
Chapter 2

Instrumentation and Data

Analysis

2.1 Introduction

Airglow intensity and temperature variations in time and space have a great

potential in understanding the complex upper atmospheric dynamics at their

altitudes of emissions. It is now understood that the waves of different scales,

such as planetary, tidal, and gravity waves play an important role in the trans-

fer of energy and momentum between various atmospheric layers and thereby

modulate density and temperature while passing through the airglow emitting

altitudes [e.g., Krasovskij and Šefov (1965); Hines (1974)]. Various observa-

tions and models over the years have provided some information on the gravity

waves, however, their effects at mesospheric altitudes over low-latitudes is yet

to be understood comprehensively.

Various coupling processes, which are prevalent in the Earth’s upper at-

mosphere, as discussed in Chapter 1 have been investigated and characterized

by making use of nightglow emission intensities at multiple wavelengths and

mesospheric temperatures derived from OH and O2 band emissions. This

Chapter deals with the measurements of these parameters from ground- and
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space-based instruments, which have been used in this work. These param-

eters were obtained from ground-based observations which have been carried

out using: (1) Near Infrared Imaging Spectrograph (NIRIS), and (2) CCD

based Multi-Wavelength Airglow Photometer (CMAP). These two instruments

were developed in-house at Physical Research Laboratory, and are being op-

erated from PRL’s optical aeronomy observatory at Gurushikhar, Mount Abu

(24.6oN, 72.8oE). These observations were supplemented by satellite-based ob-

servations in order to understand the global nature of some of the atmospheric

phenomena. In this Chapter, details of NIRIS and CMAP are given, process

followed for the determination of nightglow emission intensities, derivation of

mesospheric temperatures, and data analysis methods are described. Also a

brief description is given on the supplementary datasets used for the investi-

gations described in this thesis.

2.2 Near InfraRed Imaging Spectrograph

(NIRIS)

NIRIS is designed and developed at the Physical Research Laboratory for the

measurement of mesospheric nightglow emission intensities and correspond-

ing rotational temperatures using OH(6-2) Meinel and O2(0-1) atmospheric

band spectra [Singh and Pallamraju (2017a)]. In this spectrographic tech-

nique rotational line ratios are obtained to derive temperatures corresponding

to the emission altitudes of 87 and 94 km, respectively. Hence, simultaneous

measurements of variations in these two emissions provide an opportunity to

investigate the wave features corresponding to vertical propagation of gravity

waves.

NIRIS is a grating spectrograph which uses 1200 lines mm−1 grating as the

dispersing element, a 1024×1024 pixels thermoelectrically cooled CCD camera,

and has a large field-of-view (FOV) of 80o along the slit orientation. NIRIS
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has a spectral resolution of 0.78 nm at 840 nm wavelength. Figures 2.1a and

2.1b show the optical layout of NIRIS and its photograph. The details of the

optical components used in NIRIS are provided in Table 2.1. The details of

the various components used in NIRIS are described in following section.

(a) (b) 

Figure 2.1: (a) Optical layout of Near InfraRed Imaging Spectrograph (NIRIS).
Different components used in NIRIS are numbered, the details of which are given
in Table 2.1. (b) Photograph of NIRIS on a mounting platform at the time of
installation for the field operations.
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2.2.1 Primary mirror

A convex spherical primary mirror (labelled 1 in the Figure 2.1a) in the front-

end of NIRIS is used to reflect the incident beam of light onto a concave

spherical secondary mirror (2). The radius of curvature of this mirror is 20

mm which allow the entry of incoming light from a large FOV.

Table 2.1: Characteristics of Near Infrared Imaging Spectrograph (NIRIS)

1. Primary mirror Convex; r=20 mm
2. Secondary Mirror Concave; f=600 mm, diameter=150 mm
3. Slit 45 mm×1 mm
4. Collimator Off-axis paraboloid; f=600 mm, diameter=130 mm
5. Diffraction Grating Plane; 120 mm x 100 mm; 1200 lines mm−1

6. Converging Optics Schmidt telescope; f=139 mm, diameter= 100 mm
7. CCD Detector 1024×1024 pixels deep depleted; 13 µm pixel size,

