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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 11847 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 0.08. Seven orbits were obtained of
observations of the sunlit Earth and disclose a wealth of emissions
resulting from the electron impact excitation op h addition to
emissions of @, N1, and Nii produced by both photoelectron impact
and by photodestructive excitation and ionization of thermospheric
O and N by extreme ultraviolet solar radiation. The argon resonance
transitions are unambiguously identified as are previously unreported
transitions between highly excited energy levels of Ohese 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 tion and thermal structure of the atmosphere above
_ _ 100 km and of understanding the response of the
Ultraviolet spectroscopy of the tgrrestrlal UpPeratmosphere to varying solar electromagnetic and
atmosphere has long been recognized as an impQiarticle radiation. An excellent overview of the
tant tool in determining the compositional varia- sypject has been presentedMgier [1991]. Ob-
servations from both sounding rockets, which en-
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et al, 1979, 1981], and satellites, which providetures.

global and long-term monitoringjhakrabarti et al, In this paper, we present an atlas of spectra of
1983], have typically measured spectra in the 400the illuminated Earth taken with the medium res-
1200A wavelength band at spectral resolutions ofg|ution aperture during Orbital Verification. The
4-8A. A few rocket experiments have flown spec-spectra were taken with the spectrographs not in
trographs with resolutions of 1-& [Christensen final focus, and some degradation in spectral res-
etal, 1982;Morrison et al, 1990], but these have oution results from thermally induced rotations
had limited success because of the relatively lovef the gratings $ahnow et a).2000]. Neverthe-
signal-to-noise ratio resulting from small instru- |ess, the wealth of detail revealed makes possible
mental effective area and short observation tlme&he resolution of some current prob|ems in aeron-
Moreover, even this resolution is insufficient to omy and provides sensitive tests of current radia-
sort out the rich emission spectrum resulting pri-tive transfer models. Some examples are given

marily from photoelectron impact and photode-pelow, although detailed modeling is beyond the
structive processes involving the principal con-scope of the present paper.

stituents of the thermosphere, molecular nitrogen

and atomic oxygen. OBSERVATIONS
In the far ultraviolet, astronomical observato-

ries in low-Earth orbit, when observing during  The bright earth airglow spectra are a combi-
orbit day, must contend with a large number ofnation of 7 photon list (time-tagged) observations
emissions that blanket the spectral region, muchaken between 17:40 UT on September 24, 1999
as the night sky emissions of OH in the near in-and 04:20 UT on September 25, 1999. The in-
frared contaminate spectra obtained by grounddividual spectra were obtained during 7 consecu-
based telescopes. Yet these missions also providiwe bright earth occultations of a fixed celestial
opportunities to study the terrestrial airglow with pointing towards an empty field. The telescope
unprecedented sensitivity and spectral resolutiorine-of-sight described a chord across the fully il-
For example, the Hopkins Ultraviolet Telescopeluminated disk making a minimum angle ©f34°
(HUT), which flew on theAstro-1 and 2 space with respect to the satellite nadir (from the FUSE
shuttle missions in December 1990 and Marchorbit of 766 km, the earth subtends a half angle
1995, respectively, produced excellent spectra aif 63.2°). Direct downward viewing is prohibited
3.3 A resolution, looking both upward and down by constraints on the telescope look direction rel-
at the bright Earth. These data remain largelyative to the orbital velocity vector. During each
unpublished Feldman et al. 1991, 1992]. With occultation, spectra were accumulated not only of
FUSE, using the low resolution aperture (LWRS,the bright disk but also of the emissions from the
30" x 30"), the spectral resolution is a factor of Earth’s limb. Since the data were accumulated in
ten better than that of HUT, and the medium resotime-tagged mode, it was possible to separate out
lution aperture (MDRS, 4x 20") is capable of a the spectra of the disk and the limb, and, in the
further factor of 7.5Moos et al, 2000]. A third, case of the latter, to extract limb profiles with a
high resolution aperture (HIRS,”25 x 20"), has spatial resolution 020 km (the LWRS aperture
lower throughput but only marginally better spec-subtends less than 1 km at a tangent height of 200
tral resolution because corrections for image curkm so that higher spatial resolution is possible al-
vature have not yet been implemented. The daybeit with a corresponding loss in S/N). The disk
glow is recorded simultaneously in all three aper-spectrum presented below is the accumulation of
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11,477 seconds of bright Earth data and has a suénd September 1999 observations were obtained
ficient signal-to-noise ratio in MDRS mode to be at a time of moderate solar activitiip7 ~ 130)
useful as a spectral atlas. Because of the largavhile F1g7 &~ 205 for the March 2000 observation.
throughput, spectra from the LWRS are used for

