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The imaging interferometer (IIM) aboard the Chang’E-1 lunar orbiter is the first multispectral imaging spectrometer for Chinese
lunar missions. Before science applications (e.g., FeO and TiO, mapping) of the IIM raw data, the radiance variation due to
changes in illumination and viewing geometry has to be removed from the radiometrically calibrated IIM Level 2A images. To
achieve this, we fit the IIM Level 2A radiance data with a Lommel-Seeliger photometric model consisting of an exponential term
and a fourth order polynomial in the phase function, without distinguishing between lunar maria and highlands. The exponential
and the fourth order polynomial parameters are derived separately by fitting to two datasets divided at a solar phase angle thresh-
old, avoiding a decrease in the phase function close to zero phase angle. Different phase angle thresholds result in coincident fit-
ting curves between 20° and 75°, while large discrepancies occur at other phase angles. Then the derived photometric model is
used to normalize the IIM Level 2A data to radiance values at an incidence and phase angle of 30° and emission angle of 0°. Our
photometric model is validated by comparing two photometrically normalized IIM radiance spectra covering the same areas,

showing a relative deviation consistent with the IIM preflight calibration.
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The Chang’E-1, the first Chinese lunar orbiter launched in
2007, is equipped with eight payloads [1], achieving a vari-
ety of scientific results [2-7]. The imaging interferometer
(IIM), one of the eight payloads aboard the Chinese Chang’ E-
1 lunar orbiter, is a Sagnac-based push-broom imaging
spectrometer designed to acquire 32-band multispectral ob-
servations over the spectral range 480-960 nm and map
mineralogical and elemental compositions on the surface of
the Moon. It obtained 706 orbits of images through the mis-
sion duration from November, 2007 to March, 2009, cover-
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ing 84% of the lunar surface between 70°S and 70°N at a
spatial resolution of 200 m/pixel and with a solar phase an-
gle range of 0°-80° [1]. To compare multispectral observa-
tions under varying illumination-viewing geometries, pro-
duce image mosaics, and enable lunar mineralogical and
elemental mapping [8], a lunar photometric model must be
developed to normalize the IIM data to a standard geometry.
Chen et al. [9] calculated Lommel-Seeliger model parame-
ters using 261 orbits of the [IM data, resulting in a decreas-
ing phase function when approaching small phase angles.
Wu et al. [10] developed Lommel-Seeliger and fourth order
polynomial photometric functions for four classes of terrain
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types with different FeO contents, using part of the I[IM data
(Orbit 2217-3000) that are converted to reflectance. In or-
der to derive a Lommel-Seeliger photometric model based
on all of the IIM data for global use, remove its variation
due to changes in illumination-viewing geometry by pho-
tometric normalization, and avoid extra uncertainties intro-
duced by data processing steps such as reflectance calcula-
tion and FeO inversion, we fit the Lommel-Seeliger model
to all of the IIM Level 2A data divided at a variety of solar
phase angle thresholds, and test the photometric model with
two photometrically normalized IIM radiance spectra cov-
ering the same area.

1 IIM data

The IIM raw data are converted to Level 2A radiance imag-
es through data preprocessing pipeline and radiometric cali-
bration; the illumination-viewing geometry for each pixel in
radiance images is calculated from the Chang’E-1 naviga-
tion and IIM pointing data. To increase signal-to-noise ratio
and reduce computation time, data points are collected from
the IIM Level 2A images in an approach similar to that de-
scribed in [11]:

(1) In each orbit of image, pixels at a solar phase angle
larger than 20° are binned into 32x32 blocks for each spectral
band; those with solar phase angles lower than 20° are binned
into 16x16 blocks to account for lunar opposition effect.

(2) Radiance is averaged over each block, and incidence,
emission, and phase angles at central pixel are retrieved as
the illumination-viewing geometry.

(3) The averaged radiance is divided by the correspond-
ing Lommel-Seeliger factor u/(uo+x) for the central pixel
in each block to correct limb-darkening, where uy, y are
cosine values of the incidence and emission angles for the
central pixel, respectively.

This reduced dataset consists of 2.06 millions of spatially
resampled radiance spectra corrected for limb-darkening and
corresponding illumination-viewing geometries. Although
lunar maria and highlands exhibit distinct photometric be-
haviors [11], as a first order approximation, we follow the
approach by McEwen [12] that data points for these two
lunar terrain types are not distinguished to fit photometric
models in photometric normalization.

2 Lommel-Seeliger model

Lunar photometric models describe how the solar radiation
reflected by the lunar surface varies with illumination-viewing
geometry defined by incidence angle i, emission angle e,
and solar phase angle a as described in [13]. For low albedo
solar system bodies such as the Moon, single scattering
dominates in the regolith, and except close to zero solar
phase angle, lunar surface radiance I(i,e,o)) can be well ap-
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proximated by the Lommel-Seeliger Law [13]:

Hy
Hy+u

I(i,e,a) =

fla), )]

where f(a) describes the radiance variation due to solar
phase angle alone, and contains all the model parameters.
One of the simplest empirical expressions for f{e) in eq. (1)
is a fourth order polynomial plus an exponential term [11]:

—ba 2 3 4
fla)y=b,e™ +a,+aa+a,a +a,a +a,a”, 2

where the exponential term is added to account for lunar
opposition effect close to zero solar phase angle. For its
simplicity and adequate accuracy, eq. (2) has been widely
used in the photometric normalization for the imaging spec-
trometers aboard the most recent lunar orbital missions such
as the lunar reconnaissance orbiter wide angle camera and
the Moon mineralogy mapper [14,15].

