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Abstract

We discuss a new optical technique for measuring daytime optical emissions. We elucidate the method of analysis for
retrieving the daytime airglow and auroral emissions using this instrument and explain the procedure used to account for
the Ring effect contribution. Finally, we show sample results of thermospheric oxygen dayglow emissions obtained by this

instrument. (©) 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Earth’s upper atmosphere responds to the energy
inputs from above (solar radiation, particle precipitation,
etc.) and from below (gravity waves). Out of the various
channels for loss of energy in this region, the loss via air-
glow emissions is significant and needs to be understood to
eventually take into account the net energy budget of the
upper atmosphere (Roble, 1995). Optical emissions from
atomic and molecular constituents of the earth’s atmosphere
yield useful information on the behavior of the altitude re-
gions of their origin (such as the neutral temperature, winds,
gravity waves, etc.). Numerous measurements of the night-
time airglow (nightglow) have been carried out from both
space-borne and ground-based platforms for several decades
now. Nighttime measurements of integrated airglow emis-
sion rates at various wavelengths have been used to in-
fer the thermospheric behavior under varying geophysical
conditions from different latitudes. In contrast, there have
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been very few ground-based optical measurements during
daytime due to the presence of strong solar background
continuum which is several orders of magnitude higher in
brightness when compared to the daytime airglow (day-
glow) emission contribution. There have been only a few
satellite-based measurements of visible airglow emissions
during daytime (Hays et al., 1978; Shepherd et al., 1993).
Although the satellite measurements provide a very good
spatial coverage, they lack information on the temporal evo-
lution of the emissions at a given location. Furthermore, due
to the ground albedo, they are limited in their zenith an-
gle coverage as well. Ground-based measurements, on the
other hand, complement satellite-based measurements by
providing excellent information on the time-evolution and
complete zenith angle coverage of the emission intensities.
Hence, there has always been a need for newer techniques for
ground-based measurements of dayglow emissions. Earlier,
different techniques, such as, spectral scanning polarimeter
(Noxon and Goody, 1962), poly-etalon Fabry—Perot inter-
ferometers (e.g., Bens et al., 1965; Barmore, 1977; Cocks et
al., 1980; Greet et al., 1989; Rees et al., 2000) and a single
Fabry—Perot etalon in conjunction with a novel mask system
(Narayanan et al., 1989; Sridharan et al., 1993, 1998) have
been employed to measure the dayglow emission rates. Here
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Fig. 1. Schematic of HIRISE showing various components and the
layout of the optical paths in the system. M1, M2 and M3 are the
folding mirrors.

we present a new technique developed at Boston University,
which employs an echelle grating spectrometer for mea-
suring daytime airglow emissions. This instrument, called
the high-resolution imaging spectrograph using echelle grat-
ing (HIRISE), is a daytime (high-resolution) variant of the
HIiTIES (high throughput) instrument (Chakrabarti, 1998;
Chakrabarti et al., 2001). HIRISE is capable of obtaining
comprehensive, high-resolution spectra at multiple wave-
lengths simultaneously. In this paper we present some of the
field tests carried out by HIRISE. These results display its
enormous potential and demonstrate its capability for mea-
suring the daytime airglow emissions. Here, we also describe
the method of extraction of dayglow emissions buried in the
strong daytime background continuum. A sample of actual
measurements of the integrated emission rates of O 16300 A
dayglow obtained using HIRISE is also presented. Use of
HIRISE resulted in resolving the controversies of Ring ef-
fect variability (Pallamraju et al., 2000) and in obtaining
the first observations of a daytime auroral arc in O I 6300 A
emissions as verified by the incoherent scatter radar from
Sondrestromfjord in Greenland (Pallamraju et al., 2001).

2. HIRISE

HIRISE (Fig. 1) is a long slit echelle spectrograph that
uses an interference filter behind the slit for order sepa-

ration, an echelle grating as the dispersing element and a
1024 x 1024 pixels CCD detector to record a high-resolution
spectrum. This section briefly describes the principle of op-
eration of HIRISE.

