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Introduction: Spatially resolved photometric pa-
rameter  maps  were computed  using  a  "tile-by-tile" 
method  [1]  from  23  months  of  Lunar  Reconnais-
sance  Orbiter  (LRO)  Wide  Angle  Camera  (WAC) 
images. Due to a 60° field-of-view (FOV), the WAC 
achieves nearly global  coverage  of the  Moon each 
month with more than 50% overlap from orbit-to-or-
bit. From the repeat observations at various viewing 
and  illumination  geometries,  we calculated  Hapke 
bidirectional  reflectance  model  parameters  [2]  for 
1°x1° "tiles" from 70°N to 70°S and 0°E to 360°E. 
Here we perform an  uncertainty analysis  of photo-
metrically normalized images from the "tile-by-tile" 
method through a residual fitting analysis and offset 
estimation along tile boundaries. 

Methodology: The  parameters  of  the  Hapke 
model  were  obtained  by model  fitting  against  the 
WAC  observation  data  within  each  tile.  Fitting 
residuals (R) at each tile were computed as:

where  j denotes each WAC pixel (downsampled to 
400 m/pixel for UV filters, 283 m/pixel for VIS fil-
ters) within the tile, I/F is the radiance factor [2] ob-
tained by radiometric calibration [3], M is the Hapke 
model return value, p denotes Hapke model parame-
ters of the tile, and  gei denotes phase (g), emission 
(e), incidence (i) angles of each pixel. In order to ho-
mogenize the global variation of g and i, only pixels 
with g<97°, i<75° were used. From all of the Rj, the 
median  (RM)  was  derived  for  each  tile.  Then  the 
standard deviation of Rj was derived for each 64 by 
64 gridded position within a tile and the median of 
all grids (RS) was calculated at each tile. 

In the tile-by-tile method, the image pixels along 
tile  boundaries  are  photometrically  normalized  by 
different parameters. This discrete step of the param-
eters can introduce a systematic offset of normalized 
I/F (nI/F) along the tile boundaries. We investigated 
the magnitude of such offsets by characterizing the 
amplitude of the nI/F offset (A):

where  p1 and  p2 denote the two adjacent parameter 
sets, c denotes the common angles of g, i and e (g = 

i = 60°, e = 0° [1]). The actual difference of nI/F be-
tween the two parameter sets is given by A·I/F.  

As for the  gei, we used 10,000 randomly gener-
ated  g,e,i angle sets to avoid a bias of actual  angle 
ranges  in  the  WAC  observations  along  the  tile 
boundaries,  especially emission  angles.  Each  angle 
set satisfies the definitions of  g,  e,  and  i  (not inde-
pendently generated), and the range and direction of 
i and e are restricted depending on the latitude of the 
tile and on the geometric configuration of the WAC, 
respectively. For each tile boundary (four boundaries 
per  tile),  A was calculated  using  these sets of  gei, 
then the median, standard deviation, and maximum 
values were derived for these test angles.

Results: The  RM in  the  near-global  map  (Fig. 
1a)  typically  shows  a  moderately  higher  median 
residuals  near  the  equator  (about  -0.002  to  0.006) 
compared  to  the  latitudes  beyond +/-  60°N  (about 
-0.006 to 0.002). The histogram of this map (Fig. 1c, 
blue line) shows a Gaussian type distribution with a 
single peak at  0.001.  96% of the tiles have an  RM 

Fig.1 Near-global map (0° to 360°E, 70°S to 70°N) 
of fitting residuals in our photometric normalization 
for the 643 nm filter. The median residual,  RM (a), 
and the standard deviation of residuals,  RS (b),  is 
shown  for  each 1°x1° tile.  The histograms  of  RM 
(blue line) and RS (green line) are shown in (c). 
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within +/-0.02. Since the fitting algorithm finds the 
minimum of Rn for each tile, the best fitting tile have 
values  close to  zero.  The  RS values  (Fig.  1b)  are 
lower in mare-dominated tiles. The RS indicates how 
consistently I/F from various angles were normalized 
at each 1/64° pixel within the tile. If the tile area was 
perfectly  homogeneous  in  photometric  properties, 
consistent  nI/F values would be derived everywhere 
within  the  tile  by one  parameter  set,  thus  the  RS 
would  be small.  For  tiles  with  geologic  (and  thus 
photometric) heterogeneities, the parameter set does 
not provide the same level of accuracy for all pixels 
within that  tile. The low RS within mare tiles (Fig. 
1b) indicates more homogeneous surface properties 
(topography and composition) of the maria  relative 
to the highlands. 

The median of A at each tile boundary (Fig. 2a) 
shows random noise without clear regional variation 
(except  beyond  60°  latitudes),  and  the  histogram 
(Fig.  2c,  blue line) shows values less than  0.01 for 
97% of the tile boundaries,  thus  nI/F offsets along 
the  tile  boundaries  should  be  mostly  ≤0.01.  The 
standard deviations of A at each tile boundary (Fig. 
2b) decrease within several maria (e.g. Mare Sereni-
tatis, Crisium, Fecunditatis, Moscoviense, and north-
ern  Imbrium),  and  again  increase at  the  high  lati-
tudes (more than 40° latitudes). The histogram of A 
maximum (Fig.2c red line) indicates larger  fraction 
in  more  than  0.01  compared  to  the  blue or  green 
line.  All  these values are  derived at  g=97°,  i=75°, 
that is the upper limit of the WAC data used for the 
model fitting. Probably the lack of larger angles than 
this  upper  limit  in  the  fitting  data  resulted  in  the 
maximum offsets A. 

Discussion:  As seen  in  the  histograms  of Fig. 
1c, the amplitude of fitting residuals (+/- 0.02 for the 
RM, ~0.02 to 0.06 for the  RS) is as small as errors 
expected due to the radiometric calibration (up to +/- 
5%). Tile boundary offsets A (Fig. 2) are 0.0026 on 
average with a standard deviation of 0.0039.

The fitting residual at each pixel is mostly due to 
albedo variations within the tile, such as young small 
craters  on a mature  surface,  the immature  surfaces 
exposed  by slope  failures,  and  the  mare/highland 
boundaries. Inaccuracies in calculations of g,  e, and 
i in regions of steep slopes also add to uncertainties 
in  the fitting.  The relatively higher  errors found in  
the  highland  terrain  as  compared  to  the  maria  
(Fig.1b) may be due to the fact that the mare are flat-
ter and more topographically homogeneous. 

The high  latitudes,  especially beyond 60°N and 
60°S, have systematically higher values of A (Fig. 1b 
and  Fig.  2a,b).  These  high  latitude  always  have  i  
>60°,  thus the ranges of  g and  i are quite limited. 

The larger fraction of shadows and larger uncertain-
ties in the WAC stereo DTM also add to the uncer -
tainties. Thus the parameter map above 60° latitude 
is noisier, resulting in lower accuracies. 

The model fitting and the normalizing accuracies 
will be improved as the LROC WAC continues more 
observations.  As  the  variation  in  illumination  and 
viewing angles increases, this will allow tile sizes to 
be reduced,  and  albedo variations  within  the  each 
tile will be minimized. The higher upper limits of i 
and  g will  improve the  accuracy at  high  latitudes. 
Further  improvements  to  the  stereo  DTM  [4]  will 
also allow for more precise angle calculations. 
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Fig.2 Near-global  map (0° to 360°E, -70° to 70°N) 
of normalized I/F offset amplitude  A in median (a) 
and  standard  deviation  (b)  of  each  tile  boundary. 
The histograms of median, standard deviation, and 
maximum values of A is plotted in (c). 643nm band. 
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