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Abstract.
During orbital verification, the Far Ultraviolet Spectroscopic Ex-
plorer (FUSE) obtained spectra of the terrestrial day airglow between
905 and 1184̊A from an altitude of 766 km. The spectrographs
have three apertures that can simultaneously record the atmospheric
emissions with limiting instrumental spectral resolutions of ap-
proximately 0.4, 0.05, and 0.03̊A. Seven orbits were obtained of
observations of the sunlit Earth and disclose a wealth of emissions
resulting from the electron impact excitation of N2 in addition to
emissions of OI, N I, and NII produced by both photoelectron impact
and by photodestructive excitation and ionization of thermospheric
O and N2 by extreme ultraviolet solar radiation. The argon resonance
transitions are unambiguously identified as are previously unreported
transitions between highly excited energy levels of O+. These spec-
tra have the highest spectral resolution and sensitivity in this spectral
range to date and will provide valuable input to the interpretation
of lower resolution spectra from current and future Earth remote
sensing missions.

INTRODUCTION

Ultraviolet spectroscopy of the terrestrial upper
atmosphere has long been recognized as an impor-
tant tool in determining the compositional varia-

1Present address: Department of Astronomy, P. O. Box
3818, University of Virginia, Charlottesville, VA 22903

tion and thermal structure of the atmosphere above
100 km and of understanding the response of the
atmosphere to varying solar electromagnetic and
particle radiation. An excellent overview of the
subject has been presented byMeier [1991]. Ob-
servations from both sounding rockets, which en-
able vertical sounding of the atmosphere [Gentieu

1
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et al., 1979, 1981], and satellites, which provide
global and long-term monitoring [Chakrabarti et al.,
1983], have typically measured spectra in the 400–
1200Å wavelength band at spectral resolutions of
4–8Å. A few rocket experiments have flown spec-
trographs with resolutions of 1–2̊A [Christensen
et al., 1982;Morrison et al., 1990], but these have
had limited success because of the relatively low
signal-to-noise ratio resulting from small instru-
mental effective area and short observation times.
Moreover, even this resolution is insufficient to
sort out the rich emission spectrum resulting pri-
marily from photoelectron impact and photode-
structive processes involving the principal con-
stituents of the thermosphere, molecular nitrogen
and atomic oxygen.

In the far ultraviolet, astronomical observato-
ries in low-Earth orbit, when observing during
orbit day, must contend with a large number of
emissions that blanket the spectral region, much
as the night sky emissions of OH in the near in-
frared contaminate spectra obtained by ground-
based telescopes. Yet these missions also provide
opportunities to study the terrestrial airglow with
unprecedented sensitivity and spectral resolution.
For example, the Hopkins Ultraviolet Telescope
(HUT), which flew on theAstro-1 and 2 space
shuttle missions in December 1990 and March
1995, respectively, produced excellent spectra at
3.3 Å resolution, looking both upward and down
at the bright Earth. These data remain largely
unpublished [Feldman et al., 1991, 1992]. With
FUSE, using the low resolution aperture (LWRS,
3000� 3000), the spectral resolution is a factor of
ten better than that of HUT, and the medium reso-
lution aperture (MDRS, 400�2000) is capable of a
further factor of 7.5 [Moos et al., 2000]. A third,
high resolution aperture (HIRS, 1:0025�2000), has
lower throughput but only marginally better spec-
tral resolution because corrections for image cur-
vature have not yet been implemented. The day-
glow is recorded simultaneously in all three aper-

tures.

In this paper, we present an atlas of spectra of
the illuminated Earth taken with the medium res-
olution aperture during Orbital Verification. The
spectra were taken with the spectrographs not in
final focus, and some degradation in spectral res-
olution results from thermally induced rotations
of the gratings [Sahnow et al., 2000]. Neverthe-
less, the wealth of detail revealed makes possible
the resolution of some current problems in aeron-
omy and provides sensitive tests of current radia-
tive transfer models. Some examples are given
below, although detailed modeling is beyond the
scope of the present paper.

