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Surface Roughness Characterizations of Sea Ice and
Ice Sheets: Case Studies With MISR Data

Anne W. Nolin, Florence M. FettereMember, IEEEand Theodore A. Scambos

Abstract—This work is an examination of potential uses of the material itself may be predominantly forward scattering. For
multiangular remote sensing imagery for mapping and charac- example, ice is forward scattering at the particle scale, but at

terizing sea ice and ice sheet surfaces based on surface roughnes : S
properties. We use data from the Multi-angle Imaging SpectroRa- %rger scales, surface microtopography such as sastrugi (wind

diometer (MISR) to demonstrate that ice sheet and sea ice surfaces€roded snow) and glacier_cr_evgsse_s are backward scattering [5],
have characteristic angular signatures and that these angular sig- [6]. If the surface texture is indicative of the state of the mate-

natures may be used in much the same way as spectral signaturesyia|, it follows that multiangular measurements may be used for

are used in multispectral classification. Three case studies are o ol0gical classification of the snow or ice surface. This re-
examined: sea ice in the Beaufort Sea off the north coast of Alaska,

the Jakobshavn Glacier on the western edge of the Greenland lationship between backscattering and surface morphology has
ice sheet, and a region in Antarctica south of McMurdo station been exploited by synthetic aperture radar (SAR) and SAR in-
containing glaciers and blue-ice areas. The MISR sea ice imageterferometry for mapping sea ice types [7], [8] and ice sheet to-
appears to delineate different first-year ice types and, to some pography [9]-[12]. However, to date, multiangular approaches

extent, the transition from first-year to multiyear ice. The MISR ) . . .
image shows good agreement with sea ice types that are evidentSINg optical remote sensing data have not been applied to map-

in concurrent synthetic aperture radar (SAR) imagery and ice ping sea ice and ice sheet surface roughness.

analysis charts from the National Ice Centgr. Over the Jakopshavn The Multi-angle Imaging SpectroRadiometer (MISR) is an
Glacier, surface roughness data from airborne laser altimeter j,nqyative instrument that uses simultaneous multiangular mea-
transects correlate well with MISR-derived estimates of surface . . . .
roughness. In Antarctica, ablation-related blue-ice areas, which surements _to obtain angular reflectan_cemformaﬂonfor retngval
are difficult to distinguish from bare ice exposed by crevasses, are Of geophysical parameters [13]. In this work, we use MISR im-
easily detected using multiangular data. These unusual ablation agery of three case study areas to identify potential ways in

surfaces are smooth and, unlike nearby crevassed ice, are strongly\yhich multiangular data can help characterize surface rough-
forward scattering. These case studies demonstrate that MISR . .
ness on ice sheets and sea ice.

data can make an innovative and important contribution to ) . - ]
remote sensing of ice sheet and sea ice surface properties. The primary objective of this research is to demonstrate the

. . utility of using multiangular measurements over sea ice and ice
Index Terms—Antarctica, Beaufort Sea, blue-ice areas, Green- . .

land, ice sheets, Multi-angle Imaging SpectroRadiometer (MISR), Sheets to detect changes in subpixel scale roughness that are rel
sea ice, surface roughness. evant to their classification. Specifically, we aim to examine 1)
whether angular signatures may be used to distinguish between
sea ice types and 2) how well angular patterns correspond to ice
sheet surface roughness.

PTICAL remote sensing using simultaneously acquired

multiangular data is a relatively new concept. Most clas-
sification algorithms rely on variations in spectral reflectance.
However, recent research indicates that anisotropic scatterind e MISR instrument was launched in December 1999 on
from various earth surface types (e.g., soil, vegetation, clodpard NASAs Terra satellite. It is a pushbroom sensor, with
and snow) creates characteristic angular signatures in additit$ie cameras aligned in the along-track direction and four spec-
to the better known spectral signatures [1][3]. Subscale surfdt&l bands per camera. The sensor has high radiometric resolu-
roughness is the surface texture having length scales finer tigR (14-bit quantization) and a broad radiometric range, so that
can be resolved by a particular satellite-based sensor. Herzféldoes not saturate over bright targets such as snow and ice.
et al.[4] define it as the derivative of surface microtopographf?Ver a 7-min interval, the subspacecraft location is sequentially
Surface roughness affects both the spectral reflectance, throMgived by each of the nine MISR cameras. Thus, for a partic-
subpixel shadowing, and the angular distribution of reflected ralar overpass each pixel is viewed at essentially the same solar

diance. Rougher surfaces are backward scattering, even wA8RAMetry but nine different viewing angles.
The MISR instrument acquires a suite of 36 reflectance
. . . __measurements (nine cameradour channels) providing both
Manuscript received September 10, 2001; revised May 2, 2002. This work . . . .
was supported in part by NASA under Grant NAG5-6462. spectral and angular information. The spatial resolution of the
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TABLE | Satellite remote sensing has long been used to map sea ice.
DESCRIPTION OF THEMISR INSTRUMENT These tools include passive sensors that measure microwave
Camera Angles 170.5°, 260.0°, £45.6°. 226 1°.0° emission or reflected sunlight as well as active sensors that mea-
Spectral Bands 48 nn (Blue), 558 nm (Green), sure radar backscatter. Visible and near-infrared imagery offer
672 nm (Red), 866 nm (near IR) good spatial resolution, typically at scales of 1 km or finer. How-

iZ}fe:cheEs(;H bands in nadir camera and red bands inall - o\er hroblems with cloud cover make the all-weather contribu-

