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‘1’l]c:  a})]) licatio]i  of Li]nc-smics  radar ]I)c:;lslllc]I]{:]Its  (0 acc.uratc]y  illv(’r(  tl)c tllickl]css  o f

sali]l(:  icc i s  ])rcscllixxl  ill this study. Wc dcscribc  briefly SOII]C  cx])cri]]]c]]tal  observations

flo]]l tllc  ClilU}ljltX  W cal]l])aig]l of sca ice.  It i]ldicatcs L}lat tllc  VOIUIIIC scattcri]]g  of Lrinc
i]lclusio]]s is all i]n]x)rta]lt  contributiml  to tllc backscattu  rcs])o]lsc of sali IIc i ce .  ]1’ro]n  tl]c

cx]mi]nc]]tal  filldi]lgs a]]d tltc  tl]crlno])llysics  of icc growt]l,  wc devclo])  all i]]vcrsio]l algoritllln

for tile.  ice t h i c k n e s s  bad 0]1 a ciy]~a]]]ic-clcc.tro]llagl~ctic scat,tcri]lg  Il)odd  of sali]lc  i c e ,

‘1’l]is illvcmio]l algoritl]  l]] uses a ])aralllctric  cstimatioll  a])])roacl)  wl]crc  tl]c radiative tral]sfcr

cquatio]]  is  USN] a s  L]lc dirwt sc.attcri]lg  II Iodcl to calculate t]lc bac.kscattcril]F;  sigllaturcs

f]o]ll  icc nldiulll,  a]]d t}]c l,(:~’c]ll.)(:]  g-h4al[11ial(lt  ]nct}lod  is c]l]])loycd to rctricvc icc tl]ick]]css

i t e ra t ive ly .  Additiolla]  il]for]l]atio]l  ])rovidcd  by tl]c  sali]]c icc tll(:]l]l[)[lyll;l]]li(s  is al)])licd to

co]lstrai]l  tl]c clcc.t]()]llag,l](:tic  i]]vcrsc ])rol)lm]l  to ac.llicvc  a  Ifiorc ac.c. uratr ](’(()]]st]~]cti()ll.

‘1’llc i]lvcrsio]l results usi]lg this algorit,lll]l a]]d tl]c  data froln CI{I{III, I’;X 93 cxl)crilncnt  arc
]JJCSC]IM. ‘JIIIC dcll]o]lstratcd  accurate tl]ick]lcss  rctricva] suggests  tl]c  ]mtclltlia] usage of

lllis algoritll]]l  for satellite rclnotc scllsillg  of sca ice.
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1. lN’I’1{O1) 11(:’I’10N”

‘1’l)c lar~;e  covcragc  o f  sea icc ill ])olar rcgiolls  l]as a great il]]lmct  OTI ll]c l’;artl]’s clilnatc
s~~st,(:lll [j]. ‘)’]Ic t,]li~]<l]css  of SCa icc is aII i]]l])ort,a]]t,  fact,or ill ~lllcl(:lstall(lillg  tllc  dyllal]lics  o f ’

so:i  icc (ovcI :11)(1 tl](’ I)(’atj (:xcl]al I~;c 1)(’t,w(x~]] tlI(’ oc(, a] I alI(l tJII(’ atl])os])l I(Jt’c. 11) ])artic.u]ar,

tlI(: wi]lt(’r  flIIx of occal]ic  IIcat  to tllc  atll]osl)llcrc  (lIN)II:;II  tl]c tllill icc cover caTl lW two O1’(](> l’S

of ltlagt]itlldc :, Icdtcr tl)all frolll tl)c d(ljaccllt  areas of tllicii icc [’2]. ‘l’llcrcforc,  illforlllatio]l

almut Lllill  sm icc is csscntia],  at least rcgiollallyl  to tllc  llcat budge t  Imlallcx.  Alt,llougl] tlic

Slmc.clmn]c  sylltllctic.  almturc radar (SAI{)  ilnag;cs  l]as lxm) succcssful]y  applied i~l lna~)~)illp;

tlic  cxtcllt  a]ld idcntifyil)g  tllc  types of sca icc [3], it still rclllaills  a rudilnmltary  issue for

direct  (l(:tc:lllliJlatlioll  of sca icc tllickllcss  fro]]] sl)ac.c. ‘J’llis  is }mrtic.ular]y  illll)ortallt  ill vim’

of tl]c  ~~rmmlt  I+lIIIw1>cxI]l l{mnotc  Scllsi~lg Satdlitc  (l~,li S) aIId Calladial)  llAl)Al{SArJ’  w~}]icll

lIavc lX:CJ) orl)itc(l  in ]I]o]likni]]g tJIc  ]wlar rcgiol)s  [4 ,5]. l{(T(IItly, SOIII(: w o r k  lIas l)CCII dOII(J

using  airlmrllc radar ]Ilcasum]]c]lts  to rctricw sca icc tllick]lcss, l“or cxalnl)lc, ]<wok c{

al. [( i]  llavc a})~)licd tllc Ilcural  llctwork  al)~~roac.11  to cstill}atc  tlic  ic.c tllic.k]lcss dist, ril>utioll

using  II][lltil)lc:-flccjllcllcy  lmlaril])ctric  SAI{ data, and  Wil]cl)rcl)]]cr  C( al. [7]  IIave s t u d i e d

r(:frc(vi])g  leads froln  a sillglc  frcqumlcy  ~Jolarilnctric  SAlt data wit]] a radar sigllat,  urc Inodcl

I )as(:(l 011 tlI(> roug]i air-ic.c illtctfacc  scattcrillg;.

I I I  /,( II(:ral, tlIc dy]la]l]ic  (llIilolllllc:lltal  c.ol](litiol)s  ,aIl(l tlI( sl]s((j)tivc ic.c ])l]ysical  aII(l

ll]ol])llolop,i(~ll  cll;[lact(:listics  coll)l)licatc  tllc  il]tlcractiol)s  of clrct rollla~;llctic  waves with tl)c
sca ice ]Ilmliu]l]. As a result,,  tl]c (Iirm,t usage of a sillll)lccllll)ilic.til  ]])odcl  for sca icc t,llickllcss

retrieval l)cc.olllcs  liI1litd. 111 tllc ])ast  two dmdcs, s e v e r a l  SCM ic(: dircc.t  scattlcri]lg II IOd-

CIS IIavc lWCII dcvclopcd a~ld vcrificc]  by va r ious  cxlmril)lcnts  [8- 12]. (Jsual]y  tllcsc Inmlcls

arc COllll)licatcd a n d  arc cliflicult to fil]d closccl-forlll  solutio]ls  for dircxt il)vcmicn).  ‘1’0 uti-

lize tl]csc  dcvdold  scattering  JIlodc]s for ice tllickllcss  rctricva],  tllc  l)aralnctric  cstilnatioll

lildllod  oflcrs  a :;rcatcr flcxil)ility  ill tllc clloicc  o f  d i rec t  scattjcril]r;  ]IIodcls,  tllc lmral]]ctcrs

io Iw illvcrtd, al]d tl)c data to lx: c]nj)loycc]  [1 3]. IIowcvcr, SUCII fill al)l)roacll  usually co]]]cs

wit]l t,l]c l)rol)lc]ns  of ]loll-ulliquc  solutio]ls  and il~vcrsio]l  stal)ility  wit]] IIoisy data. Alt]loug;l]

it is lmssil)]c to rcducc  tllc  cfl”cds  of tlllcsc ullccrt)aill(  ics I)y using  divcrsifid  data l ike ll]ulti -

fr(:q{l(:]l(y,  ]I]l]lti-all:;lc,  a]ld ])olari]n(’tric data, tl](’ cost of  SLICII (xl(:]]si\’(*  III CaSIII’CIII(:IItS  IIIay

I)c ]Jrollil)itivc  for sai,dlitc rcl]]ot(: scmsill:;  of  sca i c e . 011 {IIC  otlI(JI  ]Iand,  orl)itcd satcl-

liks ]qwat  tllcir ])asscs at a. fixd tilnc i]ltcrval;  it is ]Iatural for tllc:ll  to ]nakc  t i l ] l c - se r i e s

obscrvatiwls. With tllcsc II]castllcll]cllts,  n]orc d a t a  I)cco]t]c  availah]c  wl)icll  lnay l)c l]cl~)-

ful for rcsolvi)lg  tllc llc)ll-llllic~llcllcss  and  s t ab i l i t y  l)rol)lc]ns,  and use fu l  for Lllc gco~)llysic.al  .

l)aralnctcr  ]f:(:~)ll  st)rllcti[)ll.