OBSERVATIONS

The bright earth airglow spectra are a combi-
nation of 7 photon list (time-tagged) observations
taken between 17:40 UT on September 24, 1999
and 04:20 UT on September 25, 1999. The in-
dividual spectra were obtained during 7 consecu-
tive bright earth occultations of a fixed celestial
pointing towards an empty field. The telescope
line-of-sight described a chord across the fully il-
luminated disk making a minimum angle of� 34Æ

with respect to the satellite nadir (from the FUSE
orbit of 766 km, the earth subtends a half angle
of 63.2Æ). Direct downward viewing is prohibited
by constraints on the telescope look direction rel-
ative to the orbital velocity vector. During each
occultation, spectra were accumulated not only of
the bright disk but also of the emissions from the
Earth’s limb. Since the data were accumulated in
time-tagged mode, it was possible to separate out
the spectra of the disk and the limb, and, in the
case of the latter, to extract limb profiles with a
spatial resolution of�20 km (the LWRS aperture
subtends less than 1 km at a tangent height of 200
km so that higher spatial resolution is possible al-
beit with a corresponding loss in S/N). The disk
spectrum presented below is the accumulation of
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11,477 seconds of bright Earth data and has a suf-
ficient signal-to-noise ratio in MDRS mode to be
useful as a spectral atlas. Because of the larger
throughput, spectra from the LWRS are used for
the determination of absolute brightnesses and the
extraction of limb profiles. Spectra cover the range
905–1184Å.

These data were taken with Detector 1 as the
high voltage of Detector 2 was turned off at the
time of the observation.Sahnow et al.[2000]
have identified an unusual calibration problem in
the long wavelength segment (>1155 Å) of De-
tector 1. Focussed starlight at long wavelengths
is occulted by a repeller wire located close to the
tangential focus of the grating. This leads to erro-
neously low values of the system effective area de-
rived from measurements of standard white dwarf
stars that are used for the absolute flux calibration
used in the pipeline processing of the data. How-
ever, this effect is negligible for extended sources
filling the aperture such as airglow. To evaluate
the correction required for the airglow, we use a
cross comparison of four orbits of bright Earth ob-
servations made on March 27, 2000 with both de-
tectors operating. This latter data set has limited
local time coverage and much shorter total integra-
tion time (4,572 seconds) and so is much less ap-
propriate to the extraction of nadir intensities and
limb profiles. All of the data were processed with
absolute flux calibration in use as of August 18,
2000.

For comparison, we will also refer to side-
looking airglow spectra (in fact, the viewing an-
gle is actually close to 90Æ from the local zenith)
that are derived from�20,000 seconds worth of
photon list data taken on August 15 and 16, 1999,
during 20 separate exposures obtained during de-
tector characterization tests. The aperture was po-
sitioned at apparent right ascension 7h 6m 57s and
declination –65Æ 00 5900 (equinox J2000) through-
out these exposures. Once again, only data from
Detector 1 was obtained at this time. The August

and September 1999 observations were obtained
at a time of moderate solar activity (F10:7 � 130)
while F10:7� 205 for the March 2000 observation.

SPECTRA

Figures 1 through 4 show MDRS spectra of the
bright Earth from the SiC1 and LiF1 channels of
Detector 1. In the region of overlap of the SiC
and LiF channels, only the higher S/N LiF data
are presented, except in the 1081–1090Å gap be-
tween the two LiF segments where the important
N II λ1085 multiplet falls. For the spectral region
longward of 1100Å, due to the calibration uncer-
tainty of the LiF1 detector and the higher through-
put of Detector 2, data from the LiF2 detector
from March 27, 2000, are shown in Figures 5 and
6. The effective spectral resolution is determined
by fitting gaussians to the several strong isolated
atomic lines in the LiF spectra and is found to lie
in the range of 0.07–0.08̊A. This is larger than
the instrumental width expected for the 400 wide
MDRS slit, and is attributed to thermal distortion
of the optical bench over the course of the obser-
vations that is not completely compensated for in
the pipeline processing and the fact that the spec-
tral curvature due to astigmatism is not removed.

