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ABS 1 'R , \ eT, PI"l'\' io us ohsl'l"\"a t iOll s ha\"(' show ll spa t ia l ("O\ 'a ri a I]("es hc tll CC Il 

111 ic r o \ \"C:\, "C enl iss io l1 {'rolll .\ nl a rc li c firn a t 6C 11 1 \\(l\T lc ll gt h . ph ~~ i ca l riI'll 
te mpe ra ture a ll d lirn-cl cnsitl' s t rat ific ati o ll , Su ch o bs('l"l 'a ti ons Ill o ti\ 'at e LI S to 
und e rsta ncl th r ph ys ics und rrh ill g- s lI c h ("O\ 'aria l1lTs ancl, iJasecl Oil th at unci('\"­
sta llding , to ci c'T lo p es tim a ti on me th ocl s li) r lirn tl' ll1pCra tlllT a ll(ll a~ n ill g parametl'l"S, 
\\'c presenl ItnC' a Ill o ci cl li)!" 6 r ill L' lll iss iOIl I"roll1 lim ill I1 h ir h cl c n s it ~, a lld tltlTcli)l "(' 
cii e lc n ri r pn ll1itti"it'" I'a ri es ra nci o ml y in di s(" ITtl' l<ll"(' rs \I it lt nlt'an t lti c kll l'SSI'S on th e 
o rci c r o r rc ntinH' Il'rs, Th e Ill oci e l al"("O Ullls li) r ci e pth pro li les or th e ph ys ica l 
tl' ll]pCra ture, m(, ~ II] densit l ane! I'a riall c(' or r;l ll clo m ci(, l1S it ~ liu r tu a t io l] s 1'1'0 111 lal l'l" 
to 1;[\"(' 1". \\'c a lso prcse nt a proceciure to cst im a tc e llli ss io n-Il Hlcle i ill put pa ra mctl'l"s 
o hjel"l in'h li'olll ill situ cl cnsit , -p rol ilc o iJserl'a li o lls, ;IS IIc ll as u ll l"l'l" ta ill ties in th e 
input pa r;t lll(' ters a nci cO ITcs plJ nciing Illl c('I" taillti es ill til l'o lTti ca l l)ri g iluH'ss-t cmp(' r­
a t Ul"l' prl' ci in io ns, \\ ' 1" ('o lllpa re (' Ill iss io n- nloe!c l prl' ci in iom 11 it it gro und-hase r! 
o l)sc l"\";Jtions at I()llr cii n' rsc , ite, ill ,\ nt a rn ica \I,iti c ll spa n a ra nge oi" acc ulllui a ti o l] 
ra tes and ot her pa rall1 Cl l'l"S, \\'r II se co ill c id ent cha ra l"lc l"i zati oll (LIt ;] to cs ti lll at C' model 
input s, ,\ t 111'0 sit es, laYl'I"ce!- llll'ciiulll l' nli ss io ll -Illockl prce! in io", hasecl O il tlt c mos t 
p ro bab le inp ut pa ra m c ters i,c, \I'ith 11 0 mocie l tUllin g agree \I'ith o bsl'\"\ 'a ti ollS to 
w ithill 3 ,5 11 " lin' in c id e nce a llg les :::; ,)0 C:orr('s pondin g li g ures li) r till' o lhn tll'O sit es 
a re 7 .. )'1., ;t lld 10'1." H O\l"(, I'C r, ull cl' rt a illti l's ill the illpu t p;t ranH'tl "l"S a rc , ubsta ll ti;t l 
du e to th e lilllit ed le ngt h a nci d e pth reso luti o n or th e charal"ll'l" i/,a ti on c1 a ta, 
L Il ce rt a i IHi es in I)r ig h tnl'ss-t cll1 pna tu l"(' prl' e! ict ions a IT correspo ncl i Il g'i Y substa nti a I, 
T hus brig htll ess-t l' lllpcratu lT pred ic t io ns I() r the last- lll l' llli o ll ed sites baseci on () n l ~ 
slig ht ,," less proh;l h le ill p ut pa r;t lll l' tc rs a 1"1' a lso ill c lose agl"l'l'n ll'nt \I ith ObSl' I"I"a tio lls, 
Th e sig nili ca ll Cl' or ag lTl' lll elllS ami di screpa ll cies co ule! 1)(' r la ri lieci us ill g cha rac­
tl'l" iza ti o n nlL'aSUrl" lll c n ts lI'ith fin e r ci e pth reso luti on , 

INTRODUCTION 

\l ilTO\l',l\T em issio ll li'o lll ,\ Ilt a rn ic lirn has rece nt,," bee n 
, hO\I'n to be co rre la ted \\' ith Ill ca n a nnu a l te lllpcra tu res 
a li(I sl](l \l'-acc ulllulat io n rat es Z ll"a ll ~ ' , 1977; Rotm a n a nd 
o lh ers, 198:2 : hi ) a nd Bcnoist, 199 1: SlIreh/.; all ci Fi,," , 
1993 ), In pa rt icular , I'crt iea lh' po lar izcd emi ss ion nea r 
() 1" 111 \I 'a lT ll'n g th co rre la t('s st ro n g '" \I' ith p l1\'s ica l 
te lllpna ture I,' ily a nd Benoist, 199 1), \I'h ile th c co rrcs ­
pOllciing hori zo nta ll y po la ri zed el11i ss io n is a lkned b y th l' 
a lll o Ll nt o r str a tifi ca ti o n Surcl y k a nci Fily, 1993 , 
H o rizo nta ll y pola r izcd cmi ss iun a t short lI'a IT!eng- th s 

Shulll a n a ll ci o tlt ers, 1993 ' R Clll otc es tim at io n 01" thcsc 
I'ariahles \I'o u ld he 1',tllIable ill studi es 01" th c ch 'na lll ics 
a ne! th crm och na mics o r the ,\ ntarCli c ice shce l. Th ese 
consid l'l"a tio ll s stroll gh- Ill o li\ 'a te a iJettl'l" und ersta ndin g­
or hClII' lirn st ru cturc a lkns m ino\l'a l"(' cmiss io n , 

1, 6 a nd 0,8 r ill I is a lso C\' id cnth a lkneci bl' su rfilcc hoar 
and SIl O\l' dcmitl' in th e first 11.' 11' ccntitn c tl'l"s or th e sUrfilCC 

Rcce llt studi es III R Oll in cast ,\ nt a rn ica result ed in 
lirll -l'ha ra Cle r iza ti on ciata <t nci cu inc id e nt lllino\l',I\ 'C­
(,Ill ission o iJse l"\"a ti ons a t (j a ll ci 3clll \I an' leng ths a t 
selT ra l sites ( R ott and o th e rs, 1 9~ ) 3a, h), Th e pola r 111'11 a t 
th ese sit es, as c1sclI" hl'l"c Bc nso n, 1959 : , \I Ic ~, 19(8 ), 
disp la,"Cci 1l 1l merOUS iayn s o r d illC rin g dell sit y on th e 
o rcin o r ("C nt illl eters ill thi c kn C'ss , Boundari es hetll"('c n 
ae!j ace nt la yers liTre re la ti \T iy slt a rp , i,e .. th e tra nsitio n 
bl' tll"('(' n 1<] 1'('1";; occ urred O\"l,!" ci ep th int e l"\"a ls Illu ch less 
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than th e tl'pi ra ll a lTr thi c kn css, "I\'pi cal la yer thi ckn csses, 

m ean (Irn cl e nsitl'. th e I'ari a nce in d e nsitl' rro m lawT to , . 
laye r , and microll' Cl I,(, cmi ss ion all I'a ri ed co nsiderably 
bc t IITe l1 si tes , 

[ndil 'idu a ll ayCTs o r po la r firn difkr rmm ea ch o th cr in 

g ra in-sizc di stributi o n , tex ture, cl c ll sit y . iso topi c concen­

tra ti o ns a nd o ther pro p e rti es, Th esc pro pcrti es arc or 
intercs t in ma ny geo ph ys ica l studi es, but onl y th ose 

pro pe rties th a t a fl ec t microll' ;) 1'1" sca tteri Il g <t re germ <l l1c 
to thi s s tud ), In ge ne ra l. electro m ag n e ti c sca tt erin g 

d ep cnd s o n th e detailed diel ectri c stru c ture o r th e firn. 

\li c roll'a lT sca ttering in p a rti cul a r is se nsitilT to tlU) 
tl' l)('S o rdielectri c di scontinuili cs. l'o lul11c inhol11ogeneiti cs 

suc h a s icc g ra ins, a nd abrupt changcs in d ielectri c 

co nsla l1t at intnf~lccs be twee n laye rs with differin g 
d ensiti es \ Ia tz ler, 198 7 ), 

Th eorc ti calll' cornput('d micrOI\'<\IT e mi ss ion from 

ho mogT neo us i.e, non-I a l 'ered firn lI'ith th e oiJse rw'd 

mea n ci e nsiti es dille rs co nsid erabl y [i'o m 6 c m Inll -e leng th 
o iJserl '<lti o ns sec beloll' Th e pred iCl ed brig htness tem­

pera tures exceed th osc o bsc rlTd, II'hile th e predicted 
d ille re nce het\l'Cc lI l 'C rti ca lh- <l lld ho ri zo llla ll y pola ri zed 

emi ss io n is mu ch smaller th a n that obse rH'd. PITI'ious \I 'o rk 

Z II"t1l y . 1977 ; C:os imo a nd o th ers. 1982 : Surdl'k a nd Fil y. 
1993 1 has sho\l'n th a t scattering fi'o m indil'idual ice parti cles 

is impu rt a l1l a l short \I'an' leng ths le.g, 0. 8 a nd 1.6cm ). At 
lo nge r \I'a lT IeIl g' th , e,g, 6 a nd 3 cm I, ca lcul a tions based o n 

sca tt c rin g rrom ind il 'idu a l ice pa rti cirs in th e urn do no t 

acc urate '" rcprodu ce th e c ha ra cteristi cs o f <I\'a il a bl e da ta 
unpubli shed computa tio ns bl' R, \\ 'es t. D, \\' inebrenner 

a nd L. T S<l llg l, Hml'cI'e r , it is knOl\'ll that sca lt ering fro m 
laye rs simil ar to th osc o lJserl'eci in fil'll ca ll signifi cant'" 
10\lT r iJri g htn ess tem pera tures rrom th ose in th e CO rI ,(, ­

spo nding hOlll ogeneo us-firn case a nd increase th e difference 

bl'l\l'ce n I'c rti ca lll a nd ho ri zo nt a ll y po la ri zed emi ss io n 
IT sang a nd oth ers, 1987 ) . 

Thus. in thi s pape r \IT s tud y th e e ffec t o r stra tifi ca ti o l1 
o r firn cl e nsill ' on micro \l'alT emi ssio n at 6 c m \I'an'leng th 

using sig n a ture ll1 0dcling a nd R Oll 'S d a ta se t. \\'e res trict 

o urse h Ts in this initi a l s tud \' to 6 cm \I'alT leng lh IJ('cause 
\IT \I'ant tu minimi zc possible CffCClS o r sca ttering [i'om 

incli"iclual ice g rains and th ere by gain a ci eal 'CT und e r­
s ta nclin g of stra tifi ca ti o n dlec ts a lone , \\ 'e \I'ill ex tcnd th e 

prese nt s tud y to includ e g rain-scatterin g e lTcc ts a t sho rtC'r 
\I'a\'e leng th s in a ro rthco ming stud y. 

Th e pa per is dil'id ed into three m ajor sections. First , 
\IT introduce a model lc)!' th e laye red s truc ture of firn 

m o ti\' <t tC'd by direc t o bse \'\ 'a ti o ns, and describe objeCli\'e 
s ta tis ti ca l procedures to es tim a tc mod e l p a ra meters [i 'o m 

tlte a l 'a ilable cha rac teri zation data , \\'e di sc uss a ri go ro us 

layer ed-m edium emiss io n model b ased o n \l a x\l'e1I 's 

equatio ns and flu ctuation di ssipati o n th eo ry , This model 

is used to comput e th eo reti ca l brig htn ess tempera tures 
lhat depe nd on th e pl1\'sical-t empe ra turc profil e a nd 

sca tte rin g rro m int e rf~lces be t\l c'en firn laye rs or different 
d e n siti es , In th e penultim a te seni o n, \I'e appl y th c 

s ta ti s ti ca l procedures to c ha ra cte ri zation d a ta . a nd use 

th e e miss io n mode l to co mputc th eo reti ca l brightn ess 

te lllpC'ra tures , We d escribc <t proceclure lo es tim a tc 
quantit :l til 'C ly th e un ce rt a inti cs in p a ra m e tcrs used as 

input to th e emi ssio n m od el a nd th c res ulting un ce rta in­
ti es in prcdi ctcd brig htn ess tcmpe ra tures. In th e fin a l 

sen io n , liT elt 'a ll' conclusio ns fro m th e ITS U(ts, 

A MODEL FOR LAYERED ANTARCTIC FIRN 

1\ nllmher o r inlTs ti gato rs h a l 'e d escribed di s('r (' te 

la l'lTing o n centimeter sca les in pola r firn ( Be nso ll , 

1959 : 1\lI e)" 1988 ; Roll a nd o thers, 1993 h ) , Fo r 

exa mpl e, th e so lid line in Fi g ure I ShOll'S th c d cnsitl' 
profile a l Rotl 's Y es tstra um e n site (ROll and o th ers, 

1993 b ). Th e de nsil Y m eas ure ment s liT re m a d e by 
c_,traning and lI'Cig hing success ilTh- deepcr fll' n sections 

o r kn oll'n I'o lumc, Th e I'(' rti ea l ex tent o f eac h sen io n \I 'as 

5 cm and the centers of su ccess in> sec ti o ns lI' e re 5 cm 
a pa rt , Th e res ult is a n a l 'eraged densit y profile , The 

a I'CTaging obsc ures th e underly ing demitl' pro fil e some­

\I'ha t; direc t qu a lita til'e obserl'<Itio ns indi cated th a t so mc 
physical laycTs and crusts w e re actua lly thinner than 

5 CIll, W e pro\'id c info rmati o n on glacio logica l and o th er 

param e te rs at thi s sit e in the seClio n o n compa ri so n of 
th eory with ol)se IY<tli ons. 