‘J’llc  use of ti]]lc-series data i]] tllc  illvcrsc  Sc.attmi]lg  ])Iwl~lcIII IIas lJcc]I  tl)corctically  i]lvcs-

tip;atcd l)y Vcysoglu  ci al. [1 4,15] wit]]  al)~)lic.atliol]s  to tllc  l)assivc  ]I]icmwavc  rcnlotc scllsilig

of sca i cc. ‘J’lIcir  s tudies  ]Iavc [Iel]]ol]stflatc(l that, l)y ill(:ol])olatillg;”  a Stcfall’s  grow’tf]l  IIIodcl
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[ 1(;] illlo  tt,c illttlsic~l,  al:,oritl]l,)l 111(’ tlli Clill(’ss  cslil]]atio]] call 1)(’ (ollstlaill( ’(1 s~l{li(i([}[lj

to l)r(d  ict ]I)orc a c c u r a t e l y  tlllc (~volut)ioll of sca icc g r o w t h  usi]ig; ])assivc  ]])icrowak’c III(:U

s~lw]l](:]]ts. 11) what f o l l o w s  wc dcvc]ol)  a tllic.kllrss  rctricva]  al~orilllll]  I)ascd 01] a (lyllall)i(.-

(:lc(tlOlllagllctic  scatjtlcri]lg  lllodc] o f  salillc  ic.c a.lld tllc  tilllcscrics act)ivc  rcl Ilotc scllsiil~

data. ‘1’llis i]lv(>rsio]l algoritlll]l is tllel)  a})])lied to r(xo]lstr(lct (11( F;rot$’[1}  of  a sllcet of  (Ilill

sali]l(: i(() I)y usi]l?; (;- bal)(l ])olari]]l(:tric radar s(xjllclltial ]1)(’as(]](:ll](’]lts fro]]) (;l{l/l’;  l,l~;X

!)3 (~x})crilll(’llt. ‘1’l)is cxl)crilllcllt  wIas colld~lctc(l at, tl]c lJ. S. Ar]])y (~ol(l l{cgiolls l{cscarcl)

and  l~llgillccrillg  ljal.mratory  ((; l{l{l(; l)) ill Scl)tc]lllm’  1993. ‘J1lIC cxl)crilllcl)tal findings  arc

I)ricfly  dcscrild  ill Scctioll  11, and ddails  arc rcfmrcd to Nglliclll  ci al. [1 7]. III Scctlioll  111,

d (l~~llalll  ic-clcctlc)llla  g;llctic  scattering ]nmld  of salillc  icc is dmclol)cd. ‘J’llis  direct, sc.attcrillg

lt)odc] col]sists  of a salillc  icc l)llysical  l]lodc] describing tl]c dyllalllic  variatio]l  of icc cllarac-

tc.ristics  cou~llccl  with aJI clcctrolllagllctic  sc.attlcrillg }llodd  accoul)till~  for wave l)] olmg;atioll

aII(l scattcri]lg  ill ralldolll  ll]diu]n. IIltcll)lctati[)lls  of cxl)crill)clltal  arc also (If:lllollstlatc(l

IIcr(:. ‘1’IIc illvcrsioll  algoritllln  using  tilllc-series data bad 0]) this direct scattlcrillf;  m o d e l

a]]d a lmra]]lctric cstilt]atio]l  al)l)roac}]  is dcscril.d  ill Scctio]l  I\r. ‘1’l]c illvcrsio]l  r e s u l t s  f o r
salillc  icc t,llick]less  retr ieval  and  collll)arisolis  wit]) grou]id  trlltll arc F;ivcll  ill Scc.tioll  V. ‘1’llc

a.dvalltagc  of using  t i l l lc-series  data for tllc  il)vcrsion  is also discussd  ill tjllis  scct)iol). ‘~’llc

suTIIII)aly  is ))rcsclltd  ill Scctio II \~l.

11.  1) II; SCI{II’’J’1ON 011’ SAI,INII: I(;II: GIK)W’J’11 I’;X1’II;I{IMII;N’J’

III order to il)vcstigatc  tllc clcctlt):llagl]ctic  scattering  mccllallisllls  illvolvcd  ill tjllill sca icm,

LO m]atc ~mlarill]ctric.  Lac.kscattm  signatures  to ic.c ~)llysical clla]ac.tclist,  ics, and to assess tllc

fcasil)ility  of tllid<llcss  illvcrsioll,  a sali~lc icc cxlmilllmlt  was co]ldudccl by tllc Jet l’ro~)ulsion

l,almratory (.11’ 1,) al]d tllc ILlassacllusdts  lnstitutc  of ‘1’cdlllology  (h41’1’), ill colljullc.tiol~  wit]]

tl]c  lJ. ~. Ar]l)y  Cold  l{cgio]]s  l{cscarcll  a n d  l~;llgillccrillg  l,almratmy  (C1{,IU;I,). ‘J’llis salillc

icc g;rowt,l] cxlmilllcllt  ill all indoor  rcfrigmatd  facil i ty was carried out during  Scl)tclllljcr

1993 at  (;1{.1{10, ill IIallovcr,  Ncw IIaln]d]irc. 1]) t}lis  scctioll  tllc  cvolutio]l  of measured (;-

lMIId ]mlarill)ctric I)ackscattcr  si?;llaturcs  and ))llysical cl)aractcristics  of sali]lc icm duri]]~; its

g,roivtli ii rc l)ri(:{l y  (Icscril)d a]l(l (Iiscusscd. ‘1’11(: {lctailcd cx])cril]l(:lltal S(’t 11]),  ]) J’OCCdll  J”(Y+,

aJI(] findings  ]I?IVC bm!ll rcpol’td  I)y Ng]limn d 01. [1 7 ] .

III tl]c cxj)crilncnt, tllc  icc sllcct  was  growl] frolll OI)CII  salillc  watm wit]) a  s a l in i ty  o f

32 “/00 ulldcr quicsc.cl]t collditiol]s. ‘~’]lc air al]d water tclnlmaturcs  Wrcrc kept cmlstallt,]y

at, a])ollt, -2] .8 ‘~,’ alld -’2,() ‘~~, I’csl)cctivc)y, t o  IIlilllic t,)lc Arctic sca icc g;rowt]l C.ollditio]ls.

