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Introduction:  The actual proportions of the 

shadow-hiding (SH) and coherent backscattering en-
hancement (CBE) mechanisms to the brightness oppo-
sition effect (OE) of the Moon at different phase an-
gles still remain not well determined [1, 2]. In order to 
estimate the relative contributions of these effects we 
calculated phase functions of apparent reflectance and 
color-ratios for several mare and highland sites [3]. 
We utilize imaging spectrometer data acquired by the 
Moon Mineralogy Mapper (M3) onboard 
Chandrayaan-1 spacecraft [4]. We study changes in the 
wavelength dependence of the reflectance phase 
curves f(α) at small phase angles α and interpret them 
in terms of differrent effects dominating the lunar OE.  

Processing of M3 data used:  We use M3 spectra 
measured with 20-40 nm sampling and processed with 
a sequence of algorithms applied to calibrate 
downlinked data spectrally, radiometrically, and 
spatially [5, 6]. In the current study we focus on M3 
images with the opposition geometry (i.e. at α ~ 0). To 
correct the digital numbers in M3 images for the 
photometric properties of the lunar surface we applied 
the Lommel–Seeliger terminator-darkening factor. We 
here show a result that is representative for the study 
[3]. Figure 1 displays a fragment of the image 
M3G20090611T090220 of mare area in a south-
eastern portion of Oceanus Procellarum near the 
craters Encke B and C. The center of the diffuse latitu-
dinally elongated spot in the reflectance image corre-
sponds to zero-phase-angle point. The longitudinal 
width of the image is 304 pixels, which corresponds to 
85 km swath. To retrieve phase functions near opposi-
tion from M3 lunar orbit imaging we take into account 
the substantial α variation in a single scene (Fig. 1). 
We applied a simple averaging of apparent reflec-
tances over image in concentric elliptical bins of con-
stant phase angles. When averaging the reflectance we 
have masked mare and highland craters, low 
reflectance areas (in case of highland sites), and bright 
features for mare sites (see [3] for detail).  

Spectral behavior of OE amplitude: There are 
totally 83 usable spectral bands from 540.84 to 2976.2 
nm with a spectral resolution of 20 nm for bands from 
730 nm to 1548 nm and 40 nm for other spectral 
ranges. We calculated phase curves for all the 83 
bands. Phase curves are sampled in every 0.3° with a 
bin width of 0.3°.  

 
Figure 1. A distribution of photometric angles over the 
part of the M3 image. Left to right: apparent reflec-
tance at 1489 nm, incidence, emission, and phase an-
gle. Angle ranges in degrees are shown in scale bars. 
Zero-phase-angle point is marked with star. North is 
up. 

Normalized phase function:  Figure 2 shows 
reflectance phase curves at different wavelengths λ. 
Residual variability in the M3 detector response [6] 
and real albedo variations over scenes results in some 
noise on the final phase curves, and can be seen as 
false details of phase functions simultaneously in all 
spectral bands. Nevertheless derived phase functions 
reveals an inverse wavelength dependence of their 
steepness: the slope of phase function is greater for 
shorter wavelength. The phase ratio f(0.15°)/f(10°) is 
about 1.5 for the scene in Fig. 1. 

Phase curve of color-ratio.  A non-monotonic be-
havior of phase curves of color-ratios C(α) =  
f(λ1,α)/f(λ2,α), λ1 > λ2 in visible spectral interval 
(colorimetric OE) was noted using laboratory meas-
urements of lunar regolith samples [1]. The phase 
reddening (increasing the C(α) when λ1 > λ2 with α) is 
well-known while the minimum of the function C(α) 
was never confirmed with lunar orbital photometry. 
Using the M3 multispectral data we calculated 
functions C(α), λ1 = 540.84-2976.2, λ2 = 540.84 nm. 
The phase curves reveal a clear minimum of C(α) (Fig. 
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3). At wavelengths below 1000 nm a very shallow 
minimum at 4–6° (or no minimum at all) can be seen. 
For λ > 1000 nm this minimum is pronounced and 
located at 2–4°.  