QE at 840 nm= 90%
Resolution =0.78 nm at 840 nm wavelength

2.2.2 Secondary Mirror and slit assembly

The incoming light from a large FOV which is arriving from the convex primary

mirror is allowed to fall on a concave spherical secondary mirror (2) which has a

focal length of 600 mm. This secondary mirror focusses the light from a large

FOV (∼80o) onto the slit of a size of 45 mm×1mm (3). This arrangement

provides instrument’s FOV of around 80o along the slit orientation for an all-

reflecting optical design. Covering a large FOV in a grating spectrograph has

a consequence of introducing deformation in terms of curvature in the image

at the image plane. This curvature effect arises due to the differences in the

angles of the rays between the center of the slit to those coming from locations

away from the slit onto the grating facet. These angles of incidences form

different angles on the grating, which results in deviations of the angles of

diffraction that fall on the image plane. Therefore, to reduce this curvature

effect, the slit is curved in opposite sense. This arrangement reduces curvature

effect as incident on the detector to a large extent.
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2.2.3 Off-axis Paraboloid

A 600 mm focal length off-axis paraboloid (4) is used as a collimator. The rays

coming from the curved slit are allowed to fall on to this off-axis paraboloid

which makes a parallel beam of light, which fall on the reflection grating (5).

2.2.4 Diffraction Grating

Diffraction grating works on a principle of spatial modulation of refractive

index, thereby, separating polychromatic light into its monochromatic com-

ponents. In NIRIS we have used reflection grating with a groove density of

1200 lines mm−1 which provides spectral image onto to the image plane. The

geometry of a typical reflection grating and its various parameters are depicted

in Figure 2.2.
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From the principle of constructive interference, we get the following grating 

equation: 

mλ=d (sinα+ sinβ)        

 (2.1) 

where, α and β are incident and diffraction angles, d is groove spacing, λ is the 

wavelength of incident light, and m is diffraction (or spectral) order which is an 

integer.  

Figure 2:2: Schematic of a reflection grating. α is the incident angle, β is the diffraction 

angle, θB is blaze angle, and d is groove density. If two parallel rays are incident on 

the grating at the one groove spacing d apart then the diffracted beam has a 

difference in their path length equal to (dSinα + dSinβ which leads to the grating 

equation. 
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Figure 2.2: Schematic of a reflection grating. α is the incident angle, β is the
diffraction angle, θB is blaze angle, and d is groove density. If two parallel rays are
incident on the grating at the one groove spacing d apart then the diffracted beam
has a difference in their path length equal to (dSinα + dSinβ) which leads to the
grating equation.

From the principle of constructive interference, we get the following grating
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equation:

mλ = d(sinα + sinβ) (2.1)

where, α and β are incident and diffraction angles, d is groove spacing, λ is

the wavelength of incident light, and m is diffraction (or spectral) order which

is an integer.

2.2.5 Converging Optics

To focus the diffracted light from the grating on to an array detector Schmidt

telescope of a focal length of 139 mm is used. We have used all reflective optics

in NIRIS except an aspherical correcting lens used in the Schmidt telescope.

The idea to choose reflective optics over refractive optics in NIRIS is to make

it operative over large wavelength ranges (from ultraviolet (UV) to infrared

(IR)) by changing grating angle and detector. Lenses are known to absorb the

incoming light in the UV and IR region. Schmidt camera also minimizes optical

aberrations such as coma and astigmatism. Because of this design a variant

of NIRIS was used to derive daytime wave characteristics in the mesosphere

lower thermosphere (MLT) region wherein ultra-violet measurements of OI

297.2 nm dayglow emission have been obtained on-board a balloon in an earlier

experiment [Pallamraju et al. (2014)].

2.2.6 Detector and Data Acquisition System

For imaging the near infrared spectra, a charge-coupled device (CCD) detector

is used. The CCD detector used in NIRIS has 1024×1024 pixels with a square

pixel size of 13 µm. This is a deep depleted thermoelectrically cooled CCD

detector in which etaloning is suppressed and is sensitive in the near-infrared

region with quantum efficiency (QE) more than 80% in the wavelength range

800-900 nm. This CCD is attached to the Schmidt telescope with sensor on

the image plane of the spectrograph. The spectrograph is aligned in such a

way that the dispersion and spatial directions correspond to the columns and
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rows of the CCD detector. The CCD is cooled to -80oC by a thermoelectric

cooler to reduce thermal noise. The signal to noise ratio (SNR) is controlled

by applying on-chip binning along the spatial direction (rows of the CCD).