1 )~lril)g  t]]c ice F;row’tll,  a C-l)alld  I)olarilllctric  s(::ltt(:lO1llct(!l  was usd to collect  backseat tcr

data at various illc.idcllt al]glcs. ‘III(: Il)cas[lI’(:Il) cl)ts  wc.l”c IIladc  at aJ) illtjcrval  about Cvcry

cc]ll,i]]lct,cr  of icc gIowt,l I u]) to 11.2 CIII ill icc tl]ickncss, At tllc  salllc  ti]llc,  ic.c sal)ll)]cs  WCJ(:

takml  frolll tllc  }JoIld to Cl)aractcrizc  tlicir l)llysical  l)rolwrt,ics  SUCII  as t,llic.kllcss,  tclllljclat,~ll(:,
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{141 JIX’!J3 tllill ic.c gmwt}l. [ I  IWl)NWCJIt,S  IIICaSUIKX]  ic(:  t, Iic,kllcss.  Solid ]illcis

tlIc si]l]lllatioll  o f  icc gImvtlI  usi]]g; Lllcll]][)(lyllal]]i(:  ]]lodcl

aII(l sali]lity.  ‘1’hc cvolutio]]  of icc tl]ick]lcss  duri]l~  tlIc twIoday growtlI  is  SIIOWII  i]) l“igurc  1.

‘IIIIL p)ltIWill  rate is  alwut ( ) . 2 3  c]ll/111.  ‘J’ljc syIl~l)ol  r(])r(xIIts ]]lcasurc(l  tllick]l(xs a]l(l L]lc

(()])lil]l]()(ls  cllrvc. i s  ol)tai]lcd fro]]) a]] ic.c F,rowtl] sill] ulalio]]  wl]ic.]1 w i l l  bc dcscribcd  in tllc

]ICX1 scctio]l.  IIlcrcasillg  icc tllickllcss  is acc.olll])allicxl  I)y tlic dcsalillatioll  of icc sllcct.  l~igurc
2 IX: VC:IIS  a ]QuglIly 30% rccluctiml  ill tllc lju]k salinity  ,$i (( )/ 0 0)  a s  a fullctioll  of t,l)icknms  }1

(ci],).  ‘1’l,c cx*milnc],t,al  data IIavc l)cc], fittd by a lil]car  curve wit],  a correlation cocfficim,t

al)ollt  (). {)0,

,$i z 1(;.0 -  0.532// (1)

for 1 cl]] < }1 < 10 cl]]. ‘J’llc  dcsa]illatioll  Inay  clue Irlaillly  to tl]c l)rocmscs  of l)rillc Inigratio]l

a]]d ~,ravity d r a i n a g e  uI]dcr  tllc cm]~trollcxl  lal)orabry  c,ol]ditio]ls  [1 7]. IIotll  tllc tllicknc.ss

p,mlvtl) and  t])c dcsalillatiolj ratm o f  salillc  icc arc co]n})arw] q~litc WC]] wit])  I,t]osc froln  sca

icc cxlwrilllcllts  [18,1 9].

hJ(:asurC(l  polarilllctric  I)acl{sc.att,clil  lf, cocflicicllts  arc sl]olv])  ill l{’ig;  urcs 3 aIId 4 f o r  25°

al]d 3 0 °  illcidcllt  aIlglcs,  rcspcctivdy.  It is Iiotd tliat LIICW is a large il~cmasc of 8 10  dl~

for all tllrcc lmlarizatiol]s (\~V,  1111, a], l]V) as icc F;rows fro],,  3 c,,,  to 11.2 c,,,. Altl,oug;l)

tl]c I)ackscattcr  fro]n sca icc Inay  h c.auscd Ijy scvcra]  I)ossiljlc mcc]iallislns  itlcludi]lg  tllc

s[IIfacc  scatf,cri]lg  fro]]) botl]  air-ice QI]d icc-water i]ltcrfacc roII$;l  II Icss, alId scattcril)g frolll
I)]il, (il](l(]sio]ts witl]i]l  tl]cic(:sll(:c t. lIo\v(wT,  lIIC! larp,(’ ilt(lcas(’ of l)ackscattcr is IIad to

Iw(x])lai])cd l)y tllc CWl]ll]lonly  usd Sllrfac.c scatt,cri]lg;  ]IIo(lcls,  si]]cct llcai]-icci]  lt(:]faccis

II)cas~Ir(xl very sl]]ootl) a]]d uIlcl Ial Igcd dllrillg  tllc  cxl)clilllcllt and  tl]c i c c - w a t e r  illtmfacc
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l~igurc2:  (;l{l{ltljl+lX’W  sali)lcicc  bulk  sa l in i ty . [ 1  IC])IeSCIIt S tlI(: II IcasuId salillitly data.

Solid lillc  is tl]( lil]car fit of tl]csc  data.

LIlt(l(:r t  11(:  lossy  icc la.ycr l)as a  dcltdritic structllrc \vitl) a  r(’lativ(,ly  co]lsta]tt I)riljc lay(:r

s))aci])p, [17]. ‘1’l)is siigI,gcsts tl)at \c)lll,],(:sc,lticlil)g fro])) I),i],c illclusiol;s *IIaJ bc tl,c dol[]ili;]lt

(olltlil)~liioli” for tl)is  ]argc  I)ac.kscattcr  i]lcrcasc. NcvcrtlI(slcss,  ill ~icw of I’ollll]lcs(:a.ttclill{;,

W’it]lollt illc]udillg tllc ahO1’])tioll  all(] SCatt,C1’il)g ]0ss,  a folll’  tilll(!S illcrcasc o f  icc t~lickllcss

(al) only a c c o u n t  for at lllos~  (i d]]  i]lcrcasc,  alId t,l Ic losses  will furLJlcr  dccmasc t,llis  va]uc.

‘1’lIus, tllickllcss  o n l y  call not ml)laill this Cxpcrilnmltal  olmm’atiol], SO]IIC ot,licr dyllalnic

j)roccsscs  IIavc to Ix co]lsidcrcd. A s  wc kl)ow, tl)c  scattering  floll) l{aylcigll  scattcrms, ill

mlr  case  t}lc lJrilIc  il]clusiolls  arc l]luc1]  slllallcr tllal) tllc  wavclc]lgt]l,  is l)rol)ortiollal  to {,I)c

sixth ])owcr o f  lmrtic]c sin ‘1’llcrcforc,  tllc incrcasc of  s ize call col)tributc  a lot to t]lc

I)ad<sc.attcr.  l’lausil)lc  cxplallatim]s  for })rillc  size cllallgillg  wit]] icc growl])  arc s i d e - w a l ]

IIlcltli]lg  ill brillc  f e a t u r e s  al]cl Lril]e il]tclc.ollllcctic~lls  [17] .  IIot]l tllc  dyllanlic  dcsalinatioli

al]tl  s i ze  val’yillg;  w i l l  I)c collsidcrcd  ill tlic  discus  sio]l  of salil)c icc scat) teri])g  lII()(lcl i]) tllc

JIcx(  scctioll.