An objective lens in front of the slit determines the
field-of-view (fov) of HIRISE. The light gathered by this
lens falls on the slit. All of the light that passes through the
slit is made to fall onto the collimator by placing a field lens
behind it. This lens also images the front objective onto
the collimator. We place an interference filter (of about
100 A FWHM) behind the field lens to allow light of only
a narrow spectral region to pass through. This spectrally
selected light is collimated by an f/11 apochromat lens and
is subsequently allowed to fall on the grating.

The key element of HIRISE is the grating. The grating
equation is given as

mA = d(sino + sin f3),

where, m is the order of diffraction, A is the wavelength,
d is the groove spacing, and o and f are the incident and
diffraction angles, respectively.

For a fixed angle of incidence we can find the angular
dispersion by differentiating the grating equation

df/d. = m/(d cos f3).

From the above equation it can be seen that if the grating is
used in low diffraction order, m = 1 or 2, then high angu-
lar dispersion is obtained only with a finely ruled grating,
hence small d. On the other hand, it is also possible to ob-
tain large angular dispersion with a coarsely ruled grating,
if the diffraction order is sufficiently high. Gratings specifi-
cally designed for use at large values of m, and with large
angles o and f, are called echelles. These are a special
class of high blaze-angle gratings which have higher reso-
lution and dispersion and smaller free spectral range com-
pared to ordinary gratings. The grating used in HIRISE has
a ruling density of 98.6 lines mm™'; a blaze angle of 63.5°
and is operated in high diffraction orders (typically between
25-45).

The diffracted rays from the grating are made to focus onto
a CCD detector by an f/6 (another apochromat) camera
lens. By using this lower focal ratio lens as compared to the
collimator, the image from the 40 mm long slit is reduced
in size to fit onto a 24 mm wide (SITe) CCD chip. M1, M2
and M3 labeled in Fig. 1 are flat mirrors used to fold the
bundle of rays. The orientation of the CCD is arranged so
that the columns contain information along the dispersion
direction and the rows contain information along the slit.
The CCD is usually cooled to at least —35°C and has a
dark signal of 0.1 electrons s~ ! pixel ™! and a read noise of
6 electrons RMS. The detector has a quantum efficiency of
approximately 80% in a wide spectral range (3900—-8000 A)
and its pixel size is 0.024 mm, which is about three times
larger than the diffraction limit of the optics (0.0092 mm) at
6500 A. Hence, the pixel size limits the spectral resolution
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Table 1

Characteristics of HIRISE

Slit length 40 mm

Slit width 0.040-3.0 mm

Throughput (4Q) 3.1229 x 10~* cm?

Collimator f =1130 mm (F/11) apochromat
Grating 98.6 lines mm !, 63.5° blaze angle echelle 100 mm x 200 mm
Angle between o and f§ 12°

Camera lens f =600 mm (F/6) apochromat
Estimated Optical Transmission © 0.16875

Detector
SITe CCD

No. of rows (#rows )
Dispersion d 0.04 A pixel ™!
Resolution 0.12 A

Thinned 1024 x 1024 pixels

Quantum eff. g(1):0.8¢~ ph~!
J. range: 39008000 A

Dark signal: 0.1e~ s—! pixel ™!
Read noise: 6e~ RMS

Gain, g : 2.656e~ DN~!

Pixel size: 0.024 mm

110 for 8 pixel binning along the slit

at 5893 A
at 5893 A

4861A
K SRR | [ T TRy TR 4278A
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Fig. 2. Multi-spectral image obtained by HIRISE. The five-filter panel used here consists of filters centered around 4861, 4278, 6300, 5577
and 6563 A. Notice that no light is allowed through the 4861 A filter and only a part of light is allowed through the 6300 A filter for this
particular diffraction angle. Spectral lines from the rest of the filters can be seen in this figure. Using this spectral image we estimated the
resolution at 4278, 5577, and 6563 A to be 0.07, 0.1 and 0.12 A, respectively.

achieved by HIRISE. The salient features of HIRISE are
summarized in Table 1.

