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[1 Thiswork consists of developing software to estimate
the surface roughness (in RM S (Root Mean Squared) devia-
tion from a local plane) of the Earth in regions which are
covered by ice and snow, by the use of remote sensing.
Thousands of satellite images acquired by the MISR (Multi-
angle Imaging Spectro Radiometer) instrument from camer-
as using 3 different near-simultaneous angles of view as the
Terra spacecraft (NASA) made repeated orbits over Green-
land during the spring and summer of 2007 were processed
using radianceto reflectance conversion, atmospheric radiat-
ive transfer correction, terrain correction, and cloud mask-
ing, to yield surface reflectance images at 3 angles (60 de-
grees forward and aft, and straight down). As a reference,
ATM (Airborne Topographic Mapping) LIDAR (LIght De-
tection And Ranging) datawere obtained from several local-
ized areas over Greenland which measured the RM S rough-
ness of order 10 m or less along a narrow flight path. The
ATM RMS and satellite image data from 21 separate sites
were correlated in 4 dimensions to yield a quantitative auto-
matic data prediction model for estimating the RMS values
at other locations which were covered by the satellite data
alone. An interesting feature of this process is that it esti-
mates surface roughness from 3 to 955 centimeters by using
image data which have a spatial resolution of several hun-
dred meters. Future work will apply the technique to other
snow and ice surfaces, and will automatically track the mo-
tion of features having low image contrast (e.g. glaciated
fronts, ablation, accumulation, and transition zones) by vir-
tue of their calculated 3d surface properties.

Citation: Nolin, A. W., S. Coyote, and M. C. Payne (2009), Quantitative
estimates of Greenland surface roughness from multi-angle satellite image-
ry, Geophys. Res. Lett., xx, Lxxxxx, doi:xx.xxxx/2009GLXXXXXX.

1. Introduction

[21 The utility of remote Earth observation from satellite
instrumentation has been an established and well-known fact
for quite some time now. However, whereas most scientists
are familiar with the concept of simultaneous multiple chan-
nel dataacquisition (e.g. using filtersto obtain spectraor im-
ages at multiple wavelengths), they are lessfamiliar with the
concept of near-simultaneous multi-angle acquisition, such
as that provided by the 9 cameras of the MISR instrument
(http://lwww-misr.jpl.nasa.gov/). The ability to observe the
surface and atmosphere of the Earth from several different
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angles provides intriguing possibilities for the geosciences,
including the potential to elucidate the 3-dimensional struc-
ture of surfaces and other objects by the way they reflect or
scatter incident light differently in different directions. In
this study, we have made use of the anisotropic reflectance of
snow and ice to reveal in what is otherwise a very low-con-
trast subject small variations (down to 3 cm) in theroughness
of these surfaces using orbital data which has a spatial reso-
lution of almost 10000 times this variation. We have devel-
oped a technique which can quantify these variations and
track spatiotemporal changes in them over arange of time-
scalesfrom daysto years. Surface roughnessisimportant for
understanding atmospheric interactions with the surface as
well as mapping dynamic ice areas. In many parts of the
Greenland ice sheet where summertime melting occurs, the
snow surface undergoes atransition from dry snow on which
aeolian processes dominate (e.g. dune and sastrugi forma-
tion) to wet snow where suncups, melt ponds and supra-
glacial channel networks can form. Along the margins of the
ice sheet where outlet glaciers convey large quantities of ice
from the interior ice sheet to the ocean, ice dynamics play a
key role. These highly dynamic outlet glaciers are character-
ized by extensive crevassed areas. In spring, crevasses are
often covered by snow which later melts exposing the rough-
est portions of the ice sheet. Drier, smoother snow isusually
associated with theinterior of theice sheet, and higher eleva-
tions. Transitions between smooth and rough regions can
occur over periods of from hours to months or longer, and
may signify changes in the mass balance between accumula-
tion and ablation (loss) of precipitation.