111. l)}’NAMI C:-I’1l,l’;C:’J’I  {ON4ACJN11:7’IC  SCA’1’’J’1’:IUNG MOI)II;I,

ltor  r(:lllc)tcs<:llsillg c)f gcol)llysica]  II)cdia,  a l)l)ysic.ally-  l)asccl clc(:tlc)l]lap;  llcticsc  at,t,cril)g;

11)() (1(’1 1]()!  ol]ly ])rovidcs  illsigllt,s  into t,l]c ilnl)ort,  a~jt s(attcrillf, ]I)(:cllal)islns  l)ut also M:] I(l(:Is

a useful too] ill analyzing I]lcasurclllcnlts  d]ld ret, ricvillg  l)llysical l)arall]ctcrs. (~colllctric
strut.turcs of cart]]  terrain arc gplcrdly  very colnl)lcx  a]ld clcct,rc)lllat;llctic wave ;Ilt,cl.actjo])s

wit]l g(x))  )llysical lncdia arcfur llcrc[)llll)li(:  atccll)y tllc:ilt, ilI]e-~~:ilyillg  l)llysicall)]  ()l)c1t,ics. As

:)
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11’igIIIc 3: CIUU4;I,I(1X’93  IIIea.surccl  backscattcr  aIId tl]c siI]lulatio]l  o f  backscattcri]lg  cocf-
ficic]l~s  frol]l  LIIc radiat ive trallsfcr  c(lllatiC)ll.lllcicl(:lltJ  a]lglc is 25°. V, 11, a]td X stand for

I]lcaslllcd  data ill V\~ polarizatiolt,  1111 l)olariy, at, io]) ,  aild ll\~l)c~lalizatiO1],  rcsl)cctivcly.  ‘J’lIc
(()]1(’s])()llflillg  siI]]ulatiol)  rcsu]ts arc cl)resc]tt,cd I)y sol id  lil]c, daslld lillc, a]ld dot-d asllcd
lillc, lt’s})((til’~:ly.

a]] cxa]lll)lc,  sca ICC c.llal. a(:tjcl’istlcs,  SUCI] as (I II] C1<TICSS, sal]]]]ty, aIId l)rIIIc SIZC,,. . .
arc dyllal]lic

wit]] its growt]]. ‘Iilicsc icc })rol)crtics  Stro]]g]y afl~x:t  radal sigllat,urcs  of scm i c e .  III this

sc(:tlioll,  a salillc  ice p h y s i c a l  ]noclcl  clcscribillg  tllc  dyllal]lics  of icc cllaractmistics  coul)lcd

wit]] all cl(:c.tlc)l]lag  l)cticsc  attcliI)g;  llloclclaccc  )llllt,  il)F;  f[Jltllcw  lavcl)lcJ  l)agatic)1l  alld sc.at,tcrillp;

i s  dcvclold.  ‘J’llis  clyJlalllic-clcctIc)lllag;IlcticscattcliI1g  ]nodc] is e]Ill)loyc!d  to illtcr})rctl  tl)c

(:volutio]l of tllickl]css  and l)olarill]ctric  sig;llatur(:s durillF;  icc g r o w t h  and is al)l)licd  ill tl]e

illv{:rsioll  algoritlllll  to rctricvc icc thickness ill t,llc later scctiol].

A. l<}iectl’oltlaF;  ll(:ticScat tcl’illghflo(]c]”

Variolls  clcctlo]l~agl]ctic  scattering

ill tlic  study  o f  sca icc mnotc scnsillg;
]Ilodcls  o f  sca icc IIavc l)CCII dcvclo~)cd  aIId a])])li[d

[8 -1’2] .  11, accx,rda]]cc  wit]) tile laljoratory  obsc*va-
tio]]s dcscriljcd  ill %ctioll  11, collll)lcxitics  ill tllc  icc s t r u c t u r e  suc]i as roug;l] intcrfaccx aIId

S1 lowC. OVCl’”  ?llC i~l lold  hC1’C. A laycrd  scattering II]cdiu]ll of salillc  icc wit]] flat illtcrfaccs is

co]lsidcred  l]crc al)d tllc  lnodc]  collfi:;~llatjioll”  is d(:])icl  (xl ill l“igurc 5. ‘1’11(! lll)])C1’lllOSt  IIlcdi(lll]
is air wit]) ])crlllittivity (., tlIc layer of tllick]lcss }/ r(:l)I(:SCIItS t,llc saline  icc and tlIc lower l)alf

s])ac.c is salil)c w a t e r  wit]] COIIII)]CX })crll]ittivity  C2. \~~it,])ill  t~lc icc ]aym,  t,llc backF;rollll(l  is

l)urc icc wit]] Colnj)lcx  ~)cr]nittivity  c1 , l)rillc illclusic)~ls arc lIIodclcd  as ralld[)lnly  distril)ut,c(l

(i
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I“igulc 4 :  Cltlt14;l  J1’;X’93  lncasurcd  I)ackscatter  and tl]c sill]ulatioll  o f  l)ackscattcri]lg  cocf-

ficim]t,  s fro]]] tllc radia.tivc  trallsfcr cclllati[)ll.lllci(l(:l)tj  allglc  i s  3 0 0. V ,  1 1 ,  a]lcl X stancl  for

l] Iras[ll  (xl data ill V\r ])olarizatioll,  1111 l)olarizat,  iol),

(ollt,sl)oll{lillg”  sill)ulatioll  rcsu]ts arc rcj)msclltcd Ijy

Ii Ii(’, lt:sl)(ctivcly.

and IIV l)olarixatiol),  rcs})cctivclyo  ‘J’}Ic

s o l i d  lill(’, dasl  Icd li]lc, alId dot-d aslIcd

I)li( I(ltic:allyoliclltccl  sl)llcroids  wit]] col)l})lcx  l)crlnittivity  (,$. ‘J’llc  tllrcc scll]i-axes of t,l)c
l)a)t,i(.l(:il )cclcllc)tccl  as u, b, a])d cwit,l]  61 c. ‘J’l Ic total frac.tiolial  volull)cof  Ijrillc})ocl<cts  i s

f,,. 'l'llt:  llIc)(l(:l  JJalaIIlc:tclrsa  rcslll.,jcctt( )tll[:clJ,l]all  ]iccl}al,g;csc) ficc})l lysic.alcll  alactc:ristics

dllrillg  tllc  gmwtll process.

\4~itll  t,hc configuratlioll  dcscribcd  almvc:, tlIc  radiat ive tra]lsfw  Cquatio]) is ap])licd  to
(Icscril)c tvavc])]c)])a~;ati[)])  and scat, txrillg  {Illml]g;ll  aII icclaycr  [9 ] ,

dl(o, @, 2)
(X)S 0- -7;c(o,q J).l(o,(  /),2)-{  J7dn’>’(o,  ~); o’, #).l(o’, ~)’,2)

d 2
(2)

WI]  IC.11’ () < 0 < n aIId (1 < # < 271. ‘J’])(! qllalltity  I l’C])l’CS(:lltS tll(:  StOl<CS V(:CL()]’,  jic  i s  tllc
(:xlil)ctioll  ]Ilatrix wllicll illc]udcs  l)otll scattcrill~;  al]d al)sor])tiol]  l o s s e s ,  and ~’(O, +; O’, qJ’)

(Icllotcs  tllc })l]asc  lllatrix  wl)icll  dcscribcs  IIow l)articlcs sc.attcr  ladiatioll  froln  tllc d i r e c t i o n

(0’, ~,’) i,,to tl,c dircctiol,  (O, +). Give],  bou*,dary  co,,dit,io]]s, tl)cs})ccificil  ltcllsityl  issolvcd
usillp,  tllc  iterative or tllc disc.rctc  cigcmal]alysis  tm]llliqucs  [9]. III tl]is study,  a first-order

itcrativ(>  sol(ltioll”  of radiative tral)sfcr (xjllatioll (2) is 11s[:(1 to calculate tllc (>l(’(t,]ollla  grlctic

s(at,t(,ri]lp, fro]]) salillc ice. ‘1’llc cx})licit so]utio]l  for]ll is givc]l  as

7



Air \l co ,.
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Sea Icc

Sca Water

~ [$’, (0,+)  -1 32(0,4)]

-1 i,”(o) . [Aqo, (j) ~ }“(0,$%) . >{,2(0)]

