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Abstract

Photometric correction is a necessary step in planetary image pre-processing since the
images of planetary surfaces are acquired by orbiting spacecraft at various observational
geometries. In this study, visible (748 nm) and near-infrared (948 nm) bands of Hyper
Spectral Imager (HySI) onboard Chandrayaan-1 have been used to derive a preliminary
photometric correction for lunar data. The purpose of the proposed photometric correction
for HySI is to convert observations taken at solar incidence (i), sensor emission (e), and
the solar phase angles (@) to a fixed geometry by applying i=a=30° and e=0° to each
image. The Lommel-Seeliger function was used to model the lunar limb darkening effect,
while topography data from the merged Digital Elevation Model of Lunar Reconnaissance
Orbiter—Lunar Orbiter Laser Altimeter (LRO-LOLA) and SELENE Terrain Camera (TC)
was used to correct local topographic effects. Data from Moon Mineralogy Mapper (M),
SELENE Multiband Imager (MI) and Clementine Ultraviolet and Visible Camera (UV/
VIS) were also used to compare radiance, reflectance and phase functions derived from
HySI. Our analysis reveals that HySI is darker than M? primarily due to low surface radi-
ance conditions observed by HySI. The derived phase functions for the two HySI bands
indicate a good correlation between the derived reflectance and phase angle as well as with
the phase functions derived for the empirically corrected M* data. This approach led to the
derivation of a photometric correction for maria regions. Finally, it is expected that the pro-
posed correction would be applicable to all HySI images covering the lunar mare region.

Keywords Image processing - Moon - Moon surface - Photometry

1 Introduction

Chandrayaan-1 is India’s first mission to the Moon and the vast amount of data obtained
from its various instruments have been used to study the lunar surface morphology, (e.g.,
Arya et al. 2018; Cheek et al. 2011; Kaur et al. 2013; Kramer et al. 2011; Srivastava and
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Varatharajan 2016), the diverse surface mineralogy, (e.g., Bhattacharya et al. 2011, 2015;
Isaacson et al. 2011; Staid et al. 2011; Varatharajan et al. 2014; Zhang et al. 2016) and
search for evidences of water on the surface (e.g., Bhattacharya et al. 2013; Li et al. 2018;
Li and Milliken 2017; Milliken and Li, 2017; Pieters et al. 2009a, b; Sridharan et al. 2010).
Among the various scientific instruments onboard Chandrayaan-1 were the high-resolution
Terrain Mapping Camera (TMC) (Kiran Kumar et al. 2009a; Kiran Kumar and Chowd-
hury 2005a), Hyper Spectral Imager (HySI) (Kiran Kumar et al. 2009b; Kiran Kumar and
Chowdhury 2005b) and Moon Mineralogy Mapper (M?) (Pieters et al. 2009a), which were
specifically designed to study the surface of the Moon in the visible to near-infrared range
of the electromagnetic (EM) spectrum, at very high spatial and spectral resolutions.

Remote observations of the lunar surface involve the acquisition of images with differ-
ent viewing geometries which can be expressed by three angles namely, incidence angle
’1’, emission angle "¢’ and, the solar phase angle *a’. These angles are determined based on
the positioning of the spacecraft above the lunar surface and the angle at which the solar
radiation hits the lunar surface. Since images from the lunar orbit are captured under differ-
ent viewing orientations and brightness conditions, it is necessary to normalize all images
into a standard viewing geometry, which is done by setting i=30°, ¢=0° and a=30°
(Besse et al. 2013b, c¢; Chen et al. 2015; Hicks et al. 2011; McEwen, 1996; Yokota et al.
2011). The specific angle-set of i=30°, e=0° and a=30° was adopted after lunar samples
brought back from the Apollo missions were analysed at NASA’s RELAB (Reflectance
Experiment LABoratory) facility using these set of angles (Pieters 1983; Pieters and Hiroi
2004). Almost all lunar missions after Clementine have followed this process of stand-
ardization of lunar images with the exception of Lunar Reconnaissance Orbiter Camera
(LROC) (Sato et al. 2014) which used a different set of viewing geometry (i.e., i=60°,
e=0° and ¢=60°) to photometrically correct images obtained from it. An alternative pro-
cess to the above mentioned standard geometries was also developed wherein the concept
of equigonal albedo was used to normalize lunar data (e.g., Korokhin et al. 2018; Shku-
ratov et al. 1999a, b, c; Velikodsky et al. 2011, 2016). The technique of standardization
of lunar images to a fixed set of viewing angles is called photometric correction or pho-
tometric normalization, which was first used with Clementine UV/VIS data (Hillier et al.
1999; Kreslavsky et al. 2000; McEwen, 1996, 1998) and later on with Chandrayaan-1 M3
(Besse et al. 2013b, c; Hicks et al. 2011), Chang’ E-1 Interference Imaging Spectrometer
(IIM) (Wu et al. 2013), SELENE (Selenological and Engineering Explorer, also known
as Kaguya) Spectral Profiler (SP) (Yokota et al. 2011), SELENE Multiband Imager (MI)
(Ohtake et al. 2010), the Earth-based USGS Robotic Lunar Observatory (ROLO) (Buratti
et al. 2011) and Lunar Reconnaissance Orbiter Camera Wide Angle Camera (LROC-WAC)
(Sato et al. 2011, 2014). Factors such as surface topography, surface roughness, grain size
and, mineral composition (Fischer et al. 1994; Fischer and Pieters 1996; McEwen 1991)
influence the true surface reflectance that is generated as an output of the photometric
correction and therefore these factors need to be taken into account while converting the
image from radiance to reflectance.

Till date, three types of photometric corrections have been developed for lunar obser-
vations; (1) empirical (e.g., Besse et al. 2013a; Chen et al. 2015; Hicks et al. 2011; Kre-
slavsky et al. 2000; Wu et al. 2013; Yokota et al. 2011), (2) semi-empirical (e.g., Hill-
ier et al. 1999; Shkuratov et al. 1999a, b, c), and (3) theoretical (e.g.,Hapke, 1963, 1966,
1993; Helfenstein and Veverka 1987; Sato et al. 2014; Shkuratov et al. 2018). A theoretical
photometric correction uses physical models that can accurately describe the relationship
between the properties of the surface and surface reflectance. Such corrections are usu-
ally applied when abundant data are available. For instance, (Sato et al. 2014) used Hapke
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parameters on nearly 66,000 LROC-WAC images and developed a photometric correction
using an innovative "tile-by-tile" approach. However, it has been seen that an empirical
correction is sufficient to correct the data in most cases (Hillier et al. 1999) and reasonably
good results have been obtained from them. Empirical techniques also tend to be simpler
and much faster than theoretical methods (McEwen 1991). An ideal photometric correction
would be performed after several observations (at least six) are made of the same loca-
tion on the ground and under different spacecraft orientations in order to determine the six
Hapke parameters (Hapke 1981) that are required for a physical approach at photometric
normalization. Since this is not always possible, it is much more feasible to perform pho-
tometric correction on a sample site that is representative of a geologic feature of regional
scale or the lunar surface on the whole (Yokota et al. 2011).

An accurate photometric correction offers the following benefits: (1) it helps to convert
raw radiance images to true surface reflectance that aids in the mineral mapping of the
surface, (2) it allows to seamlessly mosaic photometrically corrected adjacent, overlapping
images, which can be later used to create global maps, and (3) images of a particular loca-
tion observed from the orbit at a different time can be compared meaningfully.

