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[1] Recent global-scale observations of the low-latitude airglow bands associated with the
equatorial ionospheric anomaly (EIA) have revealed a longitudinal variation in the
brightness and latitude of the peak airglow emission. For vernal equinox conditions, both
of these display a wave number-four pattern when plotted in a constant-local-time frame.
It has been proposed that variations in the neutral-wind driven dynamo electric fields
from the E-region are responsible for this pattern. Additionally, measurements of the
electric fields in the E-region have shown a wave number-four pattern similar to that of the
EIA. Here we use the SAMI2 model, that includes a detailed description of ion
photochemistry and transport, to demonstrate that the recently observed zonal variations in
the E-region dynamo electric fields are sufficient to explain the observed variation in
brightness and latitude of the airglow bands for these conditions. The vertical drifts
associated with E-region dynamo fields in the SAMI2 model are modified to produce
simulations that represent the locations of a maximum and minimum in the wave number-
four pattern. The simulated airglow changes such that the brightness of the maximum
case is �40% higher than the peak in the minimum case and the latitude of the peak
brightness in the maximum case is located 3� poleward of the peak in the minimum case.
Both of these results compare favorably with, and even exceed, the observed variations.
This result adds quantitative support to the above stated mechanism. The effect of
changes in the drifts at different local time periods on the nighttime airglow is also
assessed. It is seen that changes at all local time periods make a significant contribution to
the total change in the airglow, with the most significant being close to local noon and
during the late afternoon.
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1. Introduction

[2] While the peak in ionization rates in the equatorial
ionosphere occur at the sub-solar point, the highest plasma
densities in the terrestrial system are found in two bands in
the F region ionosphere, one located either side of the
magnetic equator [Namba and Maeda, 1939; Appleton,
1946]. This feature, known as the equatorial ionospheric
anomaly (EIA), is created by an uplift of plasma close to the
magnetic equator and the subsequent redistribution of that
plasma along magnetic field lines. The electric fields that
drive this uplift are generated by dynamo action of winds in
the thermosphere at E- and F region altitudes (see Heelis
[2004] for a recent summary).

[3] Airglow emissions associated with the EIA have long
been used to study the post-sunset plasma distributions in
this region. Global-scale observations of the nighttime far-
ultraviolet emissions at 135.6 nm, associated with O+ recom-
bination, have been made by the IMAGE far-ultraviolet
imager (FUV) and the TIMED Global Ultraviolet Imager
(GUVI). These emissions come from a range of altitudes,
with the brightest from�300–450 km [see Henderson et al.,
2005b, Figure 2], which corresponds to the F region peak.
[4] The large-scale structure of the equatorial airglow arcs

have been characterized using these nighttime FUV and
GUVI observations [Sagawa et al., 2003, 2005; Henderson
et al., 2005a; Immel et al., 2006; England et al., 2006a,
2006b]. These studies have demonstrated that the brightness
and magnetic latitude of the airglow peaks in a fixed local-
time frame vary with longitude in a wave-like pattern with a
zonal wave number of four. Immel et al. [2006] showed that
these variations correlate well with variations in the E-
region winds associated with the non-migrating eastward
wave number-3 diurnal tide (DE3). England et al. [2006b]
went on to show that the noontime equatorial electrojet
(EEJ) in the E-region ionosphere also exhibits the same
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longitudinal modulation, lending support to the theory that
the E-region dynamo winds are responsible for creating the
observed variation in the post-sunset airglow emissions.
However, while the both Immel et al. [2006] and England et
al. [2006b] detailed a plausible mechanism to explain the
airglow observations, neither work attempted to demon-
strate that the tidal amplitudes were sufficient to explain the
observed changes in the airglow brightness and location.
[5] Recently, Hagan et al. [2007] have simulated this

mechanism in a general circulation model, inputting the
DE3 close to its source in the lower atmosphere and
calculating the effect on the post-sunset [e�] in the model.
The authors successfully demonstrated that the DE3 is
capable of producing a longitudinal variation in the [e�]
that is similar to that inferred from the 135.6 nm airglow
observations, although some differences were noted.
[6] There is still a need to demonstrate that the changes in