~ [33(T - o,~)) -,:$4(71 - 0,+)] (3)

\vlIcI( (00, +[)) dcIIotm tlIc ol)scrvatio]l d i r e c t i o n  ill tlIc rcgioll  O, aIId (0, ~~) is tl)c scattcril)g

dircctjioll  il]sidc  tll IC sca icc l ayer  (rc~;iol)  1 ). IIlcidcllt  allglc  00 is rclatjcd to O l)y S]icll’s law

a]]d ~~(1 i s  (:ql]al  to ~~. 1~~ is tllc  ol)smvcxl  S t o k e s  v(x:tor,  ) is tllc  idclltity  IIlatrix,  a]td ~’~j

al){] fl’ij  arc Lllc rcslmc.tivc  trallsl]lissioll  mid rcfl(x.tlioll  IIlatriccs  for tllc boulldal’<y  I)ctwccvl

rcf;io]ls  i alId j [9]. ‘J’hc four terms ~$’1 (0, ~), 1$2(0, qf~), 15’:{  (7r - (1, q’)), aIId X’4(7r - 0, ~) dcscrjbc

four II IdjOI’ vo]uIIIc  and surface illkra.ctiolls: a sillglc upward  scathing by tlIc ])drtic,lc,  a

rd]cctioll by tlIc boundary a t  .2 = -  }L aIId followd b y  a  si]lglc  upwarcl scattcriIlg by t,lIc

I)articlc,  a sillglc clowllward  scattcril!g by tllc l)articlc alld  tllcli followccl by a  r e f l e c t i o n  off

III(! Imulldary  at .2 = -  h ,  and  a rcflcctio]l  b y  tllc  I)ou]ldary  at z = - }t, fol ]mwxl Ly a si]l$;lc

dow’]]wad  scattering  by tJIe lmliclcs  and furtllcr f o l l o w e d  by a rcflcctio]]  of]” tllc lxmlldary

at z : - )1, rcsl)cxtivcl  y [9]. h!atriccs ~“(0, ~~), A4(0, ~~), and  ~~(0, ~J) arc rclat,cd  to t,llc

Z(’rotll-o]  CI(:r scaltcril)g  sollltiol] w’l)ic.11 acc,oullt,s fo] s(at,t(,rillg all(] al)sorl)t,ioll  ]OSSCS al, t,]lc

sl)mular  dircc.t,  iol). IIctailcd  cxl)rcssiol)s  for t,llcsc IIlatriccs arc f;ivcli  ill tllc  A})~)clldix. ‘1’IJc

I)a(liscatl(:lil)$;  cocf(icicllt,  is talc.lllat,cd as

(4)

w’li(:rc 0, [j call l~c l) for  vcrtiml or li for  IIorizol)tal  ])olarizatiol], all(l II]c slll)scril)ts  i aIId .$

dc]iotjc tlIc  illcidcllt  al)d scattcmxl  waves, rcsl)cctivcly.

8



11. ‘1’llill  Sillillf  ’ 1(’(’ (;l’owtl) h’lo(lt!

‘1’11(: fol’lllatioll”  and gmvt!ll of sea icc is a (wlllpl(’x  ])1’0(’(’ss. I II  gcIIcral,  tlIC icc gIwwTtlI rat(’

is illflllcllccd  l)y various Cll\’ilc)Jll]]c]Ital  clc]IlcIIts  sllcl I as tlIe air-sea tcl]l])crat,urc  (Iifrcrc]lcc,

w’i]l(l, IIutlli(lit.y,  slIow’, Sm Currc]lt,  alId occa]]ic  ]Icat, flIIX [20-22].  IIowcvcr,  it is ])ossil)lc to

ol)tai]l  a Ix’aso IIalJlc  cstil]latio]]  0 1 1  ic.c grow’tlI  I)y usi]l F; a lICatj  aIId II IaSS lmla]]cc cquatio]l

[23,24]
d }1 1 7 ;,, - 7;,

(5)
;11 - ;L -1 -, _h

c l~i

‘1’ i s  fllc  /;l’owrth l’ak,wr]l(:I(:  11 i s  t,l)c icc tllic.kllcss, ~~ Y: i s  t,lIc air  tcm])craturc,  alId IJ,, i s

tlIc icc ]Ilcltillp;  t(:l)]l)(:latlllc. ‘J’IIC tllC1’Illal  collductjivity o f  salillc  icc k~ ill W/??l/°C cal I I)c

t a l c .u la td  fro]]) itIl cII)l)irical  forlnulatic)l)  givml l)y h!laykut  [20]

(6)

WIICIC ~$i i s  tl]c l)ulk  salil]ity ill 0/ 0 0,  Y; i s  t,l Ic icc tcl]lj)(:l:it~ll(:  iIi ‘ C ,  aIId tl]c coIIstaIIt

/3: 0,1;311/7/?/((’/,  )()). ltisll;)tccltl  lat7\ca  Ill,()tl.)cO OCJlll]l cssj9~~,  j)])I():,cllcszclc)[  2O]. 1.

i s  tlI(~ lat(’llt  li(~at o f  frcczil)g  ill J/kg;  aII a])l)roxilllatc  (’x])  r(ssiorl  for 1, lIas l)CCII  ol)taillc(l

I)yldlkllsakoas  [25],

( LSi
1.: 4.187X 10:t 7 9 . 6 8 -  0.505’)~lL  - 0.0273LS1  ‘{ 4 . 3 1  15j,  ‘1 8 X  1 0 ”  47~,,L$1  - O. O()()?~,

)
(7)

71  L

wlIerc  ‘/j,L i s  ill ‘(~. ‘J’hc qua]] titly  c i]] (5) i s  tlIc IIcatl  tjra]lsfcr cocfficic]lt  bctwccII  icc aIId

air wllicll  accx)uI)ts  for cwltril~utiolls  from lmt,ll  ccmvcc.tie]) aIId radiation. A typjca] value of

c. is 1 1 .6 W/? Jtz/OC at -40 ‘C lllldcl’ t,l)c still  air ccnlditio]] [23]. p is tllc dcllsity of i,lle i ce .

‘J’llc  dmlsity  of  g;as-free sal ine icz call bc related to tcml)craturc  and salil)jty  t,llrough  tllc

followill~, cquatio]l  [’26]
~il’i(?~)

p ‘ ~’i(7’i)  -  ~ilf’~J’~(7~)
(8)

W’IICI’C (~~ i s  111(’ ])UI’C  icc dcllsity,  a]ld tll C’ fullctiol~a] forllls  of }’; all(l l’; call LC found  fro]]]

tlw work of ( k)x a]ld \~rccks  [26].