The purpose of this study is to generate a preliminary empirical photometric function
that would be used to correct radiance (PDS L1B) images obtained from the Hyper Spec-
tral Imager (HySI) onboard Chandrayaan-1. HySI was designed to operate in the visible
to near-infrared range, extending from 421 to 964 nm, which have been divided into 64
contiguous bands (Goswami and Annadurai 2009; Kiran Kumar and Chowdhury 2005b).
Two HySI channels were chosen for this preliminary work, namely, 750 nm (band 38) and
950 nm (band 62). These channels were selected since they are used in the estimation of
iron abundance of the lunar surface (Lucey et al. 1995, 2000; Shkuratov et al. 1999a, b,
c; Wu et al. 2012). The methodology applied on this study was used on a HySI image
that includes the landing site of the Apollo 17 mission (the Taurus-Littrow valley, near the
south-eastern edge of Mare Serenitatis). The selection of this site allowed comparison of
photometrically corrected HySI image with an M? image of the same location. In addition
to M?, data from Clementine UV/VIS and, SELENE MI have been used to validate the
photometric model that was generated for HySI.

In the following sections, various data and methods used have been described (Sect. 2),
details about the empirical model applied (Sect. 3), results of the fitting of the phase func-
tion derived from the application of the photometric function to HySI image as well as the
comparison of results obtained with existing work and some general discussion (Sect. 4),
followed by conclusions (Sect. 5).

2 Data used
2.1 Chandrayaan-1 Mission and Observations

HySI is one of the five Indian instruments onboard Chandrayaan-1 and was launched
towards the Moon on 22nd October 2008 from the Indian spaceport, Satish Dhawan Space
Centre. Chandrayaan-1 initially settled into a circular polar orbit, approximately 100 km
above the lunar surface, thereby providing a spatial resolution of ~80 m/pixel and a swath
width of ~20 km. From its vantage point, HySI has a nominal field of view of ~ 13°. Using
this positioning arrangement above the Moon, images of various extents of the lunar surface
were acquired (nearly 300 images), where most of the images were captured between + 65°
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north and south latitudes. Mission controllers had to adjust Chandrayaan-1’s orbit several
times due to several thermal issues that had plagued the spacecraft right after it reached the
lunar orbit on 8 November 2008 (Boardman et al. 2011; Lundeen et al. 2011). Because of
the numerous orbit corrections, HySI was not able to map the Moon in a planned, contigu-
ous manner and as a consequence, the resultant images from HySI had different acquisi-
tion geometries (i.e., incidence angle, emission angle and phase angle), spatial resolutions
and altitudes from the surface of the Moon (raised to~200 km from the initial altitude
of ~100 km resulting in a change of swath width from~20 to~40 km) (Boardman et al.
2011). Due to the several unplanned altitude corrections of Chandrayaan-1, the spatial res-
olution of HySI also increased to ~ 160 m/pixel.

The images captured by HySI have been divided into seven different optical periods
(OP) (Besse et al. 2013b, c; Boardman et al. 2011). The first four OPs (from 18 November
2008 to 16 May 2009)—OP1A, OP1B, OP2A and OP2B—were the ones where the Moon
was observed at the originally intended spatial resolution of ~80 m/pixel, while the remain-
ing OPs (onwards of 20 May 2009)—OP2C1, OP2C2, and OP2C3—were the ones when
the altitude of Chandrayaan-1 was raised to~200 km. The latter OPs primarily contain
more Global Mode (reduced spatial resolution) images as compared to the first batch of
OPs where a few Target Mode (full spatial resolution) observations were made. The OPs
have been summarized in Table 1. Additional details about the different OPs can be found
in (Boardman et al. 2011). Communications from ground control with Chandrayaan-1
ceased on 28 August 2009, after spending 312 days (or, nearly 9 months) and more than
3400 orbits around the Moon.

2.2 HysSl Data Used in This Study

In the present work, HySI Level 3 (CODMAC Level 3, NASA PDS L1B) RDR (Reduced
Data Record) images have been used where the data are band separated, radiometrically
calibrated, dark corrected and band-to-band registered (BBR). This data is similar to Chan-
drayaan-1 Moon Mineralogy Mapper (M?) PDS L1B release 3.0, radiance data, which cor-
respond to optical periods OP1 and OP2 (Table 1). The pixels in this data level provide
lunar surface radiance (SI Units: W/(m? Sr um)). The HySI images used in this study were
obtained from the first optical period, OP1A (Table 2). Images obtained during this period
had a comparatively better spatial resolution (since this was the initiation phase and there-
fore the lunar surface coverage from orbit was limited) than other optical periods due to

Table 1 Details of HySI optical periods, adapted from Besse et al. (2013a)

Optical period (OP) Duration Number  HySI spatial reso-  Spacecraft altitude
of days lution (m/pixel) above Moon (km)

OPI1A 18/11/2008 to 18/01/2009 62 80 100

OP1B 19/01/2009 to 14/02/2009 27 80 100

OP2A 15/04/2009 to 27/04/2009 13 80 100

OP2B 13/05/2009 to 16/05/2009 4 80 100

OP2Cl1 20/05/2009 to 23/06/2009 35 160 200

OP2C2 23/06/2009 to 22/07/2009 30 160 200

OP2C3 22/07/2009 to 16/08/2009 26 160 200

For more information regarding Chandrayaan-1 optical periods, please see Boardman et al. (2011)
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Fig.1 HySI solar irradiance spectra plotted against wavelength that was used to generate RADF and then
used for the photometric correction process

the relatively lower altitude and this was one of the factors for selecting an image from this
particular OP. Additionally, the vertical swath of the particular image used for this work
includes the landing site of Apollo-17 which was used for the validation of results that
have been presented in further sections. The HySI RDR images were initially not refer-
enced according to their actual surface coordinates and had to be geometrically corrected
by using the image-to-image georeferencing scheme (Sect. 4), wherein an M> image of the
same image strip as the HySI image was searched for and used in the geometric correction
process. Following this, the HySI RDR radiance data (PDS L1B) was converted to reflec-
tance (PDS L2) after the application of an empirical photometric function. The following
equation (Eq. 1) was used to calculate the radiance factor (RADF; e.g., (Hapke 1993), p.
262, hereby referred to as surface reflectance) (Besse et al. 2013b; Yokota et al. 2011),
using which the observed radiance was converted to apparent reflectance:

I,G,e,
RADF ,(i,e,) = ((A(IJ—”)) ><an2> (1)
i

where I, is the radiance of each pixel of the image, J, is the solar spectrum at a particular
wavelength at 1 AU (Fig. 1), R’ is the normalized Moon-Sun distance (derived from M3
metadata), i is the incidence angle, e is the emission angle, and «a is the solar phase angle.

Using Eq. 1, radiance values are converted to apparent surface reflectance and after a
few other correction factors (mentioned in Sect. 3.1 and Eq. 2), into true surface reflec-
tance. (Apparent reflectance derived from Eq. 1 is converted into true surface reflectance
using Eq. 11 of Yokota 2011 and Eq. 2 of Besse 2013a).

2.3 Data from Other Instruments

In order to compare and validate the results obtained from HySI, data from M and MI
were also used in this study. Data from these instruments with comparatively higher spatial
and spectral resolutions complemented HySI data. In this study, however, the usage of M>
data was limited to the validation and comparison of the photometric function applied to
HySI data as well as to georeference HySI images with respect to their corresponding M?
images. A brief description of the other instruments is discussed in the following sub-sec-
tions and a tabular comparison highlighting the important differences between HySI and
the other instruments are also presented in Table 3.
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2.4 Study Area: Apollo-17 Landing Site

A region on the lunar surface was selected to study a suitable point of reference for the
validation of the photometric function used here. In this regard, the Apollo-17 landing site
was chosen as the testbed for this work. The Apollo-17 mission touched down at the edge
of Mare Serenitatis, at the Taurus-Littrow Valley located at 20.19° N and 30.77° E (Davies
and Colvin 2000; Haase et al. 2012, 2019) on 19th December 1972. The approximate loca-
tion of the landing site (Fig. 2) is indicated in the centre of one of the HySI images used in
this work. In addition, two more HySI images of the near vicinity were used to improve the
accuracy of the photometric fit (Fig. 3). Corresponding images of the same location were
also used from M? and MI using radiance as well as reflectance values for comparison.
Samples brought back from the Moon as well as orbital studies indicate a basaltic origin