the determination of absolute brightnesses and thgpECTRA

extraction of limb profiles. Spectra cover the range

905-1184A. Figures 1 through 4 show MDRS spectra of the

These data were taken with Detector 1 as th@right Earth from the SiC1 and LiF1 channels of
high voltage of Detector 2 was turned off at theDetector 1. In the region of overlap of the SiC
time of the observation.Sahnow et al[2000] and LiF channels, only the higher S/N LiF data
have identified an unusual calibration problem inare presented, except in the 1081-189gap be-
the long wavelength segmeni>1155A) of De- tween the two LiF segments where the important
tector 1. Focussed starlight at long wavelength& Il A1085 multiplet falls. For the spectral region
is occulted by a repeller wire located close to thdongward of 11004, due to the calibration uncer-
tangential focus of the grating. This leads to errotainty of the LiF1 detector and the higher through-
neously low values of the system effective area dePut of Detector 2, data from the LiF2 detector
rived from measurements of standard white dwarfrom March 27, 2000, are shown in Figures 5 and
stars that are used for the absolute flux calibratio®- The effective spectral resolution is determined
used in the pipeline processing of the data. HowDby fitting gaussians to the several strong isolated
ever, this effect is negligible for extended sourcegatomic lines in the LiF spectra and is found to lie
filling the aperture such as airglow. To evaluatein the range of 0.07-0.08. This is larger than
the correction required for the airglow, we use athe instrumental width expected for thé wide
Cross Comparison of four orbits of bnght Earth ob-MDRS S”t, and is attributed to thermal distortion
servations made on March 27, 2000 with both deof the optical bench over the course of the obser-
tectors operating. This latter data set has limitedyations that is not completely compensated for in
local time coverage and much shorter total integrathe pipeline processing and the fact that the spec-
tion time (4,572 seconds) and so is much less agral curvature due to astigmatism is not removed.
propriate to the extraction of nadir intensities and Wavelength identifications of the atomic fea-
limb profiles. All of the data were processed withtures are fromMorton [1991] andKelly [1987]
absolute flux calibration in use as of August 18,while the N> band identifications are from the
2000. medium and high resolution laboratory spectra of

For comparison, we will also refer to side- Ajello etal.[1989] andAjello et al.[1998], respec-
looking airglow spectra (in fact, the viewing an- tively. High resolution laboratory spectroscopy of
gle is actually close to 90from the local zenith) the Nocd —X (0,0) band, under optically thin con-
that are derived from-20,000 seconds worth of ditions, is presented bghemansky et a]1995].
photon list data taken on August 15 and 16, 1999This band has a very large electron excitation
during 20 separate exposures obtained during dé€ross-section but is extremely weak in the ter-
tector characterization tests. The aperture was pdestrial airglow due to predissociation loss and
sitioned at apparent right ascensidh6? 572 and  branching to other more optically thin transitions
declination —65 0’ 59 (equinox J2000) through- during repeated cycles of absorption and emission
out these exposures. Once again, only data frorf individual lines. This problem has been treated
Detector 1 was obtained at this time. The Augustheoretically in detail byStevens et a[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-A%4omic 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 950-983From 993-99&A 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 99641044
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Figure 4. Figure 1 continued. The data are from the LiF1 channel and span 1042A168dm 1082—
1090A 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 1090-14.38
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Figure 6. Figure 5 continued. The data are from the LiF2 channel and span 113641184
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spite the paucity of observational data. In the fig-over 90% of the excitation of @ A834), the total
ures, the M bands are indicated by the positionsenergy required is 39.9 eV, which is close to and
of the R-branch origins taken fromjello et al.  just below the energy of the very strong solariHe
[1989, 1998] and with further identifications from A304 line that dominates photoelectron production
the tables oRoncin and Launay1998]. In Fig- in the thermosphere. The excitedllOmultiplet,
ure 1 additional Q lines below 916A are not here designated @*, accounts for~6% of the
explicitly identified. Note that the HLyman se- total observed emission at 1086 Although the
ries is relatively weak in the disk spectra, as is theFUSE spectral range does not includel @834,
geocoronal Hé A584 line seen in second order atthe HUT bright Earth spectra, obtained near solar
1168A. These lines are considerably stronger inmaximum, can be used to estimate a ratio df N

the limb and side-looking airglow spectra. A1085 to Ol A834, from which we find that @*
In Figure 4, two of the strongest features are thet1085 is about 1% as bright aslo\834.
resonance transitions of Arat 1048 and 106A. Table 1 gives the brightnesses of the strongest