the E-region dynamo fields are sufficient to produce the
observed changes in the 135.6 nm airglow, taking into
account ion production, transport, non-radiative loss mech-
anisms and radiative recombination. Here this issue is
addressed using the NRL ionosphere model SAMI2 (Sami2
is Another Model of the Ionosphere, [Huba et al., 2000]),
that simulates the above effects. In an alternative approach
to the fully self-consistent model of Hagan et al. [2007], we
shall introduce a perturbation to the inputs to the SAMI2
model that is based solely on the observations of the varying
E-region currents reported by England et al. [2006b]. This
has the advantage over the approach by Hagan et al. [2007]
in that the amplitude of the perturbation we introduce to the
model is well constrained by observations. In order to
quantitatively compare the SAMI2 output with the obser-
vations of TIMED GUVI, we shall also describe an addition
to this model that allows us to simulate the 135.6 nm
airglow brightness that would be observed for the simulated
ionosphere-thermosphere system. Using the SAMI2 model
also allows us to calculate the contribution made to the
overall change in the simulated 135.6 nm airglow brightness
by changes in the E-region fields during different periods of
the day. This will allow us to determine which local time
periods are most significant in producing the simulated
changes in the post-sunset airglow.

2. SAMI2 Simulations and Results

[7] SAMI2 is a two-dimensional, first principles model of
the low- and midlatitude ionosphere. A full description and
complete source code for model is freely available at http://
wwwppd.nrl.navy.mil/sami2-OSP/index.html. The impor-
tant aspects of this model for the present study are the
following: (1) SAMI2 includes a detailed description of O+

photochemistry and transport, and (2) the E � B vertical
drifts in the F region are not calculated self-consistently
from the E- and F region neutral winds and ion densities,

but are specified using the Scherliess and Fejer [1999]
empirical model. This allows a change in the E � B drifts to
be externally imposed, that is essential for the present study.
[8] In order to calculate the airglow brightness which

correspond to the simulated ionosphere-thermosphere sys-
tem in SAMI2, it is necessary to introduce a calculation of
the line-of-sight-integrated airglow brightness. For the
135.6 nm emission from OI, the total brightness (in Ray-
leighs) is given by

IRR ¼ 1

106

Z
a1356 Teð ÞNe O

þ½ 	dsþ b1356k1k2

106

Z
Ne O½ 	 Oþ½ 	

k2 Oþ½ 	 þ k3 O½ 	 ds:

ð1Þ

[9] The above equation describes the emission created by
both radiative recombination of O+ (first term) and the
minor contribution due to mutual neutralization of O+ and
O� (second term). The coefficients in the above equation
are defined and their numerical values given in Table 1. All
values are based on the work of Meléndez-Alvira et al.
[1999] and references therein. A simple examination of this
equation shows that the brightness of the 135.6 nm airglow
is not only a function of the total column amount of O+, but
also its spatial distribution, the electron temperature
(through a1356), and to a lesser degree [O]. This means
that is not easy to quantitatively transform the observed
135.6 nm brightness into a measure of the ionospheric
density without additional supporting information that are
often not simultaneously measured. Conversely, each of
these parameters are either calculated by, or in the case of
[O], explicitly specified in SAMI2, making the reverse
calculation straightforward.
[10] The observations of the noontime EEJ around equinox

reported by England et al. [2006b] show that the peak sheet
current density (which is a good measure of the E-region
equatorial eastward electric field) varies as a function of
longitude, with four peaks at �90� spacing. From the
observations of the CHAMP satellite, it can be seen that the
maxima in the current densities are on average 63% higher
than the minima (similar variations were also reported for
SAC-C and Ørsted observations in the same work). Here we
shall assume that this corresponds to a �60% increase in the
strength of the eastward electric field and drifts associated
with the equatorial E-region at these locations. Recently
Hartman and Heelis [2007] have measured the longitudinal
variation in the vertical drifts at 09:30 LT and �830 km
altitude using the ion drift meter onboard Defense Meteoro-
logical Satellite Program (DMSP) F15 during 2001 and 2002.
It is worth noting here that while a wave number-four pattern
is not always clear in these observations, the increase in the
drift speed often exceeds 60% when the pattern is observed.
[11] We present results from two simulations using