[3] Previouswork asreportedin Nolin & Payne 2007, has
described initial successin characterizing surface roughness
using 2 of the MISR cameras (1 forward-looking and 1 after-
looking) combined together in the 'normalized difference
angular index' (NDALI), which measures the relative amount
of back- to forward-scattering of light. It has been shown that
the NDAI is agood proxy for surface roughness which can
be used to classify ice and snow, especially when paired with
observational data acquired from aircraft over sites such as
the Jakobshavn Isbrae on the western coast of Greenland.
However, while a positive correlation between NDAI and
roughness clearly exists, it has been difficult to find a cali-
brated analytical relationship between the two using tradi-
tional regression techniques, due to the dimensionless nature
of theNDAI. Inthe current study we have made two changes
to the methodology: (1) we have included additional MISR
data from the downward-looking camera, and (2) we have
employed a novel predictive data model which uses the 3
simultaneous reflectance values, in different directions, of
each surface pixel paired with known roughness values of
similar pixels occurring in this 3d 'image space, to estimate
the roughness of new pixels. Thismodel is not analytical, in

1lof 6



L XXXXX

that it does not directly generate parameterized equationsina
form where roughness eguals some static function of three
reflectance values, but instead provides a simple process
which can estimate the roughness of any pixel given its
measured valuesin the three cameras. Thismodel consists of
acombination of several smaller models, each created from a
specific test site where both surface roughness and reflect-
ance was known, and has the advantages that (&) additional
test sites (or camera angles) can be incorporated into the
combined model to make it more accurate with awider range
of inputs, and (b) it appears to generate a consistent global
solution to the problem of roughness estimation which
could, at alater date, be used to extract analytic equations.

2. Materialsand Methods

[4 Computer programs used in this study were written
using both the C programming language (GNU compiler
version 4.0.1) and the Python programming language, ver-
sion 2.5.2. Most graphics were prepared using the PNG
(Portable Network Graphics) Clibrary, version 1.2.34. Some
interactive programs were written using the Apple Cocoa
user interface library (XCode version 3.1.2). Access to
MISR data was provided by the MISR Toolkit C library
version 1.2.0 and the HDF-EOS C library version 2.14. Fast
Fourier transforms for sinc interpolation of 2d arrays were
performed with the FFTW C library version 3.2.1. Cloud
masks were made using the IDL/ENVI GIS (Geographic In-
formation System) environment. All custom software was
developed and run under the Apple Macintosh OS X 10.5
operating system, on an Apple iMac 2.4 GHz Intel Core-2
Duo with 4 GB of RAM (Random Access Memory).
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[5] MISR data were obtained using the online ordering
tool. Georectified radiance data were downloaded in the
'stacked block' format for the 3 cameras Cf (60 degrees for-
ward), An (nadir), and Ca (60 degrees aft), which consisted
of one or more 512 lines x 2048 samples blocks per space-
craft orbit. Data usage was based on the availability of cloud
masks which were prepared by hand by one of us (Payne)
previously for 186 total orbits over Greenland during Apr-
Jul of 2007. These masks were created using the EASE (E-
qual Area Scalable Earth) map projecion grid for the north-
ern hemisphere and correspond to the Scambos & Haran
2002 Greenland DEM (Digital Elevation Model), which has
aresolution of 626.69 m. Also downloaded were MISR geo-
metric parameter files for each orbit which contain the solar
and camera angles for each block required by the terrain and
radiative transfer corrections. All subsequent calculations
were performed using the red filter band (672 nm) of each
block, which has aresolution of 275 m.

