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ABSTRACT, This paper prese llls radar-a ltime ter scattering models for eac h of 
th c diagcnctie zo ncs of the Grecn land icc sh cc t. i\i\FE rada r- a ltimcter wavciorms 
o bta incd during th c 199 1 and 1993 .\"i\ S :\ multi-se nso r a irbo rn e a ltilll C't ry 
expcrim ents o\,e r Greenl and 1'C\'Ca l that the Ku-band rcturn pul se changes sig­
nifi ca ntl y with th c diffcrent diagcnctic zones, Th cse changes a rc due to \ 'arying 
amounts of s urf~tCC a nd \'olulll c scalte ring in the ret urn lI'a\'C 1'0 I' III , 

In th c ab la tion and soa ked zones . lI·here su rfacc sca ltering dominatcs the r\,\FE 
ret urn, geo ph ys ica l paramc te rs such as rill s surfa ce hcight a nd rm s surface slo p e a rc 
obta ined b\' fitting the ll'itl'e[o rms to Cl surface-scattering moclc!. \\ 'al'cfo rm s li 'o m th e 
percolation zone sho\\' th a t sub-su rlacc ice lCatures h al'e a much more sign ili ca nt cl1<:ct 
on th e return pulsc th an the surrou ndin g snowpac k. \loclcl perco lat ion 1I',1\'e[orms, 
created using a combined s urf~l('(' - a lld I'o lulll e-sca tt erin g mode l a nd a n ice-fea ture 
di stribution obta ined durin g th e 1993 fi eld season , agree II'CII wi th actua l r\1\FE 
wal'Cforms ta ken in the same time period, Us ing a com bin ed s urf~lCe - a lld volull1 e­
scatte ring m od e l lor th e dry-snow-zonc return \\'a\'C fc)J'llls, th e rm s S Urf~lCC he ig ht and 
slopc and the al lC'nllat ion ('ocfTiciell l 0[' the sno\\'pack arc ob ta in ed. These scattering 
models no t o nl y a 11 0 I\' geop hys ica l paramcters or th e icc shcct to be m easurecl bu t a lso 
help in th e lIndl'J's tandin g 0 [' sa tc llit e rada r-a ltim e ter dala. 

1 . INTRODU CTION 

I t ha s been 5holl'Il by se lTral authors th at thc scaltering 

a nd em iss ion processes in th e microwa \'(' li 'Cquell c), region 

a rc affected by s Llb- s Llrf~lec inhom ogc ne iti es in the 
Greenland ice sheet (ZII'a ll y, 1977; Z\\'ally a nd G loer­

so n , 1977; COll1 iso and o thers, 1982; SlI irt a nd o lh e r~ , 

1985 ) , Thcse sub-surfacc features ha\'(' bcen recorded by 

g la cio logists and arc one or severa l d iagc ne ti c r~l c i es, or 
physica l a nd ch cm ica l cha rac te l-is ti cs, used to cli\'ide ice 

sheets into zo nes , In 1962, Bcnso n ( 1962 ) dClermined th a l 

the G ree nl a nd ice shecl has a bl a li o n, soa ked , pe rco lat ion 

and dn'-snow zo nes, Cha nges in Ku-ba nd sa tellit e radar­
a ltim e ter w<l\'('forms OH r th e d iOc rent di age ne ti c regions 

ofG rce nland havc been noted a nd ana lyzed (Rid lcy a nd 

Partillg-toll, 1988; Pa rlin g ton a nd o lhers, 1989; DilI 'is and 

i\ loore, 1993 ) , Th ese sate llit e II'<JICf'orms sholl' th a t 

re turns fi-o m some a reas o r th e ice shcct ha\ 'e bo th a 
surlilCC- and I'o lull lc-scaltering componen t. Th e \ 'o lume 

o r sub-surface component is due to penetrat ion o rth e Ku­

band pulse into th e ice shce t. D e terll1inin g the amount or 

th c rada r retu rn ca used by su rfaee refl ect ion as o pposed 

lO s ub-s urf~lce sca ttering is, h OIl'CI·e r. I'e ry d iffi cu lt. 
l\ nolher iss ue that ncrcis more thorough ana lys is is the 

res po nse 0[' th e racial' to ice fea tures in th e perco la tion 
zo ne. A more in-d eplh und ers ta nding of th e e ffects o r the 

diagcneti c zones on the rada r- a ltimeter w;1\'Clorll1 w illno l 

on lv hclp delermine if' lh ere a rc bi ascs in a ltitud e 

mcaSUrCll1 elllS due to penetration but lI'ill also a 1I 0\\' 

ll1apping of th e cliagenc ti c bounda ri es, 
1 n 199 1, \' .. \ SA conducted a multi-se nso r a irbo rn e 

a ltill1 etry C'xpe rim c nt on')' tlie G rce nl and ice sheet. This 

cxperimcntll'as th e rirs t in a series or bi cnni a l cxpe rill1 cnts 

a imed a t measuring sma ll-scale c h a nges in the to pog­

rap hy a nd mass ba la nce or the ice shcC' t and a l 
und erstand ing the clkC'ls or pen et rali o n or a Ku-ba nd 

rada r-a ltimC'ler pulse into the ice sheet. The .\'!\SA 
Ad va nced App lica ti o n Flight Experimcnt (A/\F E) Ku­

band radar a lti meter, rcrurbi shed b y the \ l icro\\'a IT 

R e m o te Sen sin g Labora to ry a t th e Lni\ 'e rs il Y or 
i\ l assac huse tts in 1990. part icipa ted in thi s expe rilllent 

a lo ng \\'ith th e :\,ASi\ Airbo rn e Oceanograph ic Lid a r 

(i\OL), th e i\i\SA i\ir l)o rn c T e rra in Laser Allimeter 

Sys tem .\TLA S ) and the \Ti\SA K a -band Su rbce 
Co ntou r Rada r (SCR ). The ex pe rim cn t cons isted 0 1' 10 

fli g hts o\ 'e r th e Green la nd icc sh ee t bctll'Ccn 22 i\ugust 

and 20 September 199 1 aboa rd th e 7\ ,\ Sc\ P-3 a ircrart. 

