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Abstract: The main objective of this study is to develop a Hapke photometric model that is suited for
Chang’E-1 (CE-1) Interference Imaging Spectrometer (IIM) data. We first divided the moon into three
areas including ‘maria’, ‘new highland’ and old ‘highland’ with similar photometry characteristic
based on the Hapke parameters of the moon derived from Lunar Reconnaissance Orbiter Camera
(LROC) Wide Angle Camera (WAC) multispectral data. Then, we selected the sample data in the
‘maria’ area and obtained a new set of Hapke model’s parameters that can best fit these data.
Result shows that photometric correction using Hapke model with these new derived parameters
can eliminate the effect of variations in viewing and luminating geometry, especially ‘opposition
surge’, more efficiently than the empirical model. The corrected mosaic shows no significant artifacts
along the tile boundaries and more detailed information of the image can be exhibited due to a better
correction of ‘opposition surge’ at small phase angle (g < 15◦).
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1. Introduction

Visible and infrared spectroscopy is sensitive to the mineralogy of the Moon. Abundance of
these minerals can be estimated according to their hyperspectral reflectance data and characteristic
absorption features. However, most of the spectrometers used in the remote sensing exploration of the
moon are multi-spectral cameras, which only cover the limited range of wavelengths.

At present, the inversion of mineral abundance on the lunar surface mainly depends on ‘band
ratio’ [1], which are strongly affected by the extreme differences in the measured spectral reflectance
resulting from the variation in viewing geometry of different orbits. The viewing geometry can be
defined by three angles: incidence angle i, emission angle e and phase angle g. The viewing geometry
varies in different orbits and at different location of the Lunar surface. 2% variation in R950/R750 ratio
can lead to 0.6 wt% and 1.7 wt% deviations of FeO content for highland and mare respectively [2,3].
Much details of the image obtained at small phase angle (phase angle < 20◦) can be lost because of
‘opposition surge’ effect and obvious brightness difference can be observed at the boundary between
two adjacent orbits images.

To eliminate the influence of the viewing geometry, photometric correction should be conducted
for CE-1 IIM spectral data. The goal of photometric correction is to empirically correct the reflectance
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to a standard viewing geometry. The geometry with i = 30◦, e = 0◦ and g = 30◦ is widely employed
as a standard viewing geometry [4], which is also used in this study. Photometric correction has
been performed for a variety of spectral and imaging data acquired by different sensors such as
Ultraviolet/Visible Camera on Clementine [4], Spectral Profiler (SP) on SELENE [5], Moon Mineralogy
Mapper on Chandrayaan-1 (M3) [6], Wide Angle Camera on the Lunar Reconnaissance Orbit (LRO) [7],
Interference Imaging Spectrometer on Chang’E-1(CE-1 IIM) [8]. Although the empirical model
(Lommel-Seeinger model) was used for the photometric correction of CE-1 IIM, it was found that the
correction cannot eliminate the ‘opposition surge’ effect and the brightness difference of images at low
latitude completely. There is also no physical interpretation for the parameters of the empirical model.
Hapke model has demonstrated its effectiveness in removing the influence of the viewing geometry
and ‘opposition surge’ by the laboratory measurements [9] and the work of Sato et al., 2014 [7] and
lunar surface physical properties (e.g., roughness, grain size, porosity) can be evaluated from derived
parameters of Hapke’s model [9]. However, parameters of Hapke model cannot be fully constrained
by CE-1 IIM data due to limited observing geometries.

Determination of Hapke model’s parameters requires photometric observations of the Lunar
surfaces for a wide range of incidence, emission and phase angles. The objective of this study is to
develop an accurate Hapke model for CE-1 IIM data of the limited observing geometry. To accomplish
this goal, we first divided the lunar surface into three areas according to the derived Hapke parameters
of the Moon provided by Sato [7] and then analyzed whether each area has approximately the same
photometry characteristic. Finally, the data of ‘maria’ area were used to test whether a new set of Hapke
model parameters suited for CE-1 IIM data can be accurately derived and whether the photometric
correction shows a good performance.