[6] Radiance datawerefirst corrected for the effects of 3d
terrain using the Minnaert procedure as described in Bishop
2003. This correction made use of azimuth and slope angles
which were calculated from the DEM, as well as solar azi-
muth and zenith anglesfor each pixel using the per-block 8 x
32 valuesin the MISR files, after these arrays were first ex-
panded to 512 x 2048 using sinc interpolation via FFT. Be-
cause Minnaert correction has the potentia to produce un-
bounded (bright) values for some combinations of angles
(usualy in steep mountainous regions), these artifacts and
nearby pixels were masked from further processing. Cor-
rected radiance data were then converted to top-of-atmos-
phere (TOA) reflectance values using the 8 x 32 conversion
factors from the MISR files, again interpolated via FFT.
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Figurel. A: Pathsof al ATM flights over Greenland during May 2007. Color isroughness from 3.27 cm (blue) to 999.78
cm (red). B: Part of flight path for May 3, 2007, over areahighlighted in A (path 036, orbit 039208, blocks 022 - 026, shown
as average of Cf, An, and Caviews). Color isroughness from 4.51 cm (blue) to 623.82 cm (red). C: Data model of 15047
pointsfor ATM path and surface image shown in B, plotted inimage space from 0.0 - 3.0 dlong X (Cf), Y (An), and Z (Ca)
axes(Z isup). D: Combined datamodel of 115665 pointsand 21 ATM/surface sites. Color isroughnessfrom 3.44 cm (blue)
t0 955.34 cm (red).
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TOA reflectance was converted to surface reflectance using
an approximation of the 5S (Simulation of Satellite Signal in
the Solar Spectrum) radiative transfer atmospheric correc-
tion process entitted SMAC (Simplified Method for Atmos-
pheric Correction) which is described in Rahman & Dedieu
1994. This process required air pressure, water vapor, and
0zone concentrations to be calculated for each pixel, using
the DEM elevation data and the 34-layer ‘arctic summer’
profile which is part of 5S. Solar and camera azimuth and
zenith angles were again interpolated from 8 x 32. Overall,
these image processing steps yielded the surface reflectance
values for 3 camera views in terms of an idealized isotropic
material, and generally ranged from 0O to 3 for each camera,
having a mean value near to 1. Finally, each image was sub-
jected to cloud-masking to mark and remove from further
calculations al pixels which were not actual surface values.
Total computer time required to process approximately 6000
masked Cf, An, and Ca surface images was about 47.74 hrs.

[71 Surface roughness values measured in RM S deviation
fromalocal planewere obtained from ATM flights (Wallops
Flight Facility/NASA) performed on May 2, 3, 4, 8, 10, and
11 of 2007. Flightswere made at 4 |ocations near the coast of
Greenland, and across the interior of the ice sheet. A total of
878038 data samples containing UT (Universal Time), lati-
tude and longitude, and aplanar RMS in cm (from 3.28 -
999.77) were used from these flights, representing a variety
of terrain from flat ice and snow to steep bare rock (maxi-
mum DEM slope = 61.80 degrees). To obtain corresponding
image data, a survey was made of all MISR orbits which be-
gan -/+3.0 days from the mean flight time on each of the 6
ATM datadays, and which intersected part of the flight path
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for that day. 3 dayswas considered close enough to the flight
date so that the surface roughness would not change signif-
icantly, although this was not always the case due to weather
(e.g. overnight snowfall). 153 candidate orbits having from 1
to 9 consecutive blocks were inspected for image quality,
illumination, and cloud cover using a combination (average)
of al 3 cameraimages where there were complete triples of
pixel data (different MISR cameras do not see exactly the
samefield of view along the satellite ground track, so that the
valid data intersection of all 3 cameras is smaller than any
single image, up to about 68% of full-frame, depending on
block number). Candidates were finally reduced to 21 orbits
associated with 5 ATM flights. ATM data intersecting these
blocks were then manually edited to remove from further
calculations any points which were under or near to clouds.
[8] There were about 10.94 ATM data points per MISR
pixel, and these were averaged together to givethe RMSval-
ue. Dueto the range and distribution of RM S values, further
data modeling and roughness estimation was performed us-
ing the logarithm (base €) of the RMS (= LRMS). ATM lat/
lon values were converted to MISR path/block/line/sample
coordinates, and the Cf, An, and Ca surface reflectance val-
ues were read from each pixel under the ATM flight path for
the 21 orbits and blocks described above. The Cf, An, Ca,
and LRMS values of each pixel form a 4-dimensiona im-
age/model space which can bevisualizedin 3d using Cf, An,
and Caalongthe X, Y, and Z axes (from 0.0 - 3.0), and using
color for the LRM S value, resulting in 21 overlapping mod-
elswhich can be used independently or combined together to
predict LRMS values at other points in the image space, by
the procedure described below. Each modéd fills some par-