Pos itio na l informati o n prov id ed b y thrce G loba l Pos iti o n­

ing System G PS ) rece i\'(')'s a boa rd th e \' .\ SA P-3 was 
used to control the autopilot o r th e a irc ra f't. Th is systell1 

a ll o w ed acc urat e pos itio ning tind er the Eu ropcan R emo te 
Sensing sa te llite (ERS-I ) trajcc lo ry a nd enab led acc urate 

607 
https://doi.org/10.3189/S0022143000034924 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034924


J Ollrnal oJ Claciology 

repeat missions on al l fli ght lin es. The missions were fl own 

over the ice sh eet from Sond restram Air Force B ase (now 

known as K a nge rluss uaq ) on the west coast of Greenland 

at a n a \'e rage a ltitude of400 m above th e surface , a nd the 

fli g ht lines cove red a n a rea between 65° a nd 75 0 N . 

A ll of the remote-se nsing radar a nd lase r ins truments 
prQ\'id ed information abo ut the aircraft a ltitude a bove 

th e ice shee t. The G PS receive rs, on th e other hand , 
ca lculated th e a ircraft a ltitude a bo\'e th e ellipso id , whi ch 

is a reference arou nd th e surface of th e E art h. The 

difference between these two m easurements is th e act ua l 

ice-shee t a ltitud e above the e llipso id. 

In 1993 , th e AAFE radar a ltimeter, AOL laser 

altimete r and ATLA lase r a ltim e ter p a rti c ipated in th e 
Greenl a nd ex perim ent aga in , a long with th e Coherent 

An tarct ic R adar D epth So und er (CARDS ) built by th e 

Un i\'ersity of Kansas. Befl~r ee n 23 June and 9 J ul y 1993, 
th e NASA P-3 a ircraft fl ew II miss ions that covered an 

a rea between 6 10 a nd 74° :\ on th e ice shee t. 

Th e 199 1 a nd 1993 experim en ta l fli gh ts ove r Green­

la nd passed Q\'e r th e abla tion, soaked , percolation and 

dry-sno\\' cii agen e ti c zones of th e ice shee t. S ince the 
a irbo rn e a ltim e ter is unabl e to di stingui sh be twee n th e 

re fl ect i\ 'e characteristi cs of th e abla tion and soa ked zones, 

th ese regions are referred to as o n e in this pa per. As the six 

rep resentat iH ' wa\·cforms in Figure I show , th e AAFE 
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radar- a ltimeter re turns recei\'Cd from th e \'a rious zones 
diffe red signifi can tl y in sha pe. Each of the waveforms in 

F ig ure I is normalized in power w ith a single-range b in 

equi vale nt to 2.77 n s or 4 1. 67 cm , and the latitude and 

lo ng itud e where each waveform was received , along wi th 

the ice a lti tude above th e ellipso id a t th at point, a re 
noted. These variations in the waveform shape a rc du e to 

diffe ren ces in the sca ttering properti es of the various zo n es 

of th e ice shee t. Figu re 2 shows th e boundaries of th e 

di age neLi c zones in Greenland as we ll as th e location on 
the ice shee t w h e r e each waveform was obta in ed . 

'Waveforms I a nd 2, wh ich have a large slope or sh arp 

leading edge a nd a sh a rp trailing edge, come from the 

ab la tion and soaked zone , respeCliYe ly. The tra iling edges 

on waveform 3, w hi c h is from the p e r cola ti on zone, h as a 
smalle r slope th a n waveforms I a nd 2 , w hile th e leading 

ed ges remain sh a rp , and \\'aveform 4, also from the 
percolation zo ne, has a notable second peak. 'vV avefo rms 

5 a nd 6, whi ch were ob tained near th e summit in the dry­

snovv zo ne, still h ave a sharp lead ing edge but th eir 
trailing edge is lo n g and gentl y sloping. Th ese airborne­

a ltimeter wa\'e forms d o not look like typical sate llite­
altimeter waveforms due to differe n ces in bea mwidth a nd 

footprint size. Th ese differences are ex plained in greater 

d e tail in the disc ussion a nd conc! uding remarks sec ti o n of 

thi s paper. 

Waveform 2 
1. 2 La..t: 69.05-

1.0 Long: 3 f f .94 0 

Ice A it: 144 7 Tn 

O.B 

0 . 6 

0 . 4 

0 .2 

0.0 
50 70 90 110 130 150 

Range Bins 

Waveform 4 
1.2 

La.t: 7 1 .34· 

1 . 0 Long: 315 .29· 

Ice A Lt: 266'7 rn. 

O . B 

0 .6 

0.4 

0. 2 

0.0 
50 70 90 110 130 1 50 

Ran.ge Bins 

Waveform 6 
1 .2 

La.t: 73 .57· 

1 .0 Long : 3 19 .6 1· 

Ice Alt: 3085 rn 

O.B 

0.6 

0.4 

0 . 2 

0 . 0 
50 70 90 110 130 150 

Ran.ge Bins 

Fig. 1. Si\ altime/er TelurIl waviforms obtained from the Greenland ice sheet dllTing a SelJ/ember 1991 mission. 
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Fig, 2, SimjJ/iji'ed dis!ributioll oJ Ih e diagfllelic ,::olles ill 
C'remlalld ({((ordillg 10 Bensoll, alld lite localion oJ lite si\ 
altimeter w({1'eforllls qf Figure I, 

The illle rac ti o n of' th e ,\:\FE a ltim eter 13 ,9 GHz pulse 

\\ 'ith th e dif'f'e rent diagenetic zo n es ca n be determined by 

ca lcul a ting th e di elcc tri c pro pe rties o r th l" sno \\' a nd th e 
depth of penetration in ('ac h reg io n, Since sno\l' is a 

h l" terogeneo us mi x ture of a ir. ice and liquid \I'a te r , all of 
whic h halT kn o \\'n di eicctri c co nstants, the diel ec tri c 

co nstant ofsnoll' , f" ca n be approx imated, ;\fcas ureme nts 

in the Illicro\\'a\ 'e regio n show that , a t a g i\Tn rrequenc y, 

E, depend s m a inl y o n th e densit y o r th e snow, Ps, a nd the 

percen tage o r li quid-waleI' conte nt , 'In ' " . \ , th e perccn tage 
or liquid-\\'<1 ter content increascs , both th e rea l, f'" , a nd 