NIRIS obtains several spectral images on each night at pre-defined camera

settings such as, exposure time, on-chip binning, and CCD temperature which

are enabled through an in-house developed software. These spectral images

are saved in Flexible Image Transport System (FITS) format. For the normal

operations 1×32 on-chip binning is done, CCD sensor temperature is set to

be -80oC, and exposure time is set to be 300 seconds. Hence, for moonless

and cloud free nights the data cadence of NIRIS is 5 min which provides 120

spectral images per night for 10 hours of observations.

2.3 Calibration of NIRIS

We get two dimensional spectral images from NIRIS in which x- and y-axes

correspond to wavelength and spatial direction of the sky. Therefore, calibra-

tion of NIRIS is performed to determine dispersion (wavelength calibration)

and spatial location (view angle calibration). The methods used for these

calibrations are described in detail in the following sections:

2.3.1 Wavelength Calibration

Wavelength calibration of NIRIS has been performed in the laboratory by using

an argon spectral lamp (Newport model: 6030) as the source and a spectral

image thus obtained is shown in Figure 2.3a.

Figure 2.3a shows that each spectral line is slightly curved as discussed

above which is due to the differences in the incident angle to the grating at

the edges of the slip. As we are using a curved input slit the effect of the

curvature on the detector is considerably reduced. This curvature effect in the

image is removed by shifting each pixel of raw data in x-direction by a quantity
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Figure 2.3: (a) NIRIS obtained spectral image using Argon lamp as the spectral
calibration source. (b) Similar to the Figure 2.3a but after correcting for the image
curvature. (c) Brightness of ArI spectral lines of the image shown in Figure 2.3a
(represented in arbitrary units, AU). These show the emission lines at 826.5 nm,
842.5 nm, 852.1 nm, and 866.8 nm which are used for wavelength calibration of the
spectrum obtained from NIRIS.

obtained by spline fitting of data at three locations along each spectral line.

The image, thus corrected is shown in Figure 2.3b in which the x- and y-axes

correspond to wavelength and spatial directions, respectively. The ArI spectral

lines are obtained by taking a cut across the corrected spectral image. Some of

the strong ArI emission lines which have been used for the spectral calibration
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of the instrument are shown in Figure 2.3c. The dispersion achieved by NIRIS

is 0.07 nm pixel−1 in the wavelength range of 823-894 nm. The resolution of

the grating spectrograph is obtained by dispersion multiplied by full width at

half maximum (FWHM) of the Ar spectral line. From Figure 2.3b, FWHM of

each of the identified Ar spectral line is found, and average of which comes out

to be 11.2 pixels. Therefore, the resolution of the NIRIS is (71/1024)×11.2

=0.78 nm.

2.3.2 Angle Calibration

As discussed earlier, NIRIS has FOV of around 80o in which y-axis of the

image represents spatial coverage of the sky. The angle calibration is carried

out to know the spatial location of the sky corresponding to the pixel number

on the CCD chip. The angle calibration of NIRIS has been performed after

mounting it for the field operations in which the slit is oriented along the N-S

meridian. This is done by allowing diffused day light to fall onto the CCD

chip only through a small portion along the slit orientation (by fully covering

the light from rest of the directions). For the next image the light is allowed

only through another small portion along the slit orientation. Using several

of such images the angular coverage of each pixel has been obtained. It is

found that the 80o FOV of the information from sky in the N-S direction is

imaged onto fifteen vertical pixels (pixel number 8 to 22) onto the CCD chip

with 1×32 on-chip binning. Figure 2.4a shows a plot of pixel number vs view

angle in which the dots and dashed lines show the observations and the best fit

line. Similarly, Figure 2.4b shows a plot of pixel number vs distance which is

obtained by converting the angle into distance assuming O2 and OH emission

altitudes to be 94 and 87 km and are shown in magenta and blue coloured

lines. The north and south direction is also marked in Figure 2.4 in which

the horizontal line shows the zenith measurement which corresponds to pixel

number 15 on the CCD chip.
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Figure 2.4: (a) View angles measured in degrees are shown with respect to the pixel
position. (b) Distance covered on the CCD plane as a function of pixel numbers is
shown for O2 and OH emission altitudes in magenta and blue coloured lines which are
154 and 142 km, respectively. Horizontal lines show the measurement corresponding
to zenith which is at pixel number 15.