D

Figure2. A: Averageof Cf, An, and Cafor 9 blocks (path 030, orbit 039528, bl ocks 020-028, 20 at top) in northern Green-
land near highlight of Figure 1A. B & C: Roughness from 3.79 cm (black/blue) to 757.79 cm (white/red). D: Image space
plots of al 9 blocks showing roughness of pixels. Grey points are unestimated due to being > 0.1 unit from data model.
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Figure 3. A: The 4 month average roughness across Greenland of 1764 projected blocks from April-July, 2007, from 5.80
cm (black) to 495.82 cm (white). B: Sameas A in color (from blue to red), with color map altered to reflect the cumulative
distribution of values (i.e. colors change faster in ranges where there are more points, leading to equal areas per color).

ticular volume of image space, depending on the distribution
of light/dark pixelsin each of the 3 camera images for that
orbit and blocks. Low, medium, or high LRMS values tend
to cluster together in different regions of thisvolume, so that
thereis a continuous, organized, gradation of colors (LRMS
values) from point-to-point in the 3d space which is fairly
consistent across different models. A combined model can
be created from the union of all other models (115665 total
points), or a gridded subset filling almost the same volume
can be extracted by dividing the 27 cubic unit image space
into 0.01 x 0.01 x 0.01 cells and averaging the LRM S values
in each cell (giving 31034 total points). The gridded version
of the combined model provides LRMS estimates with al-
most the same accuracy as the full point set, but requires far
less computer time (about 3.82x faster).

[91 LRMS estimation was performed on each of 1764
cloud-masked blocks combining Cf, An, and Ca images
(5292 total) from 186 orbits, using the gridded version of the
combined data model. For each pixel having valid Cf, An,
and Ca data, the 4 closest model points in image space were
found. If the average distanceto all 4 points was greater than
0.1 unit away, the pixel was omitted from estimation. Other-
wise, the LRM Svalue of the pixel was given asthe weighted
average of the LRMS values of the 4 closest model points,
where each weight was eM(-dist(i)"2 / avdist"2), dist(i) isthe
distancetopointi (= 1to4), and avdist isthe average of al 4
distances. In this way, closer points are given more weight,
and theweight of apoint fallsto /e asits distance approach-
es the average distance. This method has the properties that
(a) each estimate is calculated as a smooth interpolation of
the data model, and (b) only pixelswithin a certain distance
(0.1 unit) of the model 'cloud’ are estimated. Even with the
latter constraint, this method was able to estimatethe LRMS
of most pixels in each block (maximum 100%, average

85.27%), due to the wide variety of terrain used to make the
combined data model. In addition to the LRMS, with each
block were saved (per pixel) the average distance from the
model, the standard deviation of the LRMS of the 4 points
used, PNG images of all 3 variables, and a 3d plot of the Cf,
An, and Cavalues of all pixels of the block overlayed with
the LRMS colors of those pixels estimated. Processing all
1764 blocks in this way took 2.84 days of continuous com-
puter time, yielding the primary result of this study.

[10] Estimated blocks were then used to create composites
of each orbit, arranged in sequence of date from April 1 to
July 29, 2007, and mosaics of Greenland by projection onto
the DEM grid. Each pixel of the grid was interpolated from
al LRMS values within a 3 pixel radius, using a weighted
average of vaues, where the weights were e(-dist(i)*2 /
damping), dist(i) is the distance to the projected point, and
damping = U/pi. This method created visually sharp mosaics
that were free from artifacts and abberations due to the dif-
ferent locations and orientations of the projected blocks. All
1764 LRMS blocks could be projected, or any subset of
blocks within aspecifc orbit or date range. Mosaics using all
blocks took about 2 hours of computer time to produce.

