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Abstract.

The 1-D fluid/kinetic code TRANSCAR is used to simulate the effects of

geomagnetic activity on the atomic oxygen (*P-!D) red and (!D-!S) green thermospheric
dayglows at 630.0 nm and 557.7 nm, associated to the modification of the density struc-

ture of the neutral atmosphere.

It is found that when magnetic activity increases from quiet to strong, the altitude of
the peak of both emissions increases by less than 10%, the peak intensity of the 557.7
nm thermospheric layer decreases by about 40%, and the peak intensity of the 630.0 nm
layer remains almost constant. The prevailing production and quenching processes are
reviewed, and their variations are explained in terms of changes in the ionospheric and
thermospheric parameters which are induced by the rise of the geomagnetic activity.
Together with this model study, a four-year set of WINDII data is analyzed. The mea-
surements confirm the trends previously revealed by the TRANSCAR model. No sta-
tistical variation of the 630.0 nm peak emission is seen while the anticorrelation between
the 557.7 nm thermospheric peak intensity and the magnetic activity is clearly found.

1. Introduction

The mechanisms responsible for the perturbations ap-
pearing in the Earth’s high atmosphere during an increase
of the geomagnetic activity are well understood today. At
high latitudes, energetic particle precipitations increase in
the auroral oval, and ionospheric currents intensify resulting
among other things in heating by Joule effect. In terms of
energy budget, this second process is preponderant, the en-
ergy supply by Joule heating being at least two times greater
than the energy supplied during particle precipitation (Ahn
et al. [1983], Knipp et al. [2004]). A detailed explanation
of the geomagnetic storm effects on the thermosphere can
be found in several papers (see for example Burns et al.
[1995], Fuller-Rowell et al. [1997]), and therefore the major
processes that drive changes in the upper atmospheric com-
position will not be described again here.

However, to summarize the expected changes, one can say
that the global disturbances of the thermosphere during
magnetically active conditions lead to the heating and ex-
pansion of the thermosphere, bringing higher exospheric
temperatures and a larger total density. This has been
known for three decades (Taeusch et al. [1971]) and statisti-
cally described in empirical models (Jacchia [1971], Barlier
et al. [1978], Hedin [1983]).

These modifications of the neutral atmosphere associated
with magnetic activity result in ionospheric changes. At
middle latitudes, negative storms prevail in the summer (i.e.
decrease in the peak electron density) and positive storms
prevail in the winter (Fuller-Rowell et al. [1996]). Devel-
opment of empirical modeling of storm-time ionospheric re-
sponse is underway (Araujo-Pradere et al. [2004]).
Ionospheric and thermospheric changes, associated with
magnetic activity, are expected to induce modifications in
the thermospheric dayglow. This is the case for the OI 557.7
nm thermospheric emission : Zhang and Shepherd [2000]
reported a severe depletion in the thermospheric O('S) day-
glow during the April 4-5th, 1993 storm, when K, reached
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values of nearly 8. Wiens et al. [2002] also reported changes
in the 557.7 nm daytime volume emission rate at 250 km
during magnetically active conditions, but this work was re-
straint to low-latitudes and at equinox.

Our work aims to evaluate if the thermospheric emissions,
which represent tracers of the state of the atmosphere, could
be used to quantify the influence of geomagnetic activity. It
wants to give a global picture of both the red and thermo-
spheric green oxygen emission answer to geomagnetic activ-
ity, apart from the effects of precipitations at high latitudes
which will not be investigated here. This study relies on
the use of the TRANSCAR model, which allows us to eval-
uate the emission variations during magnetically active pe-
riods. These trends are then compared to a four-year set of
WINDII measurements. Both the modeling and the mea-
surements analysis are limited to low and middle latitudes
in order to avoid the particle precipitation influence.

2. TRANSCAR modeling

2.1.