Pixel Size 1.1x 1.1 km (blue, green, and near IR bands in fore and aft ~ IONS Of microwave sensors very attractive. Though relatively in-
cameras) sensitive to clouds, passive microwave data are limited in their
Swath width 380 km , ability to determine sea ice types, and their resolution is fairly
Quantization 14 bits. square-root encoded to 12 bits coarse (about 25 km). In summer, ice concentration is under-
estimated due to the presence of surface melt water and other
TABLE Il effects [21]. Another difficulty is that sea ice within approxi-
DESCRIPTION OFMISR IMAGERY USED IN THE THREE CASE STUDIES mately 50 km of the coast is not accurately mapped because
of the effects of mixed land—ocean pixels. Satellite SAR im-
Location Date Orbit Number  Center Lat/Lon agery, which measures radar backscatter, is an important tool
Beaufort Sea lihﬁaar;gggf ! 3233 720N 1450°W for operational sea ice monitoring [22]. SAR has the advantages
gg‘fi’;havn 5 June 2001 7795 69.5°N, 48.5°W of high resolution (25-m to 100-m resolution is generally used
, 7 July 2001 8261 for sea ice monitoring) combined with a relatively wide swath
East Antarctica 27 January 2001 5916 79.6°S, 159.2°W

(500 km for RADARSAT ScanSAR mode) and the ability to
image the surface through darkness, clouds, and dry snow. The
QIﬁADARSAT Geophysical Processing System [23] uses SAR

have a resolution of 1.1 km (see Table I). MISR geolocati ; d idded fields of i i d ice thick
accuracy is excellent with root-mean-square (rms) errofgagery 1o produce gridded Tields of Ice motion and Ice hick-

ranging from 143 m (nadir camera) to 350 m (F0eit camera) ness (based on a model of ice growth, divergence from motion

in the along-track direction and from 115 m (nadir camera) {belds, and freezing degree d.ay mformatl_on). The US National
160 m (70.5 aft camera) in the cross-track direction. ce Center (NIC) uses a variety of satellite data, aircraft recon-

naissance data, and model estimates to produce charts of weekly
sea ice concentrations, stages of ice development, and forms of
sea ice [24]. The high level of detail in NIC regional products
We have chosen three locations for this study: sea ice in tlesults primarily from manual analysis of SAR data.

Beaufort Sea, the Jakobshavn Glacier in western Greenland, anBackscatter in SAR imagery (i.e., the strength of the radar re-
an area in eastern Antarctica with glaciers and exposed blue iggn) depends on surface roughness as well as the dielectric con-
The three study areas were selected for several reasons. Edaht of the reflecting material. Much of the early work on using
of the areas has been the subject of previous studies; each$AR for sea ice-type mapping attempted to model backscatter
some particular cryospheric significance; and each exhibits spaterms of these parameters and to equate backscatter with
tial and/or temporal changes in surface roughness that makigé types ([25] provides an overview; also see [26]). Multiyear

a useful candidate for multiangular classification. Table Il sunice has a relatively low dielectric constant because of its low

marizes the MISR images used for each case study area. salinity, and it appears bright in SAR imagery as a result of re-
flections off bubbles within the ice as well as from its rough

A. Sea lce surface. Thinner ice types appear darker because they are more
saline and have a higher dielectric constant that prevents radar

Sea ice acts as the dominant control on ocean—atmosphere ' : .
e{\ergy from penetrating the ice surface. Thinner (and younger)

fluxes in the polar oceans and is a climatically sensitive Pl pes have not been exposed to weathering and other forces
of the earth system. Recent research has suggested that se

. h d din th ) q bl it oughen the surface. Their smooth surface tends to specu-
concentrations have decreased in the Arctic and possibly igﬂy reflect the radar signal, so young ice types generally appear

Antarctic [14]-[18]. Regionally, the western Arctic appears t9ark in SAR imagery.

