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[1] The Wind Imaging Interferometer (WINDII) on board the Upper Atmosphere
Research Satellite (UARS) measures winds from the Doppler shifts of airglow emissions,
and as a by-product the volume emission rates (photon cm > s~ ') of those emissions. This
includes the atomic oxygen O('S) emission at 557.7 nm, which during the daytime is
emitted over a large altitude range from about 85 km to over 250 km. Two distinct peaks
in altitude are formed, one near 100 km (herein denoted the E region) and one near 150 km
(herein the F region). The daytime E region emission was virtually unknown prior to
WINDII — it resembles its nighttime counterpart, but the emission rate is much higher and
it is broader in vertical extent. Both regions are produced by direct and indirect processes,
but the WINDII data show that both behave as Chapman layers, corresponding to
production of emission by absorption of solar radiation. The F region processes are fairly
well understood, but the direct E region process has not previously been identified. The
data are consistent with excitation by photodissociation of O, dominantly by Lyman-3.
The solar influence is investigated through correlations of daily values of emission rate
with six solar indices; the E region yields higher coefficients than the F region, with the
highest value for solar Ly-« at 0.82, which is consistent with the Ly-3 process. For one
of the six indices, the GOES xI x-rays (0.1-0.8 nm), no correlation is evident, in part
because the radiances are too low to produce the observed emission, but also because the
radiances are seemingly random, not following the solar cycle variation. Variations of
atmospheric origin with latitude and longitude are briefly reported upon, and an F region
emission rate scale height correlation with temperature is also found.  INDEX TERMS: 0310
Atmospheric Composition and Structure: Airglow and aurora; 7536 Solar Physics, Astrophysics, and
Astronomy: Solar activity cycle (2162); 0358 Atmospheric Composition and Structure: Thermosphere—
energy deposition; 2423 Ionosphere: lonization mechanisms; KEYWORDS: atomic oxygen, dayglow, solar
indices, E region, F region, Lyman-beta .
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1. Introduction dayglow measurements feasible. The first satellite-bome
instrument to observe dayglow was the Visible Airglow
Experiment (VAE) on the Atmospheric Explorer satellite
[Hays et al, 1973]. More recently the Wind Imaging
Interferometer WINDII [Shepherd et al., 1993a] on board
the Upper Atmosphere Research Satellite (UARS) has
proven an excellent instrument for making routine dayglow
observations as it is well equipped with a meter-long baffle
to prevent Rayleigh and other scattered light from the lower
atmosphere from entering the instrument. WINDII measures
wind, temperature and volume emission rate (number of
photons emitted per unit volume per second), over the
altitude range 80 to 300 km by using the visible region
airglow emission from these altitudes as a target and
employing Doppler Michelson Imaging [Shepherd, 2002]
Copyright 2004 by the American Geophysical Union. to measure smail_ wavelength spiﬁs. WINDH_ consists of a
0148-0227/04/2003JA010183509.00 field-widened Michelson interferometer, which views the

[2] Observations of the atomic oxygen o('s) greenline
dayglow emission at 557.7 nm have until the advent of
satellite observations been very limited because of the
dominance of Rayleigh scattering of sunlight by the atmo-
sphere for ground-based observations. Ground-based obser-
vations of the oxygen O('D) line at 630 nm were reported
by Bens et al. [1965], and Noxon [1968]; a thorough review
of these and other dayglow observations was compiled by
Chalrabarti [1998]. More recent daytime measurements are
presented by Sridharan et al. [1999], Pallamraju et al.
[2001] and Taori et al. [2003]. A satellite instrument views
above the region of Rayleigh scattering; this makes routine
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Earth’s limb through two fields of view; one at 43° and
the other at 135° to the orbit track, from an altitude of about
585 km [Shepherd et al., 1993a].

(5] WINDII observations of daytime O('S) were modeled
by Singh et al. [1996] and by Witasse et al. [1999]. Good
agreement was found over the altitude range 130 to 200 km
which is referred to herein as the “F region emission”, and
even better agreement was found by Upadhayaya and Singh
[2002] using the new temperature-dependent rate coefficient
for the Ny CLY) reaction derived by Hill et al. [2000] -
indicating that the excitation processes here are well under-
stood. Singh and Tyagi [2002] evaluated the emission rate
for different solar irradiance levels. In the F region the
daytime emission is greatly enhanced over the nighttime
values because of the flux of exciting photoelectons pro-
duced by solar EUV radiation. At night, this emission is
often not observed at all, except near the equator in the
regions of tropical arcs [Thuillier et al., 2002], where
ionization levels are high. The well-known and well-studied
nighttime O('S) greenline emission exists in a narrow peak
near 100 km, and is produced by the recombination of
atomic oxygen atoms. It was therefore surprising to find in
the WINDII data that this daytime “E region” emission rate
was larger by a factor of three or more in the daytime than at
night. The daytime excitation process is investigated here,
and a mechanism proposed.