500 

'" S 
tJl 400 
..: 

200 L------757o-----1~0~0~--~1~5~0-----2~0~0~--~2~50 

depth (cm) 

Fig , I, The sllolc- dl'llsi~) ' jJ r~/i/e al " e,llslrattmen (solid 
lille ) , T he /Jro/ile ll'f/S ob/ail/I'd ~) ' llleasll rillg Ihe al'erage 
dl'llsil), ill (oltsl'mlil'e 5 Oil 1r~)'er.I , The das lzed lille ,l holl 'S 
lite /au/-sqllares I'I/JolIl'll/ial Jit 10 Ihe measllred /JI'I!/ile , 
Theji'lled fI /JOlttlllial is : F (z) = 421 - 206 exp (7.8z) 
ll'illz z a lIegalire mllle in lIIel(,fj. alld F(z) lIIeaslIr('(/ ill 

'{ kglll ' . 

I n Fig ure I. \IT see a n o n-lin ea r l rend in th e mcan 

d ens it \' as a functi o n o f depth . Th e tre nd is most 

pro no unced near th e surra cc, a nd is a lso o bse n -ed a t 
oth er sit es (R o tl a nd o th e rs, 1993 b ), Alth o ug h it is no t 

I'isible in fi g ure 1. o th cr s tudi es or th c d e pth ind cpen­

dencc or firn d ensity \B e nson , 1959: C o w , 1968 ) halT 

Sh O\\'ll a c h a racte risti c decrea se in dcnsit y \'a ri a ti o ns \I'ith 
depth, a lld an increase in th e mea n d cnsit y le \T I. The 

deerease in d ensit l' I'ari a ti o n is mos t I'isible a t depths 
g rea ter than ,~ 5 m, 

Firn laye rin g is tl 'pi ca ll )' no t hori zontally co herent 

OIT r leng th sca les of mo re th a n Cl fell' m e te rs ( Bcnson, 

1959 ; Alle y . 1988, fi gs 2 a nd 3 ), Sa te llite -e mi ss ion 
measure m e nts COIT r a la rge [c)o tprilll , a nd thereforc 

represent a n a l'(' rage OI'e r d e n sit y pro file s present inside 

th e fidel o f I'iell of th e ra cii o meter. Th e g round-based 
radi om e te r m eas urements a rc also a l '(' ragcd Ol 'e r scyera ( 
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dilIerent d ensit\, profiles a t eac h site, To model thi s t\ ' p e or 

a\T raging. \\'e lirs t ass ulll e no ho ri zo nLaI \ 'a riatio n in th e 

la\T rin g. but th cn <J\T rage rcsults o\Tr sC\T ra l rea li za­

ti o n s , 

Our Illudel fllr density as a runClion o rcl ep th co nsis ts of 

a sum o r a detcrmini s ti c par t. F (z ). and a sta ti ona r y 

stoc h as ti c pa rt. X (z ) : D (z) = F(z) + X (z), Thc d e tc rmi­

ni s ti c runction F (z) Illodel s th c non-linear trenci appa lT nt 

in th e mcasured profile, Since th e Illeasured profile sh O\\'s 

a n a ppa rcn t ri se and sa turation in m ca n In'c l. I\T c h ose 

a n ex poncn ti a l flln Cl io n Il)r F(z), 

F(z) = Cl + bexp (c:::) , ( I ) 

Th e para1l1etcrs 0 , band c arc d ctermined lA lilling F (z ) 
to th e measured dens it y profil e ill thc Ieast-squarcs sc n se , 

The dashcd lin c ill Fig ure I sh o\\'s thc cxponenti a l 

run c ti o n fitt ed Illr th e profile a t \ '('s tstrau1l1cn, Th e 

primary importance or F (z) is to "c1ctrenc\" thc dens i t> 

data, It is Il o t re lated to the g radu<ll cicllSi fi ca ti on o r snow 

which occurs a t dcpths grcater than a kw I11ct c rs, Th e 

detrending a !lO\\'s a \ 'ar iet\' 01' sta ti s ti cti tcchniques to 1)(' 

used o n th e remaining ccn tercd st<ltiollary process _Y(z) , 
Th e scattering problem and comput a ti o n or (' mi ss io n 

dcscrilwd ill the n('xt sec ti on arc relati\T'" in sc nsit in' to 

c h a nges in F(z) by itself. HO\\T\Tr, th e pre'ic ncc or the 

non-lillear mean dens it : profile ca n slight", bias our 

cs timatcs or ot he r parameters, \\ 'e discuss th is issue 

fl lrthcr in the con tex t or ('olllpa rin g t h e emi ssion model 

with oi>scT\ 'at io ns, 

The s tochast ic process X(.~) ck snil ws th e ra ndoml y 

la yered s tru (tu re in th e upper fl' \\' lllC'lcrs or fim , \\ 'c 

fi) rm _\ (z) ri'olll t\\ 'O s in g le-pa ra nll'tcr rand om proc('sses, 

o ll e describing th e thid~ l ll'sses or \;1> ers. thc other 

descriiJing th e \'ariation li'o m th e IlIc a n dCllSit\, in eac h 

layc r. \\'c ass umc th a t thc thi c kllC'sses of layers arc 

cxpo n c llti a lh- di s triiJut ed \\ 'ith paranll'tLT A a\'(' r age 

lanT thickn ess = 1/ A1. a nd that th c thickncss or each 

la\'(' r is illdqx lld cnt o rth e th icknesses of'a !l ut he r I;I I'(TS, 

Thus , th e dcpth-of-la\Tr interLtCl's fi ll'lll a Po isso n 

sequencc, \\'e a ss umc th at the \ 'ariatioll fi'om the Ille;lll 

Ilac kgro und demit\ , in eac h 1;1\ e r cit-t<T1l1iIH'd b\' F (:;) 
is Gau ss ia n-dis trihut ed \\ ' ith zero Illean and a standard 

d n 'ia ti()n u , \\'c rurthcr assunl(' that th c d n'i,lli o ll s rrolll 

l1l ea n d cmit\, a re ind e pend cnt (i 'o lll la yer to la\Tr. Th e 

c() lllbinati o n o f'th cse t\\ 'O rando m proccsses is similar to 

the random teleg raph process dcsc ril w d b \ Papo uli s 

( 199 I . c h , 10 1, L si ng till ' Illethods descri bed Il\ ' Pa poul is. 

\\T co mpull'd the a utoeorrc lat io n function R.\'.\' ( Z l. Z2) 

a lld th e speel ra l-d ens i t \ ' function Ss (uJ) of the stochas tic 

proccss ..\"(z) , 

, 2u2 A 
Ss (w) = -\,:-, ---c,) 

A- + w-

(2 ) 

(3) 

Our profile data a rc lI o t sta ti stically s ufli c i('nt to tcs t th c 

\ 'al idit) of' th ese ass umpti ons; th e tes t o r th e ir \,;-tlid it \, \-\ ' ill 

be in the cO lllpa ri so n o r o ur combin ed fim-structure a nd 

em iss io n mod els \\' i t h 0 bSCTI'a tions , There arc. 11O\\'('\,e r , 

some gro und s Il) r op timi sm based o n theo l'\'. in that 

em iss io n r!'Om randolll m edia sli g htl\' s impler th an that 

1" 1'.\'1 alld a/lin,l : ,li irrOil '({l 'f fllli,l.IilJII.l;'O/ll , /II/a}'r/icjim 

supposed h ere is theoreticall y insc ns iti n' to plausibl e 

I'ariat iolls in th e di st ributions o rl al'lT dell s iti cs Kl ya tskin 

;-tne! T a ta rskii , 197 71. 

Our Ill odc l includ es th e obsLTl'l'd decrease in dCllSit\ , 

I'ar iat io ll s \\ 'ith depth, and th e oiJsC IYcd increase in mea n 

backgroullcl densit y B c-llSo n , 1939; GO\\', 1968, Th c 

stanclard c1C\ ' iati on or th e densit y \'ariations. u, is ass um ed 

to be constant in th e LOp ~m offirIl. Starrin g at" dep th or 

4- 111, U is reduced as a linca r function of'dept h until it 

reac h es zero a t a depth or 16 m, ,\ t 10 III dep t h, u is ha I r or 

its maxilllum \';due, . \I so s tartin g- at a c\epth or ~ nl. th e 

mean backg round dens it> !en' l i'i in creascc\ as a lin ea r 

runction ofclepth ulllil it reac hes a \ 'a lu t' of'(iOO kgm l a t 

a dCJlth o r I () nl. Thi s g il'('s a d CllS it \, profile s imil a r to th a t 

o bsc rlTc\ in th e upper parts o r ice co res 1'1'0111 ,\nt arClica 

a nd Grcellland Benso n, 19.59: C O\\' , 1968 ' 

To ('st inlatl' A a nd eT o bject ivc ly fi 'o lll c h a ract eriza­

ti OIl data. O Il C mi g ht n ai\'(' ly trl ' to fit Equat ion 3, in 

the leas t- sCJuares se nse. to a spec tral estimate fin 

o bse l'\T d d e trcndccl dC ll s it y f1u ctua ti olls, H O\\T\Tr . 

thrcc c fli.'c ts complicate the situation, Firs t. tilc spect ra l 

cst imatc includes the e fli T ts or a .) c m !llo\ ' in g a\Trage 

du e to th e ch;lrannizat ion proced ure, Sccondl y. the 

speT tral estilllate in c lu des a li as in g ca used b\ the di screte 

sa mplill g uscd to obtai n the e!cll sit\, dat ,!. Fin a lh, t he 

splTtr;t! est im atc \\ ' ill in c lud e d i;'(o nion a lld bia s 

depelldin g O il the na turc or the slJCu ra l c~ tillla LOr uscd , 

Thcsc dllTts C;lllllot b e ITIllOlTci fi 'o m tlt c ('st illl ;lt ed 

spcctruIII or th c dat a Pnc i\ 'a l a ne! \\ 'a ld c lI, f ~)93 , ch , 6 ' 

\\'e thlTdi!lT illcorporatc Lhem in to a Illodified spenral 

Illodel \\ hi e ll \\e can th Cll fit to the c h,lral'lcrization data 

direct" , 

Th c Illodified ' l)Cn r a l model i, f(mlH'd 1>: apphing 

the tIIlT " di s t()J'lill g elll'l'!s to the st()c h astic process _Y(z ) , 

The .l CIll 1ll00' ill ,!!; a \'('rage is cquil',d ent to cOIl\ 'oh-ing 

Y(:.: ) \\ i t lt a unil- ' fJu a re w ind o\\ of' \\ idtlt ,J e n!. Lc t X ,,( z) 
bc till' resultin g 1l1OI' in g'-a\T ra ge process, Tlt e spcl'lrulll or 

Y,,(.::) is th e product or tlte spec trIlm o f' tl 1(' \\ illd(lII and 

th e spcctrunl ()r .\" (z ) , 

S" ,, (w) 
~u:! A :-;i ll ~(w,¥) 

6~W~(A2 + w:!) (" ) 

T he CJuantit y ...J.d in Equati()n ~ is th e s ize o rth e mO\ 'illg 

a\TragT In the presc nt d a ta, .lcm , Th c st,lndard 

d(,\ 'ia ti OIl or th e mO\'i n g -a \Trage process , u" , is detCT­

mincd I> y e\ ';t!u a tin g th e autocorrelatio n or _\ ,,(z) at ze ro 

lag , Th c a utoco rrelation or X ,,( ,:: ) at zero la g is just th e 

in\'(Tsl' Fourier tran s[(lnn or Ss (w) C\ 'a lu ;!l ed at z = n, 
The result is a re l at i () n ~ hip iJet\\TC' lI U a allCl u, 

,) 

o u- \~ 
U;' = 2 A:! t:-,. :! (A6<1 - I + (' , d) , 

<I 

(5) 

\\'c lI se a s o ur es tim a te fi)! ' u " til l' s ta nd a rd dn'iat ion or 

thc detrcncled demit\, clata, 

Th e lllo\ ' in g-a\Tragc process X,,( z) is 11 011' sa mpkd ,Il 

3clll intcT\ 'a ls. g i\' ill g ~ I di scre te proct'ss _\ ;111 ' Th c linite 

sa III p i i II g i nter\ 'a l ca ust's a I ias i lI g, Power at fi Tq uellcies 

hig he r th a n the :\ \Tlui st f'req ll cnl'l ' 10 cyc lcs m I in thi s 

cast' is alia sed ci(mn in to the ra nge 10,101 c\Tks lll I 

(Perci\ 'al and \\' a ld e n , 1993, ch , ~ ) , Th e resultin g 

spect rulll IS 
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Ss,,,, (w) = kt -x. ss" ( w+ ~~) . (6) 

Th e nature of th c m eas uremcnt proc("ss m ~lkes th e 
sampling inte r\'a l 6 : equ a l lO th e size o f' th e nlO\ 'ing 
a \T rage 6 d. Since Ss" (w) ra p idlY cl ecays La ze ro \\'ith 
increas ing w, th e infinite s lim in Equ a ti o n 6 ca n 1)(" 
trunca teci a fte r eno ug h te rm s ha \T bee n included to 
capture m os t of'th e po \\" c r in th e co ntinu o us spect rulll 

Ss" (w). 
I n thi s stud y, \IT chose th e peri od ogram as th e 

spectra l es tim a tor, so \IT must consider a re \I' additi on a l 
concerns ra ised by th e na ture of th e peri o d ogra m. Firs t , 
th e th eor e ti ca l spect rum sh o uld be scaled to match th e 
norm a li za ti o n of th e pe ri od ogra m. Seco ndh', th e finit e 
leng th o r th e d a ta ma kes it imposs ib le f(:Jr a pe ri od ogr a m 
to es tim a te the zero- rrequ e ncy com pone nt ; \IT th erefo re 
d isca rd th is component o f' th e spcct rum prior to th e 
least- squares fit. Fina ll y , th e spect rum o r th e squ a re 
\I'ind o \l' impli ed by th e finit e le ng th or tli e d ata reco rd ) 
can cause bi as a nd cii storti o n in a peri od ogra m spec ia l 
es tim a te I Pa po ulis, 199 1; Perci\ 'a l a nd \\ 'a ld cn, 1993 ) . 
H O\lT \·e r . th e d yna mi c ra n ges or th e urn spec tra in thi s 
stud y a rc re lati\TI), lo \\" « 20 dB). so a peri odogram 
g iq :s e lfec ti\T ly unb iased res ults Perc i\ 'a l a nd \\ 'a ld en , 
1993 . c h. 6). 