Im agm a ry, E"" parts of the dielcctric co nsta nt in creasc , 

:\n increa se in ci e nsity al so ca uses <1n increase in the 
dielec tri c cons tan t. This increase, hm\T\Tr, mainl y af'f'ec ts 

th e reill part o f fs ' Dry 5noll', \I 'hi ch has a liquid-water 

contelll of ze ro, has a n E', that depe nds o nl y o n th e snoll' 

densit y, and a n E''s th a t depend s o n th e snO\l' ci e nsit y a nd 

o n th e dieienric cons ta nt or pure ice , fj. at th e 
mea surement fi-equency I U laby a nd o th e rs, 1986 ) , 

I\l odcls such as the Deb\T-like m ode l and the Po ld cr 

\ 'a n Santeen mod e l ca n be used to calc ul a te th e d ie lect ri c 
co nstant of sno\\' , For sno\l' th a t h as so me \I'a ter conte nt , 

th e D ebye-like mode l ap prox im a tes th e diel ect ri c co n­

stant , Ell'" as 

, 
f \\"~ == 

" E \\'~ == 

_ 0 073111 1.:1I 
1 + 1.83p + O,02 m I.0I :) + ' \' , 

" , 1 + (f / fJ 2 

O,073 (.f / jo)m~, :lI 

1 + (.f/j,i 
(1 ) 

where the e flec til'e re laxation f'requ e ncy (Jfwet sno\\', j~ , is 
9 ,07G Hz (Hallika in en a nd o th c rs, 1986 , Th e Po lder 

\ ' an Santeen m odel approximates the dielcctric co nsta nt 

o f' dry snow, Cd" as 

(2) 

( Lla by and o thers, 1986) , Both mod els agree wel l with 

Ferraro ({lid SlI'ijl : C;eoj)/~)'sical jJaramelers 0/ fhe Creenland ice sheet 

m eas ured result s (St il es a nd Ulaby, 1980; U la by a nd 

Stiles, 1980; H a llika ine n and othe rs, 1986 ), Once th e 

di eit'c tri c cons ta nt of sno\\' a t 13,9G H z has been 

es tim a teu . rh e a tte n U<I ti o n coefIi cie n t. a, a nd the depth 

o f' penetra ti on, bp, at thi s fi-eq uenc ), can be calcu la ted 
uSll1 g 

and 

1 
151'=-

20 

(3) 

(4) 

(C la b )' a nd oth ers, 1982 ) , \\'h("n th e d e pth ofpenetra Li on 
is know n, the type of sca tt ering in the ab lat ion, soaked , 

percol at ion and dry-sno\\' zo nes ca n be determined and 
used to model th e a ltim eter return lI'a\ 'e ['orm , 

2. SCATTERING MODELS OF THE DIAGENETIC 
ZONES OF GREENLAND 

A. Ablation- and soaked-zones IIlodel 

S tudi es of th e abhll io n a nd soa ked zones 111 Green land 

l-c\'eal th a t the upper layers of sno \l' a re IIT t a nd den se 
du c to sumlller me ltin g , i\l eas ure mC'nts o f snoll' densit\' in 

, ~ 
th e s umm er month s range from 0,4 to 0 ,6 i\[ g m ' 

Be n so n , 1962 ) a nd the percentage of li q uid-wa ter 

cont e nt ma\' be as hi g h as 3%, Estimating th e dielec tri c 
co nstant of th e snO\\' using th e Debye- like model and th e n 

calcu lat ing Cl a nd bp \I'ith Equatio ns (3 ) a nd l ~ ' g i\TS a n 
attenuation c()crti e ie nt g rea ter th a n 21 i\p m I or 

186 dB m I a nd Cl dcpt h of' pcnetra ti o n less than 2,0 C111 

at 13 ,9 C Hz, During the trans iti o n a l seaso n fi 'o m the 

summ er melti ng months of .J ull e a nd Jul y to th e winter 

seaso n beginning aro und October , th e ab la ti o n a nd 

soa ked zones may n o t hill'C a hi g h \I'a tc r con tent but 
th e snoll'pack will remain clense a nd s till halT a hi g h 

a tt c nu at ion coefIic ien t. Th ese a pprox imate ca lcul at io ns of 

Cl' a nd bp sho\\' that there is littl e surface penetration at 
13,9GHz, e\T n in Augus t a nd Se ptember, <llld th erefo re 

racia r-a lti met er returns in th ese reg io ns arc p redo1l1in­

antl y clue to surface sca tt ering, 

Sllrface sca ltning ri 'o m a random ly di stributed rou g h 

s urf~lCe has bee n described by Brow n 1977 ) as the 
c01l\'o lutio n o f the flat- s urfilce impulse response with th e 

distributi o n or heig h t scat te rers, Th e O a t- s urf~lce impul se 

res po nse, Pd/) , is calcu lated by ass ullling a transmitted 

impul se a nd usill g th e rada r ra nge equ at io n 

(5) 

II'h('l'e th e ga in o r th e radar ante nn a is a pprox im a ted as 

(6) 

(Barri c k, 1972 ) , Th e b ac ksca tter coc fli c ie nt for the surrace 

IS 

(J'O(B) = r (OO) c '<111" 0;'," 
8 2 cos le (7) 
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Uackson a nd o thers. 1992 ) , " 'here r (OO) is the po\\'er­
rell cni on coe ffici ent a t nadir a nd s is th e rms surface 
slo pe, but , fo r sma ll in cid e nce a ng les, it ca n be 
a pprox ima ted by 

(JO( B) = r eOO) e 0' / 8' 

8 2 (8) 

COll\ 'oh-ing P{s( f ) II'ith a G a ussian height d is tribution of 
sca tterers with a stand a rd devi a ti on of a h leads to a 
rough-su rface im pul se res po n se of 

P, )...20 2 r (OO) c - t 0 

0- 32n2 

2H 
T =t---, 

c 
2V2ah 

tp = - --, 
c 

(
81112 ~) - I 
e 2 + ? 