[¢] The overall goal of this work is to understand the
solar influence on the characteristics of the daytime o('s)
green line emission at 557.7 nm, and on their variability.
This was done by studying the response of the emission to
the solar zenith angle, and through a comparison of the
emission rate with six solar indices, each reflecting different
wavelengths of the solar spectrum. The first investigations
of these data were carried out by Siddigi [1996] and by
Shepherd et al. [1997a). These characteristics include the
peak emission rate, the altitude of the peak, as well as the E
region profile widths and F region scale height [Maharaj-
Sharma, 2002]. The temperature variation inferred from the
scale height of the greenline dayglow is compared with that
from the MSIS model [Hedin, 1991] and the findings are
shown here. The data for the 3-year period from 16 January
1992 to 23 March 1995 is used in this work, 2 period of
decay in solar activity from just after a solar maximum to
near-minimum,

2. Atomic Oxygen Greenline Profiles

[s] Atomic oxygen dayglow emissions are excited by
both direct and indirect processes. The details for the F
region are only summarized here; for the details the reader
may consult Singh et al, [1996] or Witasse et al. [1999].The
direct processes involve the ionization of atmospheric con-
stituents by solar photons, producing photoelectrons whose
impact excites metastable states. These metastable species
undergo photochemistry leading to airglow emissions. For
example, the N2(3E:' ) state is excited this way, which then
collides with atomic oxygen, transferring its energy to
produce excited O('S). Another process is photoelectron
impact on atomic oxygen. Solar UV radiation in the Schu-
man-Runge continuum dissociates molecular oxygen in the
upper atmosphere into oxygen atoms. These atoms recom-
bine in the three-body process O + O + M — O3 + O, with
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Figure 1. Two daytime volume emission rate profiles for
30 April 1993: (a) Solar zenith angle of 68.5° and (b) solar
zenith angle of 25.4°. The jagged lines correspond to the
data and the smoothed curves to their fits.

the excess energy exciting metastable O3%, which energy
transfers to O to produce O('S). The first step of this process
is slow at 100 km so that atomic oxygen has a lifetime of
days or weeks — and since it persists throughout the night it
exists here in both daytime and nighttime. This is an indirect
process because of the time delay between the original
dissociation flux and the ultimate emission. The F region
process O3 + e — O('S) + O + e is also indirect, where the
ions are originally produced through solar radiation, but
have long lifetimes.

[6] Figures la and 1b show typical volume emission rate
profiles for the 557.7 nm emission obtained in the daytime
on 30 April 1993. The observed green line profiles were
fitted to a Gaussian profile

2

V8 = VE_ exp—[2(h — hma) /W] (1)

in the E region [Maharaj-Sharma, 2002] and a Chapman
function [Ratcliffe, 1972]

Vo= exp[l —-b— e(_"}] where b = (h — bea)/H (2
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Table 1. Sample of E and F Region Extracted Profile Parameters
(Gaussian Parameters Chapman Parameters
UARS  Meas V5, Photon, Vimaxs ghoton
Day  Number em™ 57! h% km w, km em™ 5~! h® km H,km Loc. Time hrs x deg Lat deg Long, deg UT, hrs
604 10 442 101.2 302 314 151.5 336 7.8 38.4 17.9 115.9 0.18
504 11 301 101.0 27.8 333 150.3 329 3.0 359 21.4 117.8 019
604 12 519 100.7 28.4 366 148.6 3.6 8.1 53.7 24.7 119.8 0.21
604 13 557 100.6 26.7 372 148.2 316 3.3 51.6 28.1 121.8 023
604 14 578 100.8 278 397 149.1 30.0 84 49,7 313 123.9 0.25
604 15 585 100.6 275 447 145.5 27.6 88 46.9 39.7 129.5 0.29
604 L6 384 100.1 289 441 145.4 28.3 9.0 453 41.5 131.0 0.30
604 17 363 101.0 30.9 452 145.9 26.6 9.2 44.6 448 133.7 0.32
604 18 599 100.8 26.9 446 145.2 26.6 9.4 44.0 47.9 136.8 0.34
604 19 562 100.3 310 431 144.6 27.5 9.7 438 51.0 140.2 0.36
604 20 538 100.2 29.1 425 146.4 26.0 9.9 439 54.1 144.0 0.37
604 21 539 100.4 27.3 423 146.7 25.6 10.3 443 37.0 148.4 (.39

in the F region. In these expressions V® and V* are used to
designate the volume emission rates of the Gaussian and
Chapman functions respectively, h is the corresponding
altitude, hpae the altitude of peak emission, H 1s the scale
height of the Chapman function and w describes the profile
width of the Gaussian function. The [DL curve fitting
procedure CURVFIT was used to do the fitting. The
Chapman function fits the F region emission remarkably
well from 130 to 300 km. The E region emission is
reasonably well fitted with a Gaussian function, but there is
sometimes structure as can be seen in Figure 1b, which
makes it difficult to define an unambiguous peak value.