29°0'0"E 30°0'0"E 31°0'0"E 32°0'0"E 33°0'0"E

22°0'0"N

21°0'0"N

20°0'0"N

19°0'0"N

18°0'0"N

17°0'0"N

Legend
012.525 50 75 100 .
I — — K ilometers ® Location of AP17

Fig.2 The approximate landing site of the Apollo-17 mission is depicted on a HySI image overlaid on top
of an LRO-WAC (Lunar Reconnaissance Orbiter—Wide Angle Camera) global mosaic
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20°0'0"E 30°0'0"E 40°0'0"E 50°0'0"E 60°0'0"E

Fig.3 Map showing the location of three of the best-quality HySI images (image orbits from the left of the
image are 713, 704 and 691, respectively and the base image is a global lunar mosaic of LRO-WAC at a
spatial resolution of 100 m/pixel)
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for the region around the landing site (O’Hara 2001; Schmitt 1973; Schmitt et al. 2017;
Wolfe et al. 1975). This could be one of the chief reasons for the relatively low reflectance
values derived from HySI, M3, and MI from the landing site. Results obtained from this
region as well as the image used in this work have been discussed in-depth in Sect. 4.

3 Empirical Photometric Function used in This Study

A photometric function is used to convert the observed HySI radiance to RADF (reflec-
tance). The derivation of RADF (also referred to as bidirectional reflectance or, BRDF e.g.,
Hapke 1993) from intrinsic radiance depends on a set of three angles. BRDF is, therefore, a
function of three angles, also called the viewing geometry angles.

3.1 Conversion of Apparent Reflectance to True Reflectance

The standard viewing geometry of i=30° e=0° and a=30° (used for lunar samples ana-
lysed at RELAB) is implemented in the photometric function used in this study. In effect,
RADF, (i, e, @) (i.e., apparent reflectance derived from Eq. 1) is now effectively converted
to RADF, (30°, 0°, 30°) and the image is converted to the new geometry. The first step in
order to convert the sensor radiance to reflectance is to divide the observed sensor radi-
ance by the solar irradiance (a solar spectrum that estimates the amount of solar radiation
that impinges on a planetary surface at HySI wavelengths (Fig. 1) which, in this case, is
obtained from modeled observations of MODTRAN4 (Gueymard 2004)). The solar dis-
tance is used as a correction factor (for the correction of HySI images and was obtained
from the OBS file of the corresponding M3 observation). Therefore, RADF, (30°, 0°, 30°)
(Besse et al. 2013a, b; Yokota et al. 2011) can now be represented as:

X;(30°,0°,30°) f,(30°)
X, (@, e ) f; (o) )

RADF, (30°,0°,30°) = RADF, (i, e, a) X

where RADF (i, e, a)=0Observed radiance factor from HySI (apparent reflectance from
Eq. 1), X;= Limb-darkening correction and, f; =Phase function.

The above equation (Eq. 2) is an empirical correction factor and is used here because the
nature of data is such that a theoretical photometric model that has been used in some cases
(for instance, Hapke 1984; Hapke et al. 2012; Sato et al. 2014; Shkuratov et al. 1999c,
2018; Yokota et al. 2011) may not be applicable to the current dataset due to the following
factors—(i) a limited coverage in photometric angles across the available HySI dataset,
(ii) presence of high intrinsic noise in the data, and (iii) unavailability of complete meta-
data for each image (e.g., data regarding pixel-wise information which would allow one to
use one of the theoretical models available in literature). This normalization is applied to
the two images used in the study (750 nm and 950 nm band images). In Eq. 2, f;(@) is an
unknown term and is derived from observations made by HySI. The phase function needs
to be modeled in order to obtain a reasonably good fit. There are several methods to esti-
mate f;(a), some of which are discussed below.
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3.2 Empirical Photometric Models

Some of the previous studies on lunar photometry have used empirical photometric
models to derive the phase function, fla), e.g., (Besse et al. 2013b; Buratti et al. 2011;
Hicks et al. 2011; Kreslavsky et al. 2000; Wu et al. 2013) have all used data obtained
from in-flight measurements in their respective studies. In these empirical models, the
phase function was obtained as a fit to a 4th order polynomial, e.g., (Besse et al. 2013b;
Buratti et al. 2011; Hillier et al. 1999; Wu et al. 2013) or a 6th order polynomial (e.g.,
Hicks et al. 2011), depending on the nature of the data. In the case of HySI, however,
a 6th order polynomial was used instead of a 4th order polynomial which was used by
(Besse et al. 2013b) for M? images, which is shown as follows:

f(a)=A0 +Ala +A202+A3a3+A4a4+A5a5 +A6a6 (3)

Equation 3 is similar to the polynomials used by Hillier et al. (1999), Hicks et al.
(2011) and Besse et al. (2013a, b) to fit the phase function, f{a).

3.3 Differences Between Observed Radiance Values for HySl and M?

The HySI and M? images (Table 3) used here show a considerable variation in terms of
the pixel radiance values. The maximum, minimum and average pixel values for: (i) a
smaller image subset from the main image and, (ii) the entire image extent have been
tabulated (Table 4) for HySI_AP 17 and M?>_AP 17 values which have been derived from
an image subset from the original images of HySI (HYS_NR_20090107T011356760)
and M? (M3G20090107T011405_V03_RDN), respectively. Figure 4a—d depicts the dif-
ference between the two sensors, HySI and M?>, for the region around the landing site
of Apollo-17 for the 750 nm channel, while Fig. 5a, b shows the difference in radiance
values for the 950 nm channel for the same location as Fig. 4a, b. For both Figs. 4a, b
and 5a, b, raw HySI and M? radiance images have been used. It should be noted that nei-
ther Fig. 4a nor Fig. 4b have been geometrically rectified. Separate histograms plotted
for the radiance values for HySI and M? describe a similar curve for both but vary sig-
nificantly in terms of radiance (Figs. 4c, d and 5c, d). The large differences in radiance
values observed between the two images must be normalized before any analysis can
be performed on the radiance data and thus photometric correction is an attempt in that
direction, without the application of which inadvertent errors may be introduced in the

Table 4 Comparative analysis between radiance (Wm~2sr~'um™') values obtained from HySI and M3

images

Wave- Parameter HySI_AP17 M3_AP 17 HySIL_ M3_Whole image Radiance  Radiance

length whole ratio_ ratio_whole

(nm) image AP17 image

750 Minimum 2.48 17.65 2.06 8.55 7.11 4.15
Maximum 8.23 90.53 8.23 108.76 11.00 13.21
Average 3.53 31.03 3.17 32.51 8.79 10.25

950 Minimum 2.00 13.06 1.05 6.30 6.53 6.00
Maximum 4.38 63.19 5.02 69.87 14.42 13.91
Average 2.65 22.64 243 23.70 8.54 9.75
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Fig.4 a HySI radiance image for 750 nm and b M? radiance image for 750 nm showing the region around
the Apollo—17 landing site with legends for both figures showing the image brightness scales. ¢ Histo-
grams plotted for HySI and d M highlight the difference in radiance values of image pixels contained in (a)

and (b)
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Fig.5 a HySI radiance image for 950 nm and b M? radiance image for 950 nm showing the region around
the Apollo—17 landing site with legends for both figures indicating the image brightness scales. ¢ Histo-
grams plotted for HySI and d M highlight the difference in radiance values of image pixels contained in (a)

and (b)

estimation of FeO/TiO, and other spectral analysis using spectroscopic data (Xu et al.
2020 and other references therein). A more detailed discussion highlighting the large
deviation in radiance values is presented in discussions (Sects. 4.4.1 and 4.4.2) below.
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3.4 Distinction Between Lunar Mare and Highland using HySI Apparent Reflectance

Some of the previous studies have clearly separated the mare region from highland
regions and came up with two different photometric functions for two different lunar
terrains, while others have used a common function that generally covers both regions.
Helfenstein and Veverka (1987); Hillier (1999) showed that the lunar mare and highland
regions have different surface properties and constituents and hence have different pho-
tometric properties.