13 s-

(9) 

(10) 

(11) 

(12) 

(13) 

a nd erfc is th e complem enta ry error fun c tion (Barri ck, 
1972; Brown , 1977). Th c to ta l rough-surfacc sys tem 
res ponse is then ca lculated by con\'olving th e rough­
surface impulse res ponse with th e sys tem point- ta rge t 
res ponse, w hi c h can be a pproximated as a G a ussia n pul se 
wi th a 3 dB width of Tp a nd Cl standard d ev ia ti on of 
(J p = 0.425Tp (Broll'n , 197 7) . The res ult is th e same as 
Equation (9) , except tp is no \;v defined as 

(14) 

The rms su rface heig h t, ail , a nd rms su rface slope, 8, 

a re th e two surface para m e te rs th a t determine th e shape 
of the return waHform. A c h a nge in (Jh a fTcc ts th e slope of 
th e leading ed ge of th e return waveform , wh il e a change 
in s a ffec ts th e slope of th e tra iling edge . To d etermine 
values of ah , sand H or ra nge, AAFE retu rn wave form s 
are fill ed using the leas t-m ean-squa red e rror (LMSE) 
method (Ca rn a han and o th e rs, 1969; Press a nd others, 
1988) to a non-linea r fi ve-param eter mod el, which is 
Equa ti on (9) plus a pa ra m e ter , a, representing th e noise 
lloor of the wa veform , or 

Altime te r waveforms fro m the abl a tion a nd soaked 
zones have the same shape as the model in Equ a ti on (15 ) . 
\\'hen th e surface-sca tterin g model is fitted to wa veform 2 
of Figure I , as shown in Fig u re 3a, the LMSE fi t yields a 
(Jh ofO.12m a nd an s of 5 .8°. I n the perco la ti on zone, 
however, re turn \l'm'e forms, such as wavc!o rms 3 a nd 4 of 
Figure I , d o not look like typica l surface-sca tterin g 
returns. \\' a " eform 4, sh own in Figure 3 b a long with 
the mod el fit , has a tra iling ed ge tha t diffe rs con siderab ly 
from a surface-sca tterin g w aveform . a nd th erefore the 
, 'a lu C's o f 8 a re not rele\·a nt. Although wa veforms in th e 
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Fig. 3. (a) Swjace-scaLlering modeLJil lo wllviform 20J 
Figure J; ( b) S1I1jace-scallering model lit 10 waviform 4 
oJ Figure J: (c) SlI1Jace-scallering model fil 10 wavifonn 
6 oJ Figure J. 

dry-snow zone, such as wa veform 6 in Figure I , look like 
surface-sca ttering re turns, fittin g th em to the surface­
scattering model, a s shown in Fig ure 3c, res ults in 
a bnorma ll y hig h values of s . It is unlikely th a t surface 
scattering is th e only component contribuli ng to th e 
return waveform in the percol a tion and dry-snow zones . 

E" en though lhe tra ili ng ed ge of the wavefo rm is 
sensitil'e to th e different di age neti c zones of the ice shee t, 
th ere is always a surface component in the return due (0 

th e diel ectri c interface between the air a nd th e snowpac k. 
This return from th e surface creates the sha rp leading 
edge shown in a ll of the wavefo rms in Figure I. Sin ce the 
rms surface heig ht, (Jh, is dete rtnined from th e leading 
edge of the re turn , it can be meas ured by fittin g Equation 
( 15) to AAFE wa\·eforms. Fig ure 4a shows the ice 
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a 

Soak/ Perco lation 
4 Abl 

:0.6 m a v g : 0 . 45 m 
: 0.5 m a: 0 .28 m 

3 

1 

Dry SnoUJ 

avg: 0 .33 rn 
a: 0.25 = 

o 
68 .8311.6 

b 

72.0 316.4 
Position (lat. long) 

74 . B 322.7 

Fig, 4, ,l/easllre/llenI5 oJ Ihl' rII/ :, :, /IIJa ce heighl ol'er a 501l1h1('I',lllo lI orlhN{j I .J7/~f{hllille , ( a) Tlt l' aclllaL a{lillldes IlI ea.lllred 
alld ( b) l/ie /'IllS s/IIja ce heighl delnlllilled 1~J'jillillg 960 al'l'raged IC([l 'e[O I'lIl .1 10 l/ie :' lIljace-.I'callerillg model ill Eqllalioll 
( 15) , 

a lti tudes from a south\l'Cs t to no rth eas t pass o\'e r th e ice 
shee t and Fig ure 4,b shows th e co rres pond ing rms surfacc­
he ig ht nliues o\'(' r th e Oight line, where eac h meas urc­
ment represents a fit to 960 a\'e raged wa\'C forms, Th e 
3\'C rage rms surface height O\'Cr thi s senion of" th e ice 
shee t is 42 cm a nd the standard cl e\ 'ia ti o n from the m ea n 
is 33 cm, Fig ure 4,11 a lso shows th e approxima te loca tion of" 
the diage neti c tra nsi tions and th e mean a nd standa rd 
d e\' iat io n or th e rms s ud~lce heig ht fo r each individual 

d iagene ti c region o f the ice shee t. The hi g her \'a lues [or 0'" 
in th e a bl a ti on and soaked zones correspo nd to th e 
g rea te r \ 'ariabi lit y in ice a ltitud e in Fig ure ·b , \I 'hile th e 
lowe r \'a lues in th e dry-snoll' zonc co rrespond lO the 
sm oo ther ice a lti tudes, 