[7] The profiles show a characteristic middle thermo-
spheric peak near 150 km (F region), corresponding pri-
marily to processes driven by the absorption of solar EUV
radiation as described above. The importance of the solar
zenith angle « may be noted; the angle measured from the
local vertical at the volume of the atmosphere viewed by
WINDII to the line from this volume to the sun. Figure lais
for a larger solar zenith angle (% = 68.5° in the figure) than
in Figure 1b where ¥ =25.4° and hence la displays smaller
volume emission rates (V2, V°) by almost a factor of two.
The altitude of the F region peak is also affected, in
Figure la it is near 165 km, while in 1b it is a liftle below
150 km. Each profile fitted with CURVFIT returned six
parameters; three of which describe the Gaussian compo-
nent of the profile and three that describe the Chapman
component. Table 1 shows a portion of the data file
resulting from the CURVFIT procedure for the fitting of
twelve profiles obtained on UARS day 604.

[8] Profiles of the nighttime emission are shown in
Figure 2, for two different latitudes on the same day as
for Figure 1. Figure 2a is for tropical latitudes (—30.4°),
where the E region emission rate is relatively strong, near
300 photon cm™ s™', not so much less than in Figure la. In
Figure 2b the latitude is 5.5° and the emission peak is very
much weaker than in the daytime, at 70 photon cm s~ ". At
this magnetic (APEX) latitude of 14.5° there is significant
F region emission, in association with the tropical arcs of
the Appleton anomaly, while in Figure 2a this emission is
not discernable. Comparing Figures | and 2, the F region
emission is overwhelmingly stronger in the daytime than at
night, but this result is as expected becaunse of the many
daytime processes existing there. For the E region the
daytime emission for small zenith angle is anywhere from
three to ten times stronger than at night, but the reasons for

this are far from obvious since the three-body recombina-
tion of O is the only mechanism that is proven to be
involved.

[s] The dependence on solar zenith angle has already
been noted; in Figure 3a the peak volume emission rates
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Figure 2. Atomic oxygen O('S) nightglow profiles for 30
April 1993: (a) Latitude of 30.4°S, and (b) latitude of 5.5°N
geographic, 14.5° magnetic.
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Figure 3. (a) Peak volume emission rate versus solar
zenith angle for 28 January 1995 for E and F regions and
(b) plot of the altitude of the F region emission peak versus
In sec(x) for the same day. The solid lines are fits to the data.

Viax and Vg, for the E and F regions respectively are
plotted for a portion of one orbit on Jan. 28, 1995 versus
solar zenith angle, and a highly systematic correlation is
obvious. The E region data are fitted with a cos x_function,
which represent the data very well. The same function
would not as closely fit the F region curve. The cos X
relationship is expected from: the Chapman equation
[Ratcliffe, 1972] for the approximetion of  flat earth. The
reason for this F region dec~rture wes ner identified, but
may relate to the higher altiz. w=thinknesy ol the
emitting region. The Chapma..-..... i
very strongly suggests that as in the F regio., ...

is dominantly produced by a direct process, in addition ..
the E region atomic oxygen recombination that solely
produces the emission at night. There is another test of
the applicability of the Chapman equation, through the
following equation obtained in its derivation:

hmax = Hln(o n, H) + Hin(sec x) (3)
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where H is the scale height, o is the absorption cross
section, n, is the number density at the reference altitude
and hpa, is the altitude of the emission peak. The observed
data can be tested for Chapman-like behavior by plotting
Nmax versus In (sec x); the slope yields H and the intercept
then provides a value of o n,.

[10] In Figure 3b the peak altitude for the F region hS,,,
is plotted versus In (sec ) for the same day and a very
strong correlation is found, with a correlation coefficient of
0.98 and a well-defined slope of 27.1 km, similar to values
of the scale height found in the Chapman fit and shown in
Table 1. For the E region, inconsistent results were found.
There are some good reasons for this. The height variation
here is very small, a few km, and the measurement accuracy
is only about 0.75 km. More importantly, dynamical influ-
ences have a drastic effect on the altitude of the nightglow
emission [Shepherd et al.,1995; Zhang et al., 2001], both
through tides and planetary waves. To obtain a plot as in
Figure 3b for a single day, the emission rates for different R,
values come from different latitudes, longitudes and local
times, with consequent different dynamical forcing. To
obtain such a plot for a single latitude would require
sampling data over six months, which would create other
problems. However, information about the absorption cross
section is provided simply by the peak altitude, estimated at
105 km for overhead sun. Setting the reference altitude at
the layer peak for an overhead sun corresponds to hya = 0
and sec X = 1, so that one obtains ¢ = 1/(n, H), and usin
MSIS-90 values of n, and H the value 0 = 2.3 x 10~'% cm
results. This is close to the absorption cross section of 2.2 x
107 ¢m? for the photo-dissociation of O, at 102.6 nm, the
wavelength for Lyman-B, as obtained by Holland et al.
[1993]. This is consistent with the process suggested by
Richard Link, hv + O, — O('S) + O, where the hv photon
corresponds to Lyman-(3. To make the deduced cross section
equal to the actual one at 102.6 nm it is necessary only to
change the peak altitude to 103 km, which is reasonable.
Thus the peak altitude is fully consistent with the absorption
of 102.6 nm solar radiation by O,. The peak volume
emission rate is given by another step in the Chapman
equation derivation;

