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Abstract. We present measurements of the equatorial mid-
dle ultraviolet airglow taken during the week of 21–28 May
2000, including a strong geomagnetic storm on 24 May.
Limb spectra were taken by the Ionospheric Spectroscopy
and Atmospheric Chemistry (ISAAC) experiment on the
Advanced Research and Global Observation Satellite (AR-
GOS). O II lines near 247.0 nm and N II lines near 214.3 nm
provide a measure of thermospheric O and N2 changes, re-
spectively. Our results show increases in airglow brightness
of both emissions during the storm that we interpret as in-
creases in the concentrations of both species, but the ratio
of intensities that correspond to O/N2 is lower than expected
during and after the storm. We also invert the emission pro-
files using discrete inverse theory, to obtain a measure of ther-
mospheric neutral temperatures during this time. Although
temperatures increase after the main phase of the storm, the
increases do not correlate with the observed features in the
intensity ratio. These data could be explained by vertical
winds and tides modifying the equatorial neutral composi-
tion during storms, in addition to common heating responses.

Key words. Atmospheric composition and structure
(thermosphere-composition and chemistry; airglow and
aurora) – Magnetospheric physics (storms and substorms)

1 Introduction

The response of the thermosphere and ionosphere to geo-
magnetic storms has proved to be a challenging puzzle due
to the influence of a combination of winds, waves, heating,
and electrodynamics. These multiple forces create storm per-
turbations in neutral composition that vary significantly with
latitude but still demonstrate some well characterized fea-
tures. At high latitudes, direct particle and energy inputs
lead to vivid auroral displays and initiate disturbances that
propagate to lower latitudes. Upwelling due to Joule and
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particle heating leads to changes in neutral composition as
molecular species are enhanced (Mayr et al., 1978; Prölss,
1980). Winds circulate these composition changes to mid-
dle latitudes and influence the production and loss of iono-
spheric plasma. As the magnetic inclination decreases, winds
and traveling atmospheric disturbances (TADs) also begin to
push this plasma up field lines (Prölss and Ŏcko, 2000). The
result is a somewhat complex pattern of positive and negative
storm effects, where the plasma density is enhanced or de-
pressed, respectively, compared to quiet conditions (Prölss,
1993; Burns et al., 1995; Fujiwara et al., 1996, and references
therein).

The ratio of neutral concentrations, O/N2, has been shown
to be an accurate tracer of ionospheric storm effects at sun-
lit middle and high latitudes (e.g.Strickland et al., 2001;
Mendillo et al., 2002), because O is the primary species re-
sponsible for plasma production while N2 (along with O2)
is responsible for plasma loss. Observations near the equa-
tor indicate that densities of all neutral species increase as
a result of heating during a geomagnetic storm (e.g.Hedin
et al., 1977; Mayr et al., 1978; Prölss et al., 1988; Wiens
et al., 2002) and composition changes are visible in O/N2,
especially when viewed on constant pressure surfaces (Burns
et al., 1995). TADs that propagate from each pole converge
at the equator and cause temperature increases via compres-
sional heating that enhance neutral densities (Prölss, 1993;
Fujiwara et al., 1996; Prölss and Ŏcko, 2000) and perturb the
ionosphere (Fesen et al., 1989).

Thermospheric densities have been extracted from sev-
eral middle and high latitude observations of far ultravio-
let (FUV) airglow and aurora (e.g.Strickland and Thomas,
1976; Meier and Anderson, 1983; Conway et al., 1988;
Craven et al., 1994). Strickland et al.(1995) devised a
method of using disk images of O I 135.6 nm and N2 LBH
dayglow to measure column O/N2 down to a reference al-
titude that corresponds to a column N2 concentration of
1017cm−2. This technique has been used to analyze ther-
mospheric changes in response to solar and geomagnetic
activity (Drob et al., 1999; Strickland et al., 1999a, 2001)
but does not provide information on the altitude profile.
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Fig. 1. Geomagnetic and solar indices for 21 May to 28 May 2000,
indicating the geomagnetic storm on 24 May. (Major ticks mark
0 UT for each day.)