Wavelength identifications of the atomic fea-
tures are fromMorton [1991] andKelly [1987]
while the N2 band identifications are from the
medium and high resolution laboratory spectra of
Ajello et al.[1989] andAjello et al.[1998], respec-
tively. High resolution laboratory spectroscopy of
the N2 c4

0
�X (0,0) band, under optically thin con-

ditions, is presented byShemansky et al.[1995].
This band has a very large electron excitation
cross-section but is extremely weak in the ter-
restrial airglow due to predissociation loss and
branching to other more optically thin transitions
during repeated cycles of absorption and emission
of individual lines. This problem has been treated
theoretically in detail byStevens et al.[1994] de-
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Figure 1. FUSE MDRS spectrum of the illuminated disk of the Earth as observed in September 1999.
The data are from the SiC1 channel and span 904–952Å. Atomic and molecular features are identified
in the figure.
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Figure 2. Figure 1 continued. The red line represents the data divided by 10. The data are from the SiC1
channel and span 950–993Å. From 993–998̊A the data are from the LiF1 channel.
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Figure 3. Figure 1 continued. The data are from the LiF1 channel and span 996–1044Å.
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Figure 4. Figure 1 continued. The data are from the LiF1 channel and span 1042–1081Å. From 1082–
1090Å the data are from the SiC1 channel.
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Figure 5. FUSE MDRS spectrum of the illuminated disk of the Earth as observed in March 2000. The
data are from the LiF2 channel and span 1090–1138Å.
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Figure 6. Figure 5 continued. The data are from the LiF2 channel and span 1136–1184Å.
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spite the paucity of observational data. In the fig-
ures, the N2 bands are indicated by the positions
of the R-branch origins taken fromAjello et al.
[1989, 1998] and with further identifications from
the tables ofRoncin and Launay[1998]. In Fig-
ure 1 additional OI lines below 916Å are not
explicitly identified. Note that the HI Lyman se-
ries is relatively weak in the disk spectra, as is the
geocoronal HeI λ584 line seen in second order at
1168Å. These lines are considerably stronger in
the limb and side-looking airglow spectra.

In Figure 4, two of the strongest features are the
resonance transitions of ArI at 1048 and 1067̊A.
These features are present in the HUT spectra of
the bright Earth at comparable brightness [Feld-
man et al., 1991], but the spectral resolution of
FUSE makes possible the clean separation of the
Ar I lines from nearby N2 and NI emissions. Both
lines show limb darkening that would be expected
from a low altitude source attenuated by an ab-
sorber with a smaller scale height above the ho-
mopause, in this case O2. At these wavelengths
the vertical optical depth of O2 reaches unity at
�90 km at which altitude the vertical optical depth
at the center of the ArI transitions is greater than
104 [Parker et al., 1998], so that a full radiative
transfer analysis is required to understand the vari-
ation in brightness with viewing geometry.

An even more striking illustration of the power
of the high spectral resolution of these data is the
identification in Figure 4 of three satellite fea-
tures near the resolved components of the NII
λ1085 multiplet. These three lines form a multi-
plet connecting the excited(2s2p4) 4P state of O+

(the upper level of the OII λ834 resonance tran-
sition) to the(2s22p23p) 4So state that lies 26.3
eV above the O+ ground state [Pettersson and We-
naker, 1990]. Additional transitions from other
states of the(2s22p23p) configuration to the4P
state are identified in Figures 5 and 6. Assuming
the source to be photoionization of atomic oxy-
gen (which, according toMeier [1991] produces

over 90% of the excitation of OII λ834), the total
energy required is 39.9 eV, which is close to and
just below the energy of the very strong solar HeII
λ304 line that dominates photoelectron production
in the thermosphere. The excited OII multiplet,
here designated OII�, accounts for�6% of the
total observed emission at 1085Å. Although the
FUSE spectral range does not include OII λ834,
the HUT bright Earth spectra, obtained near solar
maximum, can be used to estimate a ratio of NII
λ1085 to OII λ834, from which we find that OII�

λ1085 is about 1% as bright as OII λ834.