Vmax = q /(e H sec x) (4)

where e is the base of natural logarithms, 1 is the solar
irradiance and q is the yield for the production of O('S) in a
dissociation; neither the cross section nor the number
density appear in this equation. A value of 2 x 107* W
m~* nm~' was obtained from the daily spectrum on the
SEE (TIMED) website for June 2003 (a review of recent
SEE results is given by Woods et al. [2003]). For overhead
sun and a bandwidth of 1 nm (the SEE resolution element)
the resulting value for V., is 777 photon cm™ 57!, This is
very closz o the peak volume emission rate shown in

== 1b for v = 25.4°, with the sun almost overhead, but
2 "5 solar cycle from June 2003 corresponds to
mid L. nich the emission rate is a little higher, as
shown in Figure 3, where 500 photoncm ™ s ™! is appropriate
for 60° solar zenith angle, or 1000 photon cm™> s~! for
overhead sun. To the estimated 777 photon cm™> s~' the
atomic oxygen recombination component needs to be added,
perhaps 100 photon cm™ s™!, but as well there is additional
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Table 2. Wavelength Ranges and Source Regions for the Solar
Indices

Spectral Region  Solar [ndex Wavelength Range  Source Region

Short-wave X-ray GOES (xs) 0.05-0.4am  Corona

Long-wave X-ray GOES (x) 0.1-0.8 nm Corona

Longer-wave X-ray YOHKOH 0.8-2.0 nm Corona

Far ultraviolet Lyman-o 121.6 nm Chromosphere

Near ultraviolet Magll 280.0 nm Chromosphere

Near infra-red Hel Index  1083.0 nm Chromosphere/Corona
Radio F10.7 cm 10.7 x 107 nm Chromosphere/Corona

irradiance in the vicinity of the Lyman-3 line. This line is 2
factor of ten above background, and the O('S) yield peaks
near 106 nm at about 0.1, falling sharply at longer
wavelengths according to Lawrence and McEwan [1973];
this limits the contribution of the irradiance outside Lyman-f3.
Thus there is some predicted over-production of the
0O('S) emission, giving some confidence to the conclusion
for the process, given the uncertainties, particularly in the
O('S) yield. A more detailed modeling analysis will be
undertaken in a separate work, but for now it appears that
Lyman-§ is the dominant source.

3. Solar Indices and the Solar Dataset

[11] To evaluate the solar influence on atomic oxygen
green line daytime emission and its variability, a set of solar
indices was chosen from the x-ray, ultraviolet and radio
regions of the electromagnetic spectrum for correlation with
the green line emission. A list of the wavelength regions,
their corresponding solar source regions, and the solar
indices that relate to them is given in Table 2.

[12] Six solar indices were used for the present study, Hel,
Lyman-o, F10.7, Mgll, YOHKOH and GOES. The Hel
index is provided by the Kitt Peak Vacuum Telescope
that obtains full-disk images of the Sun by scanning the
solar image across a long-slit spectrograph. One of the five
images obtained is the equivalent width of the helium
1083 nm solar absorption line in units of milliAngstroms,
averaged over the solar disk. This absorption line is believed
to originate almost entirely in the chromosphere, with some
contribution from the chromosphere-corona transition region
and the solar corona. The Lyman-« index is the irradiance
corresponding to this emission line at 121.6 nm, in W m~2.
This line is measured by both the SOLSTICE and SUSIM
instruments on the Upper Atmosphere Research Satellite
(UARS), so clearly covers the WINDII period of observa-
tions; a model for this irradiance was presented by Woods et
al. [2000]. It is emitted from a wide range of heights in the
chromosphere. The F10.7 index comes from a radio emis-
sion of 10.7 cm wavelength. Radio flux levels consist of
emission from three sources: from undisturbed solar quiet
regions, from developing active regions and from short-lived
enhancements above daily levels. Solar irradiance at 2800
MHz (F10.7 cm) was recorded routinely by a radio telescope
near Ottawa between 1947 and 1991 [Tapping, 1987] and
since June 1991, the radio telescope has been located at
Penticton, British Columbia, Canada. The 10.7 cm solar flux
is given in solar flux units (1 sfu = 1072 Wm™ Hz ™).

[13] The broad Mg I absorption feature in the solar UV
spectrum is centered at a wavelength of about 279.9 nm. It
is the result of the overlap of two Mg Il absorption lines in
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the solar irradiance from the sun’s photosphere. By contrast,
the two Mg Il emission lines located at the base of this
composite feature originate from higher in the solar atmo-
sphere in the chromosphere. The behavior of these lines’
irradiance through time has been found to be a convenient
proxy for changes in chromospheric and upper photospheric
UV flux at other wavelengths. Generally described, the Mg
II index is the ratio of the irradiance at the core of the Mg II
feature (containing the variable emission lines) to that of its
relatively less variable wings.