be.experiencing §ignif!cant decreasgs in thg average thiCkneséecause both SAR and MISR imagery register surface rough-
of ice [19], [20], implying & change in sea ice mass balanchass albeit at different scales and in a different manner, we
Information on sea ice extent, concentration, and thicknessglgyect some similarities. Backward and forward scattering are
also needed for high-latitude navigation. Of particular impogoth rejative to the source of illumination. In the case of MISR,
tance is the extent of multiyear ice (sea ice that has survived GBRyard scattering is that which is directed away from the sun,
or more summers), since this indicates ice that is substantiagdiyd hackward scattering is directed back into the direction of
thicker than first-year ice (ice which forms during the winter anghe sun. Rougher old ice that is bright in SAR imagery (because
melts in the summer). Decreased salinity also occurs in mul§f surface roughness as well as inclusions such as air bubbles
year ice, as brine is removed from the ice over time. Multiyeaihd brine pockets) would also be expected to show greater back-
ice tends to have an undulating surface because of the formatjgrd scattering in MISR imagery (because of surface roughness
of melt ponds and their subsequent draining and/or refreeziagpne). Smoother, younger ice types that usually appear dark in
First-year ice is relatively smooth except where ridging ar®AR imagery would be expected to be predominantly forward
cracks have occurred. scattering in MISR imagery. Younger ice types have backscatter

I1l. CASE STUDY AREAS. SIGNIFICANCE AND DESCRIPTION
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B. Greenland Ice Sheet

The vast ice sheets of Greenland and Antarctica contain
approximately 77% of our planet's fresh water [29]. Trends
in accumulation, ablation, and ice dynamics affect the overall
mass balance of the ice sheet and contribute to changes in
global sea level. Although their potential impact on sea level
rise is undisputed, there is uncertainty in the mass balance
of these large and remote ice sheets. Numerous studies over
the past two decades paint an incomplete picture of complex
interactions between climate, ice sheet accumulation/ablation,
and ice dynamics [30]-[33]. Passive microwave measurements
have recorded overall increases in the melt region over the past
25 years [34]. Laser altimeter measurements show overall ice
sheet mass balance at elevations above about 2000 m, rapid
thinning along the eastern margin of the ice sheet, and thick-
ening of some outlet glaciers along the western coast [35], [36].
The dramatic thinning evident in many of the outlet glaciers
cannot be completely explained by changes in ice ablation
and accumulation, implying that a change in ice dynamics is
involved. Surface roughness comes into play in the sense that
surface morphology is a record of combined effects of snow
accumulation, ablation, and ice movement. An increase in melt
area will lead to an incursion of melt ponds into previously
smooth regions of the ice sheet. Changes in wind erosion and
sublimation will affect sastrugi and snow dune formations in
the dry-snow zone. Structures such as glacier crevasses and ice
surges provide a record of ice dynamics.

Fig. 1. MISR nadir red channel image of sea ice off the north coastofAIaska.'A\lthongh optlcal remote sensing Is limited to the sunlit

The image was acquired on March 19, 2001. This image strip covers an are§8ASON, changes in Su_rface roughness Zones are best Ob_served
200 km x 800 km. in summer when ablation processes are dominant. Cloudiness

can inhibit the use of optical data, but at high latitudes, the

signatures that overlap in SAR data [27], and the thinnest itmmporal coverage is frequent. For MISR, temporal coverage
types have signatures that are below the noise floor of spapeleward of 60 latitude is at least one image every five days,
borne SAR [28]. With SAR, sea ice surface roughness is d& cloud-free images of a region can be regularly obtained.
tectable at the centimeter scale, comparable to the wavelengt®ur study area is in western Greenland, over the Jakobshavn
of the sensor. For MISR, detection of surface roughness depefalacier and its upland drainage basin. This particular glacier is
on the wavelength of the roughness as well as the solar illuminaportant because it drains a significant portion of the western
tion and viewing geometries. The quantitative relationship b&reenland ice sheet, has the fastest flow on the ice sheet, and
tween roughness and detectability has not yet been establishag high rates of iceberg calving. Previous work [4], [37] has
for MISR. Additional work will be needed to explore this. Heremapped distinct morphogenetic provinces along the glacier,
we show only that MISR angular reflectance signatures demdrased on surface roughness patterns measured using SAR
strate the expected differences in ice surface roughness badatd, video imagery, and ground-based measurements. These
on ice type. roughness zones correspond to different surface processes that