The TRANSCAR model used in this study is a one-

dimensional time-dependant fluid model coupled to a ki-
netic suprathermal electron transport model. A complete
description of TRANSCAR can be found in Lilensten and
Blelly [2002], including the mathematical formulation, in-
puts, outputs, and limitations. This model which describes
the ionosphere between 100 and 3000 km altitude, has been
extended to calculate the entire profile of the 630.0 nm and
557.7 nm thermospheric dayglows. It has already shown its
ability to describe the high-latitude dayglow (Witasse et al.
[1999]), and Culot et al. [2004] showed that its use can be
extended to mid- and low-latitudes.
The main inputs of TRANSCAR are the neutral atmo-
sphere, described by the MSIS-90 empirical model (Hedin
[1991]) and the EUV solar spectrum, described by the EU-
VAC model (Richards et al. [1994]). The solar activity index
f10.7 is used to specify the EUV spectrum. It is also an input
to the neutral atmosphere model. In addition the daily A,
index or the three hour indices a, are used in MSIS-90 for
describing the magnetic activity dependence of the neutral
constituents and temperature.

Presentation and conditions of use
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Figure 2. TRANSCAR modeling of the atomic oxygen
red line emission, and related parameters for quiet mag-
netic activity (plain lines) and strong magnetic activity
(dashed lines). The upper and middle right panels show
the emission at the peak of the layer and the peak al-
titude, as a function of Solar Zenith Angle (SZA). The
lower right panel shows the three main reactions respon-
sible for the 630.0 nm emission (in red), for a SZA of 50°
: the dissociative recombination (green), the photoelec-
tron impacts on atomic oxygen (blue), and the photo-
dissociation of molecular oxygen (cyan). The three pan-
els on the left show respectively from top to bottom the
exospheric temperature, the ratio of the neutral densi-
ties for strong magnetic activity to their values for quiet
magnetic activity at 250 km altitude, and the electron
densities at 250 km altitude.

For this study, it was chosen to run the TRANSCAR model
in such conditions that the influence of the magnetic activ-
ity would be clearly noticeable. For that purpose, the MSIS
model was used first to select the period of year and the
location that would be favorable to such a study, i.e. for
which the differences on the atmosphere parameters due to
magnetic activity would be as large as possible. We used
a solar flux index fi10.7 equal to 150 (medium solar activity

conditions).
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Figure 3. TRANSCAR modeling of the atomic oxy-
gen green line emission, and related parameters for quiet
magnetic activity (plain lines) and strong magnetic ac-
tivity (dashed lines). The upper and middle right panels
show the emission at the peak of the layer and the peak
altitude, as a function of Solar Zenith Angle (SZA). The
bottom panels show the three main reactions responsible
for the 557.7 nm emission (in red), for a SZA of 30° (left)
and a SZA of 70° (right) : the collisional deactivation of
N (cyan), the photoelectron impacts on atomic oxygen
(blue), and the dissociative recombination (green). The
upper-left panel shows the ratio of O, N2, N2 excited
state and electron densities for strong magnetic activity
to their values for quiet magnetic activity at 150 km alti-
tude. The middle-left panel shows the photoelectron flux
at an energy of 6 eV for SZA=30° and SZA=T70°.
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Figure 1. MSIS-90 modeling of the exospheric temper-
ature difference between A, = 200 and A, = 10, on the
June Solstice day. The different curves represent three
different latitudes : 50° (plain line), 0° (dot line), and
-50° (dashed line). These temperature differences are
plotted versus local time.
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Figure 1 shows the difference in exospheric temperature
between quiet and very strong magnetic activity. For quiet
conditions we run MSIS-90 with a daily A, index equal to
10, and for very disturbed conditions, with an A, index of
200 (Araujo-Pradere et al. [2004] consider there is a mag-
netic storm when A, > 150). The different latitudes 50°,
0°, and -50° are represented respectively by a plain, a dot
and a dashed line. The temperature perturbation is plotted
versus the local time, and this run was performed for the
June solstice, so that the summer hemisphere is represented
by the plain line, while the winter hemisphere is represented
by the dashed line. It is noticeable that when approaching
the equator, the temperature perturbation diminishes. At
greater latitudes, the temperature perturbation is more im-
portant in the summer hemisphere.

In this study, it was chosen to perform the TRANSCAR
model runs at a latitude of 50° during the June solstice, for
fi0.7 = 150, and with A, = 10 and A, = 200.