2. Methods

NASA’s Lunar Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC) has achieved
multispectral observations of the moon with phase ranging from 0 to 120◦. Sato et al., 2014 divided
the moon into tiles which is 1◦ latitude by 1◦ longitude and derived Hapke photometric parameters
for each tile based on the LROC WAC data [7]. In the theory of Hapke model [10–18], each Hapke
parameter represents a unique photometric character. The photometric character of an area on the
Moon can be approximately regarded as the same if all Hapke parameters of this area vary in a small
range. Therefore, we divided the Moon surface into three areas base on the Hapke parameters (Table 1)
derived by Sato et al., 2014 [7] including ‘maria’, ‘new highland’ and ‘old highland’ (Figure 1).
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at Mare Imbrium in the mare region of the Moon [20] and Chang’E-5 will be also landed at Oceanus 
Procellarum in the mare region, sample IIM data at ‘maria’ area were selected in this study to derive 
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Table 1. The range of Hapke model parameters for the three areas.

Area
Parameter

w b Bs0 hs

Maria <0.29 >0.259 >1.9 >0.0558

New highland (0.38, 0.475) (0.232, 0.255) (1.5867, 1.72235) >0.0626

Old highland >0.48 <0.232 <1.5867 >0.0626

3. Data Set

3.1. Sample Data

Chang’E-1 IIM is the first Sagnac-based push-broom imaging spectrometer to collect data of the
Moon with the goal of collecting the compositional and mineralogical information of the lunar surface.
With a global coverage of ~78% at 200 m/pixel spatial resolution [19], IIM has a higher spectral sampling
than other instruments ranging from 480 to 960 nm. Because Chang’E-3 was landed at Mare Imbrium
in the mare region of the Moon [20] and Chang’E-5 will be also landed at Oceanus Procellarum in
the mare region, sample IIM data at ‘maria’ area were selected in this study to derive a set of new
Hapke’s parameters and to test the performance of photometric correction method built upon these
new Hapke parameters. Because reflectance data around 750 nm is widely used in band ratio to
evaluate the composition of the lunar surface, 757 nm IIM sample reflectance data of ‘maria’ area with
wide coverage (wide longitude and latitude range) and phase range (including data at g < 20◦) were
selected. The information of the sample data is listed at Table 2.

Table 2. Information of sample data.

Orbit Start Latitude End Latitude Start Line End Line

2525 28 16 7300 9000
2568 44 29 5300 7590
2576 0 −11 11,860 13,580
2576 −17 −26 14,540 15,870
2600 33 7 6624 10,610
2611 38 30 6147 7374
2845 30 17 6700 8600
2894 19 −11 8340 12,960
2914 25 19 7392 8320

3.2. Preprocessing of the Sample Data

In this study, the data we used were CE-1 IIM 2A radiance data. The radiance data were firstly
converted to radiance factor (RADF), which is defined as [13]:

rλ(i, e, g) = RADFλ(i, e, g) = Iλ(i,e,g)
Fλ

=
Iλ(i,e,g)

Jλ
π

. (1)

Here, r is the radiance factor measured under viewing geometry (i, e, g). λ is the wavelength
of incident light which is 757 nm in this study. I is the measured radiance and F corresponds to the
radiance from a Lambertian surface that is illuminated vertically and is at the same distance as the
Moon from the Sun and J is the solar irradiance at surface of the IIM.

We calculated J using the following equation based on the known spectral curve of solar irradiance
of the lunar surface and the corresponding spectral response function of IIM (Equation (2)):

Jλ =

∫ λ2
λ1 E(λ) f (λ,σ)dλ∫ λ2
λ1 f (λ,σ)dλ

. (2)
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Here, E(λ) is spectral curve of solar irradiance on the lunar surface; f (λ, σ) is corresponding
spectral response function of IIM, λ1λ2 is the start and end wavelength of f (λ, σ). The spectral
response function of IIM can be simulated with central wavelength and Full Width Half maximum
(FWHM) as following:

f (λ, σ) = exp
[(
−
λ−λc)2

2σ2

)]
. (3)

In Equation (3), σ = FWHM
2
√

2∗ln 2
, λc is central wavelength corresponding to 757.44 nm.