[14] The YOHKOH satellite is a Japanese observatory for
studying x-rays and gamma rays from the sun, launched on
31 August 1991, with contributions from both the U.S. and
the U.K. The spacecraft carries a payload of four scientific
instruments, one of which is the Soft X-ray Telescope
(SXT) used for the measurements described here. The
SXT, which is sensitive in the range 0.1-5 nm, takes
images in various wave bands (selected by filters) using a
CCD. The YOHKOH data used in this work were trom the
SXT, for the wavelength band 0.8—2.0 nm and were kindly
provided by Loren Acton. This index is simply the irradi-
ance in W m™>; the derivation of the irradiance from the
observations is described by Acton et al. [1999].

[1s] The x-ray spectrum below | nm is characterized by its
steepness and its extreme variability. Measurements are
provided by the NOAA Geosychronous Operational Envi-
ronmental Satellites (GOES). Amongst other measurements,
GOES monitors solar x-ray fluxes at geostationary orbit.
Ion-chamber detectors provide whole-sun x-ray fluxes for
the 0.1 to 0.8 nm (x1) and the 0.05 to 0.4 nm (xs) wavelength
bands; the data from the x| channel are used here. The x-ray
emission of the sun is determined once during each spin fora
spin period of 0.6 seconds and the data for both bands are
given in Watt m~%. The GOES fluxes used for the daily
correlations of this work are daily averages obtained from
the GOES website for the period studied.

[16] The plots shown in Figures 4a—4f present the time
series variation of these six solar indices over the period 17
January 1993 to 23 March 1995. The calendar dates are
shown at the top of each figure, the added ticks indicate 1
January for each year. Both the Hel and the Lyman-a
indices show an almost 50% decrease over the period
January 1993 to March 1993, while the F10.7 and the Mgll
indices decay by about 77% and 12% respectively. The
YOHKOH irradiance shows an overwhelming 88% de-
crease because its value at solar maximum is near Zero,
unlike the other indices. The GOES x! irradiance is com-
pletely different. It shows an almost random behavior with
no evident dependence on the solar cycle.

[17] In Figure 4 all the different solar indices, other than
the GOES x-rays, have the same general behavior with time,
which is a little surprising considering that they are associ-
ated with different solar regions. The Ly-o irradiance is
different in detail in that its pattern does not show the spikes
around UARS days 400, 600 and 850 that are evident for
the other indices, and as noted, the GOES x| x-rays are
highly sporadic.

4. Greenline Data

(18] To meaningfully interpret the planned correlations it
was necessary that daily values for the green line volume
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Figure 4. Time series variation for six solar
(e) YOHKOH, and (f) GOES xl.

emission rates be generated for comparison with the solar
indices. Although several hundred dayglow emission profile
are obtained on a single day they cannot all be averaged
together because each has a different solar zenith angle, and
the distribution of these varies from day to day because the
local time (LT) for WINDII advances by 20 minutes for
each successive day, and it varies with latitude, with the
smallest value of  (the sun closest to overhead) occurring
near the equator. When the local time is near twilight at the
equator, the sun will never be high in the sky, so small x
values are never observed, but there will always be a sunrise
and sunset, so it was decided to use a solar zenith angle of
60° for the daily value. Then when the equatorial local time
is near noon, ¥ is small near the equator, but must cross 60°
before it reaches the terminatcr. 3o 2 x of 60° is observed
on almost every day. For this reason the daily averaged
value of emission rate was caicuizied by 2veraging all

profiles measured at a x of & = Ja it
noted that each plot has two b:
moming period (AM) and the other for s ..
the afternoon (PM). Therefore the AM and PM va....
treated separately. The procedure adopted to determinc ..
daily value of greenline volume emission rate was:

(19] 1. Identify all dayglow profiles measured with 59.5 <
X < 60.5, separating the AM profiles (those measured
before 12:00 LT) from the PM profiles.

= from Lag

6 of

UARS Day Number

UARS Day Number

indices: (a) Hel, (b) Lyman-o, (c) Mgll, (d) F10.7 cm,
The UARS day numbers are shown below, and the calendar dates above.

(20] 2. For each day, average all the E region maxima of
the AM and PM profiles to give daily averaged V&, values
for AM and PM.

[21] 3. For each day, average all the F region maxima of
the AM and PM profiles to give a daily averaged V&,
values for the AM and PM.

[22] In Figure 5 the time variation of the E region AM
emission is shown in a and the F region variation for the
AM emission is shown in b. The variation is similar to that
of the solar indices Hel, Ly-a, Mg-IT and F 10.7 for the E
region, but the F region shows more scatter, likely because
of the indirect processes involved.