In prac ti ce. \\'e a pp ly th e leas t- squ a res fit to tli e 
na tural loga rithm o f th e th eore ti ca l spect rum , 8.\'.,,.(w), 
a nd t li e natura l loga rithm o f' th e pe ri o cl ogr <l m o r til e 
d a ta because th e log spenrum has cons ta nt \·a ri a nce as 
a functi o n o f'frequ ency : thi s p ro pert y m a kes th e fillin g 
p rocedul-e m o re cO ll\ 'C ni e nt. I-I o \\,e \ ' ( 'I' , ta kin g th e 
logarithm 0 (' a per iod ogl'am int roduces a bi as rcla ti \'l' 
to th e logarithm 0 (' th c th eo re ti ca l spectrum ( Perc iya l 
a nd \\'a ld e n . 1993, c h. G) . W c correct lo r thi s crfect b y 
a ddin g th e kn Oll' n bi as ( Eul er's con s ta nt ! to rh e 
na tura l loga rithm 0 (' th e p e ri od og ra m . Fitting th e log 
spec trulll g i\'Cs a n es tim a te o f' A \\ 'hi e h ca n then b e 
used with th e es tim a te o f' 0'" a lld Eq ua ti o n ,5) to 

o bta in a n es tima te ('01' 0'. Fi g ure 2 sho w s th e logarithm 
o f th e es tim a ted da ta sp ect rum a nd th e fi t ted log 
th eo re ti ca l spectrum fo r \ 'es tstra ul11 c n . Th e la rge 
sca lte r o r th e es ti ma ted d a ta speCl rull1 is d ue to th e 
rcla ti\ 'C ly sho rt leng th o f' th e d a ta reco rd , a ncl lea d s to 
a reLui \'t' ly hi g h uncert a inty in th e es tim a tes of A a nd 
0' . I n th e sec ti o n disc uss ing th e o i>se n 'a ti o ll s, \\ 'C 

prese nt a m e th od o f es tim a ting qu a ntita ti\T I> ' th e 
uncerta inties in th e p a ra m e tcr es tim a tes . a nd th e 
res ultin g \ 'a ri a ti o n In th e t lwo re ti ca l b r ig htn ess 
tempe ra tulTs . 

Th e es tima tes o f' A a n d 0' a re used to genera te m a n y 
rea li za ti o ns or sil11ul a ted ,\ nta rn ic urn fc)I' use In 

subsequ ent brighulCss-te mpera ture ca lcul at ions. ~o t e 

th a t th e cOlll putat io l1 or b ri g ht ness tcmpera tures \\·ill 
be based o n th e unclerh'ing stochas li c process X(z) . no t 
th e sa 111 p led mO\·i ng-a \ 'C rage process X ii'" The 1ll00·i n g 
a \ 'C rage a nd sa mplin g int en 'a l a re <1 rtiracts o r th e 
measure ment p rocess used lO o bta in th e de nsit y profile ; 
th n ' h a \'e no thing to d o \\'ith th e emiss io n measurem e nt 
o r ca lculation . In th e next sec tion , \\' (' sUl11m a ri ze a 
th eo ry fo r mi croll'<I\'e ('m iss ion li'om the ra nd om ly 
layered ph ys ica l model jus t d escribed . 
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Fig. 2 . . I COIII/)ari.IO/l IHIl! '1'1'11 Ihe /lalllrallogarithlll of /he 
jJeriodogra lll for //ze measllred dmsiU jJrqjile al r 'eslslroll­
IIIm (O/JelI s fjllrtreJ) alld //ie Illeore/iea//o/!, ,1 /Je(/1'II1/1 (.\IJ lid 
lill f)ji lled ill/lte leasl-sqllares set/se lci/It 1/ )" = 3 .10 (111 . 
({lid (T = -49.9 kg 1II .'l The s/!erlrtllll ilse!f Ita ,) 1I11i1.1 cif 
(kg III :Il/( 1/111 )' 

THERMAL EMISSION FROM A LAYERED 
MEDIUM 

T he prob lem 111 thi s seni o n is to com pute th e hri ghtness 
tem pera ture o f' th e strat ifi eci m edium used to represent 
. \ n ta rCli c fl rn. T he ph \'sica l m od el developed in th e 
p rn 'ious sec tion is ShO\\'ll sch e m a ti cal h- in Fig ure 3. The 
model aSS UITH'S homogeneo us laye rs \\'ith pl a na r inter­
b\ces. Regio n 0 is fiT{, spa ce , \I'hile a ll the o th e r la ye rs 
consist of' dry snO\\·. Eac h Jaye r is cha rac teri zed by a 
d ellSit \, a nd a pln 'sica l tem pera ture \\ 'hi ch is consta nt 
inside th e laye r . The ph ys ica l-t emperat ure c ha rac teriza ­
tion da ta a re [ill cd b\' a n ex po ne nti a l f'un c ti o n o rrh e fcm11 
T( z) = 1() + I L exp(rz) . Ih is th e mea n a nnua l tempera­
ture encou nte red a t 10 111 d e pth, 1() + 111 is th e s urf~\ce 

te lllpna ture, a nd 'Y is th e tcmperature-d ccay ra te as 
de pth increases ;:; is 0 a t th e surface and negati\ 'e inside 
th e la>e red m edium ). The d e nsit y proille is cO Il\ 'C rL ed 
in to a pcrmiLtiyit y pro file using th e lollo \l'ing empiri cal 

Region 0 ~O' 'I) v 
----------------------------~------------------- z=O 
Region I 

------------------------------------------ z=d l 

------------------------------------------ z = dn•1 

Region n 

------------------------------------------ z=dn 
Region t 

Fig. 3. T he /(!)'em/-lIledilllll model l!Ja/ /0 rejJresetlI 
. IlIlarc/ic .fim. 
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J11I Xlllg fo rmul a g in' n b\· \Ja tzlcr 1987 [o r dry sno\l·. 

/ = 1 + I .GOp 
] - 0.35p 

flf = O:;,,(0. 52p + 0.62/) 

f = / + if" . (7) 

In th e cqu a ti o n a \)O\ ·C' . p is th C' sno\l' d e n s it y in gCIll :1, 

ancl 0;:." = 0.00033 is th e im agin <ln' pa rt o f th e di elec tri c 

co nsta nt of pure icc a t a f'rcqu cncy of 5 .25 G H z a nd a 

te mpera ture of' 15 C \ l iiLz ler. 1987 . This qua ntit \ is 

trea tecl as a co nsta nt o \'(' r th e rangc of't c J11p Cr a tuITS in th c 

pro fi les s tudi ed . In rca lit\·. th erc i, a sm a ll c h a ngc \I 'ith 

te mpcrature. but thi s is n o t la rge cn o ug h to ca use a 

no ti cca ble c h a nge in comput cci bri ghtn ess tc mpera tures . 

Th e im ag in a r y pa rt of th e clTeni\'t, SIl O \\ ' p c rmitt i\ 'it y 

represe nt s th e sl11 a ll a m o unt 0[' attcnu a ti o n in sno\l' a t 

J11 i c ro \l 'a \ T f'rcq ue llcics. 

T o determ inc th e th e rmal cmi ssion o f' th e stra tifi ed 

m edium Sh O\\'I1 in Fig ure 3, wc need to c h a rac teri ze th c 

so urce o f th e e mi ssion. a lld so h-e \ Iax\\'e ll 's equ a ti ons fo r 

sca lterill g in a o nc-dilll c n s io n a l geo lll e tr\ · . . \ full ) 

cohere nt field so lu tion is u sed because th c \I 'a\T lrng th 

a nd 1,1\ ,(, 1' thi c kn esses a re cO lllpa rab le. a lld th e sca tte ring 

ra te ill cac h la nT is sma ll e n o ug h th a t reflect ed cnng) is 

no t sig nifi ca nt ly ra nci o mi zed w hile p ropaga ting th ro ug h 

o ne la yc r. Thi s lll ea ll S th a t plta se rel a ti o llships het ll'('c n 

inc id e llt a lld re fl ect cd so urces of in te ns it y a t a \;1\'(' 1' 

intcrrace may be impo rtant e no ug h t o affcc t th c 

ca lcula t io n . 111 future \I·o rk. \IT \\·ill compa rc th cse 

res ult s \I ' ith res ult s o bt a in c cl us in g a n inco hercn t 

ra cii a ti H ,- t r a n sfC- r so luti o ll . In tlt e ll ex t sc \ 'C ra l pa ra ­

g ra phs, \\T sUllllll a ri ze th e im po rt ant fCa turcs of tlt c 

co he rc llt th co r\' as they appl y to laY<''I'cd . \ nt a rni c firn . 

Th erm a l n lcii at ion frolll sn o\l' i, caused 1) \ ' th lTma lh' . . 
indu ced m O\T m cnt s o f' mi c roscop ic c h a rges in Ih e 

m edium . This ra nd ol1l Ill o ti o n o r cha rges ('; In bc \·ie\led 

as a ra nd om ly nll ct u<l ting cCJui\ 'alc nt currc nt d emit \·. Lc t 

.),(I'.w) b c th e eq ui \'a le l1t th e r ma l-currc llt dt' nsit \, in 

rcgio n 1 a s a fun ct ion o r p os iti o ll and frcqu c n C\·. Tlt ere is 

11 0 nc t CUIT (' nt , so th e e ll se mbl e a\ 'e r <lge is zc ro 

( ( ] , ( f. w)) = O . bu t th e ex p c Cl c cl \ ,t1 U e ( (.7, ( r. w) 
] ,'( r ' .w')) is n OIl- zero . Th e flu ct u a ti o n di ss ip a ti o n 

tit eo r e m C a ll c n a nd \ \ ·(' It o n. 195 1; I .<l nd au ,In d 

Li E; itit z . 1960 : T sa ng a nd o thers, 1987 ) re lat es th c 

cqui \'alcnt c urrcnt source \\ ' itlt th e physica l tc mpera tu re 

a ndlossy c h a rac te ri stics o r th e nw di ulll . T sa n g a nd o th ers 

( 1987, c h . 2) sUlllmari ze th e clcri \ 'a ti o n o f' th e rcs ult 

- -." -:l fI _ = I I 

(.J,(r.w) J/ (r .w)) = -we, I"::'T, l b(v.J - w )6(1' - f) . (8) 
7r 

1\ is Bo ltzm <l lln 's co nsta nt. Tt is tit c ph \'sical te mpera lillT 

ill regio n I. , is tit c unit chad, a mi f;' is tll( ' imag inary pa rt 

of' th c per llliui \ 'it \, in rq~ i o n I. Eq ua ti o n 8 1 is \ ·;tlid as 

lo ng' as th e R a \'lci g h J ean s limit ho ld s (flw« hT . 
\I he re G is Pl a n ck's consta llt a nd loca l th e rm och 'na mi c 

equilibrium a ppli cs . Bo th 0 (' (h ese conditi o n s a rc Ill cL by 
. \ nta rct ic sn o ll' a t mi cro\l'a \ '(' fiT CJ uc ncies. This res ult a lso 

ass um es th a t th e fl uc tu at io n s o f' .1,(1". w) a rc u n co rrclatcci 

he t \lTen n e ig h b o ring \01 UIlI C c lclll cn IS (h e n cc th e term 

6(r - r')) . 
The nex t s tc p is to co mputc th e electro m agn c ti c fi eld 

gene ra ted h y .1,(I'.w) .. \ cco rdin g (0 ;'l1ax \\ 'C II \ eq ua ti ons 

/I 'I' I! (lIId a!hen : .l/ i(/'01I'(I1'1' I'lIIi.l.lio ll j;-O //1 , 11I!arc!icJim 

' In tim c-h a rm o ni c fo rm ), th e e lec tric fielel sa ti sfies lit e 

['o Il O\\'ing \Tc tor-\\'a\'c equ a ti o n. 

.) 

- w-- -
\] X \l x E (r .w) - ---:) E(r. w) = iwIIJ,(l'. w) . (9) 

c-

E is th e c lec ll-ie fi eld. c is th e loca l spced o f' li g ht in the 

Ill cci iullI, and 1I is th l' mag n c ti c p erm eabilit y. 

The so luti o n of' the \I'<\\T eq u a tio n ca ll b c exprcw'd 

co mpact ly in tc rm s of' a d ya cli c G ree ll 's run c ti o n 

S ill ce tlt e gco ll1 ct r y o r the p ro b le m is p la n a r , th c ch'adie 

G rec n' , fun ct io n fo r a stra tili ed Ill ecl ium is lI sed . T he 

r a di a tcd int (' n s it ~ · a nd bri g htn ess te lllpcra tu lT a re thell 

rel a ted to th e co rrela ti on or th e li e ld . T sa n g a n d ot lters 

1987. e lt . 2 a p p ly a p ro paga ti o n-llI at ri x fo rmul at ioll to 

tlti s prob lcm a ncl o b ta in a so luti o n fe)\' th e \ 'c rti ca ll y anci 

h o ri zonta ll ~ ' pol a ri zcd b ri g htn css tcm pera tures in a IClrIn 
cas il y so h -ed O il a compute r. 

