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Abstract

Though designed to measure vector ocean winds, new imaging techniques facilitate
the use of spaceborne scatterometer data in climate change studies of polar ice sheets.
Contenip orary NASA Ku-band Scatterometer (NSCA'T) and Furopean Space Agency
ERS-1/2 C-band AMI(EScat ). and historical NASA Scasat (SASS) scatterometer
data are used toinvestigate the characteristics of the Greenland and Antarctic ice
shects. Snow and ice ‘facies’ are clearly delineated onthe basis of the radar backscat-
tering cross-section. Comparison of time-dependent scattering characteristics enables
change detection. due to sensitivity of radar backscatter to diagenctic changes occur-
ving a and bonca ththe snrface.

Introduction

Recent controversy over the relationship between global warming and changes in the
Crreenland fee <heet 740 20 28 make it hmperative to measnre the enrront state of mass
halance and the timmescales of variability in bhoth snow wecnmnlation and ablation.
First in 1978 and sinee 1991, radar-equipped platforims have been eraploved to un-
derstand the relationships between the structure of the snowpack and ice surface and
their backscatter characteristics at various frequencies polarizations and incidence an-
oles (. 5. 6. 7. 55 Satellite vadar can be used to map the relative size and locations
of iee cheet spow and jee phivsical zones or facies” based on the distinetive scatter-
S Sioretires 0 he wneen and tee i enels sonee 00 Backscatterie ol mteroware
sienals from the surface depends on the ronghness and electrical propertios which
in turn depend on the physical characteristios of the snow and ice cover (10, /1.
For example, liquid water in snow dramatically changes its permittivity and thus its
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mic rowave scattering sig nat ure. This provides an eflicient means of monitoring facies
chianges which are a result of diagenetic changes occur ring from melting and snow
metamorphosis.

Currently, satellite syuthetic aperture radars (SAR)provide high resolution im-
agesof ice sheets, but the spatio-temporal coverage of 100X100 km scenes is limited.
To combat this problem radar mosaics of ice sheets ale produced (12). The primary
drawback of this technique is that such terrain-corrected digital images take a long
time both to acquire anti to create. They also do not accurately represent widespread
conditions over a sufficiently short period of time to be able to monitor rapid seasonal
change. 111 countrastt o SAR,radar scat terometersprovide more frequent coverage, al-
beit at lower resolution. Scatterometers make measurements of the radar backscatter
coefficient over abroadrange of incidence angles from which the scattering mecha-
nisiand signature can be more readily determined. Here we employ data from three
scatterometersiSASS. EScatl and NSCAT)inthe st udy of long-ter m cha nges in the

Greenlandice sheet .

Scatterometer Imaging

With the recent demise of the Japanese Advanced Farth Observing Svstemn {ADEOS
I which carried NSCAT and was launched in Aueust 1996, a valuable tool for ice
sUdios was tos 0 NSUNT dade o astnrenents o the P G 200 cinwavelenath
ith- and vi-polarized normatized radar crosssection to 0 oof the surlace. from which
the wind velociny was inferred 7777 Measurerments were made at various azimuth and
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km wide swaths separated by a 400 km wide gap. The measurement geometry and
fimine was selected to optimize NSCAT performance for its primary mission goal of
l()rlg)‘?(‘l'ill tncasireinent of vector windds over the elobal occans, The orbital goeotnetry
enabled observation of the polar regions several times cach dav. The Ku-band SASS,
upon which the NSCAT design was based, operated for three months in 1978, making
50 ki resolution measurements over two H00 km swaths with an irregular sampling
crieh s

The Favropean soace Aoenes s ERS- D and 2 corellives vlaonnched i Jiady 1991 and
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data acquisitious. Over glacial ice, 0% is a function of the measurement incidence
angle 0 . In the range # € [20°.55°]. ¢° (dB) is approximately a linear function of 4 .
L€,

0 A B0 10 (1)

where the coefficients 4 and B depend on surface characteristics. polarization. and



azimuth angle. A is the 40° “incidence angle-normalized™ o value, while B describes
the dependence of o onf. A and B provide useful descriptors of the sensitivity to
snow and ice surface characteristics.