Meier and Picone(1994) developed a method using discrete
inverse theory to retrieve absolute concentrations of O, N2,
and O2 from limb profiles of far ultraviolet airglow.Stephan
et al.(2003) adapted this technique to the middle ultraviolet
by creating an airglow model of the O II 247.0 nm and N II
214.3 nm emissions.

The O II 247.0 nm emission is produced by the photoion-
ization and excitation of thermospheric O by solar extreme
ultraviolet radiation. The transition from the (2P) excited
state to the (4S) ground state of O+ produces a doublet
at 247.10 nm and 247.11 nm (vacuum wavelengths) (Mar-
tin et al., 1993) that make up the emission we use for our
study. Similarly, the N II 214.3 nm emission is produced by
the photodissociation, ionization, and excitation of N2. The
transition from the (5S) excited state to the (3P) ground state
of N+ also produces a doublet, at 213.97 nm and 214.35 nm
(Erdman and Zipf, 1986). Because of the short lifetimes of
these excited states, an inversion of these emissions yields an
altitude profile of the associated O and N2 neutral species.

In this paper, we present an analysis of the thermospheric
response to a geomagnetic storm using measurements of the
214.3 nm and 247.0 nm emissions. We outline the details
of the observations in Sect.2 and describe our analysis of
the spectra required to remove contributions of unresolved
nearby emissions from the lines of interest in Sect.3. In
Sect.4 we present the resulting images, showing these emis-
sion profiles and their changes during and after the storm.
We also use the discrete inverse technique to retrieve ther-
mospheric temperatures from the emission profiles to inves-
tigate heating effects of the storm. In Sect.5 we discuss our
results and summarize our work.

2 Observations

Spectra containing the O II 247.0 nm and N II 214.3 nm
emissions were taken by the Ionospheric Spectroscopy and
Atmospheric Chemistry (ISAAC) experiment on the Ad-

vanced Research and Global Observation (ARGOS) satel-
lite. ISAAC is a 1/8 m focal length, Ebert-Fastie spectro-
graph with a 1/8 m focal length, off-axis parabolic telescope
and an intensified plasma coupled device detector (Wolfram
et al., 1999). ARGOS was launched on 23 February 1999,
into a 850 km, circular, 97◦ inclination, Sun-synchronous or-
bit. The ascending node crossing time was approximately
14:10 LT. ISAAC obtained spectra of thermospheric airglow
from May 1999 until October 2000, scanning the limb of the
Earth in the wake of the spacecraft. The integration time
for each spectrum was 1 s and a limb scan was completed
in 140 s, including time to return to the starting zenith an-
gle. The instrument field of view was 1.2◦ along the horizon
and 0.03◦ perpendicular to the horizon. Each spectrum cov-
ered a chosen 40 nm passband within the 180–330 nm spec-
tral range, as determined by the position of the grating. A
210–250 nm passband was selected for the days studied here.
Based on observations of isolated atomic lines, the spectral
resolution was 0.4 nm.

To improve the signal-to-noise ratio of the measurements,
we combined data from each orbit to form a single profile
representing an average of the airglow between 20◦N and
20◦S latitude. We selected all data where the tangent point of
the line of sight fell within these latitudes and ordered them
according to zenith angle, creating a single composite pro-
file of the equatorial airglow for each orbit. We then filtered
the data to remove any anomalous spectra due to energetic
particles, hot stars, or other features that were not represen-
tative of pure airglow. In addition, we eliminated data where
the detector became strongly nonlinear or saturated due to
high count rates, typically corresponding to altitudes below
115 km.

We averaged the remaining spectra in groups of 10 to
yield approximately 30 spectra between 120 km and the up-
per bound above 300 km. This also provides a secondary
benefit of improving any uncertainty in zenith angles and alti-
tudes due to random errors in the instrument pointing control
and knowledge. Although the magnitude of this uncertainty
is not investigated in detail here, it is expected to be less than
the approximate 7-km altitude resolution of the final profile.

For this study we analyzed ISAAC data for the week of
21–28 May 2000. We chose this week because ISAAC was
in the correct mode and a geomagnetic storm occurred in the
middle of the week on 24 May. Figure1 shows theKp, Dst ,
and F10.7 indices for this week. The storm commenced late
on 23 May and peaked early on 24 May. Solar flux during
this time was high, but monotonically decreasing through-
out the week. We examine the data during this week to in-
vestigate changes in the thermosphere and associated middle
ultraviolet airglow from quiet to active geomagnetic condi-
tions.