The best fit of eq. (2) to the spatially resampled and limb
darkening corrected IIM data (g, f;) is found to minimize

the 7
Z=Y[f-1()] 3)

The model parameters minimizing the #* in eq. (3) are ob-
tained using routines implemented with Levenberg-Mar-
quardt algorithm such as IDL® routine LMFIT, MPFIT (http://
cow.physics.wisc.edu/~craigm/idl/), and Fortran package
Minpack (http://www.netlib.org/minpack). These routines are
first tested against the StRD datasets (http://www.itl.nist.
gov/div898/strd) used to evaluate nonlinear least squares
procedures, indicating Minpack is more accurate and reliable.

The cumulative histogram of the solar phase angle (Fig-
ure 1) suggests the data points of low phase angle (a<15°)
is no more than 20% of the whole spatially resampled 1IM
radiance dataset; therefore, the main contribution to the ;(2
may come from those of large phase angle, and the expo-
nential term accounting for lunar opposition effect in eq. (2)
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Figure 1 Relative cumulative histogram of the solar phase angle for the
spatially resampled IIM data.
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cannot be well constrained by minimizing the 7 in eq. (3),
resulting in a decrease in f{@) close to zero solar phase angle
when the Lommel-Seeliger model is fitted with the whole
dataset using Minpack (Figure 2). To avoid this decrease,
first we fit the exponential plus constant terms in eq. (2) to
the data points at solar phase angle lower than a threshold ay,
with initial parameter values in Table 1; then with b, and b,
fixed, eq. (2) is fitted to the data points of a>ay, using initial
parameter values from the order of a fourth-order polyno-
mial fit to the data points of a>a, (Table 1).

3 Results

As shown in Figure 2, the Lommel-Seeliger model fit to the
IIM data varies with a change in phase angle threshold e,

13°
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Figure 2 (Color online) Lommel-Seeliger function fits to the IIM band
24 (757 nm) spatially resampled and limb-darkening-corrected radiance
data at solar phase angle thresholds a=13°, 15° and 17° and for all solar
phase angles.
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Table 1 Initial parameter values for the Lommel-Seeliger fit to the IIM
spatially resampled and limb-darkening-corrected radiance data
bo by a @ (107) a(10™ a3 (107)  as(107)
Exponential and constant terms
0.1 0.1 0.1
Order of fourth order polynomial fit to the IIM data
1.0 -1.0 1.0 -1.0

particularly at solar phase angles lower than 20° and larger
than 75°; however, the fitting curves between 20°and 75°are
barely affected. As lunar opposition effect should be signif-
icantly reduced at o>15° [11], the Lommel-Seeliger model
fit at phase angle threshold ¢=15° (Table 2) is selected as
our preliminary result. This Lommel-Seeliger model is val-
idated by photometric normalization, in which the radiance
value I(i,e,) at each pixel of the [IM Level 2A images are
normalized to a standard geometry of incidence and phase
angle of 30° and emission angle of 0° by [12]

cosi+cose f(30°)

fla)

cos30°

c0s30°+cos0°

1(30°,0°,30°) = I(i,e,a).

cosi
“)

For two IIM radiance spectra covering the same area,
their deviation is caused by different illumination-viewing
geometries (Figure 3) and they should be equal after pho-
tometric normalization by a perfect photometric model. To
validate the derived photometric function, we select 7 ho-
mogenous and flat areas as validation sites (Table 3), with
various illumination-viewing geometries, albedo and terrain
types. As shown in Figures 4 and 5, the relative deviation
between two photometrically normalized spectra covering
the same area is consistent with the uncertainty (15%)

Table 2 The Lommel-Seeliger model fit to the IIM Level 2A radiance data with a solar phase angle threshold of 15°. The fit to the noisy IIM band 32 data

cannot converge and is not used

Band Wavelength (nm) b by (107 a, (107) a; (107) as (107) a, (107)
1 480.914286 1.4706 1.8967 -1.2922 —4.1831 6.8548 —5.4089 2.4093
2 488.670968 2.3905 1.1687 -2.2180 —4.3306 7.4086 -5.9329 2.2723
3 496.681967 27012 1.0415 -2.5346 —4.2270 7.2512 -5.6915 2.0312
4 504.960000 3.1656 0.92796 -3.0063 —4.0833 7.1312 ~5.5687 1.8719
5 513.518644 3.0609 8.7780 -2.9188 -3.6757 6.4985 -5.1042 1.6930
6 522.372414 2.8839 8.7941 —2.7486 -3.5321 6.3092 -5.0130 1.6621
7 531.536842 2.7197 9.2238 -2.5806 -3.6309 6.4752 -5.1558 1.7133
8 541.028571 2.5352 9.5747 -2.3916 -3.7556 6.6879 —5.3642 1.8063
9 550.865455 2.8573 10.302 —2.6787 —4.6840 8.3028 —6.5030 2.0633