‘]l]I{!  F,l’OW[]I  ]) IWCCXS  of Sc!a i c e !  dSO accoll)])allics  t,]Ic dc!sa]j)jai,ic)lt  ])1’OCCSS.  As t,]lc ic,c!

t,llickllcss illc.rca.scs,  tlIcrc js a cx)lltilluous dccrcasc iI) t,l](: icc salilljty  b y  lnccllallislns  SUCII

a s  I)rillc IIligratioll  aljcl  ,qavity  (Iraillagc. 14YOIIl  tlIc cxJ)crilIlcIltJal  ol)scrvatiolls  ])rcscIItcd  i])

tlI(: ])mviolls s(xtjioll, t)llC l)lllli  salirtit,y of tlti]l sali]]c icc i s  :I])])]oxi]]l;]t(:cl  by a  ]Ilo]]ot,ollic

dc.crcasi]]~ fllllctjio]l  of ic.c l aye r  tllick]lcss  It aIId a dcsalillatio]l  factor ds as



fol” 1 Clll < // < 1 0  (’1]1. It i s  I)la(lsil)l(:  t h a t ,  ill 111(’  (1( ’salillittioll  ])10(’(’ss  111(’ (11’ilill:l{;(’ ltl(yll:l-
IIislll  c.allscs o]lc brillc  to collll)illc  or i]]tcrcoll]lcctj wit]] aliotl)cr OIIC to forll]  a larp;cr  I.)rillc

f(:at[]rc [] ‘i]. h40rcovcr,  tllc  t<:l))l)craturc  gradicl)t  I)(>t,wcc]l  tilt’  I)rillc a]]d tllc  surro~llldil)r;  icc

I)acligrou]ld  gives rise to tllc  side-wall IIlcltillg.  ‘J’]lus,  a fllrtllcr  assul])})tioll is llladc llcrc  of a

li]]car  illcrcasc  of t,l]c I)rillc illcl~lsioll  size a with  t,l]c tllickllcss  11 a]]d a size cxl)allsioll  f ac to r

fl$ ilS

a ~ (/() -[ .(/. // ( lo )

wit]l 1 clll < ~1 < 10 cln.  ‘J’IIC difficulty is that tllm(: arc 110 quallt, it, at, ivc ill situ lIlcasIIrc II IcIIts,

to 1]1(: lmt of our kllowlcdgc,  011 ]]OW t]]e  brillc si~,c c}lallp;(:s wit]) t]lc growt]l  of ice. ]Iowcvcr,

L])(: assllllll)tioll  lJIadc l]crc! will l)c t,cstcd  I)y colll~)arillg tllc tllcorctic.al  r e s u l t s  wit,ll  t,l)c

cxl)(:rilllcllt,al data 011 radar l)ac.kscattcr  sip;lla.turcs.

(;. (;olnlmrison  of h~odcl  ]{csults  wit}l  II;xlmiltlc]ltal  l)ata

‘1111[’ ~>row’tll of icc i s  rclat,d to tjllc dcllsit,y, tllerlllal  l)rol)crti(:s .31]d dir t(:lll])(:latlll(

a(x:or(lillg  to cquatioll  ( 5 ) . lrrO1ll  cquatio]ls  ( 6 )  (8),  J$C Call  S C ( !  t h a t  p, ~“i, all(l 1, al’C

Iay(:r. 1]) o r d e r  to silll})lify  tllc  icc g;rowtl) sillllllatioll  using  (5),  lvc l e t  Y; I)($ tl]r l]lcall o f

t(’lll])(!l’:ltlll’c  ?:. ‘J’llc Sllrfacc!  t!(nllp(vatul”c 7 :~ is d(:tcrll)il)c(l  fro]]] tllc  balallcc of tllc  IIct llcat

flllx at 111(’ Sulfiic.c  [23],

(11)

‘}1“ -1 c

Sillcc L’i i s  all iln})lic.il-  fullctioli  of 7’~, cquatioll  (1 1 ) is solved usil}g;  all iterative tcc,lllliquc.
‘III,C q,lil(,(l  salil,ity illfor]]]at,ioll at, cacll ~,lo~vtl) s t a g e  i s  ol)taillcd  fronl  cquatio]l  ( 9 ) .  A

fillitlc  difl’crculcc  scllclllc  is clnploycd  ill solvil]g  (5), a best-fit value of c = 8.5 W/m2/OC  IIas

1)(:( ’11 11s(:(1  . ‘1’l]c silnulai,cd  tl)ill salillc  icc growt]l, iIs i]]dicatcd  l)y tjllc  corlt,  illuous  cllrvc  ill

11’ig;llrc  1, il~,l’CCS  wit]) tllC  lllCilSlll’Cd g’l”Olllld tl’lltll

III l“i~,urcs 3 and  4, wc a l so  ])rcscIIt tllc coltl~)arisol)  I)ctwccll  ]t)odc]  sill][llatiolls  a]ld tll]c

radtir II)t:asl]lclllc]ltls  with difrcl~llt  illcidcllt, al]glcs for tl]c  W] I()]C period of icc growtj]l.  ‘1’IIc di-

electric, l)ro}mtlics  of tllc icc lncdium  used ill Lllcorctic.a]  silllulatiolls  il]cludc  Lllc l)ackgroul)d

icc lwr]ilitltivitly  wit,ll  a typical va]uc  c1 = (3.1 5 I i0.002)cc),  tllc salillc  water ~)crlllit,tivity  calc.u -

Iat(x] frolll tllc  cquatiol]  givcli Ly l<lcill  and Swift [27], illld  tlIc })rillc  l)f:llllitjtil’ity  d(:tcrll)illcd

frOIII tllc  (~llll)irical  forlllulas  F,ivml l)y StOgryII  and  l)csarga]]t  [28]. otllcr  })aran]ctjcrs  l i k e  icc

tllickllcss  is fro]]} cc]uatiol) (5 )  wit]) tl)c  tljcrl))al  I)araltlct,crs  as givm] ill Scctioll  111. A. ‘1’IIc

fractjiollal Volul]lc  of l)] il)c inclusions  is calcu]atcd  lMscd o]) Cox alld W e e k s  [2(;], wllicll  i s

1()



IY~l;Il(*(l  lfritl] tlI(’  ic(~ 1( ’111 ])(’1’:11111’(’  all(l  s:lli])il}. ‘1111(  salitlitj  is (olII])IIt(:(l  froltl (>(lllatioll  ( 9 ) .

ltor LIIC s i z e  a]ld sl)alx  of I)rille illclusiolls, wc assul]]c  a va]uc  with  h : c artd c/a = 3.5,

‘1’lic ass[lllll~liolk  of ulliforln slla])c  is I)as(;(l 0}} tll(:  ol)smvatiol) of tllc a])]) roxil))atcly cxmstal)t

r a t i o  l)(’t)wcml tl)e  co- a])(l Cross- l)olarizat,iol)” r(:t~lr]ls as illustra(cxl i]) (:xl)crilllclltal Incasurc-

Illcllts. A  linear  s i z e  growt]l  wit]) a]] illi[ial \Tall]c (~ T (1.012 Clll a]Id siz( rxl)allsioll  f a c t o r

(/,$ ~ 0.()()185 al’{: lls(’ (1. ‘1’lle ~,()()(1 agl”mllellt!  I)(!tw(’(!ll sill)l]latio]]  2111(1  111(  ’asl]rcd  (Iat, a ,31s0

SIIOMIS tj}l(,  va l id i ty  for (Ilis  two layer salil)(~ icc II Iodcl.

IV. INVI’;}{SION  AI JGOI{I’J’IIM lJSING  SI’:QIJI’;N’J’IA l/h411:A  SlJIll’:Ml’lNrJ’S

l“or tl]c growtl]  of sali]lc  icc collsidcrcd  ill (Illis  study,  tllc  icc systclll  f o l l o w s  tllc  s e t  o f

cquatliol]s  (5),  (9) and (10),  sue])  tl]at tlllc  state of icc at a ccltaill s tage call l)c mtilnatjc(l

fro]]] l)rcvious  states. bVitll clect]c)l]lag;llctjic.  IIICaSUICIIICIItS  IIIadC  ill a tilllc series, it is IIcll)ful

to usc tllcsc  correlat ions to illll)rovc!tllc  rctri(:vd of rclcvallt I)llysical  ])arall)(:t,crs.