3 Fit to spectra

For each of the resulting spectra we fit 4 nm regions around
247 nm and 214 nm using the instrument lineshape function
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Fig. 2. Sample ISAAC spectra for data near 168 km. (Top) Fit
to O II 247.0 nm doublet (red curves), including the N2 VK (0,4)
band (green curve) peaking near 246.4 nm and the dim NOγ (0,2)
band (blue curve). (Bottom) Fit to N II 214.3/213.9 nm doublet
(red curves), including the N2 LBH band (green curve) visible
near 212.9 nm and 214.8 nm and the brighter NOγ (1,0) band (blue
curve) extending from 213 nm to 216 nm.

and a synthetic spectrum of the primary emissions in each
spectral window. Samples of these fits are shown in Fig.2. In
the spectra near the O II 247.0 nm lines this required model-
ing the NOγ (0,2) band and the N2 Vegan-Kaplan (VK) (0,4)
band. The brightest contributors near the N II 214.3 nm lines
were the NOγ (1,0) band and the (5,14) and (6,15) bands of
the N2 Lyman-Birge-Hopfield (LBH) system. N2 LBH and
VK spectra were taken from the Atmospheric Ultraviolet Ra-
diance Integrated Code (AURIC) (Strickland et al., 1999b).
Profiles of the NO bands were computed using the algorithms
developed byStevens(1995).

Any uniform background was subtracted from each spec-
trum and a wavelength scale was calculated based on posi-
tions of several features in the data. In each case, the mag-
nitude of the NO and N2 bands was adjusted to optimize the
fit to the spectrum at wavelengths where there is no contribu-
tion from the O II or N II emissions. Changes were made to
the temperature to adjust the shape of the molecular bands to
optimize the fit. The NOγ (1,0) band near 214.3 nm shows

Fig. 3. Images of O II 247.0 nm intensity (top) and N II 214.3 nm
intensity (bottom) from 21–28 May 2000. Each pixel represents an
average of 10 spectra gathered with the tangent point of the line of
sight located between 20◦N and 20◦S latitudes.

the effects of self-absorption that can modify the shape of
the observed spectrum (Stevens, 1995). A parameter was in-
cluded to adjust this factor as needed. The contribution from
these NO and N2 bands are minor above altitudes of approxi-
mately 200 km. The remainder was fit by scaling the O II and
N II emission lines convolved with the instrument lineshape.
We made final adjustments to each parameter to improve the
fit as determined by a standardχ2 calculation between the
modeled and measured spectra. The intensities of the O II
and N II emissions were then calculated from the modeled
profile. Uncertainties for each measurement were included
from both statistical considerations of the data, as well as our
ability to reproduce our fits to the spectra. We found that the
fitting process introduced the largest error, estimated to be
15%.

4 Results

Figure 3 shows images of the O II 247.0 nm and N II
214.3 nm emissions for the week of 21–28 May 2000. Each
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Fig. 4. Ratio of 247.0 to 214.3 nm intensities measured by ISAAC
and shown in the two images in Fig.3.

altitude profile in an image is separated by approximately
100 minutes, the orbital period of ARGOS. Missing profiles
indicate orbits where sufficient data could not be processed
because of spectral contamination or noise. The altitude in
each profile corresponds to the altitude of the tangent point
of the line of sight to the surface of the Earth. A scheduled
change in the altitudes scanned by ISAAC is visible on 23
May. The general trend in the O II emission seen in the top
panel is an overall reduction in intensity with time, matching
the decrease that would be expected based on the decrease
in solar flux seen in Fig. 1. Shortly after the storm peak
early on 24 May there is a marked brightening in the emis-
sion that lasts for several orbits. The bottom panel shows the
N II emission for this same period. This emission changes in
a similar manner with a gradual overall decrease in intensity
that is interrupted by a brightening during the storm on 24
May. Figure4 shows a ratio of these two images. Since both
emissions are produced by solar UV radiation, variations in
this ratio reflect qualitative changes in the relative O to N2
concentrations. Because of the difference in scale heights
between the species, the fraction of O becomes increasingly
larger at higher altitudes. Contours of similar intensity ratios,
indicated by color in the image, are at steady or falling alti-
tudes until the storm begins. As the storm peaks, regions of
lower O/N2 rise up to higher altitudes. After the storm, these
contours show a gradual return to the conditions seen prior
to the storm.