Our sea ice case example is in the Beaufort Sea, off the noafffect the glacier (development of sastrugi, formation of melt
coast of Alaska. This location was selected because of the pnesnds, crevassed areas, etc.). Fig. 2 is a nadir red channel MISR
ence of both multiyear and first-year seaice types. We use MI8Rage of the Jakobshavn Glacier on May 4, 2001. The glacier,
and RADARSAT images acquired on March 19, 2001, at whidh the left portion of the image, is characterized by crevassed
time both multiyear and first-year ice types are present but prige as it nears its outlet. Spectrally, this crevassed portion of the
to the onset of surface melt. Fig. 1 is a nadir camera, red changkelcier is darker than the upland drainage region because of
image from MISR showing the coast of Alaska at the bottom tifie self-shadowing effects of the deep crevasses [5]. The upper
the image with first-year and multiyear ice to the north. Sonortion of the Jakobshavn Glacier drainage basin, on the right
thin clouds are present on the east side of the image. We @ide of the image, is characterized by high snow accumulation
terpret the MISR image using a concurrent RADARSAT imad@0], [31], [33]. The intermediate portions of the drainage basin
and NIC ice analysis charts as “truth.” Confidence in the Nl@ave melt ponds and, later in the summer, bare ice. Our goal
product is based on NIC’'s methods of analysis (manual imaggth this case study is to see if MISR data may be used to map
interpretation by an analyst who specializes in the region) asdrface roughness that could be used in future work to classify
data sources (satellite imagery, as well as models and ship and monitor morphogenetic provinces associated with these
shore observations). important outlet glaciers.
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Fig. 3. MISR true-color image of blue-ice areas and glaciers south of

McMurdo station, Antarctica. The image was acquired on January 27, 2001

and covers an area of 250 ks 200 km. The three main glaciers shown in
..’,.~ the image flow down into the Ross Ice Shelf, which comprises the lower right
N portion of the image.

Fig. 2. MISR nadir red channel image of the Jakobshavn Glacier in west.t‘ﬂﬂ-
Greenland. The image was acquired on May 4, 2001 and covers an area of 1 !
km x 137.5 km. The Jakobshavn Glacier flows into a narrow channel (“isbrae
where it releases substantial numbers of icebergs from its terminus. The ¢
area in the lower leftcorner is ice-free ocean. The rugged coastline is cove

with snow at this time of year.

C. Antarctic Blue-Ice Areas

In Antarctica, extremely dry and windy conditions result ir m T AT e
large areas of net ablation on the ice sheet, known as “blue-
areas” [38]. Net ablation, i.e., negative surface mass balan
causes the surface layers of seasonal snowfall and old firn to
removed primarily through sublimation, exposing dense old =
ice beneath [39]-[41]. Because of this, concentrations of me
orites collect on the surface of blue-ice areas [42], [43]. The
also tend to be flat, hard surfaces and have been used as airt ' - R ey
landing strips [44]. Furthermore, because of the expected sensi-

i i ; i ; ig. 4. Blue-ice surface in the foreground exhibits strong forward scattering.
tivity ofthese regions to Changes in climate, partICUIarly at theﬂwgis photo is of the area called “Meteorite Hills,” after the large number of

edges, recent studies have attempted to map blue-ice extenh@sorites found on its surface. (Photo courtesy Larry Nittler, Carnegie Institute,
a baseline for future climate change monitoring [45]-[47]. Pr&vashington, D.C.)

liminary attempts at mapping blue-ice areas have used multi-

spectral optical imagery, based on the very distinctive differ- gyansive regions of ablation-derived blue-ice exposure and
ences in the visible and near-infrared spectral reflectance a‘?fjacent major outlet glaciers just south of McMurdo Station,
blue ice and snow [45], [47]. However, multispectral approach@§iarctica are our third study area. Fig. 3 shows a true-color
cannot distinguish between ablation-exposed blue ice and arggsposite MISR image acquired on January 27, 2001. The
where deep crevassing exposes blue ice (and so, in current Maggw-covered Ross Ice Shelf is in the lower right portion of the
crevassed areas are manually masked based on glaciologig@lge. The Byrd, Darwin, and Mulloch glaciers flow eastward
guessing). Blue ice that is exposed in glacier crevasses is ffin the East Antarctic plateau into the Ross Ice Shelf. On the
result of the combined processes of ablation and ice flow. Thef%-nks of the upper reaches of these g|acier5 are |arge areas of
fore, we want to distinguish between blue ice in crevasses agilation-derived blue ice. These particular areas, the Darwin,
smooth blue ice in order to better isolate the climate sign@ates, and Butcher Ridge ice fields, are the site of meteorite
We examine the possibility of using the very large differencesllection efforts [43] due to meteorite concentration on the
in surface roughness between the two surface types, in conegifface by thousands of years of ice flow and ablation. Rock
with their distinct spectral signature relative to snow, as a meamstcrops surround the glaciers and ablation areas. Fig. 4 is a
of more accurately and more automatically mapping blue-ighotograph of a blue-ice area known as “Meteorite Hills” and
extent. is also shown in the MISR image. This photograph was taken
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looking toward the sun and shows the strong forward scatterioged a proxy for this parameter, created by computing a nor-
off the relatively smooth ice surface. malized difference angular index (NDAI)

V. METHODOLOGY NDAI = (back— fore)/(back+ fore) 1)

The three study areas are treated somewhat differently, siMdeere, back is the backward-scattered radiance at MISR’s
the objectives and the ancillary data used for assessment of th-5* viewing angle and fore is the forward-scattered
MISR results are different in each case. For all locations we u@diance at the +70°5viewing angle. The normalization
mostly cloud-free MISR data. process removes pixel-to-pixel illumination differences. Bright