In the case of HySI data, the approach of (Besse et al. 2013a) was followed in order
to identify highland regions based on apparent reflectance (reflectance factor, REFF,
and is defined as the ratio of the reflectance of a surface to that of a perfectly diffuse
surface under similar illumination conditions, e.g., (Ohtake et al. 2010)). This approach
was selected since it is a better approximation than SP data where only reflectance val-
ues have been used. REFF is defined by the ratio of the radiance factor and the cosine of
the incidence angle (RADF /cos(i).). The three criteria that have been used to differenti-
ate between highland and mare HySI images were formulated based on the selection
criteria laid down by (Besse et al. 2013b).

1. REFF;48,max = 0.02
2. REFFyg,,,/REFF 44, > (1.22 — 0.5 X (REFF1,3,,,))
3. REFFgyg,,/REFF 5, < 1.25

In our case, the first condition had to be modified in order to adjust for the much lower
apparent reflectance values derived from HySI, according to radiance factor values gener-
ated by HySI data. The constraining factor used for the first condition was derived from the
maximum estimated REFF among the six images that were randomly chosen after a careful
visual inspection of its approximate location around the highland and mare regions. Along
with the first condition, the third condition (colour ratio between 748 and 948 nm) was also
modified (particular value was chosen after several iterations), keeping in line with HySI
data, wherein, instead of keeping the ratio of the 948 nm and 748 nm as 1.5, it was changed
to 1.25 since HySI has much lower REFF as compared to M. For a region to be classified
as highland, all three conditions stated above must be fulfilled, otherwise, it may be classi-
fied as mare. It was found that most of the test images (four out of six) could be classified
as belonging to the mare region and were satisfying the above three criteria suggesting
that the correction used here can be implemented for all mare regions and some highland
regions that adjoin some mare regions. Although this procedure is a crude way to identify
and segregate highlands from mare regions, in our case as well as in the case of the M>
photometric correction, it has yielded the desired results.

In this case, all three criteria were adjusted for HySI-specific data. When these criteria
were applied on the image used in this study, it was found that the image could be classi-
fied as that belonging to a mare region, based on the quantitative analysis using the three
criteria that were modified for HySI data. In addition, among the six images that were cho-
sen as test images in order to estimate the HySI-specific values as well as to test the model,
two images that were known to belong to the highland region were confirmed as highland
images after the criteria check was applied on those images. It can, therefore, be concluded
that this study deals with images that lie in a region whose surface composition could be
claimed to be that of basaltic origin (Longhi et al. 1974; Snyder et al. 1994; Staid and Piet-
ers 2001; Wentworth et al. 1979). Consequently, it could also be said that the photometric
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correction presented here deals with a mare-based correction. A separate study is also nec-
essary in order to identify specific highland regions along with good orbital coverage from
Chandrayaan-1 over that region so that good quality data is available for further process-
ing, analysis, and interpretation.

3.5 Usage of Merged LOLA-KAGUYA DEM Data

In this study, lunar topography data was made use of in order to extract surface slope and
aspect, which was then used to compute pixel-level incidence and emission angles for HySI
data. Topography data used in this work is obtained from the merged DEM available from
LOLA and SELENE TC, with a pixel resolution of 59 m (Barker et al. 2016). The usage
of merged LOLA-KAGUYA DEM allowed us to accurately extract the slope and aspect of
the lunar surface. Moreover, the usage of DEM and DTM data instead of spherical assump-
tions has greatly improved our ability to accurately use topographic data and this improves
the overall accuracy of the photometrically corrected image (Besse et al. 2013b). This is a
significant improvement compared to the earlier attempts at photometric correction (e.g.,
(Hillier et al. 1999) for Clementine, (Yokota et al. 2011) for SELENE SP and (Mall et al.
2013) for SIR-2) which assumed the Moon to be a perfect sphere due to unavailability
of global topography data at that time. Such assumptions have been known to generate
large-scale discrepancies between the assumed height of sloped surfaces and their actual
elevations (Robinson and Jolliff 2002). The application of lunar topography in photometric
correction also helped remove the effect of topography from most of the features on the
surface, which was also reported by (Besse et al. 2013a) for the photometric correction of
M? images.

3.6 Calculation of Incidence and Emission Angles

The raw (radiance) HySI data downloaded from the ISSDC (Indian Space Science Data
Centre) (https://www.issdc.gov.in/) web portal did not have the illumination geometry
information in the attached HySI metadata file. Therefore, in order to perform photometric
correction on a HySI image, it is essential to calculate the incidence and emission angles
since these angles are directly required in the RADF and limb darkening calculations
(Eq. 2). To calculate i and e, the procedure mentioned in Guo et al. (2014) was followed,
wherein the Sandmeier Model (Sandmeier and Itten 1997) was applied to topographically
correct M? data. The Sandmeier Model uses slope and aspect as the input parameters since
these are indicators of the surface topography and the fact that the reflected solar radiation
from the lunar surface that reaches the sensor will be determined by the surface undula-
tions. In this study, slope and aspect of the image that was chosen for photometric cor-
rection have been derived from LOLA data that were ingested into a GIS environment,
wherein the above-mentioned parameters were calculated using the Spatial Analyst in-built
tool in ArcMap. Consequently, i and e (notation of i and e have been changed to prevent
conflict from the notation used with slope in the equations given below) have been repre-
sented as follows:

i, = arccos [cos(e)cos(Z) + sin(e)sin(Z)cos(@,, — (px)] 4)
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i, = arccos [cos(e)cos(M) + sin(e)sin(M)cos(p,, — (pv)] )

where i; = Solar incidence angle, i, = Emission angle, Z=Solar zenith angle, M =Sen-
sor zenith angle (Sensor elevation angle; for nadir viewing sensors, M=0), e=Slope of
the surface (Obtained from merged global LOLA-KAGUYA DEM), ¢,, = Aspect of the
surface (Obtained from merged global LOLA-KAGUYA DEM), ¢, = Solar azimuth angle
and, @, = Sensor azimuth angle.

Some of the parameters in Eqs. 4 and 5, like ¢, Z and,g,, are obtained from the Solar
Parameter (SPM) file present in HySI metadata. Since pixel-wise information for HySI
image is unavailable, the data (¢,, Z,¢,) were averaged without the application of weights
and were used for the incidence and emission angle calculations.

4 Results and Discussion

In this section, the results obtained from the process of spatially transforming the HySI
images have been discussed first followed by the limb darkening function used for this
work, as well as the results obtained from fitting the phase function with RADF derived
from HySI data. Results are also presented (in the following sub-sections) from the valida-
tion of RADF values that have been compared with reflectance values obtained from M?
data from the landing site of the Apollo-17 mission in addition to the other locations from
where images have been used (please refer Table 2 for the list of images). Additionally, the
large deviation between HySI and M? radiance values as well as some photometric charac-
teristics observed after performing the photometric correction of HySI have been discussed
in detail. Furthermore, a brief comparative analysis between HySI and M> has been per-
formed and is explained in the following sub-sections.

The raw HySI images (80 m/pixel spatial resolution) used for photometric correction
were originally not georeferenced (after downloading from the ISSDC website). In order to
spatially transform the images to their actual coordinates on the lunar surface, the image-
to-image georeferencing process was found the most suitable for this purpose. As a result,
an M? image (140 m/pixel spatial resolution) corresponding to each HySI image and pos-
sibly one that covers the entire vertical swath of the HySI image was selected. After a
meticulous and rigorous search in the Chandrayaan-1 M® PDS online data archive (located
at—https://ode.rsl.wustl.edu/moon/index.aspx), M> images were found that most closely fit
the HySI image extents and were therefore selected as the reference images for the georef-
erencing process. Prior to using each M® image to co-register their corresponding HySI
images, the M* images also needed to be geometrically rectified. This was done using
the location (LOC) file available with the M> metadata using which a GLT (Geographic
Lookup Table) file was generated in ENVI platform. Once an M? image was georeferenced
using the GLT file, it was used as an input in order to georeference the associated HySI
image. Following this, at least 25-30 common locations were chosen from across the entire
swath of each M?® image and subsequently matched on the corresponding HySI image,
thereby geometrically rectifying the latter image.