Inhomogeneity still exists in the sample data because of the influence of the terrain. This can
be illustrated by the histogram of the sample data of orbit 2525 (Figure 2a,b) which exhibits two
albedo peaks increasing the uncertainty in the model fitting. To improve the accuracy of parameter
inversion, we reduced the fitting data by a ‘albedo filtering’. We selected one of the albedo populations
(from multimodal spreads) by applying a lower/upper limit threshold. The lower/upper limits are
given by the range defined as the most frequent albedo value ±1 standard deviation (dashed lines in
Figure 2b). The homogeneity of sample data was improved after ‘albedo filtering’ (Figure 2 c,d). Then,
the sample data were binned by the 1◦ increments of photometric angles i, e and g. The average of r
value in each bin was used for fitting. This process can be called ‘angle binning’.
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The data and software we used can be found in Supplementary Materials.

4. Results and Discussion

4.1. Photometric Characteristics of the Three Areas

We divided the moon into three areas based on the Hapke model parameters and each area
should approximately have the similar photometric characteristic. USGS made a global false color
image mosaic with Clementine UV/VIS spectral data at 415 nm, 750 nm and 1000 nm. 750/415 nm
band ratio was set as R representing low titanium area or high glass content; 750/1000 nm band ratio
was set as G, which is sensitive to the content of iron; 415/750 nm was set as B which indicates the
presence of the high titanium content. Band ratio reduces the effects of influencing factors such as
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topographic and brightness variation of the lunar surface. Therefore, the false-color map of Clementine
UV/VIS spectral data are mainly controlled by the composition and maturity of the lunar surface.
It can be seen that the three areas shows distinguished color (Figure 3) and there is no obvious color
variation within each area indicating that the mineral composition and maturity of the lunar soil in
each area are approximately homogeneous. The mare region is mainly composed of basalt including
low titanium, medium titanium and high titanium basalt. The ‘maria’ selected in this study possess a
high titanium content and can be distinguished from low titanium area. The ‘new highland’ area is
well distinguished from the ‘old highland’ with obvious fresh ejecta producing by the impact cratering
event. These results suggest that using Hapke model parameters to divide the moon surface can
effectively eliminate the influence of mineral composition and lunar soil maturity.
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Figure 3. Global false color image mosaic with Clementine UV/VIS spectral data (R = 750/415 nm,
G = 750/1000 nm, B = 415/750 nm, https://planetarymaps.usgs.gov) and the three areas.

Terrain has great influence on the illumination observation geometry. Regions with large
topographic relief have a large variation in luminosity. We made the fluctuation distribution map of
the moon (Figure 4) according to the DEM data of Chang’E-1 (resolution is 500 m/pixel) and made the
fluctuation statistics of the three regions (Figure 5). It can be seen that the ‘maria’ area is relatively flat
and the fluctuation is small. The ‘new highland’ is flatter than the ‘old highland’ might be due to the
fact that some impact craters have been filled in by crater ejecta. Our results clearly show that craters
of large terrain variation are not included in the ‘maria’ area which demonstrate the efficiency of using
Hapke model parameters in eliminating the influence of terrain.

Remote Sens. 2020, 12, x FOR PEER REVIEW 6 of 11 

 

 
Figure 4. Globe fluctuation distribution map of the moon and the three areas. Fluctuation of ‘maria’ 
is between 0 and 70 m, ‘old highland’ is between 0 and 300 m, ‘new highland’ is between 0 and 500 
m. 

 
Figure 5. Fluctuation statistics of the three regions respectively. 

4.2. Hapke Model Parameters Calculation 

The photometric model we employed is the Hapke radiative transfer model (the bidirectional 
reflectance function proposed by Hapke [10–18]) reproduced bellow: 𝑅𝐴𝐷𝐹 = 𝐾 𝜔4𝜋 1𝜇 + 𝜇 𝑝(𝑔) + 1 + 𝐵 𝐵 (𝑔) + 𝑀(𝑖, 𝑒) 1 + 𝐵 𝐵 (𝑔) 𝑆(𝑖, 𝑒, 𝑔). (4) 

There are nine free parameters (𝐾, 𝜔, 𝑏, 𝑐, 𝐵 , 𝐵 , ℎ , ℎ , 𝜃, see Table 3) in Hapke model.  The 
accurate determination of these nine free parameters directly from the data inversion process is 
difficult due to the mathematical coupling of some parameters [21,22]. To minimize these issues, we 
simplified the original Hapke model based on several assumptions and determined the parameters 
in a stepwise manner described below. 