Since the trailing ed ge 01" th e a ltim e ter ",a\eform is 
a ffec ted b\' su b-su rrace and \'01 ume sea lleri ng, th e rms 
surf"ace slope , 8, canno t be determ in ed b y fill ing return 
lVa\'Cform s from th e pe rco lat ion a nd dry-snoll' zo nes to a 
surface-scatterin g mod el. R e turns from the ab la ti on a nd 
soaked zones, howe\'e r , a re predominantl y due to surface 
sca tte r ing a nclth erefore can be used to m eas ure 8, Fig ure 
5a shows th e ice a ltitudes OI'er a section of th e a b latio n 
a nd soaked zo nes and Fig ure 5b shows the corres ponding 

rms surrace-slope \'alues res ulting from fittin g Equa ti on 
115) to AAFE return \I'a\'(' ro rms, Sin ce a \ 'a lue of' !; 

greate r than o r eq ua l to 15,6 rep rese nts a fu ll a ntenna 
beam (sce Di sc uss io n a nd Conclud ing R ema rks /0 1' 
details) , any 8 greate r than this is mcan illg less , 0 \'("1' 

th is Oig ht sec ti on, th e a \'(' rage a nd standard d(,\'ia ti on 01"8 

are 9,0 a nd 3,6c
, respec ti \'(' ly, but th ese slopes appear to 

be hig her th a n ex pected, S in ce typi ca l ocean rms slope 
va lues ra nge betwee n 5° and 80 (jackso n and ot hers, 
1992 ), ex pec ted ice \'a lu es 10 1' .5 \I'ould be e \'('n small e r. 
The tra iling edge of th e return \\'a\'e [o rm is a lso a frcc tcd 
by a irc raft mispoillling ang le a nd slope-induced error, 
wh ich is th e e rro r induced o n th e return \I';\\'(,fo rm clue to 

a slopin g surfa ce Ilithin th e raclar-a lt imcter footprin t 
(Brenn er a nd others , 1983 ) , Bot h mispo in t ing a ngle and 
slope-in duced e rror make th e trailin g ed ge of th e 
\\'a \'eform ex tend ou t fa rt her a nd t h l'1'cfo re (Tea te a 
la rge r \'a luc o r .s II' hen the wa\'e rorm is fitt ed to the 
s urf~lce -sc a ll e ring mode l. S in ce th e a \ 'C rage m ispointing 
ang le over the fli ght secti o n is less th a n 1,2 and th e mo rc 
reasonable \'a lues of .5 co rrespo nd to th e fl a t regions in 
Figure 5a \l' hil e th e hi g h \ ';,liues co rres po nd to th e hi g h 
slope areas. it is quite probable th a t the hi g h va lues of".'; 
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alt il l/ des measured and ( b) Ih e rms slI lJ ace slo/)e 
delermined ~J' jilling 960 az'eraged wavejorms to Ille 
sllIjace-scallerillg lI10del ill Equalioll ( 15) . 

a rc th c rcs ult of slope-induced error. Fo r a ircraft rad a r­
a ltime ter measurements, th ese errors o n ly a flec t the sha pe 
o f th e tra ili ng ed ge and th en'fore, if they a rc not 
exce ption a ll y large , th ey d o n o t a ffec t th e ra nge 
measure ment. which is ta ken ri 'om th e leading edge. 
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B. Percolation-zone :model 

I n the percola tion zone, ,,·h ere there is so m e summer 
melti ng, li quid water perco la tes d own into th e sub-surface 
sno,,' a nd refr eezes into ice layers, ice pipes a nd ice lenses . 
S tra tigra ph ic stud ies re, 'ea l tha t these ice stru c tures a re 
loca ted a n yv\' here bet"Te n 0.1 a nd 5 m belo ,,' the ice­
shee t surface (Bcnson , 1962 ) . Since thi s zo ne is a 
tra nsii io n regio n bet"'een th e soa ked and dry-snow 
zones, th e liqu id-"'a ter cont e nt may , 'a ry fro m 3% nea r 
the bord er of the soaked zo ne to 0% nea r the d ry-snow 
zone. Sim il a r ly. the density o f th e snow may ra nge from 
0.5 to 0 .3 ~Ig m 3 Such a la rge cha nge in th e snow 
properti es resu lts in a , 'as t ra nge of a ttenu a tion co­
effi cients a nd d epths of pene tra tion in thi s regio n . 

The num ero us acid -sha ped sub-surface stru ctures in 
the perco la tion zone. as well as th e ra nge of penetrati on 
dep ths, m a ke it more d iffi c u lt to model th a n the soaked 
a nd a b la tio n zo nes. As th e fo u r a ltim e te r return 
wa,'e forms in Figure 6 show, the sub-surface ice fea tures 
in the perco la ti o n zo ne a ffcc t th e waw[orm sh a pe. Since 
th e ice lenses , pipes and la ye rs a rc usuall y g rea ter tha n 
10 cm in d ia m eter and a re la rge rela ti ve to thc 2.16 cm 
a ltimeter wa velength , th e res u ltin g sca tter from th ese ice 
structurcs is in the opti ca l regim e or the geom c tri c op tics 
limit (U la b )' a nd others, 198 1) . T hereforc, th e return 
from the ice features dom ina tes a ny sca ttering from the 
surround ing snow. a nd th e percola ti on zon e can be 
mocl e led a s la rge " olum e -scattercrs in a co nsta nt 
di electri c m edium . As a res u lt , th e rad ar-altim e ter return 
is ca lcu la ted using th e " o lume-sca ttcring rad a r-range 
eq U <1 ti on (Swift a ncl o thers, 1985 ), whi ch is 

(16) 
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Fig. 6. Four mm/Jle allimeter re/ulIl wavefo rmsJrom Ihe celll ral /Jml of Ihe /Jercolalioll .cone oj Greelllalld oblained during a 
Se/Jlember 1991 mission . 
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where th e a ntenn a ga in G(B) is d efin ed in Equa ti on (6), T 
is th e po w er-transmiss ion coeffi cient , Ro is th e dista nce 

from th e ra d a r to th e surface, R is a va ri a bl e represe nting 

th e ra nge to th e su b-su rface sea tterers a nd Cs = cl jf;; is 
th e veloc i ty o f propaga tio n in th e snow. Th is a na lysis is 

ca rri ed o ut in cy lindri cal coordina tes a nd th e re fore dF = 
pdpdcpdh wh ere h is th e d epth below th e surface . Th e 

extinction coeffi cient, "-c, is d efin ed as th e sum of th e 
powe r-a bso rpti on coe ffi cie n t , "';t, a nd th e p ower-sca tter­

ing coeffi cient, ""s, o r "-p = "-a + ""s. Since th e sca ttcring 
losses in snow a re neglig ibl e relati\·e to th e abso rpti on 

losses at fr equ encies below 15 GHz (Stil es a nd Ula by, 

198 1; H a llika inen a nd o th e rs, 1986), "-e fo r th e percol­
a ti on zon e is 

(1 7) 

where Cl: is th e a ttenua tion coe ffi cient of th e snow. Thus. 

th e expo nenti a l component in Equ a tion ( 16 ) represents th e 

two-way power a ttenu a tion in th e lossy di e lec tri c medi a . 