Apart from the HySI image mentioned above (orbit 713), photometric correction was
performed on multiple HySI images in order to test the method described in this work. The
other HySI images belong to orbits 691 and 704. Corresponding M? image pairs (M orbit
669 and M? orbit 710, respectively) for HySI orbits 691 and 704 were georeferenced and
subsequently used to co-register the HySI images.
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Once each HySI radiance image was georeferenced, the rest of the process in the radi-
ance to reflectance conversion pipeline was followed to photometrically process the image
to obtain the reflectance image, which has been discussed in the following sub-sections.

4.1 Limb Darkening Function

In this study, the Lommel-Seeliger limb darkening function has been used, which is a
straightforward model that describes the lunar limb darkening. The Lommel-Seeliger func-
tion has proved to be a good model that has yielded satisfying results with M> as well as
with Chang’ E-1 IIM data (e.g., Besse et al. 2013a; Buratti et al. 2011; Hicks et al. 2011;
Sato et al. 2011, 2014; Wu et al. 2013; Zhang et al. 2013)). The two functions commonly
used to describe the lunar limb darkening namely, Lunar-Lambert and Lommel-Seeliger,
have been compared. It was found that the Lunar-Lambert function darkened the HySI
image between the phase angles of ~20° to~48°, whereas for the same range of angles,
Lommel-Seeliger was comparatively much brighter (Fig. 6b, c). In Fig. 6a—d, the results
from the comparative study of the two models on HySI images is shown. When compared
with some of the existing works, e.g., Besse et al. (2013a), McEwen (1996) and Yokota
et al. (2011), a similar darkening at small phase angles was reported in their respective
measurements while using the Lunar-Lambert model. On the other hand, Besse et al.
(2013a) observed that the usage of the Lommel-Seeliger model had a relatively milder
darkening on M? images. It was found that Lommel-Seeliger is almost twice as bright as
compared to Lunar-Lambert from the HySI observations (Fig. 6d). However, this ratio
quickly diminishes at higher phase angles (i.e., from~ 1.8 at 22° to~0.3 at 36°). Since the
Lommel-Seeliger model does not darken the image much with respect to Lunar-Lambert,
its application to HySI images is acceptable and justified.
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Fig.6 Comparative plots depicting the effects of two different limb darkening functions on HySI data at

750 nm. a is RADF, b the ratio of RADF and Lunar-Lambert (RADF/LL), ¢ the ratio of RADF and Lom-
mel-Seeliger (RADF/LS) and, d the ratio of two functions, LL and LS
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4.2 Fitting of HySI Data

In this section, the results of fitting the phase function of HySI data with a simple poly-
nomial function have been presented. A brief discussion then follows that compares the
derived f(a) from HySI images and f(a) derived from M3, Clementine, and IIM images.

Two bands from a total of three HySI images (Orbit 691, 704 and 713) have been
used to both individually as well as synergistically extract the phase function from three
HySI images the f(a) for 748 nm (band 38, 748 nm) and 948 nm (band 62, 948 nm). In
Fig. 8(a-b), f(a) for the two bands is shown, which uses the ratio of the radiance factor
(RADF) and the Lommel-Seeliger function (LS), i.e., RADF/LS, which shows the com-
bined phase function plot derived from all the images used in this study. f(a) plots were
created after phase angle data was binned every 0.001°, using the binning technique
applied by Besse et al. (2013a) and Yokota et al. (2011) for M? and SELENE SP, respec-
tively. In Fig. 8a, the plot after binning the data is shown in red while the unbinned data
is plotted in black (Fig. 8b). Data binning was necessary due to the presence of many
data points (image pixels) that were derived from both the bands. The advantage of cre-
ating such bins was that the scatter of the data was constrained to a manageable amount
and the corresponding polynomial fit had an excellent correlation ratio, (R>~0.998) for
both the bands. No weights were applied on the bins and the median values of each bin
were used in the fitting process. The phase functions for both 748 nm and 948 nm exhibit
a smooth trend overall and have high RADF for lower phase angles (between 18° and
25°) and low RADF for higher phase angles (between 35° and 48°). It is evident from
Fig. 8 that the phase curves for the two wavelengths are largely identical and exhibit a
common trend that has been described above. The only difference between Fig. 8a, b
is the difference between RADF values for the two wavelengths. Radiance data from
the 948 nm band was found to be very noisy while processing for this work. Due to
this reason, it could be possible that the significantly low RADF/LS values for band 62
(as compared to that of M?) are due to the presence of noise in the data and/or calibra-
tion issues resulting from the frequent altitude corrections of the Chandrayaan-1 space-
craft or could also be due to inherent instrumental errors. The sixth order polynomial
used in the fitting process provided a good, smooth fit for the data from both the bands.
However, (Hicks et al. 2011) chose a sixth order polynomial to fit M> data whereas
(Besse et al. 2013a) found a fourth order polynomial to be smoother than a sixth order
polynomial for their version of photometric correction of M? data. The results obtained
from the curve fitting of HySI data reveal that except for the lower (i.e.,~ 18° to~23°)
and the higher (i.e.,~37° to~48°) phase angles, the variation between the binned and
unbinned fits is the least (at phase angles between ~24° to ~37°) and appears almost flat.
The limited phase angle range for these images, might be the reason for the slight varia-
tion as compared with the curve-fitting plot by (Besse et al. 2013b) for the photometric
correction of M? that can be observed in the fit. The phase function coefficients derived
for HySI bands 38 and 62 (748 nm and 948 nm, respectively) as well as the associated
errors obtained after fitting three HySI images of the near vicinity as referred earlier in
Fig. 3 are summarised in Table 5.

In this study, the opposition surge is not accounted for since the solar phase angles
at which the surge is most observed (between 0° and 4° (Buratti et al. 1996)) are not
available in this particular dataset. The phase function fit obtained for HySI data in this
work may only be considered for mare regions and as such, its application over highland
regions may not yield expected results.
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Fig.7 Scatterplots of reflectance vs phase angle derived from multiple HySI images from OP1A for a
750 nm and b 950 nm
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Fig. 8 Best-fit phase functions derived from multiple HySI images from OP1A for a 750 nm and b 950 nm
with data adjusted for observation geometry, i.e., for incidence and emission angles, using the Lommel-
Seeliger law; phase function is represented by the black curve (after data binning) and red curve (before
data binning)
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4.3 Validation of the Photometric Correction for HySI

The HySI images used in this work were chosen in such a way that the photometrically
corrected images using the photometric function presented here could be validated with
photometrically processed data from at least one more instrument (in this case, M%), in
order to check and validate the performance of the correction. One of the HySI images and
its corresponding M> image, includes the landing site of Apollo—17 (orbit 713, Fig. 2).
These and the other HySI images used in this study were carefully selected such that both
the images have roughly the same time of acquisition (i.e., evening to nighttime), although
incidence and emission angles were likely to vary. After comparing the average reflectance
values of the Apollo—17 landing site obtained by HySI and M?, a small variation between
the reflectance values derived from the two sensors was found. For instance, at 750 nm,
it was calculated that the M> image pixels were nearly 14% brighter than HySI for the
same site (obtained from a few pixel values averaged over a small area), Possible causes for
deviation from M>—derived reflectance values have been discussed in further sub-sections.