These features are present in the HUT spectra déatures derived from the LWRS spectra. To fa-
the bright Earth at comparable brightnesglfl- cilitate comparison with models, these are not ex-
man et al, 1991], but the spectral resolution of tracted from the pipeline processed spectra used
FUSE makes possible the clean separation of thed generate Figures 1 — 6, but are derived di-
Ar 1 lines from nearby Mand NI emissions. Both rectly from the raw time-tagged data files where
lines show limb darkening that would be expectedhe range in local time is limited to from one hour
from a low altitude source attenuated by an abbefore to one hour after orbital local noon. These
sorber with a smaller scale height above the hoare from the September 1999 observations with
mopause, in this caseo0O At these wavelengths the corrections for flux calibration at the longest
the vertical optical depth of ©reaches unity at wavelengths described above. Also given in the
~90 km at which altitude the vertical optical depth table are the corresponding brightnesses for the
at the center of the Artransitions is greater than side-looking emissions from the spacecraft alti-
10* [Parker et al, 1998], so that a full radiative tude of 766 km, extracted for the same time inter-
transfer analysis is required to understand the varval around local noon. “Side-looking” in this case
ation in brightness with viewing geometry. is viewing ~90° to the local zenith at an angle of

An even more striking illustration of the power 27° above the bright limb. In this case only opti-
of the high spectral resolution of these data is th&ally thick emissions of @ and NI are observed
identification in Figure 4 of three satellite fea- In addition to geocoronal Hand Hel.
tures near the resolved components of thél N Figure 7 compares the LWRS spectrum from
A1085 multiplet. These three lines form a multi- the short wavelength end of the SiC1 channel
plet connecting the excitg@s2p?) 4P state of O (905—993,&) of the limb (top panel) with similar
(the upper level of the @ A834 resonance tran- spectra of the disk (middle panel) and the side-
sition) to the (28?2p?3p) *S° state that lies 26.3 looking airglow (bottom panel). The limb spec-
eV above the O ground stateRettersson and We- trum consists of 892 seconds of data with the line-
naker, 1990]. Additional transitions from other of-sight between 4.9 and 1Z.&f the limb, corre-
states of thg2s?2p?3p) configuration to théP  sponding to tangent heights of 250 to 500 km. The
state are identified in Figures 5 and 6. Assumingsolar zenith angle at the point of observation varies
the source to be photoionization of atomic oxy-from 59 to 66. The most striking difference be-
gen (which, according tdeier [1991] produces 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-lookidgSide-looking
A) (rayleighs)  (rayleighs)

H I Lyman-0 950 — 2440.7°

H 1 Lymany 973 24+0.7 9.0+11

oI5 989 77517 30+4.2

HIlLymanf3+ 014 1026 225+ 8 140+ 3

Ol4 1027 7H13.0 82+0.9

013 1040 63+2.3 20+0.5

Arl2 1048 3715 —

Arl1 1066 49+ 2.0 —

NIl 1 1085 400+ 13 ~1

NI2 1134 290+ 10 25+0.4

oI1p — p° 1152 110+ 3.4 —

N12D° — 2F 1167 51+ 2.7 —

O1'D - 3p° 1173 105+ 6.5¢ —

N2 ¢/ — X (3,2)+(4,3) 943 105-3.0 —

N> ¢/ — X (0,0) 958 30+3.2 —

N2 cf — X (0,1) 981 68+ 3.8 —

N2 cf — X (3,4)+(4,5) 985 98-4.6 —

N2 ¢/ — X (0,2) 1003 42-2.9 —

aSeptember 24-25, 1999; local time 1100-1300 hr; solar zenith angle 204@8ing angle 34—42from nadir;
average over seven orbits.

bAugust 15-16, 1999; local time 1100-1300 hr; solar zenith angle °5~i@wing angle 90 from zenith;
average over six orbits.

Includes 1e statistical uncertainty and orbit-to-orbit variation. The absolute uncertainbl @6, except for
the emissions longward of 11%5where the uncertainty is of the order ©20%.

dCorrected for Detector 1 calibration uncertainty using Detector 2 data from March 27, 2000.
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ative strengths of the Nand Ol emissions, is the serve as a check on the validity of the radiative
presence of the © + e~ recombination contin- transfer models used to analyze the stronger oxy-
uum below 9114 in the limb spectrum. This fea- gen emissions. The resolution of each multiplet
ture was first resolved spectrally Bgldman et al. into three components is clearly within the capa-
[1992] in HUT/Astro-1nighttime observations of bility of the FUSE MDRS slit as demonstrated in
a setting target, and has subsequently been reaniigures 2 and 6. Limb profiles of these two mul-
lyzed byMeléndez-Alvira et al[1999]. Note how- tiplets are shown in Figures 8a and 8c. The pro-
ever, the contamination of the continuum witH N file for O 1 A989 is characteristic of an optically
emissions clearly seen in the disk spectrum (sethick profile, being relatively flat up t6-300 km

also Figure 1). and then decreasing slowly with altitud&lad-
stone 1988]. Note the change in slope above 400
LIMB PROFILES km tangent height, similar to what was observed

in a sounding rocket experiment l&jotton et al.
Observations of the ultraviolet airglow emis- [1993], suggestive of a small component of hot
sions as a function of distance (or more approprithermospheric oxygerHubert et al, 1999].