SAMI2. The first, which we shall refer to as the Max
case, is a standard SAMI2 simulation for day 90 of 2002,
which corresponds to the same time frame as the airglow
observations presented in England et al. [2006b]. This
simulation is for moderate-to-high solar activity (F10.7 =
181 � 10�22 Js�1 m�2 Hz�1) and low-to-moderate geo-
magnetic activity (Ap = 21), that corresponds to the con-
ditions present during the GUVI observations. This
simulation is intended to represent the conditions at one
of the peaks in the wave number-four pattern described

Table 1. Numerical Values and Definitions of the Coefficients

Used in Equation (1)

a1356 Radiative recombination rate @ 1160 K 7.3 � 10�13

b1356 Ion-ion neutralization yield 0.54
k1 Radiative attachment 1.3 � 10�15

k2 Ion-ion neutralization rate 10�7

k3 Ion-atom neutralization rate 1.4 � 10�10
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earlier and therefore we perform our simulation at 190�
geographic longitude. This corresponds to the location of
the observed peak where the geographic latitude and dec-
lination of the magnetic equator is smallest. Choosing this
longitude section therefore also has the advantage that any
effects relating to these geometric parameters are mini-
mized, thus reducing the number of effects that must be
considered in the interpretation of our results.
[12] Our second simulation (referred to as the Min case)

uses the same input conditions as the Max case, except that
we introduce a perturbation to the E � B drift prescribed in
the model. This is shown in Figure 1. In order to modify the
E � B drifts in the Scherliess and Fejer [1999] model to
represent the drift at one of the minima in the wave number-
four pattern, we decrease the strength of the E � B drift by
40% during all local time periods when the drift is domi-
nated by the E-region fields. Around the time of the post-
sunset rise (here 17:00–19:30 LT) the F region dynamo
fields dominate. As the F region dynamo fields are not
expected to be modulated by the DE3 tide, these E � B
drifts are left unchanged.
[13] Figure 2 shows the vertical total electron content

(TEC) and nadir 135.6 nm airglow at 21:00 LT simulated by
SAMI2. Comparing the Max and Min cases, it can be seen
that both the simulated TEC and airglow brightness are
greater for the Max case than the Min. For the simulated

airglow emissions, the peak brightness in the Max case is
39% and 43% higher than in the Min case for the northern
and southern airglow bands respectively. The peak airglow
emission and peak TEC are also located at higher latitudes
for the Max case than the Min. For the case of the simulated
airglow emissions, the peak in the Max case is located 3�
poleward of the peak in the Min case in both hemispheres.
[14] While it is not strictly consistent with the experiment

described above, it is instructive to also calculate the contri-
bution from different local time sectors to the total enhance-
ment in the F region shown in Figure 2. To do this we preform
an additional test, in which we switch between the Max and
Min E � B drifts at different local times throughout the day.
For these simulations, the Min drifts are used as the control.
The Max drifts are used from sunrise until the desired local
time, following which theMin drifts are used. Figure 3 shows
the simulated peak 135.6 nm airglow brightness at 21:00 LT
in the northern airglow band as a function of the local time
until which the Max drifts are used. As the Max drifts are
applied for progressively longer periods throughout the day
an increase in the simulated nighttime airglow brightness is
seen. The largest increase is for local times around noon and
in the late afternoon and the smallest is for the early morning.

Figure 1. Equatorial vertical drifts used in the SAMI2 model simulations as a function of local time at
190� longitude.

Figure 2. Vertical TEC and nadir 135.6 nm airglow
brightness as a function of latitude from the SAMI2 model
simulations at 190� longitude and 21:00 LT.