2.4 Mesospheric Nightglow Intensity Determi-

nation

The nocturnal raw spectra (Figure 2.5a) obtained from NIRIS cannot be used

directly as they are convolved with many artifacts, such as, incidences of cos-

mic rays, image curvature, vignetting etc., which need to be corrected before

further analysis. Each of the spectral images are passed through a sigma filter

to remove the contribution of the noise that arises from the hot pixels caused

by the incident cosmic rays, if any, onto the CCD detector. The sigma filter

used here replaces pixels with intensities more than a specified level from its

neighbors. A 3×3 pixel sigma filter is used in the present case. The CCD uses

thermoelectric air cooling technique which provides a typical sensor temper-

ature of around -80oC. Even though the dark current generated at such low

temperatures is very small, we do subtract this background. In order to do

that, a dark frame is generated for every individual image by considering a

portion of the image that is not illuminated by the incoming light. This dark

frame is then subtracted from every spectral image to remove the contribution

of dark current in it. Later, the images are corrected for flat-field in which
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the effects on the images caused by pixel-to-pixel variability across the chip,

vignetting, and features on the optical components, if any, are removed. For

large FOV optical instruments it is a challenge to provide a Lambertian sur-

face for equal intensity illumination across the field. However, diffused skylight

during twilight is considered as a close approximation for this purpose [e.g.,

Garcia et al. (1997)] and has been implemented in this work.

As the method of determination of rotational temperature involves taking

ratios of intensities it is important that the vignetting effect of transmission

from one spectral region to the other in the spectral direction of the CCD is

also required to be taken care of. This is achieved by using a non-spectral white

light output from a low light level integrating sphere (Gooch & Housgo model:

OL 426). The curvature effect in the image is also removed by the method

as depicted in Figure 2.3 and discussed earlier. A typical nocturnal spectral

image obtained by NIRIS for a 5-minute exposure and for an on-chip binning

of 1×32 is shown in Figure 2.5b which has been accomplished after performing

all the treatments as discussed above. The Meinel OH(6-2), OH(7-3), and

O2(0-1) atmospheric bands are identified based on the wavelength calibration

described in Figure 2.3.

For the determination of nightglow emission wavelengths, calibration of the

spectra was carried out using twelve known spectral lines located within the

spectral region of 823–894 nm. The spectral scale for each of the spectra is ob-

tained by fitting the line positions with the identified lines by using a 3rd-order

polynomial fit. Also, the background level is determined by fitting a 3rd-order

polynomial fit at twelve identified regions where there are no airglow emissions

in the wavelength range of 823–894 nm. After performing the wavelength cal-

ibration and removing background level as discussed above the brightness of

the resulting spectral lines over zenith are shown in Figure 2.5c which corre-

spond to the spectral image shown in Figure 2.5b. In Figure 2.5c, emissions at

five different wavelengths are obtained, whose centers are marked by I1 to I5.

These marked spectra show different regions of OH(6-2) Meinel and O2(0-1)
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Figure 2.5: (a) A nocturnal raw spectral image obtained by NIRIS. (b) Same
image as shown in Figure 2.5a but after correcting for all the issues as discussed in
text. OH(6-2), O2(0-1), and OH(7-3) bands are identified based on the wavelength
calibration of the instrument. The x- and y-axes represent spectral and spatial
coverage of NIRIS. (c) Spectral lines are obtained by taking a cut across the spectral
image of Figure 2.5b. The five different wavelength regions, which are used for the
OH rotational temperature derivation are identified by I1 to I5.

atmospheric bands that have been used for the determination of OH and O2

emission intensities and derivation of corresponding rotational temperatures.

These emission intensities are determined by integrating over 1.2 nm centered

at each spectral line.

Nocturnal variation in three rotational lines of OH(6-2) band namely, P1(2)
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at 840.0 nm, P1(4) at 846.5 nm, and P1(5) at 850.5 nm, respectively, are shown

in Figure 2.6a on the night of 16 April 2013. Similarly, nocturnal variations for

the two regions of O2(0-1) atmospheric band centered at 866.0 nm and 868.0

nm on the same night are shown in Figure 2.6b. As will be seen later, these

lines are used for the derivation of rotational temperatures corresponding to

the O2 and OH emission altitudes which are considered to be 94 and 87 km,

respectively.

Figure 2.6: (a) Nocturnal variation of three different rotational lines of OH(6-2)
Meinel band emission in which I1, I2, and I3 correspond to the P1(2) at 840.0 nm,
P1(4) at 846.5 nm, and P1(5) at 850.5 nm, respectively. (b) Nocturnal variation of
two regions of O2(0-1) atmospheric band centered at 866.0 nm (I4) and 868.0 nm
(I5), respectively.