(11 ) 

(12) 

\\'r' ass ume that tlt e pl a n e of OI)stTYa ti o ll is tit c ./, ,0-

pl a ne. so /' '1 = O. In th e t\\·o e q ua ti ollS a \)o \ 'C \\T lI se : 

10, = k; + ik;' = wVf/ii, \I'here c, is the pe rmitti\ ' it\ of' 

layer I. Regio n 0 is frcc space, so "'., = kos in ell is r e;ll anci 
a co nsta nt thro u g h out tlt e s tra tifi ed mccl illm . H O\\C\Tr. 

10/0 = Jh} - k~. is gencra lh- co mpl ex . Fo r a s tra ti fieci 

Il1 cdium \\'ith o ut o th er sca lt c rin g Ill cc h a ni s m s e.,f!; . 

p a rti cle sCLl ttering o r ro ug h- s urface scalt e rin g·). the 

so lu t ion is ex pressed en tireh- in terms of' u p\\'a rd- and 

d O\\,Il\\ 'ard -tra\'e lling \T rti cally and hori zo lltall y polar­

ized \\·a\TS. Th e consta nts A, . B ,. C, a nd D , are tlte 

(i7 
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amp li tud es o r thesc \\"a\TS. Th ey a rc d etermi ncd b\' a 
ITC UITCnl'e relat io n , 

AI _/")" /1 _(' -h ie / 

El A (I~ I ) C- i2k(l+', d ,/ , 

E(I~ I ) 

eilk" 11 (tI'/1 II- <i/) + R I(I->- I )1t 

R I(I+ I )IICi2k" ' I (tI" " -dd + 1 ' 
(13) 

R I(l t l)lI is the Fresn C'l rc{] ect io n coeffi c ic n t fo r ho ri zo n ta l 
po la r izat io n bcr\lTe n regio ns I a nd 1 + 1. 

(14) 

Cl a nd D I sa ti sry the sa me rec urrc n ce re la tion as AI a nd 

B I . cxcc pt that R I(I+ l )his rcplaced !J\' R I(I-t- I )\' \\'hi ch is th e 
\'c rti ca ll y po la ri zed Frcs ne l re neC'l io n cocfTicicnl. T o 

o iJt a in R I(I+I )\' , r e pl ace /' \)\ ' f in Equ a tion I,l ), 
Thc brig h tness tem pe ra tures g in' lI b y Eq uat io ns ( 1 I ) 

a nd ( 12\ a re \ ',did 1'0 1' a single rca li za ti on of'. \ nt arni c (irn. 

a sing le inc id cnt a ng le , a nd a sin g le fi'Cquc ncy . !\ s 

di sc usscd ea rli er. brightn css-tcmpe ra ture data a rc t y pi­

ca l" spat iall y <l\'(' raged o\'er ma n y ind ependen t rea li za­
tio ns or a stoe hasti c ci ensit y pro file. F urtherm o re, th e 

h a nd \l' id th o r a rad io lll ete r a lso in trod uces some 

<J\Traging, .-\ s lo ng as the enscmlJle-a\-e ragccl cllli ss io n is 
esse nti a ll y fiTCju e ncv-ind cpenclcnt o \ '('r th e band\\' idth of' 

th e radi o m t' lr L a\T raging O\'C r fi 'Cqu e ncies is cqui \'alc nt 

to a\'C raging O\'er rca li za ti o ns a t th e ccn tC'J' fi'e qu e n cy o f' 
th c ra di o m c te r (e a rn')' . 1977 ) . Th m. to co mp a r e 
th co rc ti ca l res ults \I ' ith d a ta. \IT <[\'(' rage com puted 

b ri g htness tempe ra tu rcs fi 'o m man y in depcndcnt rca li z<t ­
ti o llS o r simul a tcd An ta rcti c lim. 

\\·c ncglec t contrib u ti o ns to o bscnecl brig htn ess 

tcm pc ra tu res rrom sb' ra di a ti o n r e fl ectcd into th e 
ra cii o me tCl' a nt e nn a b \' th c firn surfa cc , Such radi a ti o n 

mi g ht contributc a p prox im at el y 5 K to obscn'('(l bl"ig ht­
ness tem perat ures 10 1' li ori zonta l p o la ri za tion a nd in c i­

de ll ce a ng les ~70 (\I'here th c firll re fl ect ion coe fTi c ie nt 

\\'o uld be la rgest ) ( \I iitz ler, 1992 ) . H O\lcn'J'. lIT lac k d ata 

to cs tim a tc thi s eflcCl q ua n t it a ti\ ,(, ly in the p r ese nt 
m easu remc nt s. a nd th crc ro re d o !l o t includc it in o ur 
m od c I. 

Fin a ll y. qua ntit a ti\ ,(, compa ri so n 0[' thc theo ry wi th 

g ro und-based da ta req uires th a t wc in cl ud e elkns d u e to 

th e bcam pa tte rn a nd sidc-I o bes of' th e reccil' ing a nte nn a 
o n tli e mcas uri ng- rad iomc tcr (h c n cef(Jrth thc m r<:ls ure­

m c nt a nl cnn a ) . Th e mcas ure m c nt a nten na in this s tud y 

\\' a s a pyra mi da l ho rn . Th c m eas urement -a ntenn a b ea lll­

\I'idth a nd side-lo bcs a\'c ragc emi ss ioll fi'oJ11 a ra n gc o r 
direc ti o ns, Wc in co rpo ra tc thi s e lkct inlo thc theory b y 

co n \'o h-in g th c th eo re ti ca l r rs ults, as ['uncti o n s o r 

in c id cnce a ng le , \I'i th the f'ull IH'am patte rn o r th e 
mcas uremc nt a nten na, in cluding sid e-lobes, \\'e co m­

puted th c b C<lm-pa ll crn 0 [' th c In Cm UrelTlcnt a nte nn a 

using the act ua l di mc nsions o r th e antenna a nd th e 
th co re ti ca l ro rmul a 1'0 1' th e icl ea l h o r ll -ant enn a p a tt e J'Jl 

(Stut zm a n a nd Thiele, 198 1, c h . 8 ) .. \s \IT show in th c 

n ex t scc ti o n. beam-pa ttern a\'(' rag i Il g significan tl y lo w e rs 

H Ttica lh- pola ri zcd brig htness te J11lx 'J" llu rcs a l inc id e n ce 
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a ngles o r > 40 . thus (l a tl e ning a 11\ ' pro n o un ced Brc\\,s tcr­

a ngle effect in th c th eo r e ti ca l em issio n . b eca ust' o r th e 

cntry o f' r a di o met rica lh' co ld sky ra d ia ti o n th ro ugh one o r 
th e side -lo b cs, 

COMP ARISON WITH OBSERVATIONS 

In thi s section II'C ap pl y th c spect ra l-es ti mat io n proced ure 
a nd sca tt e ring th eo ry to rou r d a ta se ts, Threc \·I'C r e 
obtain ed during a n O\'(' )'- snoll' tra\'(' rse lead ing rrom th e 

coas ta l s ta ti o n Georg-\'on-:'\e um Ll\'C r to th c H eimef'ro nt­
fj ell a m o unt a in ra Jlge during th e Anta rc t ic summC'J' o f' 

1989- 9 0, Th c three sit es , dcsig na ted \ 'es tstra ume n , 
.\ mund se n j cc . a nd Base Ca mp. \I'e l,(, all a t cle\',\li o n s 

a bO\'(' 50 0 m a nd had n o indi ca ti ons o f' m e ltin g (Ro tt a nd 

others, 1993 11 ), r\ lOll rth d a ta se t \\ 'as co ll ect cd o n th e 
R onn c I ce Shell' d u rin g J a nu a ry Febru a r y 1992 StLlrm 

a nd oth e rs, 1992: ROll a nd o th crs. 1993a ) , 

Veststraurnen 

The \ ' es ts tr a ulll c n s i t e was locate d at 7+ 19 ,6' s. 
13 ',H .9' \\. a t 500 m el e\'a tion , Th e 10 m firn tcm pe r a ­

tu re a t th e site is 253 K , a nd th e surface te mpera ture a t 

th e tim e o r th e o\)sc rn lti o ns in Fe!Jru a n ' 1990 \I'as 26+ K, 
The acc ulllul a ti on ra te a t th e site is 260 kgm ~a 1 R Oll 

a nd oth e rs. 1993 \) ), 

\\' e h a\'C presc nt ed th c 2,5 m pro file 0 [' d c nsit y 

obsc r\ 'a ti o ns \'S depth at this site (fi g . I I , as \I cll as o u r 

es ti ma tes of the mca n d e Jl sit y \'e rsus d e pth (Fig , I ) a nd 
th e spec trum or d e ns it y flu ctuati o n s ( Fig . 21. in th e 
process o f' prcst'nting o ur modcl (o r laye red firn and o ur 

pa ra m c tc r-cst illl at io n proceciu rc, .\ ppl ying th e la ttcr to 

the c h a r acteriza ti o n d a ta . \\'c es tim a te th c ro ll o \\'in g 

pa ra m e te rs 1'0 1' th e [irn a t \' es tstra um c n: 

F(z) = 42 1 - 206cxp (7, 8z) . 

0'" = 39 .-! kg III -:1 . 

0' = 409 .9 kg 111 - :3 . 

1 
',\ = 3 .10 C111 , (15) 

\I'here z is to 1)(' g i\'e n in meters a nd F (z) has units o f 
kg m 3 :\T o te th a t the es tim a ted a\'e rage laye r thi ckn ess 

I /A) o r 3 ,I OClll is sm a li e r tha n th e 5cm \I'idth o f' th e 

mo\'in g a \'cragc: th e a \ '(' r age layer thi c kn ess is close to th e 

sm a li es t thi ckncss \I 'e could expec t to resoh 'c. gi\'C n th e 
a\'e raging a nd samplin g proced ure , 

fi g ures + and 5 s h o\\' 5.25 GHz (6 cm ) brightn css­
tcmpe rature obsc J'\'a ti o ns a nd m o d e l predi ct io ns a t 

\ . cs ts tra u m cn fo r \'Cni ca l a nd h o r izo n ta l pola ri za ti o n , 

rcs pec ti\'C I>', \'crsus in c id ence a ng le . Obst' r\ 'a ti ons a rc 

de no ted b y open circ les. Thc thi c k so lid cunTS sh o w 
prcd ini o ns rrolll o u I' la \'C rcd -m ed i u m cm ission m odel 

using o nl y th e pa ra m e te r es tim a tes in Equatio n ( I S) a nd 

sit c-in\'a ri an t ass umpti o ns disc ussed in th e sccond scc ti o n, 
:Th e das hcd cUr\'('S d e n o te our es tim ates 0 [' co nfid e n ce 

in te J'\ 'a ls fo r tht' th eo re ti ca l'" predi c ted emi ssion , to b e 

disc u ssed momcnt a ril y , ) F or compa ri so n , F ig ures 'l a nd 5 
a lso plo t (as thin so lid cunTs ) th eo re ti ca l brig htn ess 

tem pe ra tures 1'01' flrn \\' ith a tempcra ture pro(il e and 
mea n dcnsit\, profile icit'nti ra l to th ose a t \' cs tstra um c ll , 
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11'I1I/)l'I'alllre.\ al 6 ( 111 ll'({1'l' ll'IIg lh/ il r I '1'.1 /.1 Irrllllll l' lI. ( R I'/i' r 

10 Ih l' Il'gl'lld IIl1d ca/llioll Oil F/~!{IIU' '1, ) 

IHil ass ullllll g no la\'l'l'- to -Ial'l'l' d cnsil Y \'a riat ion o r o th c r 
sca l lning Ill cc h;lni slll. 

T he iJrig htn css- lt' lllperal uIT o iJsc l'\ '<1lions a l \ '('Sl­
Sl raUm l' 1l ;11,(, sig nifi can t/\- IlJI\'C r lh a n brighl ncss le lll ­
pcralures CX pCCl Cc/ in the a llse lllT o f' sca lteri ng . Th e 
difk rcnccs a re ap p ro.\ illl a tcly 2'2 K 10" " , Itl r \'l'l'li ca l 
po la ri za li on and 32 K IJ'Y., ) ft) r ho ri zo nl a l pola ri za ti o n , 
T hu s, th e ubsC'r \'C d po lari zal io n co ntrast , i.c, th e 
d ifre rc ll cc bc t \\ 'Ce n e lll issio ll a t \'C' rLi cal a nd horizo nt a l 
po la ri za ti ons is la rgc r th a n ca n bc cx p la ined b\' th e Il o n­
sca ll e ring Ill odc l o r b y t\'pi ca l mod e ls fc) r sca lterillg rrom 
incl i\' idu a l ice panic les in the fim , suc h as that orCo m iso 
a nd o thers 1982 )) , 

1I '(':> I alld ollier.l : ,\ I iarl1l 'm'l' I' II/ i.l.lirill J rolll , l lIla rclic Jim 

,\ g rec lll cn 1 I)et \\'Ce n 0 bSlT\ 'a t ions a ncl prccI ic li ons li'o lll 
the la \T ITcI- med iulll c mi ssio n Illode l is co nsid era bl y 
betl C'r, Fo r incidence a ng les ::;-W , the m o d el prcdi cl ions 
agrce \I·ilh o bsel'l'a ti o ll s to \\ 'ilhin appox im ;Jteh ' 6 K 3°/,,) 
fo r ho th po la ri za ti o ll s; lh c p recl in ions a rc o nse t abO\'C lhc 
obsel'\'a ti ons by ,lpp rox i11l<l teh ' consta n l a lllounts O\T r 
lhis <u lp; u la r ra ngc, ,\ t la rger incidc ncc a ngles, th e 
\T rLi ca ll y po lar ized oiJsc l'\ 'a ti ons r ise less nea r th e 
Bre\\'stcr a ll gle tha n do th e Iheoretica l pred ic tions, C\'C n 
a f'tcT acco ulIling theo re ti ca lh' Ill r th c e fl t'C ts or thc 
mcasu re m en t-an tenn a hC<1 m \I'id t h a nd side-loin's sce 
prn 'io l1 s seclion . Th e 11O ri zonta l/\- po lar izcd o /)s('1,\,<1-
lions elrc lill c soml'wha l less ra pidh- lI'ith in creasing a ng le 
th an predi c tcd b\' th e tli co r y (due possib ly to o ur nl'g lecl 
of re fl ectcd sk> radia ti o ll , Th us, the predi cted pola riza­
ti on co ntrast agrecs with o bs('J'\'at ions to \\' ithi n app rox i­
ma lely ~) K [il l' incid cnce a ng les up 10 30 , 6 K a t +0 , a nd 
I I K a t 50 , \\'c notc th a t these results a rc o bl ainl'd using 
on h ' model input par,lm e tl'rS tha t a rc d c termin ed 
ind epc nd e n tl>, and in m ost ca scs o bjec ti \ 'C h" rro m 
obsl'1'\ 'a t io ns or pola r firll . 