The \ ·o lume-bac ksca tLe r coeffi cient, 'TJ,., in Equa Li on 

( 16) is du e to th e ice lenses, pipes a nd laye rs a nd is defin ed 
as th e produ cL of (TB, th e baeksca tter c ross-sec ti on pe r 

pa nicle a nd n, th e densiLY p e r unit \·o lume, o r 

'TJv = nO" 13 (18) 

(SwifL a nd o Lh ers, 1985 ) . In th e pe r co la ti on zo ne, 

howeve r, the ice fea tures a re no t disLributed evenl y with 

d epth a nd m ay be la rge r a t cen a in depths. Th erefore, 

n = n(p, 4>, h) = n(p, h) 

(TB = (T B(P, 4>, h) = (T B( p. h) 

(19) 

(20) 

ass umll1g ind e pend ence o f 4> . Fo r a firs t-o rd e r a pprox­
im a ti on , th e di stributi on is ass umed to bc ind e pend ent o f 

p res ulting in n(h) a nd O"13(h ) . 

Substituting th ese res ults into Equ a Li o n ( 16) a nd 

perfo rmin g th e integra l g ives 

wh ere Cl a nd T a re defin ed as 

P t )..2T 2Go
2 

Cl = 3271"2 H3 
2H 

T= t -- . 
c 

T> O 

T< O (21 ) 

(22 ) 

(23 ) 

[n th e p e rcola ti on zo n e, th e surface bac ksca tte r 

compon ent o f th e a ltim e te r re Lurn waveform is du e to 

th e a ir- snow bound a ry, w hil e th e \·o lum e bac ksca LL er 

compon elll is du e to th e o pti cal volume sca tte ring in th e 
sub-surface snow. As a result , th e to ta l re turn power, 

Pr(T), is th e inco herent sum of th ese LWO compo nents, 

(24) 

Ferraro alld Swift : GeojJlzysiral /JarallZeters oJ the Greellfand ice sheet 

wh ere A a nd B a re th e pe rce l1lages of surface- a nd 

vo lume-return p o wer. res pec ti ve ly . 

T o d etermin e th e \·o lum e-sca tle ring compo n e nt o f th e 

rad a r return , it is importa nt to kn o w th e distributio n of n 

a nd (TB \·s d e pth. U nfortun a te ly, there is limited 

d ocum enta ti o n o n th ese pa ra m e Lers du e to th e diffi culty 
in ob ta ining th e meas urem e nt s. Thus, in th e 1993 

Gree nl a nd g round-truth ex pe rim e nt a t Dye 2, a sa mple 

di st ributi on of ice laye rs. lenses a nd pipes was o bLa ined. t\ 

5 m by 3 m a rea of th e ice sh ee t was probed a t 10 cm 
inc rements using a marked steel rod whi ch was p ressed 

into th e snowpac k until it hit ice. The ra \,· d a ta fro m this 

ex perim elll a re show n in Fig ure 7. T o va lid a te thi s 

pro bing ex perim ent, a pit \,·as dug a longside th e 5 m by 
3 m a rea and eac h 10 cm \·e rti ca l \·,·all \I·as d ocum ented 

fo r size and loca ti o n of ice fea tures. 

As Figure 7 sho \\"s, th ere was a continuous ice laye r a t 

a d epth of I m a nd th e thi ckn ess o f thi s laye r flu c tu a ted 

b etwee n I a nd 3 cm. Othe r sam p le pits dug se\"C ra l 

hundred me te rs a way from thi s pit a lso had a n ice laye r a t 
a d e pLh of I m. This layer may h ave been the surface from 

a prev ious summ er a nd it shows th a t somc ice laye rs in th e 
p ercola ti on zo n e m a \. ex tend o \ ·e r \·e r\, la rge a reas. Th e 

res ults from thi s probing ex pe rim ent we re uscd to c rea te 
th e sa mple dis tribution ·of n(h) shO\\"I1 in Fig ure 8 . I t is 

cl ea r from thi s sample that th e ice fea tures do no t ha ve a 
s ta nda rd di stribution. In thi s case, th ey tend ed to be 

loca ted betwee n 3 7 and 42 cm , bCl\\'ee n 46 a nd 49 C111, 

be tween 59 a nd 6 1 cm, be twee n 65 a nd 70 cm and 
be twee n 78 a nd 8 1 cm. Th e ice layer at m is no t 

inc lud ed in this di stributi on. 

D etermi n i n g thl' h(lc ksca tt e r coc fTi cient O"u IS as 
difTi cult as ca lcul a tin g n(h). Fi g ure 9 is a pi c ture taken 

during th e 1993 Gree nl and ex p e rim ent of a n ice pipe 

leading cl own to a n ice lens. S in ce the 1\.\FE a ltim e te r is 

n a dir-\ ·iewing, th ese ice fea tures wo uld be vi ewed b y th e 

instrument fro m Lh eir top surface . In th e optica l reg ime. a 
La rge t \,·ith g ra d ua l cun·ing su rfaces a nd a n arbi tra r), 

sh a pe has a bac ksca tt er coe ffi c ie nt o r 

(25) 

wh ere 1·(0) is th e refl ec tion coe ffi c ie nt a t norm a l in c id ence 

]: 
:S 
"tl . ..., 

"" 

2.0 

t .5 

t .0 

0.5 

0.0 

0.0 t .0 2.0 3.0 
L ength (rn) 