In this work, we convert the top-of-atmosphere (TOA) scaldeixels in an NDAI image indicate strong backward scattering
radiances to TOA reflectance values. This yields a quantw;sociated with rough surfaces, while smoother areas will be
termed the bidirectional reflectance factor (BRF), which is tHredominantly forward scattering. For comparison with these
ratio of the reflected light in the direction of the sensor to that 3ISR-derived estimates of ice sheet surface roughness, we use
the incident solar beam. The two directions implicit in the terata acquired on May 15, 1997 from the Airborne Topographic
“bidirectional” are the illumination and viewing directions,Mapper (ATM). The ATM is a scanning airborne laser altimeter
where the illumination is the direct beam solar irradiance. whépat collects highly accurate elevation data. With its high scan
there is some proportion of diffuse illumination, such as at tHate, the ATM collects a dense set of elevation measurements
surface, the term hemispherical-directional reflectance fac®lPng a 140-m-wide swath. Root-mean-square accuracy of
(HDRF) is used, since the illumination is hemispherical arfgevations is 10 cm or better. The elevation data are resampled
the observation is directional. Thus, for TOA measurement§, 70-m planes using a best fit technique. The rms error of the
it is the BRF that describes the reflectance while, for surfaéé of the data to the plane is the surface roughness. Although
measurements, HDRF is the correct term. In this work, TORe ATM data are not concurrent with the MISR imagery, they
BRFs are used rather than surface HDRFs because atmospH&crom the same time of the sunlit season (mid-May). Since
effects do not significantly modify angular signatures of brigithese data were acquired prior to the onset of melt (which varies
snow and ice surfaces. Furthermore, atmospheric profile df@M year to year), they will reflect the early-season surface
on water vapor, ozone, and aerosols are sparse or nonexisi@dghness, which has much lower year-to-year variability.

over the case study regions, preventing accurate atmospheriB0th the MISR and the ATM data are georeferenced, allowing
correction of MISR imagery. the ATM transects to be overlaid as vector data on the MISR

NDAIimage. NDAl values from the corresponding MISR pixels
are then extracted. Because the data ranges of the two are dif-
ferent, we rescale the data by subtracting the mean and dividing
To assess the effectiveness of MISR data for distinguishigg the standard deviation. Data from the three MISR images,
between sea ice types, we use a RADARSAT SAR image agsaced about one month apart, are used to identify changes in

quired on the same day as the MISR overpass. The NIC iggrface roughness over the course of the 2001 summer season
analysis chart for the week of March 19-23, 2001 is also usggm May to July 2001.

to identify boundaries between first-year ice types and multi-

year ice. Amultiangular classification of the image is performefl  Bjue-Ice Areas in East Antarctica

using the red channel reflectances at MISR’s nine camera an- . .

glesg Landsat Thematic Mapper (TM) data are used to map blue-ice
We use an iterative self-organizing data analysis (ISODAT reas in the vicinity of the Darwin and Byrd Glaciers in East

unsupervised classifier [48] to determine the number of clas gtarctlca. Previous ground-based surveys [43] have indicated

in the MISR image and their spatial distribution. This comt- e compositional similarity between the smooth blue-ice areas

monly used clustering technigue uses an initial cluster vect%‘?la.cent to the rock orl:tcropstﬁngtthbllue.meSthathls e>t<pqs|(eq n
and then iteratively assigns pixels to the closest cluster baseogé)%c!ercrevasses suchasonthe byrd ilacier. such material sim-
distance from the cluster mean. The ISODATA algorithm midl_arltles and morphological dissimilarities have also been men-

imizes the within-cluster variability but does so without any tlopﬁgg&; otther blue-l_ce reglolns ”; Qntilrg%? [4(217]. i h
priori assumption of the final number of clusters. Both the clas- " ata processing empioyed the I olden ify smoo
sified image and the RADARSAT image are georeferenced %é)ue ice gnd distinguish it from blue ice in glacier crevasses. To
a UTM coordinate system. Regions in the classified image ar phasize the blue spectral peak [49] of the blue ice, we use

then compared with the RADARSAT backscatter image and tﬁetluejredtﬂorgallzed ddlfft(ajre?]ce (BIR N?)I\,/“sgrgl’lar todt'he N D.AI
NIC ice analysis chart. ut using the blue and red channels o s nadir viewing

camera. To emphasize the difference in grain size between blue
ice and snow, we use an IR-blue normalized difference (IBND).
Snow with a large grain size has lower infrared reflectance and,
To map surface roughness in our second case study areathezefore, a smaller difference between infrared and blue chan-
use MISR forward and backward pointing cameras and comels [50], [51]. When compared with snow, blue ice has a very
pare these measurements with colocated laser altimeter magge effective grain size.
surements of surface roughness. Since the MISR data are ndh addition, we examine the angular signatures of the blue ice
a direct measure of ice sheet surface roughness, we have deaedl crevassed regions. Because we are interested in the relative

