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Motivation

Questions
can we simulate CSI and gRT plasma instabilities?
how well do ESF simulations compare to observations?
which features are lost during observations?

Study
initial boundary value simulation in a realistic ionosphere using
3-D electrostatic potential solutions;
remote diagnostics by ground-based airglow cameras and radars;
in situ diagnostics by satellite-borne magnetometer.
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Simulation Scheme

r · J = 0 ! r ·
h
⌃̂ · r�

i
= r ·

h
⌃̂ · (Eo + u ⇥ B) + D̂ · rn + �̂ · g

i

finite differences – PDE numerical approximation of easy implementation;
Biconjugate gradient stabilized method (BiCGStab) – iterative method suitable
for the numerical solution of nonsymmetric linear systems.;

0 = n↵q↵(E + V↵ ⇥ B)

�BT↵rn↵

+n↵m↵[g � ⌫↵n(V↵ � U) �
X

� 6=↵

⌫↵�(V↵ � V�)]

@n↵

@t
+ r · (n↵V↵) = P↵ � L↵

transport scheme ! MUSCL – Monotone Upwind Scheme for Conservation
Laws;
Sweby (� = 1.5) flux limiter; and
2nd order Runge-Kutta integration.
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Model inputs

Temperature and Neutral Densities ! NRL-MSISE-00;

Electron Density ! PIM – tuned slightly to account for day-to-day
variability;

Ion Composition ! IRI-2007 – Atomic (O+) and molecular (NO+ and
O+

2 ) are included in the model, but light ions are not;

Earth’s Magnetic Field ! IGRF;

Neutral Winds ! HWM-07;

Background electric fields ! JRO observations;

independent Gaussian white noise was added to the initial number
density with a 20% relative amplitude;

coordinate system ! magnetic dipole;

simulation size: n�=189, n?=159, nk=133. At the magnetic equator,
��=7 km, �?= 2.5 km.
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Scanning radar diagnosticAVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS X - 23

�600 �400 �200 0 200 400 600
100

200

300

400

500

A
lt

it
ud

e
(k

m
)

4.0

4.5

5.0

5.5

6.0

n e
(c

m
�

3
)

�600 �400 �200 0 200 400 600
100

200

300

400

500

A
lt

it
ud

e
(k

m
)

4.0

4.5

5.0

5.5

6.0

n e
(c

m
�

3
)

�600 �400 �200 0 200 400 600
Zonal Distance (km)

100

200

300

400

500

A
lt

it
ud

e
(k

m
)

4.0

4.5

5.0

5.5

6.0

n e
(c

m
�

3
)

Figure 2. Simulated plasma densities in a cut through the Jicamarca latitudinal

plane. The three panels show results for simulation times of 0h25m, 0h50m, and 2h05m,

respectively, after a start time t0 = 0:25 UT (LT = UT - 5 hr at the horizontal center of

the simulation).

Figure 3. Simulated range-time-intensity maps of electron density observations. In a

real observation, incoherent scatter would be contaminated by enhanced coherent scatter

from regions of depleted densities.
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Fixed-beam radar diagnostic

AVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS X - 23

Figure 2. Simulated plasma densities in a cut through the Jicamarca latitudinal

plane. The three panels show results for simulation times of 0h25m, 0h50m, and 2h05m,

respectively, after a start time t0 = 0:25 UT (LT = UT - 5 hr at the horizontal center of

the simulation).
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Figure 3. Simulated range-time-intensity maps of electron density observations. In a

real observation, incoherent scatter would be contaminated by enhanced coherent scatter

from regions of depleted densities.