II I a ssessing' thc sig nili c<1nce or thi s compa ri son, it is 
usefl d to consider thc sc ns it i\ 'iti cs or the sig na turc Illod el 
and un ce rt a in ties in Ih e inpu l para 1ll e lC'rs, The la\T I'Cd­
Ill ed ium em iss ion thco l'\ ' is m osl scnsiliH' 10 \'a ri at ions in 
A a nd (J a ll d relati\'('h , th o ug h no t in a ll cases absolute ly, 
inscnsiti n ' to th c o th er pa ra mcters in th e mode l1. Th e 
characteriza ti on da la ti g htl \' constra in (J" ami thl'1'e fll lT 
pa nl > co 1l', 1 ra in (J \·ia Eq u at io n ,). bU l th e eSlimat ion o r 
A is, fClI ' t\l'O reasons, less p rec ist', I: irsl. a lth o ugh the fi t of 
our 1l1 od e l splTl rU11l to th e o hsc l'I' ,lti ons is good Fi g. 2 , 
the Ciua li l\ or this fi t is Il ol \ 'C r> Sl' nSili n ' to A nea r th e 
best- fit \ ·a lu l' . T hi, call ill' undnstood p hysica l/ I h \· 
nOl ing th <1 t til l' Ill's t-lit Ill ea n lanT th ic kn ess I IA IS 
cOlll pa r,lhll' to til l' ~ 1 \T ra ,l( ill g length ill th e c ha ractn iza­
tion nll'<1 SU1'('nll' lll S: tl H' iJ\T rag ing process rcsults ill th l' 
loss o r in filr lll <1t i()1I ()II th e thin nl'1' la\,ers tha t \\ 'o ld d 
cha ral'ler izc til l' lal'l' rin g p rocess Ill o re preciseh-, Th e 
rcsul t is tha t 011 1' estima l(, o r A is signi fi cant l> uncc rt a in, 
Th l' u IJ( T rt a ill l> ill A cau ses ~l cor rcspondin g unlT rt ai llt \· 
in (J , d espit e til l' lIe ll -c h a rac terizcd \'a lu l' or (J" . Th e 
scco nd SOU1'lT 01 ' 1 11I l'l'1' 1 ~ l i I1 1 \ in A is th e slat istica l 
UIlCl'1't a illt \ in the spl'l'l ra l (" timatl' itself; ",hieh is a n 
ulla\'o id a blc (,OI ISl'q Ul' ll lT o r spect ra l cstim a ti on IJa sed O il 

a limited alll ou llt or d a ta Pcrc il'a l a nd \\ 'a ld l' lI , 1 99 ~-) , 
Th e co nseq uc ll ce or uI ICl'1't a in t\· A is co rrcspo nd ing 
unce rt a int y ill Iheo re ti ca l p redin io ns o r bri g- htn ess 
telllp l'1'a turl'. " o tc th a l thi s lypc or UIl Cl'1't ;linlY dil k rs 
fi'olll uIl Cl'1't a il ll\ dUl' to s lat isti ca lll uCl ua t iol1 in ('m iss io n 
from a s tat islical h ' ho m oge ll (,ous ra ndo m mcd ium. ,\ s 
di scussl'c/ in th e prn 'io us s('(' tio ll, such fl uc tu at ions a lT 
Ill'g li g ihle ill most o /)scr\ 'a t io ns du e to a \T ragillg inli l' re llt 
in Ih e m caSUITnll'nt process, 

\\'e ha\'(' estima tcd t he unlT rt a int y ill predi cted 
hright ll ess tl' lllpna tures clu e tu ill pu t-pa ra lll c ter un n '1'­
laln t\' by mealls or rurth er .\I on tl' Ca r lo silll ul a ti o ll , 
Spec il ica ll y. \ \T silll ul atcd 10002.:1 m lo ng rea lizations 0 1' 

laye red -d ensilY profile s usin g o ur idea li zcd model ft) r the 
fim a llCl th e pa ra lll et('1' es tima tes in Eqll a t io ll 1:) ,. \\'c 

th cn a p p li ed thc para lll e tl'1'-fitting procedure to cach of' 
th ese sill lll la ted proli k s to o iJt a in 1000 SClS or pa raml' ter 
es tim a tcs in a casc \I'i th known lrue pa r;llll elLTs. \\'c 
found lit tle \'ariancl' ill eSl im a lcs or IJ" a s expccted . bu t 
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sig nifi ca nt I'a riancc in es timates of A and therefo rc a. 

Correlation betm:c n th e e rro rs in (I" and A II'as sma ll, but 
errors in A \lTre hi ghl y (positin>ly co rrel a ted \I'ith those 

in a, as mi g ht be ex pec ted in li ght o f Equati o n 5 1. The 
obsc,),I 'Cd c1istrilJutions of A and (J a rc n o n-C auss ian a nd 

aSI'mll1ctric about th eir m eans. 

\\'c not e a lso th a t po\\'er a t loll' spa ti a l rrequ enci es in 

the random demitl -1a>Tring process, Xa( z) , is difTirult to 
di s tin g ui sh fi 'o lll I'a riati o ns in the d e te rmini stic mean 

density runction , F(z), o n lo ng spatial scales . Thus our 

detrending of th e density d a ta may intro du ce biases into 
th e pa ram e tcr estimates, In the simu lation corresponding 
to \ 'es ts rraum en, \IT obscl'\ 'ed onll' smal l diOcrences 

be twcen the means of p a rametcr est imates a nd the 

param e ters used to ge nera te rea li za tions . The po tentia l 
sig nature \ 'ariations due to such biases ; U T small rriatiI"C' 
to th ose due to uncertaint y ( i, e, \ 'ariance ) in the 

parameter es timates. S imul a ti ons corres p o nding to the 

other si tes di sc ussed bel ow sho\lTd that sizes of' biases 
d epended 0 11 the st reng th o f the \'ariation or m ea n density 

\I'ith deprh: a stronger \ 'a ri a ti on in mean den sity leads to 

large r bia ses . HOlI't'lTr, at al l sit es the p o te ntial clTecrs o f 

biases remained sma ller than th ose du c to para mctc r 

unrertai n ti cs . We therelorc facu s h e re o n signa tu re 
unc e rt a int ies du e to paramcter ull cT rtaint ics. 

J-Ial' ing co nfirmed th at errors in A and a arc hi g hll' 

co rre lated, liT est imatecl the un cc rtainties in predictcd 
bri g htlless telllpera turcs a t \ 'es tstrau ll1en using th e l'a lLl e 

o r a il g il 'ClI in Equation 15 a nd th e simula ted 
di s trihuti on of' A. \\' e rqJea tcd OUI' .\10ntc Carlo 

signatu re cOlllputa ti ons tll ' icc, w, ing \ 'alues 01' A co rre­
spo nding to thc 16th and S I-th percentik \ 'a ILl cs in th e 

simulated di stribution. (Th e cho ice of th ese particular 

percentik \',!lues \I 'as some\lhat arbitran', moti\'ated b\' 

their co rrespond cncc to th e perce ntil e \ ',liu es sepa rat ed Iw 
o nc s tanciard dl'li a ti o n from the mea n in the case o r a 

Gaussian di stributi on, ) Th e signatures co rresponding to 

the 16th perce ntil c A ( i.e . th e la rges t mean lalT r 

thickncss are sho\I'n as th e upper d as hed lin es in Fig ure's 
~ a nd 5 . Th osc ror responding to the 84-th pe rce ntile (the 

smalles t m ean lalT r thi c kn ess ! are sholl'n as thc 10\lTr 

dashed lin es . 

Th e ra nges or ullcerLaint\' in predict ed brightn ess 

tem pe ratures based o n th e prese nt data arc sign ili ca nl. 

Predict ed brig htness temperaturcs co uld e\'idenLly he 
broug ht into \'ery close agreemcnt lI'ith the o iJsc l'l'<lt ions 

a t inc iden ce angles ::;60 simply by changing th e mean 
layer thi c kness in the m odel to a sli ght ly smaller, on ly 

slig htl y less probable , l'aluL 

:'\ o te , hClIITITr, thal anI' such tuning \I'ou ld cause a 
strongc r Brell'ster-a ng le cf1(:C t in th e predi c tcd \Trlicalll' 
polarized e mi ssion , lI·hcreas the opposite would be nceded 

to reproduce morc acc urat e ly th e angular depencience of' 
th e o bse rl' il ti o ns. This di serepancy ma y he due to ou r 

ca lcul a ti on o f' thc d1t:n s of measurem e nt-a ntcnn a side­
lo bes Oil the basis o f' th eo re ti ca l farmulae (as ex pla ined in 

the prel'ious sec ti on, , \ IW d epa rture of' th e actual 

m eas urcm en t antenna from th e theore tic a l id ea l \I'ould 

like ly rcs uit in hig her than a nti cipa led sid e-lobes. The 
fl a tte nin g or th coreti ca l res ults nea r the Bre \l'stcr a ng le is 

sensitil'l' to the sid c-Io be lc\T I bcca use any sky rad ia ti o n 

e nt e rin g \ 'ia a side-lobe is radi o m e trica ll y l'Cry co ld . 
Figu re 6 illustrales thi s po int \I' ith tll'O p lots o Cthco rct ica l 
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Fig. 6. ,-4 (Olll/)(tri.lol/ belli 'fi'1I beall7-m'eraged alld 1/01/­

beall7-m'l'raged Ilteorelical brigltLness lelll/Jera III 1'1'.1 al 601/ 

It'al'l'ienglh Jo r lite h~)'erl'd mediI/ill al / 'e,l/slralllllfll, . \ '011' 
Iltal 1/11' bealll pal/em se/wrol e.l lite l'rrli((//~J' alld 
!lOri::'(lIIlal£J' /Jolari::.ed br/j!,ltlll l'.).) lem/malllres at lIadir. 

brightness te mpera tures fa r th e \ 'es tstra umcn site. The 
so lid lin es sh o\I' predictions ror l'Crlicalk and ho ri zo nta lh' 

polarized cmi ss ion as \I'o uld be o bscr\ 'Cd using an 

instrum e nt \I'ith cfTCn il'l' ly infinire directio nality ze ro 
I)cam\l·iclth and sick-lobe lel'{' l) , The dashed li nes sho\\' 

th c co rres pon din g Ilright ncss tcmperatures \I 'ith our IJ('s t 
til eo re ti ca l account in g It) r th c bea m patt c rn of the 
measuremc nt a ntenn a used in thi s stud\·. E\'C'n a minor 

dn'iatio n o r the ac tu a l I'rol11 the ass ulllcd s id e-l o be len' l 

could ca use a less prono un ced Brc\I'stcr-an g le effect in th e 

th co ry , similar to that obsLT\'Cd . 
Finall y, \IT note th a t th e heamll-idths a nd side-lobe 

co rrec tio ns in spaceborne radiom e ters arc ty picalh- 'Iuit c 
difkrent ri-o m lhose in the prescnt g round-based studl': 

reade rs should thercl(JlT tak e such diffe re nces into 
acco unt \I'hell co nsidering the impli cat io ns or o ur stuck 

It.>r the in terpreta tion 01' da ta ri 'o lll such SI 's tems, 

Am.unds en Ice 

Th e :\mulldsen Ire site \I-a s loca ted a t 75 33.0' S, 
10 17. +2' \\' , at a n clC\ 'alion o f 2230 m . Th e 10m lirn 

temperaturc at this loca tion is 240 K , and the s url~H'e 

temperature at til e tim c o r d a ta acq ui sition \I'as 259 K , 
The accu mul at io n ra te a t the site is 130 kg m ~ a I ROll 

and others, 1993 h ) . .\'o te that both ph ys ica l tcmperatures 

a nd th e acculllulation rate \I'('rc significantly 10\lT r at 
f\ lllulld se n l ee lhan at \ ' est s tra ulll cn , ROll a nd others 

1993b ) ea rlier reportecl o ilse !'\'a ti ons or sig-nifi cant hoa r 

layers at sCl'eral ciepths at lhi s site . 

