note observations of ducted VLF wave propagation in this L shell range suggest ducted wave lifetimes
of 0.5-2 hr (Clilverd et al., 2008; Singh et al., 1998). And lastly, we show that these ducts can form in the daytime
in contrast to ducts formed by plasma instabilities which only occur in the nighttime (Helmboldt, 2020b).

One limitation of the current simulation is the grid resolution. The grid spacing at mid-latitudes is ~70 km so
wave-like behavior has scale-sizes > 280 km. There have been studies suggesting traveling ionospheric distur-
bances have wavelengths that peak in the range 50-150 km (Afraimovich et al., 2001). Additionally, studies
of whistler wave propagation in the plasmasphere ducts indicate duct widths as small as 10s km (Streltsov &
Goyal, 2021). Furthermore, the resolution also limits the number of ducts formed at mid-latitude; in this study
we find ~3-6 ducts can form when there are observations that 15-30 ducts can form (Lester & Smith, 1980)
Future work will be to perform higher resolution simulations (e.g., Huba & Joyce, 2010) as well as to determine
the dependence of mid-latitude plasma ducts on longitude, season and solar activity, and direct comparisons with
observations.
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Figure 5. Contour plots of dN; as a function of latitude and altitude at longitude 288° at times (a) 16:29 UT, (b) 16:44 UT
and (c¢) 16:59 UT.
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