Figure5 shows two slices through Fig.4 at altitudes of 200
and 280 km. The larger uncertainties at 200 km are a result of
the bright molecular features that have been fit and removed
as part of the spectral fitting described in Sect.3. For com-
parison, we have used a forward model of the two emissions
(Stephan et al., 2003) to create the expected intensity ratio
given the solar and geophysical conditions. This model com-
bines a thermosphere from the NRL Mass Spectrometer In-
coherent Scatter model (NRLMSISE-00, hereafter abbrevi-
ated as MSIS) (Picone et al., 2002) with a method to rapidly
compute the population rate of the excited state relevant to

each emission, org factor, based on solar zenith angle, solar
F10.7, and the column density of neutrals (Strickland et al.,
1997). Our model uses the solar and geomagnetic indices,
representing the conditions of each observation, to calculate
a neutral atmosphere, excitation rate, and integrated intensity
along the line of sight. Prior to the storm the ratio is rising in
response to the decrease in the solar flux and the associated
cooling of the thermosphere. As the storm begins there is a
decrease in the ratio of the two emissions, although Fig.3
shows that both emissions are brightening. The decrease in
the observed ratio is not seen in the ratios compiled using
our forward model. After the main phase of the storm there
is a general return to the expected increase of the intensity ra-
tio, although disagreements between the forward model and
ISAAC measurements remain.

Discrete inverse theory (DIT) offers a method of using the
full altitude profile of each emission to further explore the
details of these changes (Meier and Picone, 1994; Stephan
et al., 2003). Each limb scan offers information on concen-
trations and temperature through both the relative magnitude
and the shape of the emission altitude profiles. Our imple-
mentation of DIT adjusts the nominal MSIS concentration
profiles and temperatures, as well asg factors, to achieve
an optimal fit to the observed data. Uncertainties are propa-
gated through the inversion as described byMeier and Picone
(1994). For the ISAAC observations, the 15% uncertainties
ascribed to the data through our process of fitting the spectra
combine with the lack of information below 120 km, where
the N II emission peaks to result in uncertainties in absolute
concentrations of each species that are 50% or larger. Thus,
those results are not informative and we will not report on
them here. Thermospheric temperatures that are returned si-
multaneously are more dependent on the slope of the profiles
above 150 km and can be specified more accurately. Simula-
tions have shown that an inversion result using the DIT algo-
rithm is insensitive to the initial guess within the uncertainty
retrieved from the process (Meier and Picone, 1994; Stephan
et al., 2003). Although we have not comprehensively tested
that assumption here, spot checks on several profiles with a
variety of reasonable alternative inital guesses confirmed this
result.

Figure6 shows the temperatures at 280 km, where the at-
mosphere is essentially isothermal, as returned by the inver-
sion of the emission profiles measured by ISAAC. Temper-
atures from MSIS for the week are shown for comparison.
Prior to and through the main phase of the storm, tempera-
tures are in agreement with the MSIS model, despite the fact
that the measured intensity ratios are different from those de-
rived using MSIS. On 25 May, when the storm has ended
its fast recovery phase, a divergence from MSIS tempera-
tures appears. There is also a strong diurnal variation that
appears to match MSIS predictions in phase but not magni-
tude. This pattern demonstrates an anticorrelation to modu-
lation seen in the expected intensity ratio calculated from the
forward model and shown in Fig.5. These are expected due
to changes in universal time and the motion of the observed
geographic equator relative to the geomagnetic pole. This
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Fig. 5. Slices through Fig.4 at 200 km (top) and 280 km (bottom).
Solid line represents expected intensity ratio at this altitude using
the neutral thermosphere provided by the MSIS model for the con-
ditions on each day. The uncertainties due to the fitting and removal
of nearby N2 and NO molecular bands, which are brighter at lower
altitudes, are reflected in the uncertainties in these line intensity ra-
tios.

pattern is not strongly correlated to the modulation seen in
the ISAAC data, which still demonstrates reductions in the
intensity ratio near 12 UT each day.