When a grating is operated in higher orders (> 1) there
would be various wavelengths (from different orders) in the
same diffraction angle range. We can simultaneously ob-
tain spectra from multiple wavelengths by placing a mosaic
of filters (multiple interference filters arranged one next to
other) perpendicular to the slit orientation. In such an ar-
rangement, owing to the imaging property of HIRISE, the
image formed on the CCD consists of segments of spec-
tral information corresponding to the filter array placed in
the front-end of the instrument as shown in Fig. 2. An ar-
ray of 5 filters was used to obtain this image whose spectral
bandpass were centered at 4861 (Hp), 4278, 6300, 5577 and
6563 A (H,). From this spectral image we estimated the ef-
fective resolution achieved by HIRISE to be 0.07, 0.1 and
0.12 A at 4278, 5577 and 6563 A, respectively. However,
in this arrangement different filters map the sky at different

spatial locations, the extent being dependent on the focal
length of the objective lens. Note that different wavelength
coverage could be obtained for different sets of « and f.
Therefore, to obtain 6300 A dayglow emission, we could se-
lect appropriate o and f§ to allow the light from the 6300 A
panel to fall on the center of the CCD chip. In actual O1
6300 A dayglow measurements, we replace the mosaic filter
with one (6300 A) filter to take advantage of all the avail-
able area on the CCD chip.

3. Dayglow emission extraction

Airglow/auroral emissions during daytime are ob-
tained by comparing the blue-sky spectrum with the solar
spectrum, obtained by HIRISE. The blue-sky spectrum is
different from the solar spectrum in terms of atmospheric
emissions, atmospheric scattering (Ring effect), and the
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depth of the telluric absorption lines. (Telluric absorptions
occur due to the absorption of sunlight by the Earth’s atmo-
spheric gases as opposed to Fraunhofer absorptions, which
are due to the gases in Sun’s atmosphere.) Note that the
solar and the sky spectra obtained by any instrument are
not the ‘true’ spectra but are a result of convolution of the
‘true’ spectrum with the instrument function. We are able
to scale and compare these two spectra as they are obtained
by the same instrument with the same instrumental param-
eters. The contribution of thermospheric dayglow emission
in the solar spectrum is inconsequential as it is very weak
compared to the bright solar disk. Hence, the difference
between the blue-sky and the scaled solar spectra yields
information on contributions due to atmospheric scattering
and dayglow emissions.

3.1. The Ring effect

Compared to the solar spectrum the blue-sky spectrum
is ‘filled-in’ at the center of Fraunhofer absorption regions.
This feature, called the Ring effect (Grainger and Ring,
1962), is believed to be due primarily to Rotational Ra-
man scattering from the atmospheric gas molecules. This
effect is also seen in the spectra of various planets in ad-
dition to the Earth (Cochran et al., 1981 and references
therein). It is important to estimate this contribution as many
atmospheric dayglow emissions occur near the Fraunhofer
absorption lines. If the data analysis procedure does not
properly account for the Ring effect, the dayglow emissions
will be overestimated. Different observational and analysis
methods use different means to take the Ring effect into ac-
count (see for e.g., Tepley et al., 1981; Swift et al., 1990;
Conde et al., 1992; Fish and Jones 1995; Pallam Raju et al.,
1996). Comprehensive measurements of the Ring effect car-
ried out at various wavelengths simultaneously by HIRISE
resulted in resolving the existing controversies in its vari-
ability with solar zenith angle and wavelength by bringing
out the true dependence of the Ring effect (Pallamraju et
al., 2000). It has been shown that the fractional Ring ef-
fect depends primarily on the Fraunhofer absorption line
strength (normalized depth x half-width); for a given line
strength however, it decreases with wavelength (Pallamraju
et al.,, 2000). Hence, in estimating the intensities of day-
glow emissions that emanate in a Fraunhofer absorption re-
gion, care should be taken in accounting for the Ring effect
contribution at that region by considering the Ring effect
contribution from an absorption region that is spectrally
close to and similar in absorption line strength to the Fraun-
hofer absorption region at the emission wavelength.