Table 1 gives the brightnesses of the strongest
features derived from the LWRS spectra. To fa-
cilitate comparison with models, these are not ex-
tracted from the pipeline processed spectra used
to generate Figures 1 – 6, but are derived di-
rectly from the raw time-tagged data files where
the range in local time is limited to from one hour
before to one hour after orbital local noon. These
are from the September 1999 observations with
the corrections for flux calibration at the longest
wavelengths described above. Also given in the
table are the corresponding brightnesses for the
side-looking emissions from the spacecraft alti-
tude of 766 km, extracted for the same time inter-
val around local noon. “Side-looking” in this case
is viewing�90Æ to the local zenith at an angle of
27Æ above the bright limb. In this case only opti-
cally thick emissions of OI and NI are observed
in addition to geocoronal HI and HeI.

Figure 7 compares the LWRS spectrum from
the short wavelength end of the SiC1 channel
(905–993Å) of the limb (top panel) with similar
spectra of the disk (middle panel) and the side-
looking airglow (bottom panel). The limb spec-
trum consists of 892 seconds of data with the line-
of-sight between 4.9 and 11.1Æ of the limb, corre-
sponding to tangent heights of 250 to 500 km. The
solar zenith angle at the point of observation varies
from 59 to 66Æ. The most striking difference be-
tween the limb and disk spectra, other than the rel-
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Table 1. Observed Dayglow Brightnesses in the FUSE LWRS aperture. The data are from Detector 1
taken in August and September 1999.

Transition Wavelength Down-lookinga Side-lookingb

(Å) (rayleighs) (rayleighs)
H I Lyman-δ 950 — 2:4�0:7c

H I Lyman-γ 973 2:4�0:7 9:0�1:1
O I 5 989 775�17 30�4:2
H I Lyman-β + O I 4 1026 225�8 140�3
O I 4 1027 71�3:0 8:2�0:9
O I 3 1040 63�2:3 2:0�0:5
Ar I 2 1048 37�1:5 —
Ar I 1 1066 49�2:0 —
N II 1 1085 400�13 �1
N I 2 1134 290�10 2:5�0:4
O I 1D �

1Do 1152 110�3:4 —
N I 2Do

�
2F 1167 51�2:7d —

O I 1D �
3Do 1173 105�6:5d —

N2 c4
0
�X (3,2)+(4,3) 943 105�3:0 —

N2 c4
0
�X (0,0) 958 30�3:2 —

N2 c4
0
�X (0,1) 981 68�3:8 —

N2 c4
0
�X (3,4)+(4,5) 985 98�4:6 —

N2 c4
0
�X (0,2) 1003 42�2:9 —

aSeptember 24–25, 1999; local time 1100–1300 hr; solar zenith angle 20–28Æ; viewing angle 34–42Æ from nadir;
average over seven orbits.

bAugust 15–16, 1999; local time 1100–1300 hr; solar zenith angle 5–17Æ; viewing angle 90Æ from zenith;
average over six orbits.

cIncludes 1-σ statistical uncertainty and orbit-to-orbit variation. The absolute uncertainty is�10%, except for
the emissions longward of 1155̊A where the uncertainty is of the order of�20%.

dCorrected for Detector 1 calibration uncertainty using Detector 2 data from March 27, 2000.
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ative strengths of the N2 and OI emissions, is the
presence of the O+ + e� recombination contin-
uum below 911Å in the limb spectrum. This fea-
ture was first resolved spectrally byFeldman et al.
[1992] in HUT/Astro-1nighttime observations of
a setting target, and has subsequently been reana-
lyzed byMeléndez-Alvira et al.[1999]. Note how-
ever, the contamination of the continuum with NI
emissions clearly seen in the disk spectrum (see
also Figure 1).