D R A F T April 11, 2012, 11:35am D R A F T
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Airglow imaging diagnostic

The volume emission rate (in photons cm�3 s�1):

V6300 =
0.76�k1nO+nO2

1 + (k2nN2 + k3nO2 + k4ne + k5nO)/A1D

Table: Chemistry of O(1D) in the nightglow

Reaction Rate coefficient [cm3s�1]⇤ References
O+ + O2 ! O+

2 + O k1 = 3.23 ⇥ 10�12e3.72/⌧i�1.87/⌧2
i Link and Cogger (1988)

O(1D) + N2 ! O(3P) + N2 k2 = 2.0 ⇥ 10�11e111.8/Tn

O(1D) + O2 ! O(3P) + O2 k3 = 2.9 ⇥ 10�11e67.5/Tn

O(1D) + e ! O(3P) + e k4 = 1.60 ⇥ 10�12T 0.91
e

O(1D) + O ! O(3P) + O k5 = 2.55 ⇥ 10�12 Sobral et al. (1993)
⇤⌧i=Ti/300

H. C. Aveiro (Cornell University) EQUATORIAL F REGION IRREGULARITIES June 26 7 / 15



Airglow imaging diagnostic
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548 B. A. TINSLEY 

ductivities allow the bubbles to form and drift, i.e. to 
allow buoyancy and thermospheric winds to maintain 
both the vertical and eastward motions through their 
associated polarization electric fields. The rapid 
diffusion at heights above the peak results in a situation 
tending toward diffusive equilibrium occurring in the 
field aligned structures as they extend from the F-region 
in one hemisphere to the F-region in the other 
hemisphere. Thus the structures seen at say 700 km 
above Jicamarca mapdown to the 300 km level at about 
15” dip latitude in both hemispheres, with much greater 
plasma concentrations at the 300 km level than above. 
Similarly, equatorial structures at 400 km altitude map 
down to about 10” dip latitude. The actual h,,, of the 
peak plasma concentration n(e),,, on a given field line 
in a given hemisphere depends on the time history ofthe 
large scale electric fields and meridional winds 
(HANSON and MOFFET, 1966; BITTENCOURT and 
TINSLEY, 1976), and on the small scale electric fields 
associated with the Rayleigh-Taylor instability. The 
nature of the large and small scale changes in h,,, and 
n(e),,, should be shown iffield aligned observations are 
made as described in this paper. 

FIELD ALIGNED OBSERVATIONS FOR STRUCTURE 
DETERMINATION AND RATIO OF TWO EMISSIONS FOR 

HEIGHT DETERMINATION 

It is possible to make an image of the structure of the 
transequatorial bubble, effectively in a plane per- 
pendicular to the magnetic field, by making field 
aligned observations of the airglow emissions produced 
by recombination at either end. The structure maps 
down from low plasma concentrations at high altitudes 
into higher plasma concentrations in the F-regions, 
giving rise to both dissociative recombination and 
radiative recombination emissions. The sharpest 

images of these strongly field aligned structures will be 
seen when the line ofsight is at a tangent to the magnetic 
field at the height of the airglow emitting layer. 

Figure 1 illustrates the geometry. Emissions such as 
(01)6300 A arising from dissociative recombination 
will maximize below the height h,,, of the F2-peak, 
since the volume emission rate (neglecting deacti- 
vation) is to a good approximation proportional to the 
product of the concentration ofmolecular oxygen n(0,) 
and the plasma concentration n(e). The higher 0, 
concentration at the lower heights serves to localize the 
emission on the bottomside of the F-layer. Emissions 
such as (01)7774 A arising from radiative recombi- 
nation will have a maximum volume emission rate at 
h,, since the volume emission rate varies as n(e)‘. As 
shown by TINSLEY and BITTENCOURT (1975) one can use 
the ratio of column emission rates 

B = (~,,,,)“*l(&,,,), (1) 
to obtain a value for n(0,) in the region of emission, if 
the shape of the n(e) profile is assumed, and then from 
empirical models of 0, height distribution one can 
determine h,,,. It is an advantage for height 
determination from field aligned observations as 
compared to zenith observations, or nadir obser- 
vations from satellites, that there is less uncertainty 
concerning the shape of the corresponding topside n(e) 
profile. Because of the rapid diffusion along the field 
lines the field aligned profiles are closer to being in 
diffusive equilibrium than vertical profiles, which at 
these low latitudes can be affected by strong 
concentration gradients perpendicular to the magnetic 
field direction. 