10 561.066667 2.8639 9.9055 -2.6959 -4.4213 7.8966 -6.2132 1.9652

11 571.652830 2.5374 1.0021 -2.3837 —4.0760 7.3357 -5.8296 1.8515

12 582.646154 2.3550 1.0136 -2.1999 —4.1292 7.4309 ~5.9640 1.9282

13 594.070588 2.4657 1.0659 —2.2818 —4.8662 8.6074 —6.7281 2.0886

14 605.952000 2.1021 1.1053 -1.9286 —4.6516 8.2865 -6.5216 1.9954

15 618.318367 2.0388 1.0822 —1.8729 —4.4977 8.0754 —6.4228 1.9686

(To be continued on the next page)
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(Continued)
Band Wavelength (nm) bo by (107 ap a, (107) a; (107) as (107) a, (107°)
16 631.200000 1.8596 1.0471 —1.6959 —4.4464 7.9912 —6.3845 1.9643
17 644.629787 1.5478 1.1188 —1.3825 —4.5158 8.0811 -6.4241 1.9412
18 658.643478 1.1770 1.2402 -1.0271 -4.1263 7.4486 -6.0190 1.8575
19 673.280000 1.1531 1.1913 -0.99252 -4.4198 7.9243 -6.3665 1.9390
20 688.581818 0.81606 1.3285 -0.66638 -4.1521 7.4591 -6.0392 1.8486
21 704.595349 0.69964 1.4195 —0.54886 -4.1757 7.4965 —-6.0946 1.8814
22 721.371429 0.51068 1.4878 —-0.36692 -3.9936 7.1465 -5.8097 1.7842
23 738.965854 0.39334 1.6790 -0.25578 -3.8415 6.9088 -5.6597 1.7498
24 757.440000 0.13058 2.5022 —-0.003139 —3.7829 6.8150 -5.6322 1.7450
25 776.861538 0.12702 2.4087 -0.01197 -3.9396 7.1101 -5.8711 1.8048
26 797.305263 0.05933 2.7639 0.06965 -3.7067 6.7497 -5.6531 1.7584
27 818.854054 -0.008633 1.2531x10° 0.01290 -3.7396 6.8282 -5.7587 1.7988
28 841.600000 -0.008221 1.2096x10° 0.1231 —3.5845 6.5998 -5.6111 1.7608
29 865.645714 -0.0072398 1.1772x10° 0.1091 -3.2077 5.9949 -5.1905 1.6641
30 891.105882 -0.0074328 1.1324x10° 0.1118 —3.2853 6.1330 -5.2904 1.6828
31 918.109091 —0.0034994 1.1022x10° 0.5257 —1.5439 3.0440 —2.9387 1.1344
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Figure 3 Scatter plot between two IIM 2A radiance spectra covering the

Figure 4 Scatter plot between two IIM 2A radiance spectra covering the
same area and photometrically normalized to a standard illumination-viewing

same area and at different illumination-viewing geometries. These spectra
are collected from 7 areas as listed in Table 3. The straight line denotes the
two spectra are equal.

Table 3 Homogenous and flat validation areas. Each area is covered by
two IIM images. Pixel locations refer to the upper left corner
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geometry. The straight line denotes the two normalized spectra are equal.
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Figure 5 Relative deviation between two IIM 2A radiance spectra covering
the same area and photometrically normalized to a standard illumination-

Coverage 1 Coverage 2 Size
Area .
Orbit Sample Line ¢«  Orbit Sample Line « (Pixel)
1 2272 74 8341 349 2891 92 15608 42.3 7
2 2356 18 4180 38.6 2975 35 5828 46.9 10
3 2356 80 7736 172 2975 105 9435 419 10
4 2626 116 10131 16.1 2935 43 9275 333 10
5 2626 77 10332 129 2935 5 9479 30.0 10
6 2626 94 10859 11.8 2935 22 10005 30.5 9
7 2626 111 10999 12.6 2935 39 10145 31.8 10

viewing geometry. Most of data points lie within a relative deviation of 15%.
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expected from the IIM preflight calibration [16].

4 Conclusions and future work

We derived a modified lunar Lommel-Seeliger photometric
model consisting of an exponential term and a fourth-order
polynomial in the phase function based on the IIM Level 2A
radiance data. Preliminary validation by comparing two
photometrically normalized spectra covering the same area
suggests their relative deviation agrees with the IIM pre-
flight calibration result.

However, our preliminary photometric model also has
limitations, e.g., it is not fitted with separated lunar maria
and highlands data as in [11,14]. In the future work, a global
Chang’E-1 IIM mosaic will be made to collected data sepa-
rately for these two lunar terrains, to select more overlap-
ping areas from this mosaic for validation, and then to re-
fine our lunar photometric model.
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