ately, tangent height) above a planetary limb pro- |n contrast, the @ A\1173 profile is typical of a
vide a unique means for testing models of atmophotoelectron excited optically thin emission with
spheric composition and excitation mechanismsa peak at~180 km and a top side scale height of
Such measurements go back to the early days @he emitting atmospheric species. The photoelec-
the space era yet continue to bear fruit with suctron excitation source profile can be deduced from
cessive developments in spectroscopic instrumenhe profile of the optically thifD —1D° transition
tation [Gladstone 1988; Meier, 1991; Budzien at1152A, shown in Figure 8d, and gives a top side
etal, 1994]. In Figures 8 and 9 we give several eX-scale height of~70 km, characteristic of atomic
amples that bear on some recently discussed prolgxygen in diffusive equilibrium at 1000 K. On the

lems. other hand, the ® A1173 profile actually has a
_ smaller top side scale heighth0 km, which may
O1A1173/01 A989 Ratio be understood as reflecting the decreasing number

The multiplets O A1173 and O A989 have of 989A photon scatterings with decreasing atmo-
a common & 3D° upper state with a laboratory SPheric density.
branching ratio of~ 1.5 x 10 4. An additional Meier [1991] also cites a calculation of the
branch to $ 3P occurs at 799@ with a compara- O1A1173/01 A989 brightness ratio looking down
ble but less well known branching ratio. Becausefom 850 km for solar minimum conditions and
the individual lines of the ®A989 multiplet scat- @ solar zenith angle of 80 based on the model
ter several thousand times before escaping the a@f Morrison and Meier[1988]. The value given
mosphere, the brightness ofI0\1173 becomes for the chosen model atomic oxygen density is
significant. This problem has been discussed i excellent agreement with the measured ratio of
detail by bothGladstone et al[1987] andMorri-  0.1440.03 (Table 1). A re-evaluation of these
son and Meief1988] who demonstrate that both calculations with the atmospheric and geometrical
the altitude profiles of the total radiation in eachparameters corresponding to the present observa-
multiplet as well as the relative intensities of thetions would be valuable.
lines within each multiplet can provide informa-
tion about the atomic oxygen density as well as
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O" — e Recombination Continuum The emission profile, Figure 8b, peaks near 350

km, in contrast to optically thin emissions pro-

Ttl_qe Spat'f:l proﬂle;f the 8® recomi)lnz%[tl?jnb duced by photoionization or photoelectron impact
continuum: shown In Figure & was extracted by, ,ce maxima are at lower altitudes. Recombina-

limiting tpe bandpass tp Wavelen_gth_s between 90 ion emission is expected to peak near the max-
and 911A, so as to avoid contamination by thel N

. o " imum in electron density which is typically be-
;ahmlssmnrs] dn?t?rr 90?]' fln ?&d't'r%r.]t’ only dat?nfrr:n; tween 300 and 400 km. The derived brightness
€ seco ough Tourth orbits was summed ag, only a lower limit as the integration band was

Timited and, in any case, the FUSE spectrographs

sion. Analysis of the spacecraft orbit indicatescut off well above 89G. where emission was still
that these observations were made between magéen in the HUT data, bFeldman et al[1992]

higher ma neti1c latitude. Also, all of thésethls emission 1S b_rlghter on the dgy limb th_aq at

::Vnif) at f'.g 9 i ’ . night, again consistent with the diurnal variation
pro lles are fr(_)m the dusk S.'de’ the dawn SIOIeof electron density near the; maximum. The
showing no emission at all. This could be due to

twa fagtors: the dawn limb crossings were at mag top side scale height of 80 km reflects the distri-
: o bution of the pr f electron and™@on den-
netic latitudes between® s and 7 N, where the bution of the product of electron a de

L . sities, which are nearly equal in this altitude range
electron density is a minimum; the dawn electron y€q g

I : and have typical daytime scale heights~0150
densities are in general less than those at dusk. km. Detailed modeling remains to be performed.
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It would also be valuable to obtain similar FUSE ously identified as are previously unreported tran-

spectra on the nightside limb. sitions between highly excited energy levels of
O™. Several bands of the NCarroll-Yoshino sys-
N> Carroll-Yoshino Bands tem, particularly the (0,0), (0,1) and (0,2) bands,

are clearly seen. Limb profiles of the strongest
8emissions are obtained and can be compared with

recent excitation models. The spectrum and the

and 981,&, respectively, have long been of in- . ) :
b Y N9 . tangent height profile of the O+ e~ recombina-
terest because of their weak emission rate in th? ; o .
ion continuum below 91A are also obtained.

atmosphere despite having the largest laboratory
N> excitation cross sections. Similar to thelO Acknowledaments
A1173/0O1 A989 ratio problem discussed above, g '
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