5 Discussion and summary

The response of the equatorial thermosphere to the geomag-
netic storm of 24 May 2000, is visible in the ISAAC MUV
remote sensing data. The data show increases in both the O II
247.0 nm and the N II 214.3 nm emissions during the storm,
indicating an increase in both O and N2. Since these emis-
sions are tracers of thermospheric O and N2, the ratio of the
emissions can be used as a relative measure of changes in
the O/N2 concentration ratio. ISAAC data agree with data
derived from MSIS until the onset of the storm, when the
measured intensity ratio is smaller than expected. The dif-
ference is largest in the two days after the peak of the storm,

Fig. 6. Thermospheric neutral temperature derived from inversion
of the emission intensity profiles in Fig.3.

although full agreement between the model and data is not
fully reestablished even after four days.

The difference is not completely explained by the heating
effects of the storm. Temperatures derived from the emission
profiles are still in agreement with MSIS nearly 24 h after
the storm peaks and the intensity ratios begin to deviate from
expected values. Modulation in the intensity ratio is also not
correlated to changes in the observed temperatures.

Another process appears to be impacting the relative com-
position of the equatorial thermosphere during the storm.
Burns et al.(1995) found that while storm-time changes in
O/N2 at low to middle latitudes generally were negative on
constant height surfaces, no predictable patterns were seen.
They observed a 20% drop in O/N2 near 20◦ latitude during
a storm on 6 September 1982, but also saw increased and un-
changed ratios during different storms. In addition to these
mixed observations, they noted that the correlation to tem-
peratures was poor and another mechanism, such as vertical
winds or tidal upwelling, was needed to explain the data. Our
results show a maximum decrease of nearly 20% during the
storm that does not appear to be correlated to temperature
changes, in support of the observations and conclusions of
Burns et al.(1995).

Unfortunately, the low temporal resolution and back-
ground noise during the peak of the storm have made it im-
possible to obtain any other information that might be related
to the timing of the changes or the rapid propagation of grav-
ity waves and tides from the poles to the equator. However,
a decrease is apparent in Fig.5 with the last data point on
23 May, just before the gap in the data corresponding to the
peak of the storm. This time would be consistent with the
propagation time for waves to reach the equator. The contin-
ued fluctuations in O/N2 immediately after the storm, how-
ever, suggest a source that is not as transient. We also cannot
rule out the possibility that multiple effects are causing the
changes seen in the ISAAC data. Winds or tides may initiate
the changes seen during 24 May, where temperatures are in
agreement with MSIS. Discrepancies between the model and
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the data after that could be explained by the difference in the
observed and MSIS temperatures.

This work represents the first study using middle ultravi-
olet emissions for the remote sensing of long-term thermo-
spheric changes. The strength of the analysis presented here
is constrained largely by the spectral resolution of the instru-
ment that necessitates detailed fitting and modeling to extract
the O II 247.0 nm and N II 214.3 nm emissions.

We have used data from the ISAAC experiment to examine
changes in thermospheric composition at 14:10 LT during a
geomagnetic storm. We have found that for the storm of 24
May 2000, the equatorial concentrations of both O and N2 in-
creased, but the ratio O/N2 decreases compared to expected
values during and after the storm. These changes are not en-
tirely correlated with temperature changes retrieved from the
inversion of the emission profiles and suggest atmospheric
transport from other altitudes and latitudes.

Acknowledgement.This work is supported by the Office of Naval
Research. We are grateful to R. R. Meier for helpful discussions
and comments.

Topical Editor U.-P. Hoppe thanks A. Burns for his help in eval-
uating this paper.

References

Burns, A. G., Killeen, T. L., Deng, W., Carignan, G. R., and Roble,
R. G.: Geomagnetic storm effects in the low- to middle-latitude
upper thermosphere, J. Geophys. Res., 100(A8), 14 673–14 691,
1995.

Conway, R. R., Meier, R. R., and Huffman, R. E.: Satellite ob-
servations of the OI 1304, 1356, and 1641Å dayglow and the
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