A. Beaufort Sea Ice

B. Jakobshavn Glacier



1610 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 7, JULY 2002

Fig. 5. (Left) RADARSAT image at 100-m spatial resolution acquired of
March 19, 2001. The image covers an area of 185800 km. Solid white
lines from the NIC ice charts and marks areas of predominantly multiyear i ..
(A) and various forms of first-year ice (B)—(D). The dotted white line at thé"

ice. Cyan pixels match the area that is composed of predominantly multiy
ice flows. Magenta pixels are thin clouds. The red arrows indicate frost flow i
with distinctive scattering properties that can be seen in both images.

magnitude of BRFs as a function of viewing angle (or, for spe€ig. 6. MISR normalized difference angular index image for May 4, 2001.

tral evaluation channel) we normalize using the following. North, center, and south transects are shown in blue, cyan, and yellow,
’ " respectively. Bright areas indicate strong backward scattering, while darker

" areas show predominantly forward scattering.
> BRF
BRF,o, = BRF— =0 (2) reflection of the underlying ice type or morphology. Based
n on examination of the angular signatures (not shown), the
where BRF..., is the normalized BRF value and is the red-classified regions are forward scattering, while blue-classi-
number of values included in the measurement of the signatfjRd areas are more backward scattering. The other classes have

(n = 9 for angular measurements;= 4 for spectral measure- Statistically distinct angular signatures and fall into the middle
ments). of the forward/backward scattering continuum.

Because SAR penetrates dry snow and into old ice, while
the optical MISR sensor measures reflectance at the surface,
which may be snow-covered, we can only expect a gross cor-
A. Sealce in the Beaufort Sea respondence between angular signatures from MISR and SAR

Fig. 5 shows the results of the ISODATA classification obackscatter. We do find this: younger types tend to be forward
the MISR image, alongside an SAR image of the same arégattering in MISR and dark in SAR (with the exception of new
ISODATA is an efficient way of determining whether the ninéce covered by frost flowers), while multiyear ice tends for be
input channels contain angular information related to sea igackward scattering and bright in SAR. Linear features in the
type (much of the information is redundant, and further workpper portion of the MISR image represent thinner first-year
would be needed to determine the optimal combination e between large floes of multiyear ice. These features do not
channels for discriminating ice types). The ISODATA routin@ppear in the SAR image, since SAR is not sensitive to these
found five classes for sea ice (magenta is related to land egtgall differences. At present, MISR imagery offers few advan-
cloud). Cyan maps most multiyear floes (judging multiyear biages over SAR for operational ice mapping, but can comple-
the bright signature in the SAR image and the delineation Bfent SAR by, for example, resolving areas of very thin ice that
multiyear ice on the NIC chart). Blue and green map first-ye&ay be confused with multiyear ice in SAR. MISR may also be
and younger types. Red maps thin ice, which is dark in tiseful in summer, when surface melt makes it difficult to dis-
nadir MISR image (Fig. 1) and is often very bright, due téinguish between sea ice and open water in SAR imagery, and
the formation of large, multicrystal and angular faceted “frogtassive microwave ice concentration data are also unreliable.
flowers” on the surface [25], in the SAR image. (The red arrows o
on the SAR image mark two of these features.) Yellow map<h Jakobshavn Glacier in Western Greenland
mixture of multiyear and younger ice types that roughly corre- Comparisons between MISR NDAI values and colocated
sponds to the boundary in the SAR image between the brigkfM surface roughness values show generally good agreement
regions and the dark region. This also roughly correspondshtetween the two. Figs. 6-8 show the normalized difference
the boundary shown in the NIC ice chart. The angular signatumeages for the three dates (May 4, June 5, and July 7, 2001)
classified as yellow reflects surface roughness differencegth the superimposed locations of the laser altimeter transects.
with the surrounding ice that are apparently not a definitide the May image, the lower portion of the glacier exhibits

V. RESULTS
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Fig. 9. Comparison of ATM and MISR normalized surface roughness for the
north transect.
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Fig. 7. MISR normalized difference angular index image for June 5, 200 3

Melt has started in the lower regions of the glacier, and coastal areas that w E

previously snow-covered are becoming exposed. | i
o
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Fig. 10. Comparison of ATM and MISR normalized surface roughness for the
center transect.
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Fig. 8. MISR normalized difference angular index image for July 7, 200kig. 11. Comparison of ATM and MISR normalized surface roughness for the
Melt ponds have formed over an extensive area (white, backscattering stippdgedth transect.