Fig ure 7 sh oll's the 2.5 m firn-d ensitl' pro fil e acquirecl 
at this site . In co ntrast to th e \ 'es lstraume n sit C'. th erc is 

lillle o r n o \ 'is uall y appa renl trend in mcan fim d ensit y as 

a ['ullcti on o r d ep th at thi s sit e , This impress ion is born e 
out by a ttempts to fit a n e:-;: po nelltial prolilc fa r mcan 

d cnsil Y tu the o bsernIl ions; suc h attcmpts f ~lil du e to 

num eri ca l ill- condi tion ing . \\ 'e halT thererore moclelled 

th c mea n densit y as a function or depth at this sitc as 
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F ig. 7. T lte .IIIOl('-dl'll.li(J' /ir!!jilc II/I'a.llllwl al . l lI/lll1d.'fI/ 

/ ((' (solid /illl') . '{ Ite /mljill' /( '(/,1 oiJlailll'd 1:1' IlIl'a,lIlrIllg 

1111' (Il'l'ragl' dl'll,li(J' ill (oll.ll'mlil'1' j 1'111 1r~J'I'/',\. 7 Ite rlmllNI 

/illl' .\'I/Oil'.1 1111' lea,l/ - 1!fIlMl',1 (,OIl,I/UIII ji'1 10 Ihl' 11/{'{/IIIIWI 

/imjill' , '/ Itcjilll'd (()I/j/(/I/I i.l : F (:::) = :~ (j () kg I1I ; 

co nsta nt a nci c C! lI a l to th c m ca n or the o bse )'\Tci ci c m i t I 

prolik , 3G6 kg m :;. 

Th e o th e r p a rt s or the p a r a m l' tlT-c, tim a ti o n prolT­

ciure ca n IH' a ppli r d un c ha ngeci to thi s sit e. \\ '(, o ht a ined 

th e [(l \l o ll'in g para m l'l lT c ',[im a t l's : 

ail = IS.1 kg lll :\ 

a = SG. l kg 1lI 

1 >: = :3 . 3~ (' Il l. ( Hi) 

:\ o t( ' that th e es timat cd a l 'l' ragc I;II CI' thi c kn ess dilk rs 

little li 'o ll1 th e co rrcs polI( lin g I'a lu e a t \ 'l's ts tra um c n or 
3 ,I Oc nl. ci es pi tc th e dilk rl' n ('l' ill a ('(' ullllti a ti o n ra tes 

Ill' t ll'('('n th c tll 'O Sit l's, Th e , t<lll ci a rci ci l'l' iat io n o f'ci e nsi tl is 

nlll c h g reate r a t thi s si te. as seems cOil'i is tc n t 11 it h tlt c 

qU ;lli ta ti n' o b sl' I'I'at io n oi'de pth - h o; ,r 1;1\ lTS a t . \ mundsl'1l 

ice, 
h gLl res H a llci 9 SllOlI IJI'i g htll(,,'- tl' ln plTatu IT O!JSlTI';I­

t io ns an ci Ill o ci c l pred ict io ll s I( )! ' \'('rt ica l a nd h o ri zo nt a l 

p o lari zat io ll , ITs p l'Ct iIT I:. as i'ull ct io ns 0 1' in c id e n cc a ll g le . 

\ 'crti",d h- allci ho ri zo ll ta l" po la ri zed b r ig h tn(,ss -t e ll1pl'ra­

llllT o l).';(' I'I'a ti o l1s OpCIl c ircles a rc bo th cO l1 s iderah l) 

l(lII (T at .\ Illunci sl' n Icc th a n at \ 'csts tra Ulll e l1 . 1.'0 1' 

l 'lTti ca l po lari /.a ti o ll . th l' ciill l' IT I1 Cl' be twee ll si tes is 23 1, 
a t 10 in c ici e n ce an g le , a nci c\ e Cl'CaSl'S to IHK a t jO . Ti ll' 

ciilk n' l\lT a t 50 c a ll I)l' ascr i!Je ci a lm (ls t e l1tire ly to the 

I I K 10 11,(, 1' Ill l'a ll a llll ua l tC lllpe ra ture a t .\ ll1l1nci se n ice. 

T h e di lllT c ll cc in Ilflri zo llt a \l ) p o la ri zed emi ss io n a t tlt c 

lll'o s il l'S excecci s th a t I()] ' l'('I'ti ca l po la ri za ti o ll c.g. 28 1\. 
at .sO ill c ici e lllT <ln g ic l. Ill a kill g till ' po l;lri za ti o n CO lllr<l'il 

m a rked" la rgn <I t .\ mundsc lI ice . Dilkn' n l'l'S iJe tll('l'n 

o lls(TI'a ti o ll s a llci (' llIi s, io n in l h c a b"' II Cl' o r scal terin g 

ci e no ted h y thill so lici li ncs a rc a lso Ill uc h largl'l' a t tit is 

s i tc, C.g, 36 a nci y~ I\. 1'0 1' Ic rt ica l <111(1 h o ri :t.o nt a l 

po lari l. <lLi o n , r cs p cct iIT h ·. at :10 ill(' id cncc a ll g il' . . \ 11 or 

th ese o bsc l'l'<lti o ns in d ica te stro n g s('atln ing a t . \ ll1unci sc n 

icc. 
Th e thi c k so lici lincs in Fi g ures 8 anci 9 s h oll' thc 

1/ '1',1/ alld oliter.l : .I/ icrll/( 'al'l' l'lIIi,l.Iioll./;-O/ll . l lIlarcli('jirll 
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F ig. H, 1 '('/'Ii({//~)' /}()lari~l'(1 hrigitlll('.I.1 1l'III/JI' ralllrl'l al 6 (Ill 
/('(Il'l'lmglhjilr . 1//lIlIlIltl'lI !tl', 'I Ill' brighllll',' ,1 11'1II/JI'ralllres 

./iJl· Ihl' //OIl-I({/llnill,!!. lIIod'" i( 't'/'I' ((lIII/iIIll'd (('illt Iltl' .1((1111' 

11/1'(111 dl'lI.Ii(J' /JI'ojill' a.1 lite /(~I'I' I'I'(I- 'II('rlilllll II/odl'l . Tit!' 
d(/ ,I/II'II /i1//' llhow 1111' rail,!!,!' of Iltl'orl' lic(I/ Imj.;hll/I"'S­

!i'II//it'/'allll'l' (/IITI'I al lo(iall'd it 'illt lite I'IIII,!!/ III A lital lif',1 

/('illtill a 6Tf"" (1IlIjidmcl' illl('lwti al)(JIII lit I' I'j/illlaled A. 
'I mljllralllrl' /irojil/ ' : T(:;) = :2 10 + 10 C'xp(O.G9:::), 
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F ig . 9 . . 1 (OIll/IIII'! 10// ol Itori ~Olll(l/l)' /)(i/(lIi :f'd hrighllll'. I,1 

11'II1/}(' ralllrl'.1 al 6'('111 il'!Ii'l'im,!;lhjill ' . l lllIllIlhCII /n. ( H eli' r 

III lit I' Irgl'lld allll ca/ilioll 1111 F ig/{/'(' H.) 

p red ict io ns oi' the la) C\'eci -llll'ci illlll c mi ss ion nlOclcl. a nci 

tit e d as h cc\ lin e'S rc prese nt con fi dc n ce limit s. a na logo u s to 

a nci c\cri n'd I' ia th e sa lll c p rocedure as lit ose ,g ilc n 1'0 1' 

\ ·l's tsl rau lll ('n .. \ ga in . a ll III od cl p a l'amct(']'s halT b ce ll 

est illl aleci o \) jec li n' ly i'ro lll ch <l r;I(' I('I' iza ti o n ci ata 0 1' li xcci 

b \ ass u lllp tion a t s it e- il1l'a ri a nt \·, liu es. Silllil a r to lh e 

situ a ti o ll a t \ 'csls tra ull1 c n . th ,' th co rct ica l prcdini o ll s a rc 

o Jl sC't a iJOI,(, the o iJsc l'l'atiol1" Ill r b o th p o lari za tion s ; th e 

o ll sel is la rgn ill t h is casc, a pp rox im a tc" I.) K. Tit e 

co mput ed po la ri za ti o ll cOlltras t ' lg r l'l'S wi th the o bs(')'\ 'a­

ti ollS to lI' ithill .1 1\.. I(lr ill c idc ll ce a n g les ::; J.() , but excced s 

tit a t o /)s(,), l,(,ci 1)1' 13 K a t 50 , .\ s a t \ 'cs ts tra UI11 CIl . th ese 

d i 1li.' lT IHTS a re duc to a ll10re p l'o no u n ccci BI'l'\I's tcr-a n g le 
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j Ollrllal 0./ (,' Iaciology 

effcct , a nd a fas tcr d ecrcase in ho ri zont a l'>' p o la ri zcd 

bri ghtness te mpe ratu res I\' ith in c reas in g in c id e n ce angle, 

in thc th eo n ' th a n is sho l\'n in th c o bse ly ati o n s , 

,\ t in c id e n ce a ng les of -W O I' Irss, it a ppca rs th a t the 

di scre pa ll cies b e t \\'ce n t lw ory a nd o bse n 'a ti o n co uld 

a ga in bc ex pl a in ed b y a Ill ea n !;I IT r thi c kn ess sh o rter, 

but no t mu c h less p ro ba ble , th a n o ur es tim a te , At la rger 

in c id encc a n g les, in ad equ a te th eo ret ica l lrea tm e nt of 

m eas urcm e nt -antcnna sid e- lo b es m a l' pla y a ro le. Thc 

th eo n 1\' i th o Ul a n te nn a -pa tt e rn co rrect io n s s h O\\'s a 

sh a rpe r ri se a nd f';:J!1 or \'eni call y po lari zed brig htll ess 

te mperat ures n ea r the Brc I\'s [c r a ng le at Amundsen Ice 

th a n a t \' es ts tra um en, (T his o cc urs beca use \ 'c rti cal ly 

po la ri zcd emi ss io n a t sm a ll in c id e ncc a ng lcs is pre fe rcn­

ti a lll ' lo \\' e red b y tli e stronger sca ttering a t thi s sit e ,) \\'e 

wo uld th erefo re ex pect a n y e rro r in comp u ting s id e-lo bes 

e f1('c ts to be m o r C' a ppa rent a t Amund sC'n lee . 

Onc o th c r p o tenti a l sourcc o f [hc discre p a n cy sh ou ld 

b e co nsid e red . The d epth-h oar layers reported a t th is site 

R Oll a nd o th e rs. 1993 b l cont a in ed hexago n a l ice pl a tes 

up to 1' 111111 in d ia me ter whi ch mi gbt h a l ,(, ca uscd 

sig nifi n ll lt sca lle rin g. ('IT n a t 6 Clll \\ 'a l"C le n g th. This 

tl 'pe of I'o lulll e sca tter ing w o uld tcnd to IOI\'c r brig htn ess 

te mpera tures o yera ll a nd to r ed uce the Bre l\'s ter-a ngk 

ef rec t in \'C'I"ti ca lh' po la ri zed bri g htn ess te mpe ra tures 

(T sa ng a nd o th e rs. 1987 1. H OlI'eYe r, it l\"Q uld b e diffi cult 

to cxpl a i n th e 0 bse l"l'a ti o ns o f" I a rge po la ri za tio n con t ras t 

at sm a ll in c id e n ce angles o n th e bas is o r thi s m ec h a ni sm 

a lo ne , unpubli shed computatio ns b l' R, \\·es t. D . \\ ' in e­

b re nner a nd L. T sang ' . I t th e r efo re seellls lik e l> ' th a t its 

impo rt a nce to 6 Clll cmi ss io n , ir a lll ' , is limit ed to \,C' rti ca l 

po la ri zat io n a n d the a ng ul a r r egIOn near th e Bre\\,s ter 

a ng le. 

Bas e CaInp 

The sit e Base Ca m p \\'as loca te el a t 7 ~ +.'i ,cV S, 12 23 .7' \\' . 

at a n e \ela ti o n o r 1200 m. Th e 10 III firn tC' mpc ra ture a t 

thi s sit e is 2+8 K ; the surfi lce te lllpna t ure a t th e tim e' of 

d a ta acqui siti o n was 26 1 K ; th e acc umul a ti o n ra te is 

350 kg m 2 a I, T hus thi s sit e is int e rm edi a te b e tl\TC n 

\ 'es lstra um e n a lld .\ m und se n Icc geogra phi call y a nd in 

terms orm C'a n <1 nnu a l te mpe r a tu re . b ut th e acc umula ti on 

ra te is la rge r , a ppa rcnt ly du e to its loca ti o n a t th e b ase 0 (" 

a mo u n ta in r a nge R Oll a nd o th e rs. 1993 b ), 

Fig ure 10 sh ows th e m eas ured d cnsity p ro file fo r Base 

Ca m p; a t thi s sire, th e d e n s it l ' prof il e ex te nds to 3 m 

d epth , a nd I\T h ave used th e e ntire reco rd 1'0 1' p a ra m cter 

est ima ti on , a s ill o llr d isc ussio n i n th r second scct ion. 