 
Figure 2. Phase functions for the area shown
in Fig. 1. Each curve is normalized on its
own value at α=10°. For the rainbow-style 
color coding all 83 curves from the wave-
length range 541–2976 nm are used. 

 
Figure 3. Phase dependences of color-ratio 
C(α) = A(λ1,α)/A(λ2,α), where λ2 = 540.84 
nm, for the area shown in Fig. 1. Each curve
is normalized on its own value at α = 2º. 

Discussion: To clarify the role of the CBE in the 
formation of the phase function we calculated several 
phase ratios and plotted them as a function of 
wavelength λ (Fig. 4). We choose these ratios because 
the nonlinear increase of the reflectance related to the 
CBE begins with α ~ 5°. Thus we consider the phase 
ratios f(0.15°)/f(1°) and f(2°)/f(3°) as an assessment of 
the enhancement. The phase-ratio f(0.15°)/f(1°) plot 
reveal an increase of the phase slope with λ. Such a 
behavior means that the OE amplitude in the range 0–
1° tends to increase with albedo in spite of the reverse 
influence of incoherent multiple scattering (IMS). 
Thus, the wavelength dependence of the ratio 
f(0.15°)/f(1°) is clear evidence that the CBE becomes 
important for the Moon at α < 1–2° for λ from 541 to 
2976 nm. The phase ratio f(2°)/f(3°) is almost constant 
~1 over the whole wavelength range, i.e. at the 2–3° 
the phase function slope does not depend on λ. In this 
case the contributions of the CBE and IMS equalize 
each other. This points out that the spike due to CBE is 

somewhat wider than 1º. Phase ratios f(5°)/f(7°) and 
f(6°)/f(10°) decrease with λ. Hence we confirm an 
inverse wavelength (albedo) dependence of the 
steepness of phase curves at the α=5–10° [1]. Thus we 
may conclude that SH and IMS are the major 
components of light scattering at α > 2° even in NIR. 
This is in sharp contrast to the conclusion by Hapke et 
al. [7] who suggested that the CBE contributes nearly 
40% in the UV, increasing to over 60% in the red. A 
minimum of C(α) at α = 2–4º is caused rather by the 
CBE which values do not exceed 5-7% even in NIR 
spectrum range. 

Figure 4. Phase-angle ratios, f(0.15°)/f(1°), f(2°)/f(3°), 
f(5°)/f(7°), and f(6°)/f(10°) plotted as a function of 
wavelength for the area from Fig. 1. Phase ratios are 
normalized to their own values at 541 nm. 

Conclusion: We suggest a new description of the 
wavelength dependence of lunar OE in the range 541–
2976 nm. We interpret derived phase curves as 
evidence of dominating SH and IMS in the OE at 
α > 1–2°. At α < 1–2° the CBE may also contribute to 
scattering, however, its values is rather small, 5–7% 
even at λ = 3 μm, where lunar surface albedo is rather 
high. Our results reveal the colorimetric OE of the 
Moon in NIR. Using lunar observations, this is first 
reliable evidence of the colorimetric OE found earlier 
for samples. We found a minimum of phase functions 
of color-ratio at αmin ~ 2–4° which would be consid-
ered as the first reliable indicator of a small CBE com-
ponent at α < 1–2°. 

References: [1] Shkuratov Y. et al. (2011) Planet. 
Space Sci., 59, 1326–1371. [2] Shkuratov Y. G. et al. 
(2012) Journ. Quant. Spectrosc. Rad. Transfer, 113, 
2431–2456. [3] Kaydash V. et al. (2013) JGR Planets, 
submitted. [4] Pieters C. M. et al. (2009) Current 
Science, 96, 500-505. [5] Lundeen S. et al (2011) 
http://pds-imaging.jpl.nasa.gov/data/m3/CH1M3_0004 
/DOCUMENT/DPSIS.PDF. [6] Creen R. O. et al. 
(2011) JGR Planets, 116, E00G19, doi:10.1029/ 
2011JE003797. [7] Hapke B. et al. (2012) JGR Pla-
nets, 117, E00H15, doi:10.1029/2011JE003916. 

1458.pdf44th Lunar and Planetary Science Conference (2013)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