area). The coastal area is now devoid of snow and appears much rougher than in
earlier images. The calving front of the glacier is clearly indicated with floating ) )
ice and icebergs present downstream of the glacier terminus. The upland ars&lt ponds have formed over an extensive area of the basin,

of the drainage basin are still predominantly forward scattering. and the glacier terminus becomes active, injecting icebergs into
the narrow bay. The highest areas of the drainage basin (above

strong backward scattering from the heavily crevassed igearly 2000 m) remain mostly smooth, likely due to the lack

Coastal pixels are snow-covered and so are only moderatefysurface melt.

backward scattering. The upper reaches of the glacier drainag€igs. 9-11 show the normalized surface roughness values

basin are mostly forward scattering. In later images, the coadtal the north, central, and south transects, respectively. In these

areas lose their snow cover and appear rough. By early Jdigures, MISR NDAI values from all three images are shown.
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TABLE Il
CORRELATIONS (R?) BETWEEN ATM AND MISR NORMALIZED
SURFACE ROUGHNESSVALUES

Transect Location 4 May 2001 5 June 2001 7 July 2001
North 0.46 0.62 0.36
Central 0.69 0.69 0.74
South 0.27 0.46 0.27

Correlations between MISR NDAI and ATM surface roughne
values are given in Table Ill. MISR normalized surface roug
ness values for May and June most closely resemble the A
values. This is expected, since they are from about the sa 1}

time in the summer as the ATM data acquisitions. Difference® i
in the first part of the transect may possibly be attributed Il

e

ice surges or changes in glacier mass balance that would §3

fect roughness. Such changes have been documented by [35]

and show that, over the perlod of 1993-1998, the Jakobsh£ False-color image of blue-ice areas and glaciers from MISR. Red
e back fore normalized difference. Green is the blue-red normalized

Glacier appeared to be thickening, in sharp contrast to m@%rence Blue is the near-infrared-blue normalized difference. Blue ice
other outlet glaciers of Greenland. By July, reflectances over tieas are pink. The red squares show the pixels that were used to create the

lower reaches of the glacier have decreased, and melt pondi&?’ﬁg';g‘gkﬁ;wm& The "Meteorite Hills” area (photo in Fig. 4) is indicated

visible in the image, indicating that substantial melting is un?
derway. Additional measurements from automated weather <~
tions in the Jakobshavn ablation region indicate above-freezi
temperatures and snow/firn ablation starting in late June. In't
central transect, the lower portion of the glacier becomes sigr
icantly rougher in July. In this region, it is likely that the snow
bridges previously spanning the crevasses would have mel’
out, revealing a rougher surface at a spatial scale that is il
tectable by MISR.
The roughness measurements are in general agreement |
measurements made by [37] in which they show distinct diffe
ences in surface roughness between surveyed areas in the I¢
central ice stream (corresponding to the lower part of the cen
ATM transect, dominated by irregularly oriented crevasses a
seracs), an area to the north of the ice stream (correspondin: .
the lower portion of the north ATM transect, dominated by lin
eated crevasses), and a third area located to the south of the |
tral ice stream (corresponding to the lower portion of the sou

transect, dominated by sastrugi and melt-related features such

as melt onds) Fig. 13. Landsat TM true-color image of blue-ice areas. Rock outcrops show
P ' dark. Both smooth and crevassed blue ice are shown as darker blue, while snow

and firn are white.

C. Blue-Ice Areas in Antarctica

The various normalized difference images each emphas&mooth blue-ice areas. We speculate that this is because it has
a different aspect of the MISR image of the region. We hawery slow velocity and high ablation rates when compared with
created a three-band false-color image by combining the ND#e other glaciers in the region. This would cause the surface to
image (in which the contrast was reversed to make smoatmain relatively smooth at the MISR scale.
areas brighter than rough areas) with the Blue-Red normalized-or comparison with the MISR image, we also show a
difference image and the IR-blue normalized difference imageandsat TM image at 30-m spatial resolution that covers
The BRND image emphasizes the blue-ice areas becauseonfghly the same area as the MISR image (Fig. 13). In this
their peak reflectance in the blue wavelengths. The IBND imagreage, the blue-ice areas appear darker blue, while the snow
further emphasizes the difference between blue ice and snappears gray-white. Even with enhanced spatial resolution,
based on grain size. It is the angular information, however, ththere is no spectrally based ability to distinguish between
provides a means of distinguishing between crevassed blue écevassed blue ice (such as Byrd Glacier) and the smooth blue
and smooth blue ice. This can be seen in Fig. 12 where-Redce (such as Meteorite Hills).
NDAI, Green= BRND, and Blue= IBND. Here, the blue-ice  To provide some perspective on the “smoothness” of the
areas are displayed as pink, easily separated from the crevassedoth blue ice, recent work [52] describes the surface rough-
glacier regions that appear yellow-orange. The Darwin Glacieess of blue ice in a region of Dronning Maud Land, Antarctica.
is shown to have surface characteristics similar to the othdeasurements in [52] indicate a ripple height (trough-to-crest)
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Hormakzed Specind Signaluras of VI. CONCLUSIONS
Biue |oe Areas and Glacer Crevazses