We usc thescatterometer image reconstruction algorithm with filtering (SIRF')
to generate enhanced resolution images of A and B from the scatterometer measure-
ments. SIRI" was originally developed for SASS data (16) and has been previously
applied to Greenland (9). A modified form of SIRY isused for EScat and has been
used for Antarctic sea-ice studies (/7).5IR}E uses multiple, overlapping measure-
ments of ¢° and post-processing to improve the resolution of the A and B images
(18). Multiple passes are required to achieve the required overlap. Over land targets,
Aand Bareassumed to remain relatively constant over the imaging; time interval,
at least for sufficiently short intervals.Inthe polar regions a minimum of 6 clays is
required to obtain reasonable images, though better iimages are obtained with longer
time periods. The resulting 6-day images are therefore atrade-ofl between resolution
enhancementand temporal averaging.

Mapping Ice Sheet Facies and Interannual Variability

The surface of the Greenland ice sheet mav be subdivided into zones or “facies’ a
variety of types within whose near-surface gcophysical properties have unique char-
acteristios 49, Boundaries between these facies are established with respect to the
time at which maximum melt conditions prevail. At the lowest elevations. summer
melting removes the entire annual accumulation of snow to reveal bare glacier ice.
The firn fine delimirs the upper margin of this zones <eparating it from the soaked’
facies where complete saturation of the annual snow layer occurs. The upper limit of
soakine is called the saturation line. Localized melt-water pereolation occurs between
this and the npper limit of surface meiting thie dry-siow line i the percolation facies
the annual increment of snow is neither completely wetted nor raised to the melting
point. Percolation decreases with clevation diminishing to a negligibie amount at the
lower boundary of the dry snow zone.

Using optical satellite data it was conelnded that visible wavelengths are inap-
propriate for routine mapping of boundaries between Tacies bhecanse these are not
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Dot SCOTTIOG WD Hea ~HECTIOT T~ Delbei i He seaelad Tielers Hio the sitttace of the
snoar and fces Microwaves are suited for ool observitions sinee they ave particularly
sensitive to variations in both surface and subsurface characteristics(8, 10, 11, 21).
Seasonal modulations of @2 in 1978 SASS and 1992 EScat data shown in Figure
I are a demonsiration ol the sensitivity to <patio-temporal transitions iu surface and
sithsurface properties. The principal parameter affectine the microwave response of
the ice sheet is the seasonal presence of melt water in areas experiencing summer
melt. After lignid water. o2 is primarily atlected by the lavering developing as a



consequence of seasonal snow acenmulation and melt patterns. Changes in the snow
caused by melting can result in reductions in ¢” exceeding 15 decibels(9). Meltwater
changes the dielectric properties of suow aud ice so significantly that it regulates
the reflection or transmissivity at the surface and limits subsurface volumne scattering
effects by increasing absorption and extinction within the upper layers(22). In Figure
1 the spatial extent of summer melt is captured and highlighted as extremely low ¢°
values (black), particularly on day 209 at the beginning of the time series. Since
the response to surface meit is similar at C- and Ku-band, differences in melt extent
between the upper and lower panels are accounted for by interannual variability in
the length and spatial extent of the melt seasons. Surface melting extends along
the entire western flank of the ice sheet between days 209 - 214 in 1978, whereas in
1992 the surface appears to have either already frozen or experienced less melting.
Typically, by late August (day 237) melting ccases, and refreczing of the surface layer
increases the values of o7 at both frequencies.