‘J’])(: r a d i a t i v e  trdllsfcr s c a t t e r i n g  l]lodd dcscril)d ill LIIC ])rcvious  scc.tioll  l)roviclcs  a

r(:lati(nlslli])  1)( ’twwcll t!llc CX])(dcd  l)achcatt!cr  IIlcas[ll’clll(!  llt,s  to tll(’ radal’ JMil’allldcl’s  a n d

tllc salillc  ic.c cl]ala(tclisti(s.  l)ct this rclatjiollsllil)  I)c cxl)rcsscd  a s

tit :  C1’’(t~,>,T) ‘1 l’i (12)

}$fll(!l’C  tii is Lll(’  111 CaSlll’(:lll  CIlt data VCC.tOl’ WI1OSC CIClll  C1ltS COIISi St of I)ackscat)tcrir)g  C. OCf-

fic.im)tjs,  1’ (tl,Z,i) i s  tllC lllOdCl l’CS])O1lsC ,  al)d ?i l’Cj)l’CSCllts  t,llC discrcl)a]lcy  bct,wccn  tllc

observation  and tll(:  lllOdCl  ICSlllt.  ‘J’IIC illdcx  i is UScd tO dcllot(! tllc lllCasU1’Clllcllt  tilnc at ti.

‘J’IIc array z dmlotcs  tl)c  set of know]] radar ])aralnctc!rs  such as the frcqumlcy,  })olarizatiml,

and Iookillg  dircdion. ‘1’I]c v(:c.tor I c.o]ltail)s  tl)c ])crtil)cl)t  ]l]oc{cl ])aralllclmrs  of salillc ice:

lIcrc //(,= //(f(,) is t]tc  i(:c layer tllickllcss at tilnc io at w’l]i(:ll
S((, o f  (Ia(,a tak(!ll.  ‘1’11( ot,ll Cl” l)aralllct,(:rs  ,f’~(), (1,, ([(), {1,, all(l

111.11.

III lJIc rdricval allalysis,  ]IIodcl  ])arall]ctcm z arc to I)c ddcrllliI1d. A CWIIIIIIOII  a])~)roacl]

to  tllc Cstilllation  of l)aralnctcrs is to IIlcasurc tllc d a t a  ZJ m]d illvcrsc tllc rclatioll (12), i .e .

cx])rcss tllc ])arall)ct(:r zj ill tlcmns o f  b. II} ])rillci~)l[:, tllc ac.culac,y of tllc mtilllation i s  clc-

])(’lld(~llt [)11 tl)c accuracy of lno(lcl  and 111(’asll]cIIIclIts. A least-square c)])till)iztitic)l) al)l)roacll

is a])]) li(x] ill tl)is ])a])m to study tllc illvcrsioll ])robl(:]]] of salillq  ice. ‘1’11(: IIlil)illlizatioll o f

tl]c sulll  o f  s q u a r e s  of tllc difl’cmlcc lJCtW’CCII tllc lncasum(]  data a]l(l tllc IIIOCICI rcslmIIsc  is

})crforlt]cd I.)y Ilsi]lg I,]lc  ],cI~cllljclF;-  h4a1t111zi1c1t algorit]]]ll  [2{)~1  ] .  ‘J’]tc illvcrsioll  a]gorit,lllll
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l~i~llrc 6: IIlod diagraln  of tllc illvcrsio]l  algoritl]lll  with tilllc srrics  lncasurml  da ta .

usil]g tilllescrics  IIlcaslllclllc:lltjs  is sullllllarizcd  ill 1+’igurc  6 . At tllc  .j-tl] itclativc st(:]),  tllc

‘“(~) collsis(js  of icc l):tra]]]ctcrs at a  Sl)ccific  tilllc iJlcludill$,  11][ i]litial(:stilllat{!(l  ])ara]])ctcrs 2

ice tll]ickllcss,  il]itlial  salil lily, i]litial  l)rillc  s ize, dcsalillatiol)  factor, l)rillc sixc f,mtvtl]  factor,

a]]d tltc  llcat trallsfcr  cocflicicl]t. ‘J’IIc sul~scqucIIt  tllickllcsscs, sa]illity,  and I)rillc s i r e s  al,

(liff[:rmlt  growth  stages arc calculatd  according;  to t})c salillc  icc growth model dcscribcxl  ill

Scctioll  111.11  a]Id tl]c cla])scd  t)ill)c l)cl,wccII cac]l  lllcaslllc]t~c]lts. ‘J’llis set of icc I)aral])ctcrs is

tlm) subst i tuted illtfo  tllc c:l(:c.trolllagllctic  scattering  lI]oclcl  wllicll sc)lvcs  tlIc  racliativc! tralls-

fcr cquatiml  and  gc)lcratcs a silnulatcc]  tilnc-series of hackscattcrs  which arc coll]l)arcd  with

tlm real IllcasLlrc:ll)clIts.  ‘J’l)us, the objcc.t  function  contai])s  tl]c  wlIolc  tilllc-series II]casurcd

alld ]nodc]  data, ill contrast,  to (lIC results at O]]C sl)ccific ti]nc. If tltc  ~)rcdictcd  rcsu]ts do IIot

Inatc.11  with lncasurcd  data,  tl)c  g;ucsscd  lnodc.1  paralnctcrs  am to bc ad jus ted .  II] order to

lnillil]lizc  tllr lmst-squares ol)jcct fullctio]l,  tl]c mltirc series of sillllllatjioll  and cxlwrilllclltal

tia] t r i a l  tllickl)css  call bc rcdllc{!d and tllc lctl icva] ]nay  I)c ltlorc  rol)ust  to tllc discrc})al)cy

betwcc])  I] Iodcd rcs])oIlscs  alld Illcasumncvlts. ‘lllIe l)rocc.durc  is t})cll  rcpcatd ul)tlil tllc mm

tllrcsllold  is rcacllcd.  ‘J’l)c illvcrtcd initial  tllickl]css  is finally  al)~)licd  back  to cquatio]l  (5) to

rccwllstruc,t  t]lc icc tllickl]css  for t]lc  W11OIC growtli  sta.gc!.

V. INVIC;I{SION 1{1’:SIJ1;l’S AN]) 1)1 SCIJSSION

‘J’llc sets  of  scqum)tially  IIlcasurcd  radar da ta  slIowII ill ltigurcs 3 all[l 4 a r c  a])j)licd to
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]JiF,UIT y: ‘J’llic.kllc!ss l’ctricval Witllollt  tilll(!  Scl’ics illforlllatioll. ‘J’lIc circle slIows ])ossil.)lc
collll)illatiolls  oftllickllcss,  brillc  size, a])d brillc  ~’ol~]lt)(:~’lli(:ll  ]nay  give sill)ilall)ackscattclill~,

cc)cflici(~llts  at a spmific.  ti]nc. 1~’ill{!d  triallglc  rcl)rcscllt,s  illvcrsioll  r e s u l t s  wit]) OI]C ullkllow]l

a]ld t~’itllollt,  tilllc series iliforlllatioll. ‘IIIIC gtoulid  truth of icc tl]ic.k])ess  is rc])rcsclltcd ill

(’1’oss.

tl]c il)vcrsion  algoritllln  dcvc]opcd  i]] tllc  l)rcvious  scctiol I. WC first  c.o]]sidcr  tl]c t,l]ic,kl~css

rctlricval without illcorlmratillg  tllc tilllc-series illforlllat)ioll. l“or this case, cacll 25° incidm]t

a]lglc data set  at a s}wc.ific  tilnc is illvcrtcd sq)aratcly. ‘1’IIc elm] C.irc]cs  sllcnvll  in l’igurc