o We have demonstrated that MISR data may be used to char-
. xR acterize surface roughness on sea ice and ice sheets. In the sea
B ice example, an unsupervised classification of the MISR angular
LN data indicates that these data can be used to distinguish between
multiyear and first-year ice types. While itis not as clear a delin-
a4 " . eation aswith SAR data, this is a demonstration that multiangular
—— optical data can provide additional information. In cases where
——— surface meltis occurring and SAR data are less useful, multian-
gular optical data could provide key ice-mapping information.
Over the Jakobshavn Glacier, statistically significant corre-
_ lations were found between surface roughness values derived
04 0.5 aE o7 s ng from airborne laser altimeter measurements and a proxy esti-
M— e mate of surface roughness from MISR. With additional research
, . , . __and validation efforts, characterization of areas on the basis of
Fig. 14. Normalized spectral signatures of glacier crevasses and blue-ice argas. . .
Only very small differences are evident indicating that, at the MISR wavall€il surface roughness would be able to provide characteriza-
lengths, these surface types are not easily distinguished. tion of regions of smooth dry snow, sastrugi, regions of melt
ponds and ablation channels, and heavily crevassed ice regions.
Normalized Anguiar Signatures of Comparison of surface roughness patterns over the course of
as Bt lon Aread and Glacie Cringseet the summer season leads to a better understanding of ice-sur-
= bt i face morphogenetic processes, such as the interaction of wind
+ corvmen and ablation processes that are important for understanding ice
03 & sheet mass balance.
g In the Antarctic case study, we found multiangular data to be
! uniquely able to characterize ice surfaces on the basis of their
surface roughness. Smooth blue-ice areas, so difficult to detect
s . with multispectral methods, are clearly distinguished from
,-ff crevassed blue ice when multiangular data are used. Future
011 ’ " . applications might include continentwide mapping of blue-ice
T — ) areas to examine intraannual and interannual variability within
the context of climate change studies.
= & & H % A ok These preliminary results indicate that additional studies
MISH viewing zemilh are warranted. A number of outstanding questions remain,
including understanding the spatial scale at which roughness
Fig. 15. Normalized angular signatures of blue ice and glacier crevasses. Blgedetected by MISR and how solar illumination and feature
ice is forward scattering, while crevasses are backward scattering. The Surfe}fﬁ%ntation play into this. Comprehensive studies are needed

are clearly distinguishable at the MISR viewing zeniths. . -
that relate snow and ice angular signatures, surface texture, and

of about 2 cm and a wavelength of about 20—25 cm. Such textlffy 9eophysical parameters. MISR also appears to be highly
does not appear to be detectable at the scale of the MISR pi)gigctlve at dlscnmmatm_g clouds from snow ar_1d ice (mc_lu_dlng
Normalized BRFs for smooth and crevassed blue ice demdf!" clouds such as cirrus, which are particularly difficult

strate more fully the differences between their angular and sp %_detect) based on a combination of angular and spectral

tral signatures. We first extracted a set of 50 pixels from eagﬁoperties [53]. Future research is needed to quantify the level

area and computed the mean BRF for each. We then normoe{l_accuracy of cloud detection over show and ice.
(As a proof-of-concept, the MISR instrument has demon-

ized them according to (2) and plotted the spectral and angu'?rated its success in multiangular mapping of sea ice and ice

curves. Fig. 14 shows the normahzed BRFS in the four na@ﬁeet surfaces. However, with only a 380-km swath width,
MISR channels for both blue ice and glacier crevasses. Spec-

trally, there is very little difference between the two at the MISIQppI'C""t'.Ons are limited to reglona! scales_or multitemporal
wavelengths. This is in sharp contrast to the very different a%c_)mposnes. ngh temporal resqluuon mqua_ngngr data are
gular signatures shown in Fig. 15. It is not the goal of thineeded to pro_wde daily ob_servanons of the cllmatl_cally sensi-
preliminary work to do so but.witﬁ such a clear distinctio ve polar regions. Synergies between MISR and mstruments

! MWwith more frequent coverage, such as the Moderate Resolution

a relatively simple, yet highly accurate, algorithm may be d‘?rhaging Spectroradiometer (MODIS), will need to be exploited

rived for mapping ablation-derived blue-ice extent over the eps optimize the blend of spatial coverage with innovative
tire continent. While the MISR spectral channels are not Oppﬁultiangular approaches

mized for detecting spectral differences it is unlikely that any

spectrally based method would be able to easily distinguish be-
tween smooth blue ice and crevassed blue ice, since they have
the same material properties, but with a different configuration MISR data were provided through the NASA Langley
and surface roughness. Distributed Active Archive Center. Sea ice charts were pro-

o1 1

nigrraslised BRF
&
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