In order to validate the photometric correction done on two bands for multiple HySI
images as mentioned above, a small area centred on the landing site of the Apollo—17
mission from one of the images (orbit 713) was selected and was extracted from the main
image. A visual inspection of the photometrically corrected HySI image (Fig. 9c) with
respect to the image prior to the application of photometric correction (georeferenced
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Fig.9 a Comparison between the unprocessed HySI radiance image (750 nm) on the left for the

Apollo—17 landing site, b the georeferenced apparent reflectance HySI image (750 nm) in the centre and, ¢
the spatially transformed photometrically corrected HySI reflectance image (750 nm) on the right
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and without photometric correction, apparent reflectance image) (Fig. 9b) reveals a few
variations. After the application of photometric correction on the image shown in Fig. 9b,
there is an improvement in the maximum brightness of the image, which was found to
have increased by nearly 28% as compared to the geometrically corrected image (apparent
reflectance image, Fig. 9b).

A scatterplot showing the relationship between reflectance (RADF/LS) and phase angle
(Fig. 7(a-b)) for both channels (750 and 950 nm) displays the trend between the two param-
eters. Apart from the region around lower phase angles (<26°), a relatively flatter trend can
be observed for both channels in the rest of the plot (Fig. 7a, b). This correlates well with
Fig. 8a, b wherein the polynomial (red) fitting the curve (black) almost overlaps with the
black curve, not only signifying a good fit but also confirming the efficacy of the correc-
tion. The slight undulations visible at lower phase angles (around 20°) in Fig. 7a, b could
be due to surface topography on an otherwise flat mare region from where these images
have been used. In addition, there is a significant change with respect to the raw (radi-
ance) image as well. In the raw image (e.g., Figs. 4a and 5a), some surface features (moun-
tainsides) appear extremely bright (i.e., saturated). After the application of the photomet-
ric correction, the saturation looks to be reduced to a large extent, such that the portion
depicted in Fig. 9c has a uniform brightness throughout the image, except the dark mare
region in the centre of the image.
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Fig.10 a Comparison between the unprocessed HySI radiance image (950 nm) on the left for the
Apollo—17 landing site, b the georeferenced apparent reflectance HySI image (950 nm) in the centre and, ¢
the spatially transformed photometrically corrected HySI reflectance image (950 nm) on the right
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Table 6 Comparative surface radiances and reflectances of HySI, M?, and MI at 750 nm and 950 nm
obtained from multiple images

Parameter HySI M3 MI
Average pixel radiance at 750 nm (W/(m? Sr pum)) 4.04 31.03 41.41
Average pixel radiance at 950 nm (W/(m? Sr um)) 3.11 22.64 31.23
Average pixel reflectance at 750 nm 0.037 0.049 0.052
Average pixel reflectance at 950 nm 0.054 0.058 0.068

Analysis done on band 62 (948 nm) also reveals similar results. In this case, the raw
image (Fig. 10a) appears to have a very smooth tone throughout the image as compared
to the previous image (Fig. 9a). The smoothness could be attributed to the systematic
noise present in the latter bands of HySI data. In fact, the last two bands (bands 63 and
64) of HySI data contain a lot of noise to the limit of being almost unusable for any sort
of image analysis or interpretation. Nevertheless, after the application of photometric
correction on the raw image of band 62 (i.e., Fig. 10a), the final product appears much
sharper and the brightness now seems to be more evenly distributed across the image swath
(Fig. 10c). Another point to note in this case is the fact that apparent reflectance values,
plotted as image brightness values on Fig. 10b, are nearly an order less as compared to
the reflectance values that have been plotted as image brightness values on Fig. 10c. As
previously mentioned, the raw image for band 62 possesses a lot of inherent, system-gener-
ated noise, which could have contributed to such low apparent reflectance values that have
been depicted in Fig. 10b. The fact that the reflectance values have increased by nearly an
order (as shown in Fig. 10c) possibly highlights the efficiency of the photometric function
applied on this image as well as on the other band presented in this work (Fig. 9c).

A comparison between the 748 nm and 948 nm channels for HySI, M* and MI are pre-
sented in Table 6, wherein substantially higher reflectance values for HySI band 62 have
been reported when compared with HySI band 38. In addition, the reflectance value for
HySI bears a close resemblance with those of M? and MI, thereby indicating that the pho-
tometric function used here has performed well as far as data from 748 nm and 948 nm are
concerned.

4.4 Discussion
4.4.1 Radiance and Reflectance Comparison of HySl and M at 750 nm Channel

In this section, the differences observed between HySI and M? are discussed in detail,
especially the quantitative aspect for both radiance and reflectance. The two images used
for the comparison (M>: M3G20090107T011405_V01_RFL and photometrically corrected
HySI: HYS_NR_20090107T011356760) reveal a few differences between the results of
the empirical photometric function applied on the two instruments. In general, the radi-
ance image (PDS level 1B data) of M3 (M radiance image: M3G20090107T011405_
VO03_RDN) (Fig. 4b) is significantly brighter than its corresponding HySI image (Fig. 4a),
mainly because the inherent surface radiance sensed by M® was much more than that
of HySL. As per the data given in Table 4, on an average, radiance of HySI and M> (for
750 nm) varies by a factor of ~9 (i.e., the ratio between the radiance of M3 to that of
HySI, hereafter referred to as the radiance ratio) for the small image subset (Fig. 4a, b)
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that includes the landing site of Apollo—17. In addition, the radiance ratio for the cropped
image varies between a factor of ~7 and~ 11. On the other hand, if the entire image extent
is taken into consideration, on an average, the radiance ratio for the two instruments var-
ies by a factor of ~ 10 (for 750 nm). In fact, the difference between the maximum radiance
(value) for the two sensors in the given images is ~ 100 Wm™2sr~(units of radiance referred
to as SI units hereafter) (i.e., RadiamceM,‘,,(]\,[3_\,\,}101e image—Radianceyp, pyst whole image = ~ 100
SI units), while the minimum radiance (in values) has a relatively lesser variation (~6.5 SI
units), obtained using ENVI software. The large difference that was observed between the
two instruments can be highlighted by the fact that the maximum radiance for HySI (for
the entire image) is~8.23 SI units which is equivalent to the minimum radiance for M?
(for the entire image) is~8.55 SI units. On the other hand, the average reflectances at the
Apollo—17 landing site for HySI and M? are~0.037 and~0.049 respectively (Table 6).
Furthermore, the difference in reflectance values may be attributed to the fact that the
observed radiance of the two images at the Apollo—17 landing site are drastically differ-
ent, which in this case are ~4 SI units for HySI and~31 SI units for M3. However, in spite
of the large difference in radiance values observed between HySI and M?, it can be clearly
seen that the effect of different radiance values has been normalized to a great extent along
with the elimination of the impact of viewing geometry and illumination effects after the
application of photometric correction on HySI where the average reflectance of the 750 nm
and 950 nm channels are nearly equivalent to M> as well as to MI. Table 7 shows compara-
tive maximum, minimum and average reflectances of HySI, M>, and MI at 750 and 950 nm
for the entire image extent covered by all these images used in this study corresponding to
the landing site of Apollo—17.