(23] The AM and PM daily averages for both the E and F
regions were separately correlated with the daily values of
each of the solar indices. Figures 6 to 11 show these
correlations. Table 3 shows the correlation coefficients
derived for the solar indices for both the E and F regions
and both AM and PM local times. From this table it is seen
that the correlation coefficients for the E region are always
higher than for the F region. For both regions, the AM
correlation coefficients are higher than for the PM, suggest-
72 that the direct processes have less influence in the
afternoon, perhaps because of the buildup of ionization, or
atomic oxygen. This would appear to contradict the fact that
the peak emission rates are higher in the AM than in the
PM, as seen in Figures 6-10, especially for the F region.
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However, the AM/PM differences are not that large, and for E= region
a 57° orbit there is a strong coupling of local time to 800 ¢ T ———— v
latitude, making it impossible to be definitive about the E o i
origin of these differences. The highest value of correlation 3
coefficient was obtained for the Lyman-o index, which
suggests that this index is the one most closely related to =
the green line variability. The generally lower correlation i
coefficients found for the F region may result from the =
number of different processes involved, some of which are ©
indirect. In the E region the atomic oxygen recombination °
process is indirect, so the high correlation strongly supports =
the earlier conclusion that the largest component of the ;
daytime emission is produced by direct excitation, mainly
by Lyman-3. Since Lyman-3 irradiance is expected to be 3
B b g ' ¥ 2OGE Corr. Coeff. AM = 0,773
; Corr. Coeff. PM = 0.681
TOO ?'-_._-a. L i L L “
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0192 0193 0194 0195 Figure 6. Correlation of peak volume emission rate with
500 o A | 1 Hel width: (a) E region and (b) F region. The solid lines are
" (b) linear fits to the data, and the correlation coefficients are
shown.
= 400 :
o ‘ proportional to that of Lyman-a the high correlation with
o the latter is consistent with this conclusion.
“ 300 [2¢] The GOES xI x-rays depicted in Figure 11 show no
LL : correlation at all, which is consistent with their seemingly
= ﬁ random behavior shown in Figure 4f, but this can be
v explained simply by the difference in irradiance levels.
- 200¢F *
100 j Table 3. Correlation Coefficients of Solar Indices with Greenline
' et L Volume Emission Rates
0 400 800 1200 Solar E Region E Region F Region F Region
UARS Day Number Index (AM) M (AN e,
Hel 0.77 0.68 0.68 0.59
Figure 5. Time series variation of the peak O('S) daytime E%‘;;B"H g:g% 3:33 gtgg g:gg
emissions (a) for the E region and (b) for the F region. M. 0.78 0.70 0.67 0.62
UARS day numbers are shown below, and the calendar F-10.7 0.77 0.72 0.61 0.55
dates for January | are shown above. GOES xI 0.01 =0.07 0.07 0.05

MAHARAIJ-SHARMA AND SHEPHERD: SOLAR VARIABILITY OF ATOMIC OXYGEN EMISSION

Hel Width (maA)

7ofl2



A03303

ERR

—region

T amans TR

V.(phot cm™s™)

200 ¢ Corr. Coeff. AM = 0.82]
E Corr. Coeff. PM = 0.73
100 L 1 Lo el H
3 & 7 8 9 10 11
Ly—a irradiance (107 W m™)
F—region
B prem e
. 400¢
I"n L
2 :
Y 300¢
S :
o
o
= - &
200
Corr. Coeff. AM = 0.868
100: Corr. Coeff. PM = 0.59

5 5} 7 3 g 10 M
Ly—a irradiance (107 W m™)

Figure 7. Correlation of peak volume emission rate with
Lyman-« irradiance: (a) E region and (b) F region. The solid
lines are linear fits to the data, and the correlation
coefficients are shown.

For the YOHKOH x-rays in Figure 4e the maximum
irradiance is 25 x 107> W m™2, while for the GOES xI
x-rays it is 10 x 1076 W rn"z, a factor of 25 lower, which
clearly does not produce observable emission. Thus there
are two remarkable differences between the GOES xl
wavelength range of 0.1-0.8 and the YOHKOH range of
0.8-2.0 nm, the large difference in irradiance that is
consistent with an extremely steep spectrum, and the very
different responses to the solar cycle.

[25] What can be learned from these six correlations?
For the E region AM, the correlation coefficient is 0.82 for
Ly-o, closely followed by Mg-II, Hel and F10.7, with
coefficients of 0.78 or 0.77. It is remarkable that these
coefficients are so similar, considering the different solar
regions from which they come, and their nature. The Mg-II
and Hel indices are measures of line depths and widths,
and have no direct relationship with the irradiances that
excite the green line; they are proxies for those EUV
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radiances that produce the F region green line emission,
and so it would seem also for the Ly 3 that produces the E
region emission. The Ly o emission cannot produce the
green line, but since it is proportional to the Ly B emission
which does so, it appears to be a kind of “direct proxy” of
E region green line emission, and a normal proxy for the
F region. The F10.7 index is a radio irradiance, but it
cannot excite the green line; it too is a proxy. While the
YOHKOH 0.8-2.0 nm irradiance can potentially excite the
green line it has a significantly lower correlation coefficient
of 0.71 than the four indices discussed above. From the
available information it is not possible to determine the
extent to which the YOHKOH x-rays are directly respon-
sible for the production of green line emission. The GOES
x| x-rays are also potential excitation sources, but their
radiances levels are ordinarily too low to produce green
line emission; they are greatly enhanced during solar
flares, when green line emission is also enhanced, so may
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Figure 8. Correlation of peak volume emission rate with
YOHKOH irradiance: (2) E region and (b) F region. The
solid lines are linear fits to the data, and the correlation
coefficients are shown.
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then be a direct source. That topic is the subject of a future
publication.