4. The O 16300 A daytime airglow/aurora

So far, HIRISE has been used primarily to measure the
thermospheric emission at 6300.3 A, which is strongest of
the daytime emissions (Bates and Dalgarno, 1954). The

spectral image obtained using a 6300 A filter would look
similar to the image shown in Fig. 2 except that there would
be spectral lines of only one wavelength range (i.e. only one
of the five panels, described earlier) all along the slit ori-
entation. Due to the imaging property of this spectrograph,
the y-axis (whose orientation is along the length of the slit)
of such an image corresponds to the light obtained from
different regions in the sky. We obtain information on the
thermospheric dayglow emission at 6300 A when we com-
pare this image with the solar spectral image obtained by
the same instrument. With a knowledge of, or assumption
about, the altitude of the emission one can map different
rows on the image to latitudes/longitudes in space (depend-
ing on the orientation of the slit either along north—south or
east—west direction). We divide the image along the y-axis
into different groups, each of several rows. Then, the data
numbers (DN) (counts) of each row in a group are averaged
to obtain a better signal-to-noise ratio (SNR). Such spectra
from different groups represent the contribution from differ-
ent spatial regions on the sky.

A representative plot (shown in Fig. 3a) obtained from a
blue-sky image is compared to the reference solar spectrum
to match the continuum regions on either side of the emis-
sion wavelength of interest by a least-squares technique.
This ‘reference solar spectrum’ is derived from an average
of several (usually many tens of) solar images obtained by
HIRISE to improve the SNR of the measurement. In panel
3b the solid line shows the solar spectrum in the wavelength
region (6299.8-6301.2 A) of interest. The dashed line shows
the sky spectrum scaled at the continuum in wavelength re-
gion 1 (6299.85-6300.05 A). Notice that it does not match
very well in region 2 (6300.85-6301.05 A) which is the
continuum region on the other side of the dayglow emis-
sion. The dotted line shows the least-squares matching per-
formed at the continuum region 2, and it can be seen that
this does not match well with the continuum at region 1.
The uncertainty in a measured value is described by Pois-
son distribution. Hence, if x counts are obtained during an
observation, the uncertainty in this measurement would be
=++/x as shown in panels 3b and 3c. Furthermore, as in the
present case, when two measured values, say x and y are
subtracted, their uncertainty is given by the square root of
their sum (4/(x + y)) as shown in panel 3d. Hence, the SNR
is given by ((x — y)/+/(x + »)). The SNR improves with
larger time integration or averaging many spectral images.
It can be seen that the mismatch between the continuum
levels in Fig. 3b is more than the +1¢ error bar when only
one continuum region is used for scaling. Hence, in practice,
we use the scaling factors obtained by individually match-
ing both these regions, and calculate them as a function of
wavelength. These scaling factors are multiplied with the
corresponding solar spectrum values to obtain a better match
to the blue-sky spectrum, as can be seen in Fig. 3c. Here,
the dash—dot line shows the blue-sky spectrum and the solid
line shows the solar spectrum scaled using the procedure de-
scribed above. The difference between such spectra (shown
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Fig. 3. The intricacies involved in the data analysis procedure are depicted. Panel (a) shows the blue-sky spectrum obtained using a 6300 A
filter (FWHM 100 A). This spectra shows various Fraunhofer absorption lines around 6300 A region. Panel (b) shows the need for matching
the continuum regions on either side of the emission wavelength (see text for details). (c) Scaled solar and blue-sky spectra after the
least-squares matching at the continuum regions on either side of the emission line of interest at 6300.3 A. (d) Atmospheric contribution
around the 6300 A region, obtained by subtracting the solar spectrum from the blue-sky spectrum shown in the above panel. Error (£10)

bars are also shown.

in panel 3c) results in the atmospheric contribution as can
be seen in Fig. 3d. One can clearly notice the dayglow and
the Ring effect contributions in this panel along with +10¢
error bars. The area under the curve at 6300.7 A is calcu-
lated and subtracted from the curve at 6300.3 A to account

for the Ring effect contribution at 6300.3 A region. The re-
maining amount yields the O I 6300.3 A dayglow emission
contribution. The only assumption here is that the Ring ef-
fect contribution at these two Fraunhofer absorption regions
is identical since they are close to one another in wavelength
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space and are of nearly the same line strength. Analysis of
the kind explained above is repeated for different times on a
given day to obtain a diurnal behavior of the O I 6300.3 A
dayglow emissions.