LIMB PROFILES

Observations of the ultraviolet airglow emis-
sions as a function of distance (or more appropri-
ately, tangent height) above a planetary limb pro-
vide a unique means for testing models of atmo-
spheric composition and excitation mechanisms.
Such measurements go back to the early days of
the space era yet continue to bear fruit with suc-
cessive developments in spectroscopic instrumen-
tation [Gladstone, 1988; Meier, 1991; Budzien
et al., 1994]. In Figures 8 and 9 we give several ex-
amples that bear on some recently discussed prob-
lems.

O I λ1173/OI λ989 Ratio

The multiplets OI λ1173 and OI λ989 have
a common 3s0 3Do upper state with a laboratory
branching ratio of� 1:5� 10�4. An additional
branch to 3p 3P occurs at 7990̊A with a compara-
ble but less well known branching ratio. Because
the individual lines of the OI λ989 multiplet scat-
ter several thousand times before escaping the at-
mosphere, the brightness of OI λ1173 becomes
significant. This problem has been discussed in
detail by bothGladstone et al.[1987] andMorri-
son and Meier[1988] who demonstrate that both
the altitude profiles of the total radiation in each
multiplet as well as the relative intensities of the
lines within each multiplet can provide informa-
tion about the atomic oxygen density as well as

serve as a check on the validity of the radiative
transfer models used to analyze the stronger oxy-
gen emissions. The resolution of each multiplet
into three components is clearly within the capa-
bility of the FUSE MDRS slit as demonstrated in
Figures 2 and 6. Limb profiles of these two mul-
tiplets are shown in Figures 8a and 8c. The pro-
file for O I λ989 is characteristic of an optically
thick profile, being relatively flat up to�300 km
and then decreasing slowly with altitude [Glad-
stone, 1988]. Note the change in slope above 400
km tangent height, similar to what was observed
in a sounding rocket experiment byCotton et al.
[1993], suggestive of a small component of hot
thermospheric oxygen [Hubert et al., 1999].

In contrast, the OI λ1173 profile is typical of a
photoelectron excited optically thin emission with
a peak at�180 km and a top side scale height of
the emitting atmospheric species. The photoelec-
tron excitation source profile can be deduced from
the profile of the optically thin1D�1Do transition
at 1152Å, shown in Figure 8d, and gives a top side
scale height of�70 km, characteristic of atomic
oxygen in diffusive equilibrium at 1000 K. On the
other hand, the OI λ1173 profile actually has a
smaller top side scale height,�50 km, which may
be understood as reflecting the decreasing number
of 989Å photon scatterings with decreasing atmo-
spheric density.

Meier [1991] also cites a calculation of the
O I λ1173/OI λ989 brightness ratio looking down
from 850 km for solar minimum conditions and
a solar zenith angle of 80Æ, based on the model
of Morrison and Meier[1988]. The value given
for the chosen model atomic oxygen density is
in excellent agreement with the measured ratio of
0:14� 0:03 (Table 1). A re-evaluation of these
calculations with the atmospheric and geometrical
parameters corresponding to the present observa-
tions would be valuable.
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Figure 7. a) FUSE LWRS spectrum of the Earth limb, 904–994Å, averaged over tangent heights from
250 to 500 km. b) LWRS disk spectrum of the same spectral range (see Figures 1 and 2). c) LWRS
dayglow spectrum viewing at a zenith angle of�90Æ from the 766 km spacecraft altitude.
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Figure 8. Extracted limb profiles of the O+ � e� recombination continuum and selected atomic oxygen
emissions. The dashed lines show arbitrarily scaled top side scale height profiles.
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Figure 9. Extracted limb profiles of the N2 Carroll-Yoshino (0,0), (0,1) and blended (3,4) and (4,5)
bands, together with that of the optically thin atomic nitrogen emission at 1167Å. The dashed lines
show arbitrarily scaled top side scale height profiles.