Thus, wc o bt a in th e fo ll owing p a r a m cter es tim a tes : 

F( z) = 586 - 195 cxp (0.28z). 

a" = 2.6kg nl :1. 

a = 37 ,7kg m :1 

1 
); = 1.16cm , (17) 

where, aga in , z is to be g i\ 'e n in mc ters a nd th e units o f 

F (z) a re kg m :1, \'Ol iee th a t a" , th e sta nd a rd d e\ 'i a ti on o r 

d ensity in th e m eas urem e nt s, is co nsid e ra b ly sm a ller a t 

thi s sitc th a n a t th e pre \ 'io u s two , \'o ti ec al so th a t th e 

est ima ted m ea n layer thi c kn ess is consid era bl y sm a ller as 

\\'C II . a nd is ind eed m uc h sm a ller th a n th e aI'C raglng 

72 
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Fig , 10. Thf sl/ou'-densi{J' jJrojile lIIeasllml al /3(/.)1' Call1jJ 

(solid lille) , T he projile It'm ohlailled l~) ' IIlfa .) urillg tlte 
(f/'erage dmsi!)' ill colI.)e(lllil'l' 5 (Ill I(~l'ers. T he dashed line 
:,ltrnL's Ihe leasl-sqllares n/}()lIenlial fil 10 Ih e lIIeajllred 
/))o/ile . T lte .filled eI/Jollelllial i,l: F(z) = 586 
- 195cxp(O. 28z) 1l'ilh z a lIegalil'e mllle ill lIIelm , alld 
F( z) IIIfa,llIrfd ill kg III -'. 

le n g th in th e c h a r ac ter iza ti o ll Ill eas urem e llts , Thi s 

su gges ts th a t th e es tim a te o r A a t this site is like ly to be 

sub;;ta l1ti a lh- ull ce rta in, 

E xa min a ti o n of th e spectru m o r d e trcnd ed d c n sit y 

llu c tlla tions co nfirm s thi s in fe ren ce. The spec trum, sh o wn 

111 Fi g ure 11 , is essc nti a ll y fl a t 0 \"('1' th e ra n ge o f 

o b se n 'a b le spa ti a l fr eq u e n c iC's u p to th e .\' >'qui s t 

freq u e ncy, :'Ifod e l sp ec tra (sce Equ a ti on (6 )) \I ' ith a 

ra n ge o f' c\ i!1crc nt A \'a lu es [i t th e o \)serlwl spect rum 

a lm os t C'qu a ll y well; th e onl y c rit er io n o n th e A \ 'a lu es is 

th a t th cI' corres p o nd to mca n la lT r thi ckn ess n1. lI c h 
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Fig. 11, :1 (olll/}(lrisOIl belween Lhe Iwlllral logarilhm o/Ihe 
jJerior/ogralll ./01' Lite measured densi£)' /mJji"le al Base Call1jJ 
(open .)(I"ares) {lIId Ihe Iheorelieal log j/JeclrulII (.\o /id 
line ) ji"Lled ill Lite leasl-squares sfIIse u'iLIt 1/ A = l.1 6 cm. 
alld a = 37.7 kg m 3 The .>/)eelmm i/.le/./ has ullits 0./ 
(kg m 1fl ( I / III ) . 
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shOrlCT than L1w anTaging length. \\'hethcr thi s si LUation 
ari scs because th e true m ca n la\'Cr thickncss is HTY small , 
or simply becausc densit y la\Tring at thi s site is IITak and 
lhere/cilT c1inicult to charaCler izc, is unclear. [n any ("'lse . 
the panicular cstimate or A in Equation ( 17 , is highlY 
uncertain . Th e unccrtainti es est imatcd by \I onte Carlo 
simulati o n in thi s case arc compa rable lO the parametcr 
es tim a le's themseh-cs. Thc correspond ing ullcertainlies in 
predictcd iJrightllcss tcmperalures are lhcrelellT a lso 
large, as liT \\· ill show momcntarih·. 

Thc brightllc..,s-temperature ubsc lyations lc)r thi s sit c 
' plolted as open circles in I"igurl's 12 and 13 1 arc slighth 
higher than those al \ 'es ts lraumC'll. dC'spite th e f;lt'l that 
mean annual tcmper,ltulT is 5 K 10llTr a t thi s sil l'. Th e 
polarization conl rast herc is smaller than ,It \ 'cstslrau­
men. and much smaller than at ,\ mundscn Ice. Thus. it 
appcars that sca ttering at th e Base Camp site is \\Taker 
than at thc mhl')' sit es, as mi g ht he expccted g in'n the 10\\' 
\'a lu c of' (Tit a l this sill' . Th C' obsc n 'a li ons nOlll, til cicss I ill I 
approx im atel\' 13 K belo\\' I)ri ghtness tcmperatures 
computed on the hasis of' no scatlering plollcd as thin 
so lid lin es in Figu res 12 a nd 13 

Th c thick so lid lin es in Figures 12 and 1:1 .., hm\· 
brighlncss tcmperaturcs predined h\' the la\'l' ITci- mediu1l1 
emission model baseci on thc parametcr estimates in 
I ~ quat i (ln 17 The sin gle dashed lin e repres(, llls the 
model predinioll based o n the 16th percentile \"due ill the 
simul aled cii stribulion of' A. which corrcsponcis to a mcan 
la\Tr thi ckness of' 2. 1 () Clll. The plot of' brightness 
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F I,!!,. 12 . I 'Nllwll)' /)ol({r/.~fd Inlghlll('.I ,' 1i' lIljJ('I'({llIre.1 al 

6 (Ill w({ r e/I'II,!!,lh .fin /Ja .II' (;11111/). 'I he brlghllll",' 

ICIII/)l'raIIIFl'.I.fi)r Ihl' IIOII-scaIII'l'III,!!, lIIodl'l (('I'l'l' (olll/JIIled 

ll 'lih Ihl' .1(11111' /11('1111 rll'II.IIU /Jrojill ' 11.1 Ihl' h~)'I" NI- lIIl'rlIIIIII 

II/odd. 7 Ill' dlnlml 11111'.1 "'//Ill' Ihl' rallgl' 0/ Ihl'orl'llml 

hrlghllll'.I,I-II'III/)l'ralltrl' clln'es {/ .I,\licl({INI1('Ilh 1ft I' rall,!!,I' 0/ 
A Ihal lie.1 ll'Ilhlll (( 68% (ollji'dl'll(e IlIll'I'l'fIl abolll Ihl' 

1'.11 I III{/ led A. '/ 1' 111 /iNO III re /JI'o/i'l 1' : T ( z) = 2-l8 
+ 13.3 C'xp(O. -lz). 'l 11c ,IIlIgII' Ifrolm! 11111' rl'jm'.lfII/1 Ihe 

lIIodt! /JlNl/clillll bll.lcd 011 lite 161h /)l'/'rl'llllIl' m/lll' III Ihl' 

. Iillllllalcd dlslrlblllloll 0/ A, ll'ftlrll (1IITe,I/)Ollil.l 10 (/ 1111'1111 

h~) '1'r 1ft Id 11 C.;.; 0/ 2 .10 (Ill . Th /' /)/01 III brlgftll1/,';j 

Il'm/)NIIIIIIIS jin 111 1' 8411, jJfrU'1I11I1' mllle 0/ A i.1 so lOll' 

11.1 10 be olf Ihl' scale o/Iftejigllrl' . 

II ·c.II alld olhn,l: .1/1(/'1)1('((1'1' l'III/.I.IIonji-oll1 .llllarrll(jlm 
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Fig. 13 . . 1 (ollljJarl,HIII u/horl::,olllal()' /iOlllrl:ed brlghllll'.I,' 

II'II/fil'rIIlllrc.1 {/I 6 (Ill wlIl 'cll'lIglll/in /11111' C((II/fi. ( R ej;' r 10 

Ihe Il'gl'lld ((1111 ra/)IIIIII Oil F lgllre 12. ) 

Icmperatu rcs I(J r the B ~Iit pC'I'Cl' llliie \·, tlue of' A is so low 
as to 1)(' oil' the sca iL- 01' Ihe figurcs. The Illeall la\(T 
thi ckncss illlpliecl iJ\' titat \·,tlue of' A is less thall a 
Illillimelcr; \\ c IT,g;lrd such a 1llcan 1<1\'('1' Ihi c klll'ss as 
1IIlpll\'sical ill \ 'il'lI of' the size of' illcii\ 'idual IlT g;ra llls III 
IlrJl rou gith 0 .. ) I III III I . Thc largc unClTlaint\· in A 
Iransl,ltl'S illLO \'('r) large 1I111Trlailllil'S ill pJ'cclictcd 
l)ri,ghl1 ll'ss ICIllPI'l'dtUITS. 

The th con' lical prt'ciinion s ba secl Oil Equation 17 
lit II approxinlatcl> :!O K bcl(J\\' the ol)'l'IYalioJl'; at small 
illCidellcl' 1I11 g k s fi)r hoth polarizations, ,llld sholl a Illort' 
pronoulllTd Bl'c\\'stcr angle th ' lIl i, ob,crlTd I(JI' \TrLieal 
pol;lrizatioll. Il cJ\\ ('\'('1'. bri g htll l'sS-Il'1l11)('ratu rc prcclic­
liol1'> based on Ihc I (jlh pnccnt il e \';duc or A arc , Ii g hlh 
ah()\'(' Ihc o llsl' lYatiollS. and cii sp];l\' onh a .., lighlIY g rcatl'r 
Brc\\stlT-allgll' dkn Ihall that ohslTHd. Thi s "' lIggl'SIS 
thal tiH' la\'(' reci-1lll'ciiu1l1 c1l1i"ioll 1llocicl ca n c~p l ain Ihc 
OhSl' lY;llions <It thi , sil l' a, \\T IL dnd thal Ihe cliscl'l'panC\ 
i>cl\\(TII Ihl' so li d lin t' ami obsl'IY<lt io1l'> in I: ig url's 12 and 
13 is due 10 till ' ciillindt> ill accurate'l> CSlilll<lti ll g the 
nH'all la\lT Ihickncss al Ihi s site . 

Ronne Ice Shelf' 

This finalco1llpari soll ill\ 'okl's not a sing\{' ,sit e hut rather 
a collection or e ig ht sill' '; Oil the ROil Ill' Ire Shl'lr l)('t\\,(,I'1l 
lat ituci es or apPJ'(Jx il1l atciy 77 and 78 :10' S ;lnc! long­
itucl es 01' (j2 anci 68 \\ '. The clata fi 'o lll thesc s itl's \\TIT 
acquircd during .J anllar> I"c bruan 1 ~)C)2 Stlll'lll anci 
othns. 199:!; R ott ami othcrs, 1993a Th (' rad iollletric 
ohsl'rI'at ions prl'sc ntcd 1ll'\(J\\ rcsult I'rom ,)0 sc ts or 
lll eaSU I'l' lll cllts n e<l r til l' rig' hl sill'S: \It' tillTel()JT p lTse l1l 
the mcan, l1la~ i mllm ;lIld minimu1l1 brighull'" tl'llll)lTa­
tures f(n al l obs(,),\·at ions. a t (,itc h ill cidl'ncl' ang'!c alld 

polari za tion. Stllrlll and othcrs 1992 ) prese nt cictaikcl 
s lratificalion obscn'alions fc)r o nc 01' the eight sitl's 
(spccilical h- , site 5 ) . ill cluding a .11ll profile 01' cien sit\· . 
again a\'C'ragecl in ,) CIll incrclllcnts. \\'c assume here thal 
thi s profile and ot her ph ysica l propert ies are rcprcsl' nta­
ti\T 01' Ihc lirn at a ll th e sites, and compare brightness-
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Jourl/a/ q/ (;Iaci%gr 

tempe ratu re predictions based o n th ose charaClC'rization 

data to the f"ull sC't of" radiometric oiJsen'at ions, 
The 10 III temperatu re at the si te is '2 18,,1 K, and the 

su rfi\ce temperature at the time or data acquis iti on \I'as 

appro~ i ma l e l y '263 K , Th e accumu la ti on rate , es tim ated 
rrom snTral data so urc<.'s , is 161 kgm ~a I , Figure 1+ 
sh m\'s the ,)m demit\, pro[lle !Cl I' thi s site: note the 

apparent decrease in th e \'a riancc near the bottom or the 
profile, For this reason , and [()t' consiste ncy \I'ith our 

ph ys ica l mode l or the rim, \\T h<l\T used on'" the upper 

+ m or this profile [eJr paramcler estimatio ll , Quali ta ti\T 

o iJsen'<ttions at thi s site incluckd a number OrnTY thin ice 
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FijI,. 14, Tlte SIIOll'-dell.li{r jJro/lle IIIfa,llIred I~J' Slun" alld 

ollten ( 19(2) 01 Oil!' loralioll 011 lite R OIIIII' h e Sltelf (solid 

lille). Tlte /Jrojlle l('{l.\ oblailled ~)' mea,llIrill.!!, lite al'erage 

dl'llsi{J' ill cOllsewlil'e 5cIII Ir!J'fr.I , TIle dashed lilll' show,l 

lite le(l.\i-Jqllares 1'I/)!llIenlial Iil 10 lite mellsured /Jrqfill' 

(usillg lite 10/) +111 !I/dala), Tlteji'lIed n/inlll'lllial is: 

F(z) = cl29 - 91 C'xp(0 .88z) ll'illt z a lIegalil'e m/lle ill 

meler,l, alld F(z) mea.lured ill kg III J 

crusts and depth-hoar la\'lTs ( R o tt and ot he rs, 1993a \: 

thus, th ere \lT IT appa ren tl y sig nificant dellsity \'ariations 
bclo\l' th e sca le reso h-able \I'it h the cha raCler izatioll 
method, and th e obsern'cl stancla rd de\'iation or density 

is relati\'(·h- large, QLlr parameter estimates 1'01' thi s site 

a rc 

F(z) = 4'29 - 91 C'xp(O,88z) , 

a" = cl.!,c1 kg 1Il :1, 

a = 58 ,3 kg m- :I , 

1 >: = 2,62 CIll, (18) 

\\'here agai n z is to be gin·n in meters and the un its of' 
F (z) a rc kg III :1, Th e est imated mean layer thickness is 

again small cOlllpancd to the a\Traging length in the 

characterizat ion measurcmenlS, Though the situ ation is 
no t quite so problematic as at the Base Camp site, the 

uncertainties in a and A are significant'" larger here than 
at the first two si tes. \' cststraulllen and ,\ munclsen Ice. 