5. Emission intensity estimation

One can make an approximate estimate of emission inten-
sities with a knowledge of the parameters of various compo-
nents used in the instrument. For a brightness B of the source
in Rayleighs (R), the number of photons passing through
the instrument is N = BSt, where ¢ is the integration time, S
is the sensitivity of the instrument expressed in (data num-
bers) DN s™!' R™!. At any given pixel, the sensitivity per
Angstrom can be written as

Spix = 106/472:Q(/L)TA .Qd/nrowsa

where, Q(4) is the overall efficiency of the CCD (quantum
efficiency g(1)/gain g), 7 is the optical efficiency of the
instrument, A is the area of the slit, 2 is the solid angle of
the sky that the slit ‘sees’, d is the dispersion in A pixel™
and nows are the number of rows that have been co-added
in the spatial dimension. From the values given in Table 1
it can be seen that the sensitivity of HIRISE is

Spix =4.6 x 107 (DNAR's7").

Therefore, dividing the data numbers obtained by the CCD
with the sensitivity, one can make a theoretical estimate of
the absolute emissions.

In addition, one can make an empirical estimate of the
absolute intensities by using a lamp of known intensity
at the wavelength of interest. We used a C-14 radioactive
source, whose intensity with wavelength is precisely known,
to calibrate an incandescent lamp of higher intensity. We
treated this (secondary) lamp as the ‘standard lamp source’
to carry out an empirical estimate of the absolute intensi-
ties. The procedure followed in this method is to divide the
blue-sky images by an averaged standard source image to
obtain ‘flat-fielded’ blue-sky spectral images. The resulting
data numbers obtained after following the analysis proce-
dure described in Section 4 are multiplied by the intensity
of the source lamp to yield emissions in Rayleighs. This
method is preferable to the theoretical estimation method
described above, as in that method it is not possible to know
the ‘exact’ values of various parameters of the components
used in the instrument. On the other hand, in the empirical
estimation method the effect due to various optical compo-
nents are inherently taken into account as their response is
expected to be the same for both the standard lamp and blue
sky.

Fig. 4 shows a sample data obtained from Boston on
May 14, 2000. The measurements are shown as ‘+’ marks
and are calibrated using the empirical method described
above. A 1l-point running average for these data points
is also shown (dashed line). The absolute emission rates

Ol 6300A Dayglow Emission over Boston
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Fig. 4. Sample data showing the O T 6300 A column-integrated
dayglow emission rate obtained over Boston on May 14, 2000.
Absolute emissions obtained using theoretical and empirical meth-
ods are depicted (see text for details). The solid line shows the
model emissions using the GLOW model. The good agreement be-
tween the measurements and model demonstrates the capability of
HIRISE.

obtained by the theoretical method described above are also
shown as the dotted line (11-point running average). It is
encouraging to see that there is a good agreement between
both the methods of absolute emission rate estimation (with
approximately 10—15% discrepancy in the emissions). The
primary contributors to the O I 6300 A emission are: (a)
photoelectron impact, (b) photodissociation and (c) dis-
sociative recombination. Using the geophysical conditions
for that day we estimated the integrated volume emis-
sion rates using the GLOW model (Solomon and Abreu,
1989), the result of which is depicted by the solid line
in Fig. 4. The close similarity between the measured and
model emissions demonstrates the potential of HIRISE
and gives credence to the measurements carried out by
HIRISE.

6. Summary

We have described a new high-resolution imaging spec-
trograph using an echelle grating (HIRISE) that we built
at Boston University. Using the laboratory and field mea-
surements we have also demonstrated its capabilities for
aeronomy applications. We have also shown a sample data
obtained from Boston which show good agreement with
model estimates.
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