4.0 5 .0 

32.0 49.0 66.0 83.0 100.0 
Ice Depth B e low Surfac e (cm) 

Fig. 7. A samfJle distribution oJ the ice/eatl/res ill a 5 m b)1 
3m area oJ the Creenland ice Jheet at D..),e 2. Each 
measurement re/nesents the de/Jtlt tha t the steel rod hit ice. 
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90 

a nd al and a2 a rc th e radii o f' curva ture in the two pla nes 
of' o bse )ya ti on (Swift a nd others, 1985 ) . Densit y m easure­
m e nts of th e ice fea tures ta ke n durin g th t' 1993 
ex periment were between 0 .86 a nd 0.91 i\[g m 3 . Since 
thi s is \'e ry close to the density o f pure ice, wh ic h is 
0 .916i\ lg m 3, th e di electri c consta nt of pure ice, Ei, m ay 

Fig. 9. Pic/lIre of all ice jJijJe alld all ia lens /aketl duril1g the 
1993 C'remfalld ground-frulh fljJerimenl a/ D,ye 2. 
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be used to calcu la te 1'(0) or 

1'(0) 
jEi-/Es 
-----

jEi+JEs 
(26) 

Using groun d-tru th measurements o f sno \\' densit y and 
lI'a te r co ntent a long with the D e b ye-like modcl in 
Equ a tio n (1) to a pprox ima te the di e lect ri c constant of 
the surro unding snow results in E~ \ 'a lu es ranging frOlTl 
1.76 + j.00 I to 1.83 + .i.05 and a n 1'(0) between 0.1 3 -
j.006 a nd 0.17 - j.008 . 

fe e p ipes in the pe rco la tion zo ne a re typicall y 4 7 cm 
in di a m e ter and their s ize is ind epend e nt of depth in the 
first m e te r of the sno\\·p ac k. In additi o n , since they a re 
viewed by the rada r a ltime ter I" om their LOp surface, th ey 
a ppea r to bc circul a r. Th erefore. the a \ 'C rage backsca LLer 
cross-sec ti on of an ice pipe in the percolation w ne is 

a UiC'(' pipc( h ) = a l3iC'('pip,' ~ - 28 dBsm. Th e ice lenses, on 
th e o ther ha nd , a rc la rge r a t greate r d epths. Lenses 
\\'ithin 60 cm of th e surface a rc typi ca lly 10 20 cm in 
di ame te r , while those c loser to 80 cm a re oft en 50- 60 c m 
in diam eter. Th e res ulting ave rage bac ksca tter cross­
sec tion for such ice lenses is a Uic('lcns(h = 60em) ~ 

20 dBsm a nd aBicelel\s (1~ = 80 Cln) ~ -8 dBsm. Fin a ll y, 
a continu ous ice laye r , such as th e o ne thro ughout th e 
D ye 2 area located a t I m , is large r th a n the a rea of the 
AAFE foo tprint. a nd th erefore its bac ksca trer cross­
section is limit ed b y th e foo tprint a rea to a Bicl' IH,\'('r 

(h - 1 m) ~ 20dBsm. Since the ice fea ture with th e 
la rges t co ntributing b ac kscat ler c ross-sect ion in th e 
perco la ti o n zo ne is th e continuous ice laye r, it is th e 
domin a nt sca llerer, but th e i('e lenses a nd pipes are close r 
to th e surface, a nd the incoming sig na l is no t a ttenua ted 
as mu ch befo re it inte rac ts with them. 

Although these ground-truth da ta gi\'e a n idea of th e 
size a nd di stributi on o f'i ee fea tures, th ey represent o nl y 
one sample in th e perco la tion zone, which cO\'ers a la rge 
a rea o f th e ice shee t. Th ese res ults can be inse rted into 
Equ a ti on (2 1). however , to ge t a n id ea of th eir effects o n 
th e re turn lI'a\·eforl11. For exampl e , a model opti cal 
vo l ume-sca ttering re tu rn is erea ted usi ng Eq ua tion (2 1), 
th e sampl e distributio n ofn(h) in Fig ure 8 a long lI'ith th e 
ice laye r a t I m and th e g round-truth \ 'alu es of aB . T o ge t 
th e tota l reLUrn power, Pr, in Equ a ti o n (24), this opti cal 
\'o lume-sca ttering m od el is combin ed lI'ith a m od el 
surface re turn having typi cal va lues of 0.20 m and 4° [o r 
ah a nd s, res ulting in th e fin al model percola ti on-zo ne 
wa veform in Figure lOa . As expec ted , th e ice layer has the 
largest effec t on the waveform, creating the second peak 
a t I m from the surface . Figure lOb is a n ac tual AAFE 
re tLll-n wave form obtain ed from the D ye 2 area during th e 
1993 ground-truth exp e riment. This wa veform exhibits a 
second peak simil a r to th a t in the model lI'a \eform in 
Fig ure lOa . The sa tellit e altim eters do not typicall y 
obsen 'e these doubl e-peak wavefo rms because th e a\'e rage 
dep th of the ice layer \'a ries over the much la rger sa tellite 
foo tprint and th erefo re the ice-l aye r c fTcct wi ll not be as 

pro no u nced in the wa "eform . 
Both the model a nd ac tual wavefo rms agree with 

results f,'om the g round-based Ku-ba nd F~rCW rad a r 
o pe ra ted a t D ye 2 during th e 1993 g round-truth 
experiment. Nadir res ults for this ra d a r show a sig ­
nifi cant re turn from th e surface a nd from the ice laye r at 
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Jrol1l the perco La Lion zone. 

I m a nd small rr re t urns from th e ice lenses a nd pipes 

Ueze k and others, 1 99 '~ ; Zabel a nd others, 1994·; personal 

co mmuni ca ti on fro m J. Za bel, 1993 ) . Therefo re, w he n a 

co ntinuous ice la ye r is present in the percolat ion zo n e, it is 
th e d omina nt sca Lte re r a nd has th e g rea test ('flec L on th e 
AAFE return \,·ave form. 