5. Atomic Oxygen Recombination Contribution

(26] The high correlation coefficients found for five of the
six solar indices with the E region green line is puzzling,
because the atomic oxygen recombination process must still
play a significant role in the daytime. To a first approxima-
tion, this contribution would be the same in the daytime as
at night. With this assumption, subtracting the night-glow
emission component from the dayglow emissions would
leave only the daytime component produced by direct
excitation. When this was done, and the “corrected” direct
green line dayglow emissions were correlated with the
Lyman- o solar index the correlation coefficient was re-
duced from 0.81 to 0.80. This suggests that the nighttime
recombination of atomic oxygen makes a rather small
contribution to daytime variability, or alternatively that
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dynamical influences on atomic OXygen concentration make
the daytime values totally uncorrelated with the nighttime
values. The tidal influence on atomic oxygen is significant,
as has been observed for the night airglow with WINDII as
described by Shepherd et al. [1997b], Zhang et al. [2001]
and Ward [1999].

6. Latitudinal and Longitudinal Variations

[27] The green line emission rate depends not only on the
solar flux, but also on the atmosphere, so that variations in
atmospheric total density, or in composition have some
influence on the emission rates, and thus on the correlations.
To explore the possible influence of this atmospheric
variability, correlations between daytime green line volume
emission rates (E and F regions) and the Lyman-a solar
index in the tropical (—20.0-20.0) and mid (20.0—50.0:
—20.0—(—50.0)) latitude bands were compared. The results
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Figure 10. Correlation of peak volume emission rate with
F10.7 cm flux: (a) E region and (b) F region. The solid lines
are linear fits to the data, and the correlation coetficients are
shown.
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indicated that there was no evidence of a noticable general
latitudinal dependence on green line correlations. It is not
possible to make detailed comparisons because for the same
day, different latitudes cormrespond to different local times
and it is not really possible to separate latitude from the
AM/PM (local time) differences discussed earlier,

(28] A longitudinal variation for WINDII night airglow
emission was reported by Shepherd et al. [1993b], and
interpreted as planetary waves. High latitude planetary wave
structures were described by Shepherd et al. [1999] in
association with a stratospheric warming, again at night.
In the context of this study, the question is as to whether
planetary scale disturbances produce emission rate varia-
tions in the daytime, under the influence of direct excitation
of O('S). Figure 12 shows the longitudinal variation of
emission rate for both the E and F regions for 28 January
1993, for a fixed solar zenith angle of 60°. For a single day,
the same solar zenith angle occurs at the same latitude,
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which in this case is —34°. Variation is evident in both
regions, resembling wave 2, with a phase shift between E
and F regions. The jump at 240° longitude, where two
points appear at almost the same longitude marks the
change from one day to the next; this discontinuity indicates
the day-to-day change. The data from 15 January to 30
January 1993 were investigated, and the planetary wave
structure was found to move slowly, and gradually change
pattern from day to day. Ward et al. [1997] found similar
emission rate variations in the 2-day wave at night; it seems
reasonable that this influence should exist in the daytime as
well even though the excitation mechanisms are different.

7. F-Region Scale Height Variations

[29] As seen in Figure 1, the F region green line emission
is remarkably well fitted by a Chapman function, raising the
question as to the meaning of the associated scale height. In
the Chapman function derivation the scale height is that of
the absorbing species, but the scale height observed here is
that of the excited O('S), which depends on the excitation
processes involved, as well as the diffusive equilibrium of
atmospheric species involved. For diffusive equilibrium, the
temperature is calculated simply from T = mgH/k, where m
is the species mass, g the acceleration of gravity, k the
Boltzman constant, and T the temperature. Adopting this
relation, and assuming atomic oxygen to be the species
associated with the scale height, the temperature cor-
responding to each scale height was calculated for each
day, for the restricted latitude band 30°-40° north and south
latitude. A time series plot of WINDII “temperature” for
the period studied in this work is presented in Figure 13a.
For comparison, the temperature time series profile for
the MSIS-90 model at an altitude of 140 km is shown in
Figure 13b. It is seen that while the WINDII temperatures
are slightly higher, the response to the solar cycle variation
is similar for both WINDII and MSIS-90. The main differ-
ence is that the WINDII data show larger short term
variability, which is not reflected in the model. The altitude
of 140 km is effectively at the base of the Chapman layer.
Thus the WINDII Chapman-layer scale heights appear to