In Figure 2 pixels expericncing melt are mapped in summer C-band 1Scat images
for the vears 1992-1997. An algorithm is applied which tracks melting in the iimages as
a function of the sharp reduction in backscatter during mid-July, Resulting monthly
average images of July nelt extent ave shown together with a Figure 2a 1996 map
indicating the primary =now and ice zones recovered in conjunction with Ku-band
NSCAT image data. Results shown in Figure 2 indicate that during the 1990's the
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in the last two decades. In 1995 melting is sienificantlv more extensive than at any
othier hine durine the sarellite dara vecord 7570 cneroachine upslone npon the drey
snow zone along the entire north-western tlank of the ice sheet.
In the percolation zone. stratigraphic discontinuities forming from seasonal abla-
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ice velocity ). A\ distinct orizou forms coruprising a high proportion ol solid ice
layers, lenses and ice pipes. This is created as meltwater percolates downwards and
refreczes at depth (~1 m) in the relatively colder snow (19). The lower boundary of
thic cone i< cloarlv indioarad in Flonve 1 by a sharp teansition hetween fow and ex-
Nioh hackeseat o cnines cansed by hrvied scatterers. s the sirface Tavers cool
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Biohest known values of Dackseatter on carth o both Ko and C-band ymaces 771,
11). This characteristic of the dual-frequency backscattering was used to derive the
lower boundary in the snow facies map in ligure 2.

During antwminai cooling, as the active surtace layer refreezes and snowfall takes
place. microwaves penetrate to increasing depths. This enables distinction between
the dry snow regime at the highest elevations ol the ice sheet, and the percolation
facies downslope of the maximum melt extent (e, ~dry snow line’). The dry snow



zone, experiences negligible backscatter change from one year to the next, since by
definition it is the region experiencinglittle or no surface melting during suminer. Due
to rapid grain growth and the formation of ice layers and lenses in the percolation
zone, a sharp spatial gradient inbackscatter delimits the two zones during autumn.
By the end of the Figurel time series, low backscatter returns at high altitude
(in central Greenland) are well delineated from percolation zone values exceeding
-5dB. In dry snow, C-band microwaves penetrate somewhat more effectively than
Ku-band with relatively smaller absorption scattering and absorption losses. At Ku-
band microwaves are more effectively scattered, particularly by snow grains. Thus
Ku-band snow volume scattering is greater than at C-band in the dry snow zone. In
contrast, in the percolationzone, ~~bane] penetrates more effectively to sense buried
scatterers. q'bus, a frequency ratio Aimage (i.¢.}Scat- NSCAT) is used to contour
the locations at which this contrast reversal is observed. T'he result is shown in Figure
2 (a).

Downslope of the firnline, in the saturated facies, horizons tend to be obliterated
by the effects of summermelting. This likely reduces tile contrast between the ab-
lation and saturated zones. As a result these two zones are indistinguishable from
one another on the basis of the winter backscatter. and radar senses only a broad
‘ablation zone  (9). Differences in physical properties between the percolation zone
and ablation zone are suflicient to cause large differe ncesin snow backscattering af-
ter fall-froczenp has taken place. The hard ice surface {or iced firn) inthe ablation
zone. has a different appearance from lirn upstope. Furthermore. there are no buried
scatterersorlavers to produce volume scattering. Near tilt' ice sheetmargins, surface
penctration of microwaves of eit her wetsnow. firnorice is nealieible wirh the shape of
the surface roughness autocorrelat jon function being the most important determi nant
of 0° and hence A and B via surface scattering. The scale of surface rouchness of the
Stnnet surlace o the ablation zone resulis i signiticantin areater bac Kscattering al
sinaller wavelengths, with Ku-band surface backscattering at <07 incidence exceeding
(-hand surfacescattering by 10 dB or more in the south-western ablation zoue shiown
in IYigure 2 audI'igure 3. This attribute together with the seasonal variation in o°
are nsed to defi ne the 1996 extent of the ablation zone in Figure 2a.

Long-tenn Charages in the Greenland Ice Sheet

The real sotential of consecntives shimtlar scatterometor milssions iy the likelthood of
obtaining repeat image data which can be employed in detecting long-terin changes in
the large ice sheets. Recent acquisition of NSCAT data over the Greenland ice sheet,
during the same period of the year as Scasat, cnables long-term (18 year) change
maps to be derived. by calendatine the difference in 7 (700 NSCAT-SASS) hetwveen
scasonal mean images from the period after autumnal cooling. Figure 3a shows the
vi-polarized NSC AT imaee for the period hetween dav 267 and 272 (21 - 29 Sept.) in



1996. Alongside in Figure 31 is the result of combining and median filtering the sparse
measurements obtai ned by SASS between days 250 and 2S3 (6 Sept. - 9 Oct. ) in
197S. Theresultincach case is a seasonal average image for the period following the
autumnal freeze-up and following progression of the zero degree isotherm downslope
beyond the percolation zone. Figure 3b is essentially similar in image characteristics
to IMigurel d. Subtle differences between the NSCAT and Seasat SASS A images
are shown in Figure 3¢, with differences highlighted for the range +3 dB. Surfaces
experiencing extreme changes are noted as either darkor light tones. Black indicates
a reduction in backscatter of —3 dB or more over the 18 year period, while light tones
show regions with > 3dB3 of increase.