Using two different A, values in TRANSCAR induced
changes only in the density structure of the atmosphere,
while maintaining identical solar EUV ionizing radiation.
This procedure will therefore allow to evaluate the changes
in the thermospheric dayglows due to magnetic activity.
However, it relies on the ability of the MSIS model to cor-
rectly describe the magnetic activity neutral atmosphere
perturbations, and it is known that empirical models most
often underestimate these perturbations (see for example
Richards [2002], Lathuillére and Menvielle [2004]). This will
be kept in mind while comparing simulation results and ex-
perimental data.

2.2. Results
2.2.1. Atomic oxygen red emission

Figure 2 shows the inputs and the results of TRAN-
SCAR runs related to the red line emission. On the left
side of the figure and from top to bottom are shown the
exospheric temperature, the concentration ratios (concen-
trations at A, = 200 over concentrations at A, = 10) for O
and O, and the electron density at an altitude of 250 km.
These parameters are plotted versus the Solar Zenith Angle
(SZA), which is one of the main parameter that influences
the intensity of the dayglow (see Culot et al. [2004]). On
the right side of the figure are shown the red line peak in-
tensity (taken at the altitude of the maximum) and peak
altitude, together with the preponderant production pro-
cesses at SZA = 50°, the solar zenith angle for which the
largest changes are observed with respect to magnetic activ-
ity. On the different panels the plain lines represent param-
eters calculated with A, = 10, while the dashed lines stand
for parameters calculated with A, = 200.
While looking at the upper right panel, one can see that
the red line peak intensity remains almost identical when
changing from a weak to a strong magnetic activity. The
largest difference is noticeable around SZA = 50°, with an
emission intensity greater by about 5% when A, = 200.
Concerning the maximum emission altitude (middle-right
panel), when magnetic activity increases, the emission gets
higher by about 10%, whatever the SZA. A closer look at
the variations in production and loss processes is needed to
understand these trends.
Regarding the production processes, the lower right panel
shows the three main reactions responsible for the red line :

e the dissociative recombination (in green)
(OF +em — 0+ 0('D))

o the photoelectron impacts on atomic oxygen (in blue)
(O +epn, — O(ID) + eph)
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e photodissociation of molecular oxygen (in cyan)
(02 + hv —» O+ O(' D))

Around the emission peak maximum, the reaction involv-
ing the photoelectron impacts has a volume emission rate
that remains almost constant but with a contribution shifted
by about 40 km upward. The dissociative recombination
decreases below 270 km but increases above, and the photo-
dissociation increases whatever the altitude considered. The
large increase in photo-dissociation of molecular oxygen is
due to the rise in O2 concentration which is multiplied by
almost four at 250 km, as seen on the middle-left panel. On
the other hand, the decrease in dissociative recombination
below 270 km is due to the strong diminution of the electron
concentration at these altitudes (corresponding to negative
storm conditions), as shown on the lower-left panel with a
loss of more than 60% for SZA smaller than 70°.

At the peak altitude and below, quenching of the O'D ex-
cited state with molecular nitrogen is the prevailing deacti-
vation process. The rise in N2 concentration (see middle-left
panel in figure 2) will therefore induce an increase in losses.
This loss increase and the opposite variations of the main
production processes result in an almost constant red line
peak emission intensity, even though the maximum emission
altitude increases slightly (by about 10%) mainly because of
the upward shift of the dissociative recombination and the
reaction involving the photoelectron impacts.

2.2.2. Atomic oxygen green thermospheric emission

Figure 3 shows the results of TRANSCAR runs related
to the green line thermospheric emission. The bottom row
indicates the green line volume emission rates (taken at the
altitude of the maximum), together with the preponderant
production processes, and this for SZA = 30° (left-hand
side) and 70° (right-hand side). These production processes
are as follows :

e collisional deactivation of N> (in cyan)
(N2(A%S) + 0 = N2+ O('S))

e the photoelectron impacts on atomic oxygen (in blue)
(O +epn — 0(15) + ephn)

e the dissociative recombination (in green)

(OFf + et = 0+ 0('9))

On the left column are shown the concentration ratios
of the main concerned species ([O],[N2],[N2]*, and N¢), in
the same way than for the red emission, but for an altitude
of 150 km. Also shown are the photoelectron profiles at an
energy of 6 eV, which is the energy needed to get the excita-
tion of the N2 Vegard-Kaplan band involved in the reaction
of collisional deactivation (Meier [1991]). On the right col-
umn are indicated the intensity and altitude of the green
line thermospheric peak.