3. Results

[11] Severad ATM RMS vaues were averaged at each
MISR grid point. An estimate of the variability of the input
data was made by calculating the square root of the average
sum of squared differences (n - 1 based) between theindivid-
ual ATM LRM S values and their means, over all grid points.
This value ranged from 0.025 to 0.309 for the 21 models
used, having a mean of 0.156. To test the accuracy of the
models, they were each used to predict the values of all 21
input data sets, including themselves. Again, the square root
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Figure4. A: Greenland roughness averages for April, May, June, and July, 2007, from 4.75 cm (black) to 657.84 cm
(white), showing the locations of valid data for those months. B & C: Detail of 4 months of roughness around Jakobshavn
I sbrae (on central west coast), from 5.24 cm (black/blue) to 567.96 cm (white/red). The abnormally rough area north of the
glacier in April (top) isthe result of the high variability of data during that month, especially on 4/08 and 4/24, and is most
likely dueto snowfall. Changesin the glacier and its outflow (lower left white/red area) can be clearly seen during 4 months.

of the average sum of sguared differences between the pre-
dictions and the measured values was used as an estimate of
error. The average self-prediction error was 0.171, slightly
larger than the input data variation, although 11 out of 21
models had errors less than their input data variation (self-
prediction error was not zero because each predicted value
was the average of the 4 closest points in the model, even if
one of them was exact). When each model was used to cross-
predict all 21 sets, the average error was 1.144, although 28
out of 441 pairs predicted zero points, as hone were within
0.1 image-space units of the reference model. Thisisbecause
different models occupy different parts of image space, and
some do not overlap at all. When the combined model of
115665 points was used to predict each set, the average error
was 0.210. When the gridded model of 31034 points was
used, the average error was 0.378. Since the predictions are
of logarithmic values, the ratio of the roughness prediction
error to theinitial variation within the ATM data was about
€"0.378 / €10.156 = 1.249. Thus, in a relative sense, the
roughness values estimated by this method are expected to
be about 25% 'worse' than the natural variation occurringin
the input data. Since the errors are standard deviations, this
means that, in an absolute sense, 68.2% of the estimated val-
ues should be within 68.5% (e"-0.378) to 145.9% (€"0.378)
of thetrue value, if the data are distributed normally.

[12] For the 1764 blocks processed, the minimum rough-
ness value was 3.75 cm, the maximum was 826.34 cm, and
the average was 20.94 cm. It should be noted that the vertical
sizes of surface features associated with specific roughness-
es are probably larger than the values quoted, depending on
the shape of thevariation in elevation (for example, the peak-

to-peak amplitude of a sine wave is about 2.83 times its
RMS). Estimated blocks were composed into 186 orbits and
projected onto the Greenland DEM singly and combined by
day, by week, by month, and for the 4 month period from
Apr-Jul. Data availability, coverage of the DEM, and aver-
age roughness values for each month are shown below.

Month #days #orbits #blocks %cov avcm
Apr 18 31 237 7412 20.33
May 23 63 597 93.35 14.04
Jun 19 47 454 87.83 15.09
Jul 20 45 476 97.94 15.40
Apr-Jdul 80 186 1764 99.74 15.07

[13] There was no discernable trend to the average rough-
nessvalue over time, although there were visible changes|o-
cally (especially along the coast), and the overall change was
both an increasein the roughness of the interior ice sheet and
a decrease in the daily and weekly variation of that rough-
ness over time, accompanied by adecreasein the weekly and
monthly standard deviations of the LRMS over al points.
Over 4 months, there was amoderate inverse correlation (r =
-0.725) between regions of higher roughness at lower eleva-
tions along the coast, where the highest LRMS values were
associated with glaciers and glacia outflows along the east
and west coasts, while smoother regions occurred primarily
at higher elevations within the interior of the ice sheet.
Monthly distributions of roughness were quite bimodal, all
having asharp peak at an average of 7.94 cm, and a so show-
ing an increase over time of roughnesses from 148.12 cmin
April down to 34.81 cmin July.

[14] Although this study was primarily a proof-of-concept
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of the roughness estimation technique, a single isolated site
surrounding the Jakobshavn Isbrae was subjected to closer
observation, in which progressive changes can be seeninthe
coastline, the outflow, and along the edge of the ice sheet
over the course of 3 months.