2.5 Derivation of Mesospheric Temperatures

Mesospheric OH and O2 rotational temperature measurements using spectral

line ratios is a well-established technique [e.g., Meriwether Jr (1984); Greet

et al. (1997); Taylor et al. (1999); French et al. (2000); Bittner et al. (2002);

Taori et al. (2005); Shiokawa et al. (2007)]. We have used this method to derive

the mesospheric temperatures as discussed in the following sections. NIRIS is

a large field-of-view imaging spectrograph which is sensitive to fluctuations in

intensities of less than around two percent for a 5 min integration time. Due

to a high spectral resolution (around 0.78 nm) and large spectral coverage,
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rotational temperatures from the OH(6-2) Meinel and O2(0-1) atmospheric

band emissions can be derived simultaneously.

Using photometric techniques [e.g., Taylor et al. (1999); Taori et al. (2011)]

temperature measurements have been carried out in which interference filters

of different wavelengths are used in sequence to obtain the intensities of the de-

sired rotational lines. In such methods, it is required that the filter bandwidths

be narrow in order to discretely obtain the intensities of the two rotational

lines. However, as the transmission from neighboring spectral regions through

such filters is non-zero, it might not be possible to avoid contamination from

the neighboring lines, which could lead to either over- or under-estimation of

the mesospheric temperatures.

In the spectrographic technique, NIRIS, however, as the spectral resolu-

tion is high it is possible to obtain not only uncontaminated intensities from

the desired rotational lines discretely, but also the night sky background con-

tribution from around these wavelengths of interest. Therefore, background

subtraction is enabled before proceeding further for obtaining ratios of rota-

tional line intensities by this technique and therefore it reduces the errors in the

measurements of intensities and temperatures. The derivation of mesospheric

temperatures from OH(6-2) Meinel and O2(0-1) atmospheric band emissions

is described in the following sections.

2.5.1 OH(6-2) Meinel Band Emission

The mechanism responsible for the production of the Meinel bands of OH is

described in Chapter 1. The derivation of OH rotational temperatures through

the spectral line ratio method assumes that the underlying gas is in Local Ther-

modynamic Equilibrium (LTE) [Mies (1974); Meriwether Jr (1984)] which is

valid for OH(6-2) vibrational band having rotational levels N’<5 [e.g., Pendle-

ton et al. (1993)]. In this study as rotational levels corresponding to N’=1 and

N’=3 are used, they satisfy the condition of LTE. The degree of thermalization
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depends on the radiative lifetime of the excited OH∗ molecule and the neu-

tral collision frequency. For OH the radiative lifetimes for vibrational states

of v=9, 6, and 1, are 3.62, 6.2, and 44 milliseconds, respectively [Turnbull

and Lowe (1989)]. At 87 km altitude (for T∼200 K and P∼3x10−4 kPa) the

neutral collision frequency is ∼3×104 s−1. Therefore, depending on the vibra-

tional state to which the OH molecule is excited, it would undergo 110 to 1320

number of collisions prior to radiative de-excitation, which is large enough to

achieve thermalization. Therefore, population of the OH rotational states can

be assumed to obey Boltzmann distribution and therefore the rotational tem-

peratures determined by this spectrographic method can be taken to represent

the ambient temperature of the region of emanation of airglow. Thus, the in-

tensities of two OH lines from different rotational states of a single vibrational

band are compared using the following equation [Mies (1974); Meriwether Jr

(1984)] for estimating rotational temperatures:

Trot =
hc
k
× [F v′ (J2)− F v′ (J1)]

ln
[
I1(2J2+ 1)A2

I2(2J1+ 1)A1

] (2.2)

where, F(J1) and F(J2) are the energy levels of the initial rotational states;

I1 and I2 are the emission intensities of the OH lines from different upper

states; A1 and A2 are the transition probabilities; J1 and J2 are the upper

state total angular momentum quantum numbers. The OH (6-2) band P1(2),

P1(4), and P1(5) rotational lines centered at 840.0 nm, 846.5 nm, and 850.5

nm, respectively, are used for the derivation of OH rotational temperatures.

The values of Einstein coefficients A’s are taken from Mies (1974) and those

of F(J)’s from Coxon and Foster (1982). The rotational temperatures are

calculated by taking two sets of rotational lines of OH(6-2) band emission.