The height of the F-layer and of the airglow layers is 
shown constant in Fig. 1 for simplicity, but in fact it is 
highly variable in latitude, longitude, and time under 
the influence of meridional winds and electric fields 

DIP LATITUDE 

Fig. 1. Geometry of observations made in the magnetic meridian from near 18” dip latitude, of field aligned 
structures in the tropical ionosphere, which map to the 7774 and 6300 A airglow emitting layers. Both 
‘depletion’ regions and changes in F-layer height (shown constant here for simplicity) can be observed from 

imaging such emissions and determining their ratio. 

Tinsley (1982)
H. C. Aveiro (Cornell University) EQUATORIAL F REGION IRREGULARITIES June 26 8 / 15



Airglow imaging diagnosticAVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS X - 25
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Figure 4. Simulated airglow (in Rayleighs) observed by a camera located south of

Jicamarca (looking north). The four panels show results for simulation times of 0h25m,

0h50m, 2h05m, and 3h20, respectively, after a start time t0 = 9:30 UT (LT = UT + 11

hr at the horizontal center of the simulation).
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Airglow imaging diagnostic

AVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS X - 25
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Figure 4. Simulated airglow (in Rayleighs) observed by a camera located south of

Jicamarca (looking north). The four panels show results for simulation times of 0h25m,

0h50m, 2h05m, and 3h20, respectively, after a start time t0 = 9:30 UT (LT = UT + 11

hr at the horizontal center of the simulation).
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Currents and magnetic field perturbations
r ⇥ B = µ0J+µ0✏0

@E
@t ! r2B = �µ0r ⇥ J

X - 26 AVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS

Magnetic Equator
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Figure 5. Diagnostic at 3:35 UT: (a) Plasma density in a cut through the equatorial

plane on a log scale, (b) color scale of the magnitude and direction of the tranverse

current densities (scale maximum is 20 nA/m2) and transverse magnetic inductions (scale

maximum is 2.5 nT), (c) Tranverse current densities and (d) parallel magnetic induction

in the equatorial plane, (e) parallel current density and (f) transverse magnetic induction

at 4� mag. latitude, and (g) parallel current density and (h) transverse magnetic induction

at -4� mag. latitude.
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Currents and magnetic field perturbations

X - 26 AVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS
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Figure 5. Diagnostic at 3:35 UT: (a) Plasma density in a cut through the equatorial

plane on a log scale, (b) color scale of the magnitude and direction of the tranverse

current densities (scale maximum is 20 nA/m2) and transverse magnetic inductions (scale

maximum is 2.5 nT), (c) Tranverse current densities and (d) parallel magnetic induction

in the equatorial plane, (e) parallel current density and (f) transverse magnetic induction

at 4� mag. latitude, and (g) parallel current density and (h) transverse magnetic induction

at -4� mag. latitude.
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Satellite-borne magnetometer diagnostic

AVEIRO AND HYSELL: ESF SIMULATION AND DIAGNOSTICS X - 27
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Figure 6. Simulated satellite observations during a meridional pass: (top panel) plasma

density, (middle-top panel) meridional, (middle-bottom panel) zonal, and (bottom panel)

parallel magnetic field perturbations.
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Summary

the simulation of coherent/incoherent scatter observations showed
the typical three stages of ESF evolution, from bottom-type to
bottomside to topside spread F ;
some of the features include westward tilted ascending depletions
connected to the bottomside, periodic spacing of 100-200 km in
the zonal direction, bifurcation, secondary instabilities growing on
the western walls of the primaries, and rates of development;
the comparison between the simulated radar scans and airglow
simulations showed that details of the plasma irregularities have
been lost and waveforms appeared distorted in airglow
observations;
simulated magnetic field perturbations show good qualitative with
the CHAMP measurements as derived in a statistical study by
Park et al. (2009), as e.g. upward (downward) currents on their
external western (eastern) edges.
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THANKS!
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