As for the OI 630.0 nm emission, the peak altitude gets
higher with the increase of the geomagnetic activity, and
this rise is also about 10%. Concerning the intensity of the
thermospheric peak, a strong decrease is noticeable, which
represents a loss of about 40% at all the different SZA.
When looking at the production processes, one can see that
the collisional deactivation of N, is the major production
process. Its decrease in intensity can be understood when
looking at the variation in N2(A%Z)) on the top-left panel
: while the N> concentration rises by a factor of 1.5, the
concentration in Ny excited state declines significantly with
the SZA. This excited state is produced by photoelectron
impacts, and it is shown on the middle-left panel that their
concentration becomes less important when A, increases,
and then the impacts on N2 molecules become more spo-
radic.



X-4

630.0 nm emission

400 230
& 350 ! &~ 220
o o
o (%]
I i I
S : < ?
N300 N 210
= : = pit
% %
E 1 £
= 250 N~ 200 bt
4 f
200 190
025 026 027 028 025 026 027 028
400 240
350 230
o £ S
% 300 i 220
< * < i
N H N f
(22 25 1
.. 250 . 210 it ]
3 3
£ te £
f=d N
200 : 200 i
150 190
025 026 027 028 0.25 026 027 028
450 260
400 250
& & 240
ﬁ 350 ‘,ﬁ
N 300 g 20
i
e [ 2 220 . *i
g 250 EY Z f
= i No 210 §}§” i
200 TE 200 i
150 190
025 026 027 028 0.25 026 027 028
Mgll Mgll

Figure 4. WINDII measurements of the 630.0 nm vol-
ume emission rates (taken at the altitude of the maxi-
mum) and peak altitudes from 1992 to 1995. The vol-
ume emission rate (1) is expressed in photons.cm™3.s71,
and the altitude Z,,4, in km. Data are plotted versus
the MgII proxy, and error bars correspond to the stan-
dard deviation. The black data set corresponds to quiet
geomagnetic days (A, < 10), while the green data set
corresponds to stronger geomagnetic activity (A, > 10).

The second important reaction, which involves the photo-
electron impacts, becomes also weaker at low altitudes with
the rise of the magnetic activity, and this is once again due
to the decrease in photoelectron concentration below 200
km.

When looking at higher altitudes, the contribution of these
two prevailing reactions increases, because of the rise in pho-
toelectron flux above 200 to 240 km, depending on the con-
sidered SZA (see middle-left panel). This photoelectron flux
acts directly on the reaction involving impacts on atomic
oxygen, and as explained above, is also responsible for the
Na(A%TY) concentration.

The last reaction, namely the dissociative recombination,
sees its contribution diminishing because of the decrease in
electronic density, as shown on the upper-left panel.
Regarding the loss processes, since the radiative lifetime of
the O(') state is only about one second, the collisional de-
activation can be neglected compared to emission.

We have seen now that the three major production reac-
tions involved in the production of the 557.7 nm thermo-
spheric peak become weaker below about 200 km and rises
above when the geomagnetic activity increases. As a result,
the thermospheric peak intensity decreases also when the
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Figure 5. WINDII measurements of the thermo-

spheric peak of the 557.7 nm emission from 1992 to
1995. The volume emission rate (n) is expressed in
photons.cm™2.s7!, and the altitude Zmas in km. Data
are plotted versus the MgII proxy, and error bars cor-
respond to the standard deviation. The black data set
corresponds to quiet geomagnetic days (4, < 10), the
red straight line being the related linear regression, while
the green data set corresponds to stronger geomagnetic
activity (A4, > 30).

geomagnetic activity becomes stronger, and the emission al-
titude shifts upward by about 10%.