O+ � e� Recombination Continuum

The spatial profile of the O+ recombination
continuum shown in Figure 8 was extracted by
limiting the bandpass to wavelengths between 907
and 911Å, so as to avoid contamination by the NI
emissions near 906̊A. In addition, only data from
the second through fourth orbits was summed as
these showed the strongest recombination emis-
sion. Analysis of the spacecraft orbit indicates
that these observations were made between mag-
netic latitudes 13–17Æ N, close to the middle of
the Appleton anomaly, while in the later orbits, it
was at higher magnetic latitude. Also, all of these
limb profiles are from the dusk side, the dawn side
showing no emission at all. This could be due to
two factors: the dawn limb crossings were at mag-
netic latitudes between 7Æ S and 7Æ N, where the
electron density is a minimum; the dawn electron
densities are in general less than those at dusk.

The emission profile, Figure 8b, peaks near 350
km, in contrast to optically thin emissions pro-
duced by photoionization or photoelectron impact
whose maxima are at lower altitudes. Recombina-
tion emission is expected to peak near the max-
imum in electron density which is typically be-
tween 300 and 400 km. The derived brightness
is only a lower limit as the integration band was
limited and, in any case, the FUSE spectrographs
cut off well above 890̊A, where emission was still
seen in the HUT data byFeldman et al.[1992].
Comparison with the HUT results indicates that
this emission is brighter on the day limb than at
night, again consistent with the diurnal variation
of electron density near theF2 maximum. The
top side scale height of 80 km reflects the distri-
bution of the product of electron and O+ ion den-
sities, which are nearly equal in this altitude range
and have typical daytime scale heights of�150
km. Detailed modeling remains to be performed.
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It would also be valuable to obtain similar FUSE
spectra on the nightside limb.

N2 Carroll-Yoshino Bands

The N2 Carroll-Yoshino (c4
0 1Σ+u �X 1Σ+g ) sys-

tem, particularly the (0,0) and (0,1) bands at 958
and 981Å, respectively, have long been of in-
terest because of their weak emission rate in the
atmosphere despite having the largest laboratory
N2 excitation cross sections. Similar to the OI
λ1173/OI λ989 ratio problem discussed above,
the (0,0) band photons are radiatively trapped in
the N2 atmosphere and either branch to other op-
tically thin transitions or are lost to predissocia-
tion in the upper state. The (0,0) and (0,1) bands
are both identified in the spectrum of Figure 2, to-
gether with a blend of the (3,4) and (4,5) bands
at 985Å, that should appear optically thin. Limb
profiles of these three emission features are shown
in Figure 9, together with the profile of the opti-
cally thin N I λ1167 (2Do

�
2F) transition used

as a surrogate for electron impact excitation of N2.
Stevens et al.[1994] have performed a complete
radiative transfer analysis for the (0,v00) bands and
their calculations of horizontal intensities for con-
ditions of solar maximum are in reasonable agree-
ment with our limb profiles. However, a firm con-
clusion regarding the correct value of the predisso-
ciation fraction cannot be drawn without repeating
the calculation for the solar conditions and view-
ing geometry of the FUSE observations.

CONCLUSION

We have obtained spectra of the terrestrial day
airglow between 905 and 1184̊A with unprece-
dented spectral resolution and sensitivity using
the Far Ultraviolet Spectroscopic Explorer. The
spectra presented here are only a first look at an
extremely rich data set that is able to resolve a
number of long standing aeronomical problems.
The resonance transitions of ArI are unambigu-

ously identified as are previously unreported tran-
sitions between highly excited energy levels of
O+. Several bands of the N2 Carroll-Yoshino sys-
tem, particularly the (0,0), (0,1) and (0,2) bands,
are clearly seen. Limb profiles of the strongest
emissions are obtained and can be compared with
recent excitation models. The spectrum and the
tangent height profile of the O+ + e� recombina-
tion continuum below 911̊A are also obtained.
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