=~ 8600 . ' ]
‘0 E January 28, 1993 ]
" X 3
5 SOOE E—region *xx *xaﬁ% 3
E .E XX K * X X 3
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. 4OOE 3
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- F—region 2 ]
S s00f ADAAAD]
e A 3
I :
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Figure 12. Longitudinal variation of peak volume emis-
sion rate for the E and F regions on 28 January 1993, for a
solar zenith angle of 60° and a latitude of 34°S.
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provide some information about the temperature at its base.
More detailed modeling is needed to better understand why
this scale height is so well-defined considering the actual
variations of temperature and photochemical processes
involved over this altitude range. As well, further work is
needed to determine whether the short-term temperature
variations are real or not.

8. Discussion and Conclusions

[30] This study is concerned with a unique data set, the
WINDII daytime green line O('S) emission rate profiles.
This profile comprises two distinct regions, one in the
middle thermosphere called herein the F region and another
in the lower thermosphere herein referred to as the E region.
The excitation processes involved in these two regions are
completely different. Those for the F region have been well-
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studied and it can be said that they are rather fully
understood, as described above. The E region emission at
first sight resembles the narrow nighttime airglow layer near
100 km, but the peak emission is about 3 to 10 times greater
than at night, and more extended in vertical extent; the
excitation mechanism for this excess emission has not been
previously identified. The intent of this work was to study
the long-term solar variability of this emission in order to
better understand the solar influence on the thermosphere,
but in order to do that it is important that the mechanism be
understood.

[51] Both regions showed a clear dependence of peak
emission rate on cos X, and a variation of peak altitude with
X that corresponds to the Chapman function and thus direct
solar excitation processes; this in spite of the fact that both
regions, and especially the E region, are in part excited by
indirect processes. The peak emission rates for these two
emissions were correlated with six solar indices; Ly o, Hel,
Mgll and F10.7 had correlation coefficients between 0.32
and 0.77 for the E region AM, with YOHKOH a little lower
at 0.71. For the F region AM there was a difference in that
values for Ly o, Hel, Mgll and YOHKOH were all between
0.68 and 0.66, while F10.7 was a little lower at 0.61. In
summary, Ly o Hel and Mgll have similar correlations for
both the E and F regions, while YOHKOH is slightly lower
for the E region and F10.7 slightly lower for the F region.

[32] One possible explanation for the lower correlations
for the F region is the number and extent of the processes
giving rise to green line emissions; there are fewer processes
in the E region. A mechanism for the direct E region
excitation has been proposed by Dr. Richard Link (private
communication) as photodissociative excitation of O('S)
through absorption of Lyman-§ in O;. The peak altitude of
the E region emission yields a value of omn,, and knowing
the number density n, for O,, o was calculated and found to
be equal to the absorption cross section of O, by Lyman-3.
The Lyman-( radiances measured by the SEE instrument on
the TIMED satellite slightly over-predict the E region peak
volume emission rate, using a yield of 0.1, These two pieces
of evidence provide very strong evidence that Ly (3, along
with some additional irradiance in the same spectral region,
is the source for the direct process for the daytime E region.

[33] For the statistical study a Gaussian function was used
to fit the E region data, as described earlier. For the Ly (
process this should of course be a Chapman function.
Limited tests of Chapman fits were made retrospectively
and found to be reasonable. An accurate fitting for the E
region is complicated by the presence of the atomic oxygen
recombination component, so that there are really two
layers — evident separately in a few profiles observed,
and by the strong influence of dynamics in this region of
the atrnosphere.

[34] Other aspects of the correlation were studied; and all
of the conclusions are summarized as follows.

[35] 1. The E and F region components of the daytime
O('S) emission correlate strongly with all solar indices
except short wavelength x-rays when daily indices are used,
the best correlation is with Ly o, and for this the E region
gives the higher value,

[36] 2. The strong daytime E region emission has not
been previously observed, or explained. The altitude of the
emission peak, and the peak emission rate are consistent
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with photodissociation of O; by Lyman-3 as the primary
process.

[37] 3. Both regions show a similar dependence on solar
zenith angle and for the same solar zenith angle, the
morning emissions are somewhat stronger than in the
afternoon, more so for the F region. However, for a given
orbit the local time is directly related to latitude, so the
meaning of this is not certain. The pre-noon emissions are
also better correlated with the solar indices than are those
for the afternoon, suggesting a greater role for the direct
processes in the moming.

[38] 4. No latitudinal differences in the correlations are
found, indicating that although the atmospheric character-
istics must be considered along with the solar radiances, the
influence appears to be small. Longitudinal planetary scale
structures in the O('S) emission are observed, which appear
to originate from the influence of dynamics on composition,
as has been observed for airglow emissions at night.

[39] 5. The scale height of the F region emission yields
temperatures that correspond approximately to the base of
the Chapman layer; these temperatures mimic the variations
of the MSIS model but show larger day-to-day variations
than are evident in the model.
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