Substantially higher values of radiance observed for M> as compared to HySI have
therefore prompted us to investigate the possible reasons behind such a large difference
since both the sensors are placed on the same observation platform. Some plausible rea-
sons behind the large, noticeable variation between the radiance values obtained for the
two instruments on the same spacecraft to the Moon are discussed here. One of the pos-
sible reasons behind such deviation between M> and HySI radiance values could be the
fact that the incidence and emission angles of the two instruments on the surface are dif-
ferent over the same location. Average incidence angles over the Apollo—17 landing site
for M? are ~30°, while the emission angles over the same location for M> are ~2° (obtained
from the M? observation file (OBS) of the reference image). On the other hand, incidence
and emission angles for the entire M> image vary between ~20° to~37° and ~0.2° to~ 13°,
respectively. Meanwhile, the calculated incidence and emission angles (procedure for cal-
culation in Sect. 3.6) for the entire HySI image are~63° and ~8°, respectively. The con-
siderably lower incidence angle range for M> may influence the radiance measured which
is significantly higher than that of HySI owing to a considerably larger incidence angle

Ta.bl.e 7 Comparative maximum, Parameter HySI M MI
minimum and average

reflectances of HySI, M3, and MI Reflectance at Max: 0.09 Max: 0.22 Max: 0.25

at 750 and 950 nm for the entire 748 nm . i i
image extent corresponding to 750 e A Min: 0.015 Min: 0.02 Min: 0

the landing site of Apollo—17 and MI Avg: 0.037 Avg: 0.07 Avg: 0.052
Reflectance at Max: 0.13 Max: 0.26 Max: 0.26
*995408 ﬂmf o Min: 0 Min: 0.02 Min: 0
nm for
and MI Avg: 0.058 Avg: 0.08 Avg: 0.068
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Table 8 Comparison between some sensor-specific parameters for M> (orbit 654) and HySI (orbit 691)

Parameter

M3

HySI

Sensor type

Imaging spectrometer (two-dimensional
HgCdTe array detector)

Active Pixel Sensor (CMOS sen-
sor)

Product ID M3G20090105T060105_V03_RDN HYS_NR_20090105T060055600
Orbit number 654 691

Date of observation ~ 2009-01-05T06:01:05.000 2009-01-05T06:00:55.600
Parameter Max Min Mean Max Min Mean
Solar azimuth 131 25.36 65.62 130.81 26.6 66
Solar zenith 47.94 18.45 27.95 48.05 19.11 24.55
Sensor zenith 13 0.35 6.32 NA NA NA
Phase 53.25 7.02 27.81 48.04 19.2 28.05
Sensor radiance 106.3 4.58 36.32 10 243 4.25

for HySI. Pieters et al. (2013) have stated that MI and the earth based ROLO images were
acquired at relatively smaller solar incidence angles as well as phase angles and are com-
paratively brighter as compared to the other instruments discussed therein.

Furthermore, in order to understand likely causes behind the difference between radi-
ance measured by the two sensors, we also compared Sun parameter and sensor parameters
(along with other parameters) for both M® and HySI images for the same orbit and same
observation date obtained from the respective sensor metadata. It is well known that CCD
detectors such as the two-dimensional HgCdTe array detector used by M> (Green et al.
2011) produce relatively higher quality images at comparatively higher resolutions whereas
CMOS sensors such as the Active Pixel Sensor (APS) with which HySI is equipped (Kiran
Kumar et al. 2009b) are superior to CCD sensors in terms of power consumption, smaller
size and low cost (Bigas et al. 2006; Wang and Lin 2012). From the data given in Table 8,
it is evident that most of the parameters for M* closely correspond to HySI. However, the
sensor zenith for HySI was not available with its metadata which could possibly be the
reason for any variation in sensor radiance value ranges (maximum-minimum) of these
sensors which has been mentioned as “NA” in the table.

Considering all the possible causes mentioned above with respect to an observed differ-
ence in radiance values estimated by these two sensors, viz., (a) difference between inci-
dence and emission angles of the two instruments, (b) possible variation between sensor
zenith and, (c) difference in sensor optics of the two sensors. Therefore, a combination of
the above possible reasons might have an impact on the radiance values sensed by M> and
HySI. However, after the application of photometric correction on the HySI images used,
most of these effects such as incidence angle, emission angle, phase angle, surface radi-
ance, topography etc., have now been normalized and hence, the mean reflectance values
of HySI for both 750 nm and 950 nm channels are similar to that of M°.

4.4.2 Radiance and Reflectance Comparison of HySl and M® at 950 nm Channel

In this section, a quantitative discussion and comparison of the reflectance values obtained
from HySI (band 62) and M? (band 19) at 950 nm is presented. In this case, the same set
of HySI and M? images were used, as in the previous case, (Sect. 4.4.1). A few notable
differences were observed between the photometrically corrected HySI reflectance image
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and M? reflectance image of the same location and wavelength. Similar to the discussion of
the previous section, it is also necessary to discuss the surface radiance values of this band
since reflectances are derived after converting the radiance values of the images being used
here. In the following parts of this section, the causes behind (i) the difference in radiance
between HySI and M? and, (ii) the increased reflectance value for 950 nm with respect to
reflectance at 750 nm, have been explained.

First of all, an attempt is made to explain the variation observed between the radiance
of the two instruments, HySI and M3. For the radiance values at 950 nm, a similar trend
with respect to 750 nm can be observed with respect to a large variation between HySI and
M? radiances. For instance, at 950 nm (for the entire image), the maximum radiance for
M? is ~ 63 SI units, compared to just~4 SI units for HySI. Therefore, although a difference
of ~59 SI units is relatively less than the previous case, it is still high. A study by (Pieters
et al. 2013) compared calibrated radiances of M3, SELENE SP, SELENE MI and ROLO.
Except for SELENE MI, the maximum difference between radiance values did not exceed
50 SI units. In (Pieters et al. 2013), radiance values for M were obtained from images
where mean phase angles>45°, while in this case, mean phase angles for HySI and M?
are~24° and~26°, respectively. Nevertheless, the expected difference between radiance
values should not be as high as found in this case.

The maximum reflectance observed for the entire M® image at 950 nm is ~0.26 with
an image-wide average of ~0.08. On the other hand, the maximum reflectance derived
after applying the photometric correction on the corresponding HySI image is~0.13
(for the entire image), with an image-wide average reflectance of ~0.058. Although
HySI's maximum reflectance at 950 nm is half as compared to M, the important thing
to note here is that the (maximum) reflectance of HySI is nearly 44% more than at
750 nm. Although this is a known fact that lunar reflectance spectra are red and redden-
ing increases with phase angle (Lundeen et al. 2011), the correction applied here can be
validated using this fact since expected results have been achieved in case of HySI as far
as reflectance values are concerned. In addition, mean reflectance values at 950 nm for
HySI (values derived from multiple images) are 0.054 compared to 0.058 for M>. For
750 nm as well as for 950 nm, the difference between reflectance values for HySI and
M? is quite narrow, signifying that the correction has worked well to a large extent.

Apart from the possible reasons for significantly lower sensor radiance and slightly
lower mean reflectance values derived for HySI as compared to M?, a few more prob-
able causes are enlisted below which could be the reason for the estimation of slightly
lower mean reflectance values for HySI. The photometric model applied for M* was
optimized for the lunar highland regions (Besse et al. 2013b). Therefore, its applica-
tion on a mare region (like Mare Serenitatis and parts of Mare Crisium, in this case)
might be contributing to the lesser than expected reflectance values for M? as well as
HySI. Another possible cause could be attributed to the wide range of phase angles
observed for M? data at Mare Serenitatis. Phase angles for M> at Mare Serenitatis range
between ~ 8° to~44°, with a mean phase angle of ~26°. On the other hand, the mean
phase angle for HySI for the same region was found to be ~24°. Yet another contribut-
ing factor for dissimilar reflectance values could be spatial resolution. A spatial resolu-
tion difference of ~60 m/pixel between HySI and M? could exclude several finer surface
features, for example, shadows generated by surface roughness at different scales, small
fresh craters, small boulders and rocks (Ohtake et al. 2013) might influence the overall
reflectance of any sensor. In this case, HySI has an advantage over M? since it has a
better spatial resolution which should aid in better interpretation of the underlying geol-
ogy and surface composition through spectral analysis. Finally, the reflectance (RADF,)
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from HySI as well as M? is controlled by the phase function coefficients (derived empir-
ically) obtained from the fitting of the phase function of 750 nm and 950 nm HySI data.
Since reflectance is directly calculated from f{a), the final RADF, is dependent upon
the phase function coefficients. It is important to mention that systematic photometric
effects, as well as possible instrumental artifacts, could have a role to play in the calcu-
lation and the observed difference of reflectance between HySI and M>. Since this study
deals with images captured from the lunar maria, a more comprehensive study that anal-
yses these photometric parameters across a larger set of wavelengths and regions (i.e.,
highlands) is beyond the current scope of the study, and therefore, it is necessary to
perform further studies in this domain with HySI data in order to properly address these
issues more clearly.