7 illdicatc tllc  lmssiblc  solut ions of  t}lic.kllcss  c.ollcsl)oll(lillg;”  to the })ackscattc!r  at tl]at SIX-

cific t,ilnc, w h i l e  tllc cross  syIIIbols rc])msc)lt  tllc  Ijlcasurcd tllick]lcss.  ‘J’llis is m cxl)cctcd,
si]lcc difl’crcnlt  colI)LiIlations  of thicklicss,  bri~ic VOIUIIIC, aIId b r ine  s i ze  IIlay g;ivc  a. sill}ilal

I)ac.kscattmillg  Cocfficicu]i. 111 otllcr w o r d s , tllc  clcctl(~l)lag,llctic  scattcrillp;  Inodd orlly d o t s

not  ])rovidc  suflicia)t  illforlnatioll  to  rccm)struc.t  tllc ic.c tllickllcss  ulliquc]y.  Wcfurtllcr  l e t

tl)i(:l<ll(’ssl  )ctjllco  lllyll]ll<llo  JvIl lnodc]  ])alalll(:tclsal)cl  asslll]lcsalillityall(l  l~lill(:sixctollav(

ll)(:il va]ucs tlIc sal Ilc as tllosc  usd ill S(clioll 111. C. ‘1’11(:  saIII(: set of I.)ackscattcr  data at

25° illcidu)t  allglc  is a])])licd to illvcrt icc tllic.kllcss. ‘J’IIc rctricvcd  tllick])css,  as (Icllotcd  by

t]lc fil]c(] tI’i ZIIlglCS  ill ]{’igurc ‘7, Sti]] S]IOWS  a  ]al’g(!  fiuctuatiol)  frc)ln t}lc  lI”lC!aSll  N!d data. ‘]l]IC

r(:aso II is that,  as  slIown ill IJigurc  3, altlloug;ll tllc  radiative trallsfcr  II]odcl  results follow

tllc trml(l  of ]ncasurcd data for tllc W11OIC ice g r o w t h  sta?;c, tllc p e a k  dcviatiol)s bctwccll

tllcll) call still h as large as 2 d})  wllicl)  lIIay 1.)c caused by soInc  mcasurmnmlt  ullcmtail)tics

aII(l  111(: il]accurac<y  of sil)l])lificd salillc  ic.c sc.attlcrillg II Iodcl. ‘J’llis  cxalnj)]c  dcIllol)stratcs  all

uIIsucccssful  illvcrsiol)  CV(:II  wit]]  (n]ly tJlickllcss  I.)cillg  (lIC ullkllowll  ])aralndcr.

‘1’0 cimllllvcllt  tl)c  llc)]l-lll)ic~~lcll(:ss  and l)ois(:  ])rol)lmns, tile  illvcrsio]l with ti lnc-series
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])aralllctm F;UCSS

/1” ((311) 1.0

(/(l (cm) 0.012

{J.s ().()0:?

,$~” ((’/~[)) 20.()

d, (o/oo/c.11)  ) (). :)

c(PV/?n2/”C) 10.0

lo\\’(!l’

lilllit

1.0

0.012

0.0015

15.0

().5

8.0

111)] )( ’1”

lil]]it

8.0

0.01:)

0.002

20.0

0.8

1’2.0

fil]til

25°

2.87

0.0128

0.00169

15.55

0.5

8.0

1a 11(’

30°

3.58

0.0121

0.00163

15.0s

0.54

8.0

‘1’al)lc  1: II]itial  guesses, colistraillls,  and illvcrtcd  lllodcl  l)aralllctcrs.

II I(wurc(l  data i s  collsi(l(}r(:(]  IIcxt. ‘I’l Ic initial tllickl]css  i s  a ~)cr(illcnt  l)arall]ctcr  to l)c

il)vcrkxl.  Sillc.c  tl)c  growth late of icc is not a prioI’i illforlllatioll,  tllc llcat trallsfcr Cocflicic]it

c is also illcludcd  as all ullkllowll  ]I]odcl  Imra TIIctcr. lllstcad  of lcttillg  all j)aralnctcrs cl]allgcd

frcc]y,  wllicll  w i l l  IIlakc  tlIc illvcrsioll  alp;oritll]n  to bc illcflicicIlt  as WC]] as susccj)til-)lc t o

SOIIIC  local I1)iIlilnuIn  att,ra, ctiolls o r  divcrg(:llcx, wc s(:t uIIk IIow’11  IIIc)dCl  ])aralllctcrs  t o  1)(’

collstlraillcd  witllill  smnc l)llysical ra]lp;cs. ‘1’al.)lc 1 gives,  tllc initial gumscs, collstraillts,  aIId

tllcil}vcrtlcd  valucsof  IIlodcl })alalt l(:t(:lsfol  t)llisil)  \’(:lsioI}.” ‘J’lIc rccollstructcd  icc tliickllcsscs

arc SIIOWI]  ill l“igurcs  8 al)d 9 for two difl’multl  i)lcidc]lt  a]]glcs 2.5° aIld 30°, rcsjmctivcly.  11 is

IIotcd that tllc  rctricvcxl  icc tjllickllms agrees very well w’itll tllc  II Icasu Mxl ic.cp;  rowtll  I)y llsill~;

tllistill  l(!-s(:li(:sill  ~’f:lsioll  algoritllltl. ‘1’lIc rct,ricvm] tllickllcss  for (IIC 25° data set looks Iwttcr

lllall  tlllc  011(’ f o r  3 0 °  wl]icll  ItlaJ’  I)(’ (Iuc to  tllc la]g;cr  dcviatioli  l)ct,tvccll ]nodc]  sillllllatiol)

al]d lnmsurcxl  data ill c.loss-l)olaliza.tri{~ll”  at  30° illcidcllt  allglc.

‘1’lIc almvc cases  use tllc  full  set of radar lllcasurc]]lm]ts  wit]] llllllti-~)olalizatioll”  to lm-

forjn tllc t]lickncss  retrieval. III view of tllc })rcscllt available rcnnotc  smlsillg;  sm]sors  with

citllcr  VV l)ola.rizatioll (II)I{S) or 1111 I)olarizatio]]  (1{ Al) Al U3Ar J’) O]llyl  wcfurtllcr  al)~)ly this

algoritlllll  to rctricvc icc tllickllcss  l)y using  sillglc  lmlarizatioll  t i l n c - s e r i e s  data. ‘1’llc ulb

k]lowll  lmralnctcrs al}d li]llits  arc tl]c salllc  as tllc almw })olarilrletric  case.  ‘J’able 2 l i s t s

tlic  final illvcrtcd results of tllcsc  ~)aralllctcrs. l“i~urcs  10 a]ld 11 i l l u s t r a t e  tlic m+lwctitre

illvcrsioll rcsu]ts ~lsil)g  citllcr 1111 or \~\~ lmlarizatio]l  data a t  25° a]]d 30° illcidcllt  ailglcs.

III F;cl]cral,  tl)c  rctricvcd  icc tllickllms  s t i l l  sl]ows rcasollal)lc  ap;wc]]]cllt wit,ll  tllc J]]casllred

ppllld tlnltl).

III this l)alm, wc IIavc dcvcloj)cxl  a]] ilivcrsioll  algorit, ]llll  for tllc  tllickl]css  o f  tliill salillc

icc l)ascd 01) tl)c radia.tivc  transfer tlIcory,  icc p; II)wtlI l)llysics,  and ])aral)l(:tric  cstilnatioli

IIl(!t!llod. ‘1’i l t )c-series lllcasumd data arc used illstcad  of l]llllti-fl(:(lllcllcy  or llllllt,i-all#;lc
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