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Introduction: The Moon Mineralogy Mapper (M)
instrument carried by the Indian spacecraft Chan-
drayaan-1 provides lunar hyperspectral radiance data.
The dataset of nearly global coverage was initially re-
leased in two parts (vl and v2) at the Planetary Data
System: http://m3.jpl.nasa.gov/m3data.html. For brevi-
ty, we refer to this release as vl dataset. Recently a
new release of the data (v3) provided additional com-
pensation of the sensor temperature which had not been
included in the previous release [1].

Within our previous work based on the v1 dataset,
we found that after normalisation of the spectral data
using the Hapke model [2] that the normalised reflec-
tance measured at the same surface pixel changes with
respect to the phase angle [3]. Furthermore, the para-
meters describing the spectral absorption bands, name-
ly the position of the absorption minimum (A,,s) and the
relative depth of the absorption trough after continuum
removal (8,), are heavily distorted. We refer to these
quantities as spectral parameters. The distortion is cor-
related with the phase angle [4].

In this study we present an empirical correction of
the continuum-removed (CR) M? reflectance spectra
with respect to the phase angle.

Spectral normalisation: To analyse spectral data
accurately, the measured reflectances have to be nor-
malised to a common reference illumination and view-
ing geometry (incidence angle 9; = 30°, emission angle
9. =0° and phase angle a=30° [5]), which is per-
formed by estimating the pixel-wise single-scattering

albedo of the Hapke model [2, 4] and, for comparison,
by applying the empirical model proposed by Hicks et
al. [6] to the vl data. For the v3 data, the empirical
normalisation coefficients had not been published yet
while this study was carried out, such that solely the
Hapke model was applied. A smoothing spline is
adapted to the spectra, and the continuum is removed
by division by the convex hull [7]. The subsequent
analysis is based on the CR spectra to accentuate small
spectral parameter variations.

Data selection: To measure the distortion of the
CR spectra, we searched the dataset for regions with
images acquired at a phase angle of a =30°+2°. From
these candidates, 25 regions of 2° by 2° size were se-
lected to include samples from as many different re-
gions as possible (cf. Fig. 1). However, for the four
regions marked in red colour no images at different
phase angles were available, and the regions were
omitted. Additionally, mare regions were excluded
since the amount of available data was not sufficient.

Empirical correction: The distortion of the CR
spectra after normalisation with the Hapke model
shows a phase angle dependence. Thus, we computed

the corrected CR reflectance R from the Hapke-
normalised CR reflectance R using

R= a(@)R +b(a)
ala)=aAa+a,, bla)=bAa+b, and
Ao = o —30° measures the deviation from the refer-

where

ence geometry. The coefficients a,, a,, b, and b, are

Fig. 1: Global photometrically normalised M* mosaic from 60° S to 60°

. The green line marks the 30° latitude boundary.

The examined regions reside within this boundary. The selected regions are marked as rectangles. Red rectangles mark omit-
ted regions that do not contain images at different phase angles. The bluish shade denotes the number of pixels illuminated at

30° + 2° phase angle.



~-emp. correction (v1)
+Hapke norm. (v1)
=-Hicks norm. (v1)
emp. correction (v3)
“Hapke norm. (v3)

s
k]
|
£
S
. *data
—trend line (corr. 0.76)
0'%‘-}'04 -0.02 0 0.02 0.04 0.08 0.08 -500°
correction factor (a = a; - Aa + ag)
1g. 2. ects o 1rrerent phase angles on the observe

10 20 30 40
Ao

retlectance: (a ased on the vl and v atasets.

(b) Typical observed CR reflectance before correction (v3 dataset). (c) Typical observed CR reflectance after correction
(v3 dataset). (d) Gain factors (sensor temperature) and empirical correction factors for M3 channel 17. (e) Absorption wave-
length A, before correction. (f) Absorption wavelength A, after correction.

computed channel-wise using the selected regions by
linear least squares regression. The CR reflectance
acquired at the phase angle closest to 30° is chosen as
the target CR reflectance. To avoid the influence of
topography, only pixels with surface slopes of less than
2¢ inferred from a local DEM [4] are considered.

Results: Fig. 2 shows the results of the empirical
correction. The root mean squared error (RMSE) is
computed for the Hapke [2, 4] and Hicks [6] normali-
sation methods channel-wise over all pixels. In case of
the empirical correction the leave-one-out model error
estimation technique is applied, where for each region
a set of parameters is estimated based on the remaining
regions. The global error value is then derived from the
individual errors.

The Hapke-normalised v1 dataset shows a strong
distortion of the ferrous absorption trough near
1000 nm, which is less pronounced in the case of the
Hicks normalisation method [6] (cf. Fig 2a). This nor-
malisation estimates a gain factor as a polynomial in
the phase angle and thus implicitly includes an empiri-
cal gain factor. However, the empirical method pre-
sented in this study focuses on the CR reflectance ra-
ther than the observed reflectance and thus yields a
lower RMSE than the Hicks method [6].

The Hicks method [6] is not calibrated on the v3
data set and therefore has not been evaluated on that
data set. The Hapke normalisation [2, 4] shows a
strongly decreased RMSE on the v3 dataset. This
might be due to the high correlation between the gain
factor of the detector temperature [1] and the empirical
phase angle dependent gain (cf. Fig. 2d) (correlation
coefficient is 0.76). The empirical correction is still
beneficial although it is not clear whether this effect is

due to the phase angle or to imperfections of the sensor
temperature calibration.

The CR reflectance of a typical observation before
and after correction is displayed in Fig.2b andc.
Without empirical correction, a strong spread over all
observations is observed, and the centre wavelength of
the ferrous absorption trough shows a phase angle de-
pendent shift. Our empirical correction strongly reduc-
es these variations (Fig. 2e and f), especially in the case
of large phase angles.

Summary and Conclusion: The empirical method
presented in this study reveals a distortion of the ob-
served CR spectra at different phase angles and the
inferred spectral parameters. Possibly, these variations
correspond to a photometric phase angle effect, but
they may also be the result of imperfect detector tem-
perature calibration, since we observed a strong corre-
lation between the sensor temperature correction fac-
tors according to [1] and the observed distortions of the
spectral parameters. Future work will include a com-
parison of our empirical method with the recently pro-
posed v3 reflectance calibration [8].
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