4.5 HySl-Derived Phase Function and Comparison with Phase Functions of M3
and Clementine

A comparative study of the phase functions obtained from the fitting of reflectance and
phase angle can be a good way to interpret the differences between the various photometric
models applied to different instruments (Besse et al. 2013c). In this section, a compari-
son between the phase functions obtained from M? and Clementine UV/VIS with HySI for
750 nm and 950 nm has been attempted.

4.5.1 Comparison of the HySI-Derived Phase Function with M3 at 750 nm

In order to compare the phase function derived for HySI with that of M, data from (Besse
et al. 2013b) and (Hicks et al. 2011) was used as the reference data. Phase functions for M3
were initially derived by Hicks et al. (2011) for "mare" and "not-mare" (highland) regions,
with a limited amount of data. However, the derived M? phase function was applicable only
for a fixed (24 to 90 degrees) phase angle range (Hicks et al. 2011). An improvement on
this was achieved by Besse et al. (2013a), wherein data from OP2C1 (0-90 degrees) was
used instead of OP1B (35-90 degrees) and OP2A (40-90 degrees) that allowed a much
larger range of phase angles. In addition, it was also observed that at smaller phase angles
(<40°), the differences between the phase functions derived from other instruments like
SP, ROLO, UV/VIS and the phase function for M? obtained by (Hicks et al. 2011) could
exceed the more recently derived phase function for M? by ~50% (Besse et al. 2013a).

In particular, when the M? phase function at 750 nm (Besse et al. 2013b) is compared
with that of HySI at 750 nm (Fig. 8a, present study), two important features of the plot are
clearly visible. First, the (absolute) reflectance (i.e., RADF/LS) of HySI is one order less
as compared to M3, although the mean reflectances are much similar. This is also men-
tioned in Sect. 4.4.1, wherein possible reasons for the differences between the reflectances
of HySI and M? have been discussed in detail. Secondly, the overall trend of the fitted poly-
nomial derived from the phase function fit of HySI is largely similar to that of M>. This is
not surprising since the image acquisition geometry of HySI and M? is nearly the same and
particular care was taken in order to select images of the same area as well as with nearly
identical acquisition time. In addition, this also verifies the accuracy and applicability of
the current photometric correction on HySI data. A good fit (R>=0.998) was achieved
between phase angle and reflectance since reflectances (RADF/LS) obtained from HySI
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were binned every 0.001°, which allowed the polynomial function to properly adjust itself
with respect to the reflectance values and generate a good correlation.

4.5.2 Comparison Between the HySI-Derived Phase Function with Clementine UV/VIS
at750 nm

In order to verify and validate the photometric function used for HySI demonstrated in
this study, the phase function of HySI was compared with that of Clementine UV/VIS for
750 nm. Several studies in the past have derived the phase function for Clementine (Buratti
et al. 1996; Hillier et al. 1999; Kreslavsky et al. 2000; Shkuratov et al. 1999¢) but most of
these phase functions were fit with normalized reflectance, instead of the sensor-derived
reflectance. Since normalized reflectance is not being used to fit the data in this study, the
phase function derived by (Hillier et al. 1999) was chosen for comparison. This particular
phase function was obtained empirically as well as through theoretical models. In this case,
the phase function derived from the UV/VIS ‘B’ filter (i.e., 750 nm) was compared with
HySIL

In the case of HySI data, the trend of the phase curve, with respect to Clementine for
the lunar maria is replicated; the major difference being the plot for ‘B’ filter of UV/VIS
which returned much higher reflectance as compared with HySI. In addition, phase curves
for the highland regions suggest a similar pattern, wherein a maximum reflectance of ~0.6
was observed for the ‘B’ filter (at a=0°). On the other hand, the HySI-derived phase func-
tion for 750 nm has a slightly wavy appearance and indicates a relatively brighter surface
at lower phase angles (20°-24°) compared to phase angles> ~30°. One of the possible
causes for the wavy nature of the HySI phase curve at 750 nm could be the fact that, when
compared to M® where pixel-level information (e.g., incidence and emission) is available,
whereas the same is not available for HySI and consequently due to the fact that incidence
and emission angles for HySI had to be derived using the merged LOLA-KAGUYA DEM
data and by following the procedure to calculate incidence and emission angles by Guo
et al. (2014), some inadvertent errors or over/under-estimations of certain parameters
might have had crept in during the estimations. Therefore, due to the approximations which
were necessary in order to carry out the photometric correction for HySI, the derived phase
curves exhibit a wavy fit, which is largely unseen with M>, UV/VIS or SP data. An in-
depth study regarding the photometric correction of HySI data in future could reveal the
actual reasons behind this.

5 Conclusions

Photometric correction of lunar images in the visible to near-infrared range is required
in order to normalize the images that are acquired at different observational angles into a
standard viewing geometry, in this case, i=a=30° and e=0°. A photometric correction
for HySI-derived visible and near-infrared images has been empirically derived. One of the
purposes of this photometric correction is to convert radiance data (HySI level 3, NASA
PDS level 1B) to true surface reflectance (NASA PDS level 2A), which would allow gen-
eration of reflectance-based image mosaics as well as the derivation of spectral profiles
over the lunar surface. Lunar topography (merged LOLA-KAGUYA DEM at 59 m/pixel)
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was used to estimate incidence and emission angles which were ultimately used in the cor-
rection procedure.

M? (PDS level 1 and 2) data were used in this study to both compare as well as vali-
date with photometrically corrected HySI data. Upon comparison, it was found that the
M3-observed radiance, as well as the derived surface reflectance image of the same area
(i.e., similar image pixels over the same surface) as viewed by HySI, was much brighter as
compared to HySI. An attempt was made to understand the reasons behind the observed
difference in radiances. After a thorough analysis of the metadata of both M> and HyS], it
was found that the variation in radiance values observed by these two sensors were due to
factors such as difference between incidence and emission angles of the two instruments,
possible variation between sensor zenith angles and difference in type of optics used for
the two sensors. Regardless of the difference between radiance values estimated by the two
sensors, the mean surface reflectance obtained for HySI post application of photometric
correction on the radiance image of HySI was found to be nearly the same as compared to
the mean surface reflectance of M? for all the images used in this study.

Results from HySI were also compared with reflectances estimated from SELENE MI
at 750 nm. Images with two different spatial resolutions were used to study the reflectance
and compare with that of HySI. Overall, the MI image was the brightest of the lot, fol-
lowed by M? and HySI. This could be directly related to the low level of radiance measured
by HySI. In addition, the photometric correction of MI was done using a DEM generated
by MI data. Since a comparison is being made for two different instruments whose topo-
graphic correction was done using different sets of elevation data, it is likely that a different
result would be obtained as far as reflectance is concerned.

Lastly, phase functions were derived for the two bands of HySI data (750 nm and
950 nm). Although the HySI phase angles were restricted between ~20° and ~48°, simi-
larities with the M>-derived phase functions were observed in the trend of the plots of the
phase functions. HySI-derived phase functions were also compared with Clementine UV/
VIS camera, wherein the trend of the plot derived from the ‘B’ filter (750 nm) as well as
the ‘D’ filter (950 nm) was largely replicated, with the only exception being comparatively
lower reflectance derived for HySI as compared to UV/VIS. The phase function plot of
HySI has a wavy nature for both 750 nm and 950 nm possibly due to non-availability of
complete metadata for HySI. Furthermore, the corrections achieved for HySI can also be
useful for Imaging Infra-Red Spectrometer (IIRS) onboard Chandrayaan-2.
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