3. WINDII measurements
3.1.

The dayglow measurements are derived from the WIND
Imaging Interferometer (WINDII), which was launched on
12 September 1991 on NASA’s UARS, a satellite dedicated
to upper atmosphere studies (Reber et al. [1993]). The most
detailed description of the instrument can be found in Shep-
herd et al. [1993]. WINDII allows to obtain the volume
emission rates of the O('S), O('D), OH and O lines, cor-
responding to an altitude ranging from 80 to 300 km. Er-
ror bars on the volume emission rates are about 1 to 10

photons.cm™3.s71,

The Instrument

3.2. Volume Emission Rates obtained using zonal
average

In a previous paper (Culot et al. [2004]), statistical results
obtained using zonally averaged WINDII data showed the
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evolution of the oxygen emissions with the solar flux. This
previous study concerns quiet magnetic days (4, < 10).
The same study is performed here but for stronger magnetic
activity.
3.2.1. Atomic oxygen red emission

Figure 4 shows the intensity and altitude of the 630.0 nm
red line peak versus the MgIT proxy (Heath and Schlesinger
[1986]), which has been shown to better characterize the so-
lar activity effect on O'D as compared to fio.7 (Culot et al.
[2004]). The MgII range (0.26 - 0.28) used on this figure
corresponds to an fig.7 range going from 70 to about 200.
The black dots correspond to quiet magnetic days and this
data set is identical to the one previously published in Cu-
lot et al. [2004], while the green dots correspond to days for
which A, > 10.
The two separated categories of magnetic activity do not
show clear discrepancies while looking at the intensity and
altitude of maximum emission, while we had a 10% increase
in altitude with TRANSCAR modeling. Even though, this
is not incompatible with the model results, as long as the
WINDII data set for the red line is not large enough to
draw clear conclusions. But still, this trend showing an al-
most constant emission rate intensity is similar to the one
found by TRANSCAR for negative storm conditions (see
part 2.2.1).
3.2.2. Atomic oxygen green thermospheric emission

No differences could be found on the oxygen red emission,
but on the other hand, variations can be found when look-
ing at figure 5, which represents thermospheric green line
data. Again, the black dots correspond to the data set pre-
viously published for which the magnetic activity was quiet
(Ap < 10), and the green data set stands for more magneti-
cally active conditions (A4, > 30), i.e. about 30 days with 5
days around A, = 200.
At SZA = 30° (upper panel in figure 5), the small number
of available days is not sufficient to draw any conclusion,
and at 70° (lower panel in figure 5) the differences between
the two data sets are not visible, which was expected when
looking at the TRANSCAR results on the top-right panel of
figure 3. But for 50° (middle panel in figure 5), it is notice-
able that the peak emission intensity becomes weaker and
the maximum emission altitude increases when magnetic ac-
tivity rises.
We find again here the trends we had been able to exhibit in
part 2.2 using the TRANSCAR model, which makes us be-
lieve the variations induced by the rise in magnetic activity
were properly taken into account. To make a quantitative
comparison with TRANSCAR results, a more precise study
using green line data from each orbit, and without any zonal
averaging, was performed.

3.3. Green line trends

A great variability is noticeable on the intensity and alti-
tude of the emissions when looking at the different WINDII
orbits, and using a zonal averaging smooths this variability.
Thus, to obtain a better quantification of the influence of
the magnetic activity on the intensity and altitude of the
green line thermospheric peak, data around 50 degrees in
latitude from each orbit were taken into account and an-
alyzed as explained hereafter. Three steps are involved in
this analysis:

1. Subtraction of the solar flux and SZA influence.

2. Link between each orbit and the magnetic activity in-
dex.

3. Computation of the confidence intervals.

First, it was needed to subtract the solar flux and SZA
influence. To do so, a linear regression was performed on
the green line data using the quiet magnetic days obtained
by Culot et al. [2004] and presented in figure 5 as the red
line. The obtained linear fits are as follows :
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e for SZA=30°, < Nmax >= 17915 x MgII — 4102
and < Zmax >= 369 x MgIT — 43.8

e for SZA=50°, < fmazx >= 12610 x MgII — 2911
and < Zmax >= 687.2 x MgII —34.8

o for SZA=70°, < fmas >= 6077 x MgIT — 1419
and < Zmap >=826.1 x MgIT — 54.7

This regression was then subtracted from the measure-
ments done during geomagnetically active days so that only
the variations due to this magnetic activity remains.

