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Abstract

Though  des igned  tc) measure vectc)r  oceatl  lviIlds, ne~v iIllaging  techIliques fac i l i t a t e
the USP of spacelmr]kc  scatterolncter  data it] climate clla II:e studies of ~)olar ice sheets.

(:’Olltdll  if) OI’2il’J’  \-,\s.4 K1l-ball(l sCattC’~OIllPtC’I’ (Nsc:\-1 ) and l~uro])eaIl S])ace Agency
1:1{ S-1/2 C’-baIId :\\l I (l;Scat ). slid  h i s t o r i c a l  XAS:\  Seasat  (S.4SSl  scattcrometer
C]ZII;I al~. I15CC1 to i[]tcsti:atc tlI(I (ll;~[’?ictc[isti(s of tll(’ (Jl(’c[ilall(l :illd  ;\lltarctic  i c e

sllects. Sno;v and ice ‘facies’ arc clearlj’  deli Ilcatd  OII tile  basis of the radar bacliscat-
lcrillg rross-scctioll.  {’onl[)arisoI]  of tiI]lr-([(>])(’ll(lcrlt  scalteling  characteristics enables
cllan:c  detection. duc to scl]siti  Iit: of radar baCli SCat t(’1 to diz[:e[lctic  charlges  occ[lr-
lillq  at ;111(1  1)( ’1}(’;  ,111 111(’ >lll’fa(’  t’.
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t]iic Iolvt\J’f;sc  21tteli[]:  Sig Ililt  U1’C. ‘1’his  l)roL”idrs  arl efliciellt  lllcaIIs of Inonitoring  facies
cl IaIIges  Jvliicll  arc a result of rlia$cnetic  ctlallgcs  occur rirlg from nleltiIlg  ancl snow
metanlorl)llosis.

C~urrcIltly,  satellite sylltllctic  aperture radars (SAI{)  I)roifide high resolution inl-
~:es of icc sheets, but the spatio-temporal  c.o~’cragc of 10OX1OO km scenes is limited.

‘~’O COIllbat this pI’OtJl(’111 I’adZll IIIChCS of iCC ShCetS  a l e  prOC]UCed (~~~. ‘~’he priIIlary
clrawbacli  of this techIlique  is that such tf.2rrai Il-correctd  digital images take a long
tilnc  both to acquire anti to create. ‘J’hey also do not accurately represent ;vicfespreacl
cor]c]itions  over a sufficiently short period  of time to be able to monitor rapid seasonal
change. 111 collt rast  t o SAR, radar scat terolnet.ers  proiricle  more frequent coverage, al-
beit at lo~ver  rcsolut  ion. Scattrrorlletcrs  Itlakc nicasurenlc[its  of the radar backscatter
coef f i c i en t  over a broad rzin~c of iIlcideIicc  a[lg]es froll]  ~vhicll the scat ter ing Itlecha-
llisIn and sigIlature  can I)e II)orc readily dcterInilld.  llere Ire employ data from three
S(’EL[t C1’CJ1ll(’[dl’>  I .$. \.$s.  ]’:,$caf  ,  ~]]{]  y,$(.’.’\-]’) ill  (]~,(’  St U(\J” of ]OIlg-tdr  Ill Chd I]gL’s  ill t]l~’
C;rft’IIlancl  ict Sll(ft  .
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azinl~lth  angle.  A is tllc 10° “Li[lciclcnce  arlgle-llorlllalize(l’”  a“ ~’alue, wllilc .&3 describes
the dcpcrlclence  of & 011 0 . A and L3 pro~ridc  useful  descriptors of the sensitivity to
snolv and ice sllrfdce  characteristics.

\\Te usc the scattcrometel  image reconstruction algoritl~m  with filtering (SIIW)
t o  gellerate ~!rl}larlcec] rcso]utioll  illlages  of A aIld B froIIl  tllc scatterometcr  nleasure-

rnents.  S11{17 tvas originally clevelopccl  for SASS data (16) and has been previously
applied to Greenland ~9j. A Inoclificcl  form of SI1{F is usecl for EScat and has been
uscci  for Antarctic sea-ice studies (1 7). S11{1 uses multiple, overlapping measure-
ments of 00 and post-processing to improve the resolution of the A and B images
(18). Multiple passes are reqllired  to achiekc  the rccluircd  o~erlap. Over land targets,
A aIld B are assun)ed  to remain relatively constant over the imaging; time interval,