The porosity factor K was set to 1.0 (K = 1 − 𝜙, 𝜙 = 0) to avoid mathematical coupling with the 
single scattering albedo 𝜔 because the two factors both control the multiple scattering (Equation 

Figure 4. Globe fluctuation distribution map of the moon and the three areas. Fluctuation of ‘maria’ is
between 0 and 70 m, ‘old highland’ is between 0 and 300 m, ‘new highland’ is between 0 and 500 m.

https://planetarymaps.usgs.gov


Remote Sens. 2020, 12, 3676 6 of 11

Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 13 

 

 

Figure 2. (a) Density plot of I/F at orbit 2525; (b) The histogram of the I/F of sample data at orbit 2525; 

(c) density plot of I/F; (d) density plot of I/F after ‘albedo filtering’. 

 

 

4. Results and Discussion 

Figure 5. Fluctuation statistics of the three regions respectively.

4.2. Hapke Model Parameters Calculation

The photometric model we employed is the Hapke radiative transfer model (the bidirectional
reflectance function proposed by Hapke [10–18]) reproduced bellow:

RADF = K
ω
4π

1
µ0 + µ

[p(g) + (1 + Bs0Bs(g)) + M(i, e)][1 + Bc0Bc(g)]S(i, e, g). (4)

There are nine free parameters (K,ω, b, c, Bc0, Bs0, hc, hs,θ, see Table 3) in Hapke model. The accurate
determination of these nine free parameters directly from the data inversion process is difficult due to
the mathematical coupling of some parameters [21,22]. To minimize these issues, we simplified the
original Hapke model based on several assumptions and determined the parameters in a stepwise
manner described below.

The porosity factor K was set to 1.0 (K = 1 − φ, φ = 0) to avoid mathematical coupling with the
single scattering albedo ω because the two factors both control the multiple scattering (Equation (10))
and amplitude of I/F. The Henyey-Greenstein double-lobed single particle phase function (Equation (7))
parameter c was derived as a function of b, which is written in form of Equation (8). This function was
obtained from an empirical relation between b and c (called the “hockey stick relation”) described by
Hapke [23]. The ‘opposition surge’ was dominated by Coherent Backscatter Opposition Effect (CBOE)
and Shadow Hiding Opposition Effect (SHOE). Theoretically CBOE dominates only at very low phase
angles (g < 3◦) and SHOE dominates significantly at g < 20◦. g of sample data used in this study are
>3◦. Because it is difficult to discriminate between CBOE and SHOE only by model fitting [7,18], we set
CBOE to 1.0 (Bc0 = 0) to avoid competing CBOE and SHOE. In addition, we ignored the influence
of roughness (S(i, e, g) = 1, θp = 0) because terrain factors were not considered in this calculation.
These assumptions and simplifications are listed at Table 3.

RADF =
I
F
= K

ω
4

µ0

µ0 + µ
[p(g)(1 + Bs0BSH) + M(µ0,µ)] (5)

µ = cos(e),µ0 = cos(i) (6)



Remote Sens. 2020, 12, 3676 7 of 11

p(g) =
1 + c

2
1− b2

(1− 2b cos g + b2)
3
2

+
1− c

2
1− b2

(1 + 2b cos g + b2)
3
2

(7)

c = 3.29 exp
(
−17.4b2

)
− 0.98 (8)

Bs(g) =
1

1 +
(tan g

2 )
hs

(9)

M(i, e) = H
(cos i

K
,ω

)
H
(cos e

K
,ω

)
− 1 (10)

H(x,ω)
{
1−ωx

[
r0 +

1− 2r0x
2

ln
(1 + x

x

)]}−1
(11)

r0 =

(
1−
√

1−ω
)(

1 +
√

1−ω
) . (12)

Table 3. Calculation of Hapke parameters in this study.

Symbols Name Value

ω Single scattering albedo Fitting

b Henyey-Greenstein double-lobed single particle phase
function parameter Fitting

c Henyey-Greenstein double-lobed single particle phase
function parameter Equation (8)

Amplitude of Coherent Backscatter Opposition Effect (CBOE) 0
hc Angular width of CBOE 1.0
Bs0 Amplitude of Shadow Hiding Opposition Effect (SHOE) Fitting
hs Angular width of SHOE Fitting
θp Effective value of the photometric roughness 0
φ Filling factor 0