The Ku-band A difference image in Figure 3c is the diflerence between two seasonal
snapshot images and contains a record of the zones of greatest variability in ¢ over
the intervening I8 year period. through the impact of snow stratigraphy changes.
Patterns in Figure 3¢ indicate a spatial pattern highly correlated with the snow and
ice facies identified in Figure 2a 719). Figure 3¢ essentially illustrates the areas of
primary interannual variability within each of the respective snow and ice facies. It
indicatesis that the melt line (7.¢. lower boundary of dryv-snow zone) has an extremely
large interannual variabilitv. not previously identified in radar data. Figure 2 indicates
large changes in the mean melt area. but the July monthly mean does not capture the
maximum extent of melting often only experienced within a narrow range of dates.
Norinaily this veonrs aronnd mdd Jaly with tvplead interannuad variability of several
davs in the tiiming of peai nielt.

The A ditference imace in Fieure 3¢ contains microwave archaeological radar evi-
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‘ o cevert i the dey snows zones theoneh chie indbrenes S8 Laried
scatterers beneath the most recent year’s aunual snow accumulation. Ividence sug-
aests a recent upslope mieration of the upper boundary of the percolation zone. From
Fronre 2o, and evidence i Pigure 3e 1995 appears to hiove experlenced the mmaximuan
melt extent within the last two decades. This conclusion is made because NSCA'T
penetrates sufliciently deeply to sense percolation inhotogeneities produced i the
summer of 1995 along the lower elevation fringes of the dry snow zone. A frequency
Jitfereroe A aoe v NV - NSCONT-ESCATY 0 Fionre 30 coroboraies chionges ob-
sorved in S I shows the ditlerence 1o a7 between the o and C-hand A linages
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snow zone produces large positive values in Figure 3e. Neutral values occur in the
zone influenced by percolation. due to both wavelengths respounding to buried inho-
mogencities. Downslope i the ablation zone, positive values return likely due to the
siall <eade vonohiness,

Recently, dry snow zoune accumulation (Q) rates (23) were compared with C-
hand A and B pixel valnes in non-enhanced 50 ki resolrion ERS T2 timvaoes 7210



Results indicated a favorable 79% correlation coefficient for the following exponential
relationship:

(n(Q)=17.21|B| + 4.0 )
although a large standard deviation of 67 kgin~?a™'. Linprovements in the spatial
resolution were demonstrated to improve this correlation particularly in regions where
the spatial gradients in Q are as high as 200kgm =2« per 25 kin such as the dry
snow zonc on the western frank of the ice sheet.

The relationship in (2) implies that lower accumulation rates result in more pro-
nounced stratification, and more efficient backscattering from subsurface layers at
high incidence angles. This is particularly true for instance in the north-east dry
snow zone, and is demonstrated in SASS data (9). Thuswe suggest that time- series
of multiple frequency eunhanced resolution A4 images (such as Figure 3d) and their
associated 5 values. ofler better possibilities for ret rieving snow accumulation than
sin gle channel. fixed incidence angle instrument data. Frequency combinations and
tile addition of passivemicrowave emission data from SSM/1will help compensate for
the wavelength- dependent scattering albedo of the snow and the high incidence angle
component of volume backscatter caused by snow graius, as opposed to the stratifica-
tion induced scat tering. This will allow dependencies of the backscattering on snow
density, temperatu re, ice particle radius and layer depth to be better parameteri zed.
Inthis manner. aleorit hinemayv be developed to monitor the seasonal progression o f

<stow ace pmulation and fivuification.