Fi gu res 15 and 16 sho\\' brightn ess-temperature 
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Fig , 15, r 'erliml[r jJolari.en/ brighlllesJ lem/malllrl's al 

6cIII ll'(I1'dl'llglh ji)l' Ihe NUlIlIl' h e She/I The brigltilless 

lelll/Jfrall/res Jor Ihe lIoll -smllerill,!!, lIIodel U'I'II' CO Ill/ill led 

H'illl 1/11' .1111111' /Ileall dl'llsi{J' /)}'oji'll' a ,l Ihe IrO'I' I'f'{/-lIIl'dillll7 

II/odel. The daslted lillo ,Iholt' 1/11' rallge 11/ Iheorelical 

!In:l5ltllless-lfIIljJl'mlllrf ({liTeS ({Jsocialed Z!'illi Ihl' mllge 0/ 

A Ihal lies {l 'ilhill a 68% (ollfidmce illler{'{t/ abolll lite 

f .l/imaled A, Tem/Jemlllrf /irofile: T(z) = 2·18,5 + 17,5 
cxp(0.37z), 
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Flj;, 16 . . 1 CIIIII/JarisOIl q/hori<.lJlllal[J' /Jolari;.ed brighlllfs,l 

lelll/Hrall/re.1 al 6 (Ill I( 'al'dl'lI,!!,1h Jnr Ihe R OIIIII' h e ShelI 

( R eF'r 10 Ihl' legmd alld (ajJliOlI Oil Fig 11 re 15, ) 

o l)sen'a ti ons (open c ircles ) and theoretical predictions 

fClr thi s si te fClr \T rtie<l I a nd horizon tal pola r iza tion. 
respel'l in'''', The range or obs(')'\'a lions a t eac h inc id e nce 

angle is denoted by a \'Crt ica l bar, \' enica ll y po larized 

brightness temperatures <It 50 1'01' this s ite rail 10 K below 

those at Base Camp, despit e a negligible difference in 
10 III rim temperatures a t the t\\'Cl sites, In contrast, the 

dillcrence in 10111 firn tempera tures IJC t\l'Ccn thi s sit e and 
,\ mundsen lee matches preci sely t h e clifTcrence in 

\'Crt ica ll y po lar ized brig htness tem perat ures at 50 ' Thc 

polarization contrast on the Ronne I ce Shell' is also \'('ry 
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simil<tr to that a t ,\lllunc\ sC' n Ice, Bri g- htn ess te lllpera tures 
ex pcctecl in th e absell ce o r sca ll ering arc ro ug-hk 35 K 
hi g- her th an the obse lya ti o ns io r \Trtical polarization ;il 

thi s si te , Th c co rres pondin g fi gurc is 4,5 K highcr 1'01' 

hori zo nta l po la ri zat ion, a t inc icl cncc angles ofroughk 30 
or less , Thus, thi s appca rs to be a st rongh ' sca ttering sit c, 
sonll'\I'ha t similar to ,\ munci scn l cc, 

Predinions li'o lll thc layercd -Illed iulll emiss ion l1lodel 
If)r hori zo n tal polarization (Fig, IS) ag ree \I'l' l I \I 'ith 
obse lya ti o ns up to 50 in c ici e ll ce ang le, a lkr \\' hi ch thc 
data I:dl olflcss rap id\\' tha n the theo",": thi s ph e ll oll1enon 
is strongcr here th an a t th e lirst threc sit es , Predicti ons lilr 
H' rti ca l polari zation lidl 5 () K abO\T thc o bsc lya tions lil r 
incid ence angles::; W , and 9 K al)O\"(' at 50 ' ,\ ga in , th e 
id ea l horn a ntcnna-pa t t('I"n cor rcc ti on leads to a SO I11C­
\I'ha t grea ter Brc\l'ster-a nglc cflC-ct in th c th core ti cal 
prcdictions than is obse l"\ "Cd , 

CONCLU SIONS 

\\'c h;l\"(' co mparcd a Illod e l fil l' mino\\'<ln' emiss ion frolll 
d ellS it\'-stratificcl lirn at G c m 1,'alTlength with grou ncl­
based cmiss io n and characte ri zat ion Illeasuremcnts, at 
l(lU r di spar,llc sit es in ,\ ntarni ca, ,\ cco rding to our 
mock!. (' mi ssion is con trolled by scattering ["rum intn­
f~ l cl'> betlll'!' n firn 1<l\T rS or differing d e nsitl' and 
thicknesses ran ,l!;ing rrolll a 1('11' ccntill1cters dOlI n to thin 
crusts in additi on, or co urse, to th e controllin g clli'C t or 
ph ;s ic;i\ tem pcra tulT l, The nwckl is ci c ri\ 'C ci rrom 
Iluctua ti o ll di ss ipation thcol'\ ' a nd th e thcol'\ or propaga­
tion in layc l"l'd Illeciia , and in\ 'o\\'es a\'(' rag in g O\'l,!, 
reali z,l tion s or ra ndoml\" lan'l'cd lirn, QU <l ntit<ltil'<' 
compariso ll II ith grou lld-bascd o iJse lYat io ll s a lso requircs 
<ll'Co unting fi ll ' clli'l'ts clu e to th e I)cam P;lll Cl'Il a lld sicle­
lo lH'S or th e lll eaS UlTment 'll ll Cll ll '1. 

T o CO IllP,ll"l' th c emiss ion lll oclel ll' ith o hsc l'Ya ti ons, lIT 
lt a lT dnT lopcci a pl"Occciurc to es timat c Illoci el input 
paranH'tcrs using thc <l\ 'ai la hl e cha raClLTizat ioll data, 
This pl'OC<'ciurc prO\'icl cs oiJ.jcl'ti\'(' cs tim a tes or th c most 
se ll sitil'l' e miss ion- Ill od e l illJlllt parameters; titw, ()ur 
compa ri so ll s or tlt<'Ol'\ ' II"itlt data illl"oll'<' no pa ra mctn 
tunill ,l!;, :\ o te, ho\le\T I'. that o ur para mc tcr est im a tioll 
proccciure is sc par<ltc rrOlll ami indepcndcllt or titc 
elll iss ion Ill()ci e l it sc lL LIl ('c rtainti cs, prescnt slwrtCOlll­
in gs, o r ruture iIllIHU\'C lllCllt s in input pa ralllc ter 
est im a tes Il' ill there/cllT a lTt'Cl signaturc predictions 
inclepclld c nth' or the n1('rit s or Ihe c lcc tl'Och nalll ir 
calc ul at io ll s, 

TIll' lilll r sit cs in our stuciy sp<tn a signili ca nt rangc in 
t<TIllS or g \;l c iolngic; i\ a III I raci iomctr ic pl"Operties, ,\ C('ll­
mul at ion ratcs ran,l!;e li 'o lll 130 to :~50 kg III I a I : lirn 
cicllSili es at roughil 3 III d e pth range rrom %6 to 
5SGkgm I : alld 10m fim tClllpcra tulTs rangc f'rom 2~O 10 

2,1 :1 1":' , Ll ~(, I ' -I()-l a;cr dens it\ , i1u Clua ti o ll s lI'l'l"e stron g a t 
tlH' t,,'o IOIl' -acc lllllu lation-rate, IUII'-dcn sitl ' site s 
,\ Illuncisell Ice a nd thc R Olln e Icc Shell' and Ilca k at 

the hi g h-a ccu lllul a ti o n-ra te, h ig h-d em it;, s it e Base 
Camp On e sit c \ 'csts traUll1 c n ) II',IS intCJ'm eci iat e, Th e 
,\ lllul1C\'en Ice and ROllnc Icc Shell' sit es di spla yed 
('\' id cIHT of' st rong sl'<llll'l"ing, i,c" brig htn css telllpna­
tures baseci o n a non-sca ll e rin g Ill udel hut Il' ith the bulk 
densiti es a nci ph ysica l-t cl11pe rat ulT profiles appropriate to 

I I '(',Ill/lid olher,l : .I / icI"Oll '((l'1' I'lIIi.l',liollji-OIll , IIIII/rrlirjim 

eac h sit e l excceckd th ose obser\'('d b y W 55 K \20 2S'1., I, 
anci th e OI)Se rlT ci con tr<lsts hct 11'(''(' 11 pol a ri za t iOll s IITrc 
Illuch larger th a ll cou ld lit, cx plaill cd bl such a m oci c\. 
Scallerin ,g at the Basc Camp sit c II';IS weaker, thollgh 
cc rt a inil- not insig nifi ca nt. a nci th e Y es tstraumen site Il'as 
again intermecliate in thi s rega rci , \\ 'c notc that th ese 
o iJ sl'l'\ 'at ions arc cO ll sistcllt II"ith mu ch large r-sca le , 
though una\ 'o iclabl y less preci sc , oiJs<T\'ations b; ' Surch 'k 
allcl Fil y 1993 1 using sat t' llit c-radionl<'t('l' and hi sto ri ca l 
g ro und-sulYcy ci a ta, 

Th e lal'C ITcI-m eci ium cmiss io ll lll odel tracks th c sitc­
to-site I'a riati o ns IIT II and pro\' icl cs a qu a ntitati\T 
pl1\'sica l ex p lanation or the ciata, Brigh tn css tcmpera­
tures based on th c most prolJa lJle input paralll ctlTs as 
det<Tmilleci b\" th e characte ri za ti on data , ag rcc \\'ith 
o iJs(T\ 'ations to II ithin 3,J % R K 1 lil r incidcnce a ll g les 
:::; 50 at th e \ 'cststraumen anci Ronllc Ice Slt el/' sit cs , Th e 
s tandarci c1 C'1" iati o n 01' ranciolll fluctuati ons in la\T r 
densit y a nd lll ea n \;IITr thi ckn ess most stroll g ly ci etCT­
m ine tlt e Ie\T I or ,C<lttcring ill our lll ocic!. t-! oll'('\ 'er, these 
quantities a rc cle tLTlllill eci b ~ ou r cstima ti on procedurc 
0 111 ; to II itltin substa llti a l un (,('l'l a intics, du(' to til c 
unauliciabil- limit cd length a llci ekp tit rcso lution or th e 
dcnsit y cit a ra('[('l'i /.a ti on, Thus, \ 'a lLll's or scnsitiyc input 
paramcl(,),s Il'ithill sign ili ca nt rangcs arc onl y slig htly less 
probable than th e most prohahlc \'; tiucs, g i\"('n th c 
a\ 'ailable characte ri za ti on d a ta, Th c ran gcs o/' co rre­
sponciing brig htlH'ss-tcmpcratul'l' prcdiniolls a rc thcl'c­
/'orc a lso s ig n iI'ic;llll. Th c agreellll'nt s b c t \\'ccn 
o iJsc l'l'atioll s anci thcorct ic,ti preciictions hascd on thc 
m os t proha llJe illpUl pa ram('t<T~ at ,\ muncl sc n Ice 15 K, 
o r 7,j "" ami Ib ,sc C:amp 2~ "- , or 10" " 1 shou ld he 
a sscsscci ill thi s li g ht. I ~s tim al i o n o /' tit e ml';lIl la \'l'l' 
thickm'" Ic)!' thc Basc C:alllp sit( , Ila, ("I1<'c ia ll y proble­
matil', In hoth ti ll'Sl' caSl'S, input param('tlTs ollh sli g hth' 
Il'" p rohabk titall the most pml l;l bll' \ ', tiU l'S lead to \'IT \ " 

gooci agrcclllcnt bl'tllTl'n th col'l ami data alia\" li 'o!l1 the 
BI,(,lls t('l' a ng le, Sm a ll additional di sCl'cpancil's Ilca r th e 
I:\r(,II', t('l' a ngle a t a ll sit es m<l; IITI I Ilc du c to 
inadcqu a le accoulltillg li lr ;1('[ lIal alHenna sidc-lo l)c 
(' Il i'(')s, as oppos('d to th e co rrCl'l i{)ll fill' a ll id c; ti antcnna 
a ss ulllcd ill o ur caiculalions, 

Titus, to Il'i tltin Ihe prcsc llt ullClTta inti es in mod el 
input paranl('tLTs, tll(' \;lIcrcd-cllli ss ion Illodel is ca pa ble 
or cx plainin g G CI1l 1I"" Tll' ng th radio l1l c tri c \'a ri a ll il it\, at 
ICHlr subst,lntially difkring sit es a nci , iJ ; implica tion, O\"cr 
lal'gLT a reas o /' polar lint. It sho llld Ill' noted , h{)\I'('\TL 
that til(' prcsC llt , tuc" ca nnot rule out 1I1C poss ihle 
sig nifi cance or ot hn sca ll('l'ing nll'C h ;l ni sms c,g, \'o lllm c 
sC<l [[<Tillg li 'om deptit -It oa r IT\'sta!.s I in at il-ast some 
situ<ltions, TIll'rcicll"l' , tlt e most oiJyious rurtit c r lTsea rch 
('<t Iled li ll ' is stucii es similar to that rcporteci here hut 
il1\ 'oh-ing finer depth reso lution ill cicnsi\I'-l'ha ractcriza­
ti o ll rc corci s a nci coi ncicil'nl. quantitali\T g rain -s ize 
inlfl rmati()n, 

Ik sir,tl lic ('urther work notll 'ith s \;lllding, our prcsl' l1l 
res u lts co ntriiJut e to elli))"t s to es tim a te glac io log ica l 
\"ariables remoteh li'om mi croll'<ln' ollsCl'I 'ations, Bc­
C1U Sl' long-Ilal'<' icn gt lt ,L,j (j CI11 I, ciual-polarizatioll 
emi ss ion oiJsL' I'I'<lt ioll S ca n 1)(' quantitati\'('h rel a ted to 

thc 10 111 lirn tc mpcr;ltLl lT and laye r ing paramcters, such 
o iJse l'l'a ti ons may, ill principle , he used to es timat e 10 III 
lirll tClllpera tures 0\'('1' II ick a rc as of' tlte dn"-sIlO\I' zo nes or 
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} ollrl/a/ 0/ C;/aci%gl' 

. \ nlarctica anci Grecnland. \\'c wi ll prese nt a physica ll y 

based algori th m to do so . togTt her \\·i th tes ts agai IlS t 

independent tempe rature data. in a fc)rthcom ing s tudy. 
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