The second step consisted in getting the magnetic index K,
corresponding to the 3 hours preceding the considered orbit.
The K, index follows a logarithmic scale, and the conver-
sion from K, to A, can be found in Menvielle and Berthelier
[1991]. To give an exemple, a K, of 2 is equal to an A, of
about 7, and a K, of 8 is equal to an A, of about 200.

The 3-hour magnetic index is a key input to specify the ge-
omagnetic activity, as exposed in Hedin [1983]. Moreover,
Hecht et al. [1991] showed that MSIS model gives better
results when used with a 3-hour magnetic index, because
during storm periods, large changes occur over short time
periods, and these changes are best transcribed with this
proxy. Last, considering the previous 3-hour period allows
to take into account the delay in the thermospheric density
and temperature response after a heating event, as was cho-
sen by Holt et al. [2002] in their ionospheric model, as well
as Lathuillére and Menvielle [2004] in their study for char-
acterising geomagnetic activity in subauroral regions. This
time lag is also estimated by Berger et al. [1998] to be be-
tween 3 hours at poles to 6 hours at the equator, and thus
the three-hour delay used in here corresponds to the lati-
tudes around 50° considered in this study.

The last step in this analysis consisted in computing the ex-
pected values with 95% confidence interval, assuming that
the actual data statistical distribution can be considered as
a Student one. Large confidence intervals correspond to sit-
uations for which few observations were available.

557.7 nm thermospheric peak
T T T

I<n>

Ninax

0.4 I I I I I I
0 1 2 3 4 5 6 7

Kp - 3h preceding the orbit

Figure 6. Intensity of the thermospheric peak (taken
at the altitude of the maximum) of the oxygen 557.7 nm
emission, plotted versus the 3-hours K, index preceding
the measurements. The vertical bars correspond to the
95% confidence intervals.

Figure 6 shows the obtained results for the intensity of
the thermospheric peak. One can notice a decrease in the
peak intensity with the increase in magnetic activity. This
decrease in roughly 40% when going from very weak activ-
ity to K, greater than 6. The same work was done on the
emission altitude, showing a small increase which did not
exceed 10%, and thus was not plotted here.
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TRANSCAR results exposed in part 2.2.2, and correspond-
ing to 50° in latitude, show a green line thermospheric in-
tensity decreasing by about 40% with the increase in geo-
magnetic activity to an A, of 200, and this whatever the
SZA considered. This 40% decrease in the observed emis-
sions is found for K, = 6. This K, of 6 is equivalent to
an A, of about 90, which is smaller than the A, = 200 for
which TRANSCAR was run. This is not surprising because
for strong magnetic conditions, neutral atmosphere models
are known to underestimate temperature (Lathuillere and
Menvielle [2004]) and density perturbations (Burns et al.
[1991]).

The fact that TRANSCAR is able to reproduce these trends
observed during magnetic storms indicates that this model
represents a usefull tool to study the high atmosphere re-
sponse to geomagnetic activity, which is important for Space
Weather users.

4. summary and conclusion

In order to summarize the behavior of the atomic oxy-
gen emissions with regards to the geomagnetic activity, one
gives hereafter estimations of this parameter’s influence :

1. The influence of geomagnetic activity is noticeable on
the altitude and intensity of the oxygen green line thermo-
spheric peak, while it has very little effect on the oxygen red
line.

2. When the magnetic index K, increases from 0 to more
than 6, the intensity of the green line thermospheric peak
decreases by about 40%, and the emission altitude increases
by less than 10%. This behaviour is mainly caused by the
diminution of the production process involving the colli-
sional deactivation of N2(A®Y"T).

This behavior related to the geomagnetic activity is

appropriately estimated by our 1-D fluid/kinetic model
TRANSCAR.
This work takes place in the frame of space weather research.
One issue of space weather is to monitor the thermosphere
in order to ameliorate the satellite drag models and fore-
casts. A possible way to do so is to use the emission lines of
the thermosphere, especially the 2 of interest in this study,
namely the red and green ones, since they are among the
most intense. From this study, it turns out that the inten-
sity of the green line thermospheric peak could be a good
candidate as a thermosphere proxy, but that the red line
can hardly be used for this purpose. In the near future, we
will explore how the information given by the green line can
be used along with the TEC values from the global posi-
tioning systems in order to monitor the coupled ionosphere
- thermosphere system.
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