After putting the theoretical constants for P1(2) and P1(4) lines in equation

2.2 we get:

T (OH1) =
228.59

ln [2.609 (I1/I2)]
K (2.3)
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Similarly, After putting the theoretical constants for P1(2) and P1(5) lines

in equation 2.2 we get:

T (OH2) =
401.10

ln [3.388 (I1/I3)]
K (2.4)

where I1 is the intensity of P1(2) line at 840.0 nm, I2 is the intensity of P1(4)

line at 846.5 nm, and I3 is the intensity of P1(5) line at 850.5 nm wavelengths

which are obtained by integrating over 1.2 nm wide window centered at each

spectral lines (Figure 2.5c), respectively.

2.5.2 O2(0-1) Atmospheric Band Emission

The mechanism responsible for the production of the O2(0-1) atmospheric

band emission is described in Chapter 1. To calculate the temperature using

O2(0-1) atmospheric band, similar procedure discussed above was applied in

which PP and PQ pairs of rotational lines for K”=7 and K”=15 centered

at 866.0 nm and 868.0 nm wavelengths, respectively, are considered. The

spectroscopic constants and values of line strengths are taken from Schlapp

(1937). The rotational temperature using O2(0-1) atmospheric band is given

by the following equation:

T (O2) = [(248.88× (I5/I4)) + 77.7]K (2.5)

where I4 and I5 are the intensities of the O2(0-1) atmospheric band PP

and PQ pairs of rotational lines obtained by integrating over each spectral

line profile using a 1.2 nm wide window centered at 866.0 nm and 868.0 nm,

respectively, as shown in Figure 2.5c.
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2.5.3 Nocturnal Variation in OH(6-2) and O2(0-1) Band

Intensities and Temperatures

NIRIS derived OH and O2 nightglow emission intensities are calculated by

taking averages of I1 and I2 and I4 and I5, respectively. The variations in

intensities over zenith for two representative nights of 16 April and 04 May

2013 are shown in Figures 2.7a and 2.7c along with the uncertainties in the

measurements. On the night of 16 April 2013 the OH and O2 intensities show

out-of-phase variations from 19.5 hours (19:30 LT) to 25.5 hours (01:30 LT)

and in-phase variation after that time until 28.6 hours (04:36 hrs). Whereas,

on the night of 4 May 2013 no such relationship was observed except for initial

couple of hours when out-of-phase variations were seen. Although OH and O2

intensities on these two nights show both in-phase and out-of-phase variations

with time, it is not necessary that the phase differences should always be either

0 or 180 degrees. Such kinds of variations in mesospheric airglow intensities

are common and are due to the gravity wave effects.

The temperatures corresponding to an altitude of 87 km are derived by

considering two different rotational line ratios which have been calculated us-

ing equations 2.3 and 2.4. For OH band emissions they are shown for two line

ratios T(OH1) and T(OH2) (blue and green coloured lines) for these two nights

in Figures 2.7b and 2.7d. The temperatures from O2 emissions, T(O2), corre-

sponding to an altitude of 94 km are calculated by using equation 2.5 and are

also shown (magenta coloured lines) for these two nights in Figures 2.7b and

2.7d. The estimated uncertainty in the NIRIS derived mesospheric tempera-

tures is approximately ±3K. The nocturnal mean values of T(OH1), T(OH2),

and T(O2) are 194, 202, and 196 K, for the night of 16 April 2013 and are 193,

201, and 194 K, for the night of 4 May 2013, respectively. These are shown

along with their standard deviations by square boxes (towards the left in each

plot). As can be clearly seen, the variations in T(OH1) and T(OH2) are quite

similar for both the nights and the nightly mean values are within the one-
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Figure 2.7: (a) Nocturnal variations in O2 and OH intensities, (b) Rotational
temperatures corresponding to O2 and OH emissions on the night of 16 April 2013 in
which the O2 and OH intensities showed both in-phase and out-of-phase variations.
(c and d) Similar to Figures 2.7a and 2.7b but for the night of 4 May 2013. It may
be noted that O2 and OH intensity variations do not show any phase relationship
on this night.

sigma variation. This is an added advantage in the spectroscopic technique

over the photometric ones in which simultaneous derivation of mesospheric

temperatures can be achieved by using different sets of rotational lines with-

out any need to change the filters and hence can also be used to cross-verify

the accuracy of the temperature values arrived at. This also yields a better

temporal cadence as no time is lost in the movement of filters from on-band

to that of off-band.

Unlike the OH and O2 emission intensities, the mesospheric temperatures,

T(OH1), T(OH2), and T(O2), derived for the night of 16 April 2013 show

out-of-phase variations for initial couple of hours and are in-phase for most

of the time later. However, on the night of 4 May 2013 no such distinct