4, Discussion

[15] We were disappointed by the paucity of usable satel-
lite data, especially over the central and southern interior of
the ice sheet, and during the month of April. This can be at-
tributed to two sources: (1) the geometry of the MISR orbitis
such that sequential orbits are neither contiguous nor over-
lapping on the ground (each orbit is 16 'paths away from the
previous orbit, which trandates to almost 30 degrees of rota-
tion and 500 kilometers of distance in southern Greenland as
the Earth turns during the orbital period of 98.88 min), and
this part of Greenand is covered by only afew out of 233 to-
tal paths, and (2) the weather over theinterior of theice sheet
was often cloudy, especialy during late spring, or consisted
of poorly-defined clouds, surface fog, and low-altitude mist
that was difficult to mask minimally by hand, resulting in
loss of otherwise valid data. Colleagues at Penn. State Uni-
versity are currently working to automate the cloud-masking
process, but results from this project were not available for
the present study. There was also considerable variation in
the wesather, especially during April (often in the form of
overnight snowfall) which increased the variability of sur-
face roughness and decreased the agreement of nearby (in
space, but not in time) orbitsin weekly or monthly mosaics.
Although single orbits provided reliable roughness esti-
mates, there were often several daysinterim before aspecific
site was intersected by another orbit, and the surface rough-
ness could change considerably during that time. The orien-
tation of orbits with respect to the ground was a'so a factor,
asthe sameterrain looks different (especially in the forward-
and aft-viewing cameras) from different angles, and even
same-day orbits intersecting a particular site would be ro-
tated relative to one another. The solar zenith angle also con-
tributed to the variability of estimation, as the often near-
tangential light path close to the terminator at high latitudes
significantly altered the brightnesses of pixels compared to
their nominal values. However, this effect has been some-
what mitigated by the use of several sub-models having high
solar zenith angles (> 80 degrees) in the combined data mod-
el which have allowed the roughnesses of these pixels to be
estimated accurately.

[16] We were not surprised by the spatiotemporal distribu-
tions of roughness shown in the weekly, monthly, or 4 month
average mosaics, as they were consistent with expectation,
especially near the coast and at lower elevations. However,
the apparent roughening of theinterior ice sheet during mid-
summer, especially at higher elevations, requires some ex-
planation different from that of crevasse exposure, and might
be a subject for further study when additional cloud masks
become available. The 4 month average distribution can be
divided into 4 broad roughness classes: <= 8 cm generaly
confined to the interior of the ice sheet, 8 - 16 cm occurring
primarily around the periphery of the sheet, 16 - 32 cm oc-
curring locally within the sheet, near the southern end of the
island, and along the low-lying regions of the coast, and >=
32 cm occurring primarily in the mountainous areas of the
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coast, coastal glaciers, and glacial outflows. Each of these
might require adifferent mechanism for formation, equilibri-
um, and transition between classes.

[17] We were pleased that many consistent features were
visible in all of the mosaics, especially features associated
with glaciersand outflows along the coasts, and that changes
in the surface roughness in and around these areas could be
clearly seen and tracked over time. Although this study was
conceived as a general survey of roughness throughout
Greenland during the span of only a few months, more de-
tailed and frequent observations of smaller specific locations
over longer time spans are merited. It should also be noted
that the combined model containing al ATM data points
produces more accurate results than does the gridded subset,
but at the expense of speed (about 25% asfast). Whileit was
not convenient to process all 1764 blocks used in this study
with the combined model (which would have required about
11 days of continuous computer time), this model should be
used to process smaller numbers of blocksover isolated loca
tions for enhanced accuracy. We believe that the technique
developed hereis of general applicability (presuming that it
can produce results of similar accuracy on a variety of sur-
faces other than snow and ice), and that the use of multiple-
angle remote sensing data such as these, when properly cali-
brated by ground and airborne observations, can make im-
portant contributions to the geosciences.

[18] Additional information about this project can befound
at http://www.skycoyote.com/MISRY/.
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