at least for sufficiently short intcri’als.  ln thr polar regions  a mininlurn  of 6 clays is
required to obtain reasonable in)agcs,  though bdtcr images  are obtaiIlecl  tvith  longer
tirl]e  peric)ds.  ‘1’he rcvulti  Ilg, 6-day  iInages  arc tlleleforc  a tr~de-off bet~veen r e so lu t ion
(Ll]haricemc]lt  af~d te]~ll)ora] averaging.
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zoI~e, expcriellccx  Iiegligil)lc  backscattcr  ct]atlge  froIn OIIr year t o  the llcxt, since  b y
de fiIlition  it is the region Cxprriellcillg  little  or no surface nlelting  duri Ilg sunl  Iller. Due
to rapid grain  grc)!vth  and the forInatioIl  of ice layers and lenses in the percolation
zoIle, a sharp spatial gradient ill backscatter  delin]its  tllc  tlvo zones during  autumn.
13y the erld of tile  I;igure  ~ t i m e  s e r i e s , 10JV backscatter  returns at  high altitucle
(in central Greenlancl) are well clclincated  from pcxcolation  zone values exceeding
-5 cIB. In dry SI1OJV,  Gband microwaves lxmetrate  soItlewhat more effectively than
KL1-baIlcl ~vith  relatively s[nallcr  absorption scattering ancl absorptioIl  losses. At Ku-
bancl microwaves are more effectively scatterecl,  particularly by snow grains. Thus
Ku-baIld  snoJv volume scattering is greater than at C-band in the clry snow zone. In
contrast, in the percolatioIl  zone,  ~~-bane] pcIletraks  more effectively to sense buried
scatterers. q’bus, a frcc~uency ratio A ir]lage (i. r, l\,Scat - X,S(~f\rl”)  is used to contour

the locations at Jvhich this cc)ntrast  reversal is observecl.  ‘J’lle  result is sbo~vn in Figure
2 (a).

l)o\vIlslope  of the firn liIle, in tile  saturatfcl fdcies,  horizons teIlcl  to be obliterated
b~” the effects of SIIIIII-IICI’  Illelti  Ilg. ‘1’his  likely rcc[uces tile contrast bct\veeIl  the ab-
latic~n aIId satllratf:(l ZOIICW. :\s a  res[llt  tl)es[ ttvc) zoIIes are illclistiIi~Llisll;\t)lc  froIll
o n e  aIlotller 011 tile  basis  of  tile  ~vitlter  I)ackscatteu.  a[ld radar senses  only a  broad
“al~lation ZOIIC’ ~.9). Diflere]lces  iIl p}lfsical  p r o p e r t i e s  bct~veen  the ])ercolation  zone
ancl ablat ioIl zoI]e are sufliciellt  to cause large  dif[’erc Ilces irl sno~v bacliscattering  af-
1(’1’  Fclll-l-l’(  ’( ’i’t’!!j) 11:1~ tilk(’rf {Jlar(’. “1’11( IIafc] i~t s[f~fat(  (,)1 ict, I  firII) ill tlir al)latioll
,’011(’.  II;I> a dil[”(r(llt a[)])taraIIfI frol!] fir!] IIl)slt)lM~, ]!’111[ ]l(.IIIIC~I(.  1 lItIt,  alt, :]0 Ijl.lriecl
SCattelcls C)I. l:if.e15 to ]) IY)(IUCC I’ol II IIl(~  scatter i[l [+. N(’ar tilt’ ic(’ Shwt Ill?l  I’~i Ils, s[[rfacc
I)fLIICl  I<tl i~jIl t)f [lli~Iotvi~lc+  of cit lit] ‘$tet  SIIL)!Y. [irll ~)1 i[( i> llf<ligil)l~ I’iTII [111 >lIiiI)e  o f
tile  sulf’acc roLlglIIIcss aLltocorrclat,  ioIl fLIIlc’tioll  t~(iIlg  tllc  IIIost  illlporta[lL  detcrIni  Ilallt
of a“ and hence A and B ~’ia surface scattering. The scale  of surface rou%hness of the

.,
SIIIIIIIIII -lllt;~~t’  i:l til(’ ;Il)ldlioll zOII(I !(JsIIII> i]t Si:+llili(.<ll:!l!, ,yt,:~[(,l ij,:( j;.(cl[lclill::  itl

stlla]lcl \}’aJele]]~tlb, i~itl]  liu-l)all(l  surfa({’ lja[liscattcuill~ at  4(F ilicidcIlcc’  c,.xceecling

(’-hand SL1l’f[l(C  >(”,1( ttui])g IJ) 1[) (.111 IJI II IOICI iIi tlI( ~(jL~til-\vcst~rIl  aljld[iu[l  zolIt  SIIOIVII
aI1cl Figure 3. ‘1’his  attribute togctller  lvith the seasonal variation in 0°
defi IIr’  tllc  l!)!M exte!lt  of tlIe al)latior~  zoIIe irl l:i~ll!c  ?a.

111 (:11:111 :’(.’5+  ill lilt” Gl”(’(’lllilll(]  1( ’(’ Sllw.!t
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19!16. :\loIlgside  ill l;igure  :31) is tilt’  reslllt  of coInl~ining  and [t]edian  filteri[lg  the sparse
I~]casl[rtvllents  otJtai Iied 1~) S}\SS t~ctwer’[1 days 250 a[ld 2S3 (6 Sept. - 9 Oct. ) in
197S. ‘1’hc result  ill each  case is a seasonal average image for the period follo~viIlg  the
autulnnal  freeze-u[)  and followir~g progressiorl  of tllc  zero degree  isotlletIn  clol~nslope
t-qond  tl]e percolation mne. l’igure 31) is essentially sirni]ar  in image characteristics
to Y’i,gure 1 d. Sut)tle clifrerences  between the NSCA71 ancl Seasat SASS A i m a g e s
are shoIvIl in F’igure 3c, \’ritll  clif[erenccs  highlighted for the range +3 clB. Sur faces
experiencing extreme changes are noted as either Clark or light tones. Black indicates
a reduction in backscatter  of —3 d~ or more over  the 18 year period, ~vhile light tones
shoIY mgio  Ils ~vith > 3 dli of increase.