Conclusion]]

Scatterometers clearlv provide important information about the large ice sheets such
as Greenland, This <paian and temporal information s complerientary to ngher
resolution sensors such as SAR, and passive microwave inages from SSM/LL
Time series of hmages with lurge-arca coverage, such as the radar scatterometer
images shown here. are therefore suitable for monitormg changes in the characteristic
vones of ice sheets in response to changes in accumulation and melting. The signif-
icant IR vear difference between carly NSCAT images collected it September 1996.
sl Nt SASS B e eered i TOTR et e oeocenle ehioes i the vaday
Do lecattering tnoresponse o chunaine oo and dee srfiee condt s The connrad
drv <now zone pxmn(l(« a stable reference signatire over the 18 vear interval since
Seasat, while changes in the bordering zone imply an upslope increase in the extent of
the percolation zone. T'his implies that the region of melting on the ice sheet has risen
to its highest altitude in the recent past. Observations of the interannual variability
sugeest that 1995 was an extremely high melt vear, probably the highest since 1978
Seasal observations.
Data such as this may be used to chart significant changes in the locations of



the primary boundaries between snow facies inresponse to adjustments inthe mass
balance of theice shect. Qur results suggest @ methodology which may be used to
consistently recoverthe areas affected by seasonal melting, such that snow aud ice
facies may be temporally monitored by radar satellite. In this manner the response
of largeice sheets to climate changesmay be effectively monitored.
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Figure Captions

Figure 1. Greenland time series images generated from 1978 Ku-band SASS data
and 1992 C-band EXRS-1 data using the resolution enhancementtechnique. Image data
are derived forthe Julian day periods indicated. Colors indicate the incidence-angle
normalized backscattering coeflicient for each frequency at a mid-swath angle of 40°.

Figure 2. (@) Greenland snow and ice facies determined from 1996 EScat and
NSCAT data;and (b)-(f) mean monthly icesheet melt extent, determined from E.Scat
scatterometer images from 1992 to 1996.

Figure 3. (a) NSCAT A image for the period 267-272, 1996; (b) SASS A image for
days 2,50 -283,1978: (¢) NSCAT — SASS A difference map of Greenland. (d) ERS-2
Alimage for days 267-272. 1996; and (e) ERS — NSCAT (C — Ku band) A difference
image for days 267-272.

Cover Caption

A L6 GHz. incidence-anele normalized radar backscatter image of Autarctica and
the surronnding sca-ice covers showing vartations in the snow conditions due to accu-
mulation. melting. and surface roughness. This is the first-ever single Ku-band radar
nage image of the entire Antarctic ice sheet. and was made from ~ix days of con-
seentive orbital swath data {rom the NASA Scatterometer (NSCAT) with the aid of
o resolntion-enhancemens aleorithim. These data present aonew jee-sheet monitoring
application of the NSCAT fnstrument aboard the ADEOS-T spacecraft, which was
originally desiened to measnre near-surface wind velocities over the ice-free ocean.
See article un page NNNXN by Drinkwater and Long. Lnager David Loug and Mark

Drinkwater - data courtesy of JPL and NASDA].
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Figure 2. (a) Greenland snow and ice zones: (b)-(f) mean monthly ice sheet melt extent,
determined from ERS-1/2 and NSCAT scatterometer images from 1992 to 1996.
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Cover Cupuon

A -ty mcidence-angle normalized, radar backscatter image of Antarcuca and the surrounding
seacics cover, showing variations n the snow conditions due to accumulation, melting, and surface
roughness, This is hc tirst-ever single Ku-band radar image of the entire Antarctic ice sheet, and
was e o sty davs of consecutive orbital swath data from the NASA Scatterometer (NSCAT)
with thie and ol a resofution-enhuancenient algorithim. These data present w new ice-sheet monitoring
application ol the NSCAT mstrument aboard the ADEOS-I spaceeralt. which was originally
designed 1o measure near-surtace wind velocities over the ice-free occan. Sce article on pages 7?77-
) h} Drnkwater and Long. [Image: David Long and Mark Drinkwater - data courtesy of JPL and
NASEA