After the simplification of the Hapke model, the four Hapke model parameters are derived with the
MPFIT-Robust non-linear least squares curve fitting (http://cow.physics.wisc.edu./~craigm/idl/idl.html)
based on the sample data of the ‘maria’ area (ω = 0.2759, b = 0.7001, Bs0 = 1.3849, hs = 0.0754).
Shown in Figure 6 is the fitted Hapke model and the sample data. The comparation between the results
and the original parameter ranges is shown in Table 4. The values of ω, b, c are all within the defined
ranges while Bs0 is relatively small. This might be accounted for by several reasons. First, the original
parameter ranges for the division were based on 689 nm reflectance data of LROC WAC. However,
our parameters were estimated using 757.44 nm data and thus the ‘opposition surge’ between these
two wavelengths could be different. Second, the data we used were selected from the ‘maria’ and the
‘opposition surge’ could be probably weaker than that of the whole ‘maria’ area.

Table 4. The comparation between the results and the original parameter ranges of the ‘maria’ area.

w b Bs0 hs

original parameter ranges <0.29 >0.259 >1.9 >0.0558

results 0.275988 0.700692 1.38499 0.0754915

http://cow.physics.wisc.edu./~craigm/idl/idl.html
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Figure 6. The phase functions of the sample data for the 757 nm band. The red curve represents the
Hapke model we fitted.

4.3. Photometric Correction Results of the Reflectance Data

Photometric correction should be performed to the reflectance data of different observation
geometries to remove effects of observation geometries. The standard viewing geometry used in this
study are i = g = 30

◦

, e = 0
◦

. The basic concept of photometric correction can be summarized as
follows [12]:

rcorr(30, 0, 30) =
rmodel(30, 0, 30)

rmodel(i, e, g)
robs(i, e, g), (13)

where rcorr is the photometrically corrected reflectance, robs is the observed reflectance
(not photometrically corrected) and rmodel is the fitted reflectance (Hapke model).

The ‘opposition surge’ is a sharp surge observed in the reflected brightness of a particulate medium
around zero phase angle. There is obvious ‘opposition surge’ in the reflectance data of orbit 2576 with
phase range 0~15◦ as shown in Figure 7a. We performed the photometric correction to this data using
the fitted model and the reflectance data after correction is shown in Figure 7b. The standard deviation
of the reflectance data is 0.016 and 0.0034 before and after correction, respectively. It clearly shows that
photometric correction with Hapke model can remove effects of observation geometries effectively,
especially for the ‘opposition surge’.

We also conducted photometric correction for two adjacent orbits images with ‘opposition surge’
based on empirical model (Lommel-Seelinger model) and Hapke model respectively to compare the
result. Figure 8a is a mosaic of two original adjacent 2A images (part of image of orbit 2576 and 2885).
There is an obvious ‘opposition surge’ in the image of orbit 2576 (area in the red box) and nothing
can be seen but hot spot within this area. Apparent artifacts can be found along the tile boundaries
because of the brightness difference between the two images. Figure 8b,c are the mosaic of images
after photometric correction using empirical model and Hapke model respectively. It can be seen that
the ‘opposition surge’ and artifacts are still existed in the mosaic corrected by the empirical model.
By contrast, the ‘opposition surge’ is removed effectively in the images corrected by Hapke model
and more detailed geographic information such as some impact craters can be revealed. Moreover,
no artifacts can be seen within the mosaic.
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Figure 8. Mosaic of two adjacent images (part of orbit 2576 and 2885) before (a) and after photometric
correction with empirical (b) and Hapke model (c) (In the red box, 3.73 < i < 4.89, 0.013 < e < 5.86,
2.20 < g < 6.52).

5. Conclusions

We proposed the division method of the moon base on the Hapke model parameters to solve
the problem that CE-1 IIM spectral data did not have a large range of phase angle observations
for the same area on the moon. The three areas we divided in this study have similar photometric
characteristics. Our results show that the Hapke model can more effectively eliminate the influence of
observation geometries than empirical model, especially removing the effect of ‘opposition surge’ at
small phase angles. Images with ‘opposition surge’ exhibit more detailed geographic information and
no obvious artifacts along the tile boundaries can be observed after photometric corrected by Hapke
model. This division method can be used for other lunar surface reflectance spectral data. There is
also a problem that the three areas in this study does not cover the whole moon. Our future work will
focus on dividing the whole moon into more areas with consistent photometric characteristics based
on Hapke model parameters to further improve the photometric correction results of CE-1 IIM.
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