Figure 3. (top) Peak simulated FUV brightness in the
northern airglow arc at 21:00 LT as a function of the local
time until which the enhancement in the electric fields is
applied. (bottom) Change in the peak simulated FUV
brightness with local time. See text for details.
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The variation with local time of the southern airglow band
and the TEC variations (not shown) show similar behaviors.
Beyond 17:00 LT, the drifts associated with the pre-reversal
enhancement begin to dominate the E � B drift pattern, so
variations are not applied after this local time.

3. Discussion

[15] Further consideration of equation (1) highlights that
the line-of-sight direction has a great impact on the ob-

served airglow intensity. As discussed in England et al.
[2006a], the IMAGE FUV observations come from a range
of observing angles and while the authors made some
attempt to correct for this, the assumptions required for this
correction are not ideal. A more reliable measure for a
quantitative comparison between the observed and simulated
airglow brightness is to compare the simulated values with
the nadir-only observations by TIMED GUVI, shown in
Figure 4 (after [England et al., 2006b]). In addition to being
nadir-only observations, the analysis technique used here

Figure 4. (top) The maximum brightness of the 135.6 nm emission and (bottom) the magnetic latitude
of the maximum brightness observed in the northern arc of the EIA by IMAGE FUV (solid) and TIMED
GUVI (dashed). Values have been averaged with a 10-degree running mean and assume a mean emission
altitude of 350 km. All data come from 20:30 to 21:30 LT, during magnetically quiet periods from March
and April 2002. Figure after England et al. [2006b].
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[Henderson et al., 2005a] also explicitly removes the effects
of plasma bubbles on the observed airglow brightness.
[16] Figure 4 shows the northern hemisphere airglow

band at 21:00 LT observed by TIMED GUVI for the vernal
equinox of 2002. At 190� longitude, the observed airglow
brightness was 220 R in the northern hemisphere. This is
lower than the simulated brightness in our Max case (300 R),
which is intended to simulate the conditions present at this
longitude and for this time period. This means that the
SAMI2 model is simulating a denser F region ionosphere
than was present during the observational period.
[17] Figure 4 shows a mean observed increase in airglow

brightness of 28% at the locations of the maxima compared
with the minima. In addition, the mean latitude of the peak
airglow emissions at the maxima are 1.5� poleward of those
at the minima. These values compare favorably with the
changes simulated using SAMI2, although once again the
simulated values are larger than those observed. We there-
fore conclude that when a detailed consideration of ion
production, loss and transport is taken into consideration,
the changes in the E-region fields reported by England et al.
[2006b] are more than sufficient to account for the observed
variation in the nadir airglow brightness and distribution.
This result adds substantial weight to the mechanism
proposed by Immel et al. [2006], which states that changes
in the E-region dynamo associated with changes in the
winds driving that dynamo are responsible for the observed
longitudinal variation in the low-latitude airglow bands.
[18] Figure 3 shows that changes in the E � B drifts at all

local times throughout the day contribute to the total change
simulated in the F region. As may be expected, the
enhancement in the drifts close to sunrise (before 10:00
LT), when the total E � B drift is small, create little change
in the airglow brightness simulated at 21:00 LT. The E � B
drifts in the late afternoon are also small, but as these occur
closer to 21:00 LT, loss mechanisms have less of an effect
and so these drifts at this time are seen to be more important
than those before 10:00 LT. Additionally, the enhancement
in the drifts around noon, when both the E � B drifts and
photo-ionization rates maximize, are seen to produce a large
variation in the airglow brightness at 21:00 LT. Thus the
change in the E � B drifts at no single local time period are
seen to dominate the change in the airglow brightness
simulated at 21:00 LT.
[19] Future studies using the SAMI3 model may be able

to address the details of the three-dimensional, time-varying
perturbation to the E-region fields created by DE3, the
possible impact of coupling between the E- and F region
dynamos via modulation of the F region Pedersen conduc-
tivities, the seasonal and longitudinal effects on E-region
dynamo-F region airglow coupling, the explanation of the
large day-to-day variations observed in the longitudinal
structure of the airglow, the effects of variations in the
dynamo fields across the E-region and also to compare the

changes in the daytime ionosphere and the daytime vertical
TEC measurements made by GPS occultation.
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