‘1’lle KL]-}]ar[d  .L1 dif~crellce inlage  ill lJigure  3c is tile  difkrence  Imttvceli t~vo seasonal



I/es(lIts  indicated a Pdvorable  79(X corrc’latioll  cocfficicilt  for tllc  follo~ving exponential
rclatiollship:

/)/(Q) == 7.21[B[ + 4 . 0 (2)

although a large statldard  deviation of 67 Lg~n-2a-1. llnlJrovclnents  in the spatial
resolution were demonstrated to improve this correlation particularly in regions where
the spatial gradients in Q are as high as 200kgm-2a-l  per 25 km such as the clry
snofv zone  on the IvesterIL  frank of tile  ice sllect,

~’he relationship in (2) ilnplies that lower accumulation rates result in more pro-
nounced stratification, and nlore efficient baclwcattering froln subsurface layers at
high incidence angles. ‘1’llis  is particularly true for instance in the north-east dry
SNOIV zone? and is dcnlollstratecl  in SASS data ~g,). ‘I’h LIs \ve suggest that time- series
of nlultiplc  f requency  mlhat]ced  resolutio[l  A irttages  (such as Figure  M) arlcl  their
associated .G values. ofler  t~(:t tcr J)ossihilit ies for ret rie\ing sIlo\v  accumulation than
si]l Sle clla]]nel,  flxecl incide[]ce  allglc  illstr~l[lle[lt  data. Frequency colllbinations  and

tile addition of passii”c lnicro\vaIx  emission  data fronl  SS11/1 ~vill  help conlperlsate  for
tll( JvaIclcl~gtll-(  lcl~cllclellt  scaltcrirl~  allwdo  of tlIe sIlo\v and tile  hi:ll incidence aIlglc
LO II Il)OIIC~IIt  of \olu IIIc l)zi(l<l(.;~tt(~]  ca~istxl  I)\” SIIOIV  grd ills. as u1Jpo5d  [cJ Clle stratifica-
tion  itldllced  scat  tcri[lg. ‘1’his  \vill  zillolv de~)erldellcics  of  the backscattering  011 sno\v

(](:ll~i[J”,  t~lll[X’I’atll I’C. iC(’ I);ll’ti(’1(’  l’adi US 2111(.] ]ZLJ’C’I’  d(’J)t]l to ]Jt; ]X’t[t’l’  ])ar2\IllCte~i Zd.

]!) 1 ]Ii S II IaIIIICI. a]p)orii  lIIIIC IIIa~ 1)(> (l(I\elol)~(l t o  Il]ollit~-)l t II(’ scasco])al ])m:res<ion o f

+Il~)iV il(”’(’  llllllll:llli)ll  ?111(1  !illlili(:ltioll.

Conclusion]]



the primary tmutldaries bct~vcen SI1OIV facies ill tcs[)onsc  to adjustmc]]ts iI] tl~e m a s s
b a l a n c e  of the ice sheet.  OLIr res[[lts  suggest  a Illct}lodology  which  Illay be used to

consistently rmo~”cr  the ar(eas affected by seasonal lnclting,  such that, snow alicl ice
facim ]nay  lx temporally Illonitored  by radar satellite. 111 this manner  the response
of large ice sheets to climate chatlges  rllay be effectively n]onitorcd.
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I:igure  C;a[Jtiolls
l’igum 1. Greenland tinlc series images gerlcrated  fmnl  197S KL1-band S.ASS data

al]d 1992 ~-band l;.l{S-l data usi Ilg the resolution enliallcetnent  techniclue.  Image data
are derived for t}le Juliall  day periods  indicated. (Iolors  indicate the incidence-angle
norlnalizecl  t~ackscatteritlg  cocfficierlt  for each  frequcvlcy  at a mid-swat}l  angle  of 40°.

lligLlre  ~. ( a )  ~reelllalld  sno~v and ice facies  dcternlirled  f r o m  1996 13Scat a n d

NS[~.4’l’  data; ancl (b)-(f) mean monthly ice sllect  melt extent, cleterrnilled  from E.Scat
scattcrometer  images from 1992 to 1996.

FigLlre 3. (a) NSCAT A image for the period 267-272, 1996; (b) SASS A image for
dajs 2,50 -2s3, 197S:  (c) NSC; Arl’ – SASS A difference nlap of Greenland. (d) ERS-2
A image for days 267-272. 1996; aIld (e) l~RS – NS~tYI’ (~! – Ku balld) A di f f e rence

image for days 267-272.
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