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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 ne = 5 × 10 3 cm −3 (a, b) and ne = 10 3 cm −3 (c, d) at 

16:44 UT. The isosurfaces in Figures 1a 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/NRLMSISE0/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/NRLMSISE0/HWM14 case. In Figure 2a there are small scale electron density irregularities in longitude 

Figure 1. Isosurfaces of the electron density at ne = 5 × 10 3 cm −3 (a, b) and ne = 10 3 cm −3 (c, 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/

NRLMSISE0/HWM14 simulation.
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(a few degrees) for the WACCM-X case while the electron density is relatively smooth for the NRLMSISE0/

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 

ne ∼ 1,100 cm −3. In the NRLMSISE0/HWM14 case there are electron density fluctuations about an average 

density ne ∼ 800 cm −3 but they are much weaker than the WACCM-X case and are associated with variations in 

the high-latitude convection potential.

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/HWM14 case.

 1
9

4
4

8
0

0
7

, 2
0

2
3

, 2
0

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://ag

u
p

u
b

s.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
2

9
/2

0
2

3
G

L
1

0
5

4
7

0
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

2
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se





Geophysical Research Letters

HUBA AND LIU

10.1029/2023GL105470

6 of 10

potential, and in the equatorial region the Appleton ionization crests. In Figure 3b there is very little structure in 

dNT. 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 dNT 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 dNT. The irregularities dNT are attributed 

to atmospheric waves in WACCM-X absent in NRLMSISE0/HWM14 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 

Figure 4. Contour plots of dNT 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.
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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 dNT are consistent with being ducts in that they are confined in altitude, latitude, and 

longitude.

In Figure 5 we show contour plots of dNT 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 dNT 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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Data Availability Statement

WACCM-X model (NCAR CESM/WACCM, 2023) and SAMI3 model (Huba, 2023). The data is available at 

(Huba & Liu, 2023).
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