A lthough thi s model agrees with so m e of th e a ltim e te r 

re turns from th e pe rco la ti on zo n e, it does not expl a in 

o th e r more com plex waveforms su ch as th ose in Fig ure 6. 
Since both n(h) a nd O"I3(h) play a n important ro le in th e 

return wa\'eform a nd both may \'a ry sig nifi ca ntl y thro ug h 

th e perco lat ion zo ne, it is diffi cult to invert th e re lation­

ship in Equ a ti o n (2 1) and determine n(h) a nd O"I3(h) from 
an ac tu a l \\"a\·erorm. Equ ation (2 1) d oes, howeve r , show 

the rela tionship be tween the reLUrn a nd n(h) and O"I3(h) , 
a nd a ll ow sampl e di st ributi ons to be inse n ed a nd 
manipulat ed to illu strate th e effect on th e r e turn 

waveform . 

C. Dry-snow-zone Inodel 

In th e dry-snow zo ne, where th ere is no su mmer m e lting, 

th e d ensitv of" th e snow is low and th e liquid- water 

conte nt is 0%. l\Jeas ured values o f snow d ensity, which li e 
be twee n 0 .28 and 0.38 :'I1g m 3 (Ben so n. 1962 ) res ul t in 
a llenua tion coe ffi c ients less than 0.1 Np m I or I dB m I 

and d epths of pen e tra ti on grea te r th a n 5 m. Such a low 

aUen ua tion coe ffi c ien t sugges ts th a t a sig nifi ca n t com pon­

ent oC th e return waveform is due to vo lume sca ttering 
fro m th e sub-surface snow. 

The sca tterin g due to th e sub-surface vo lume, Prv( t ), is 

aga in ca lcula ted using th e vo lum e-sca rte rin g rad a r-range 

Ferraro and Swift: Geo/l/l)'sical /Jarrlllll'tns oJ the Greenlalld ice sheet 

eq ua tion (Swift a nd others, 1985): 

The indi\ 'idua l snow grains, which are less th a n 0.5 mm in 
this region. a rc small re lat ive to th e 2.16 cm w<!\'elength o f 

th e a ltim e tcr. Therefore, the \'o lume sca lle ring is primari ly 

due to R ay leigh scatterin g (U laby and o th ers, 198 1). As a 

rcs ult , th e volume-bac ksca tter coeffi cien t , rl", is 

(28) 

where 0"13 is the R ay leig h backscatle r cross-sec tion pe r 

part icle and n is th e d e n sit y per unit volum e. Tn th e dry­
snow zone, th e dcnsity ohh e snow pac k a nd th e sizc of th e 

snow g ra ins a re ra irly co nsta nt in the upper se\'e ral meters 

(Ling , 1985 ) , res ultin g in a n (l13 and n th at a re constant 

with position. The res ulting reLUrn power du e to Lh e 

R ay le igh vo lume scattering is 

where 

and 

In 2 2 'J Pt V 2,\ T Go -T/, 

321l"2 H3 
81n2 

(3= H() [l2' 

2H 
T=t -­

c 

(29) 

(30 ) 

(31) 

(32) 

(33) 

Equation (29 ) was obta in ed by perform ing th e integra l in 
Equation (27 ) in cy lindri ca l coo rdin a tes. Da\·is a nd 

~Ioore ( 1993 ) obta ined simila r res ults by perrormin g 

th e ana lys is in sphe ri ca l coordinates. Fig ure 11 shov" s how 
va rying the at tenu a ti o n coeffic icnt , et, of th c sub-su rface 

snow a ffec ts th e shape or th e \'o lume-scattc rin g ret urn . As 

a a pproac hcs infinit y, th e d ep th or pe nctra ti on goes to 

zc ro a nd , as ex pected , th e volum c-sca tte ri ng rcturn goes 
to zero. On th e other h a nd, as a goes to zero, the depth o r 

penetration approach es infinit y a nd Pn·(T) becom es a 
function of th c antenna beamwidth . 

As in th e pcrcola tion zone, th e to ta l return power, 

~.(T), is th c incoherent sum or th e surface- and \'olum e­

bac ksca Ue l" componen ts . The sc ri es or wa ve fo rms in Fig u re 

12 illu s tra tes the e ffec t o f va ryin g th e a ttenu a ti o n 
coclIi c ie nt on th e tota l return power. This is don e b y 

cha nging th e snow d ensit y a nd liquid-wa te r content using 

Equations ( I ) and (2 ) . The first waveform sho\Vs th a t a 

liquid-wa te r content of" 3% res ults in a return th a t is 

pred o m in a n tl y du e to su rracc-sca tte ri n g . Sub-su rfacc 
scattering effcc ts do no t a ppear until the liquid-water 
co n ten t a pproac hes 0 % . The following waI"Cforms in 

Figure 12 illustra te th e e ffec t of kee ping th e liquid-wate r 

6 15 
https://doi.org/10.3189/S0022143000034924 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034924


J Ollmal OJ Glaciologl' 

!-. 
." 

1 .0 r-

;3 O.B r­
o c... 

0.2 r-

-20 o 

H = 450.0 -rn 

\ 

\ 

\ 

\ 

\ 

\ ., 

20 
R ange Bins 

0< = 
0< = 
0< = 
0< = 

40 

0.75 Np -rn-I 
0.40 Np -rn-I 
0.15 Np -rn-I 
0.10 Np rn-I 

6 0 

Fig . n. ~Uecls ojl'm)lillg alle71ll{{tiolZ. 0', 01/ tlte R{~l'leigh 

l'olume-sc{{l/erillg lIlodel of the dl),-SIlOlL' ,zolle oJ Greenland. 

-

co ntent at zero and reducing th e snow d ensilY from 0.40 to 
_ . 'l 

0.2/~ l gm · . 

\ ' alues of th e a tten uation cocfli eient in thc dn'-snow 
zo ne a re d ete rmined using an L '\ [SE fi t to a no n-linear 

se l'en-pa ra m eler model, which is rh e sum of Equa tion 

(24·) an d a no ise-OoO!' param e ter or 

This com bined sur race and R ayleigh 1'01 ume-sca ttering 

model exp la ins a return vI'a\'erorm such as l\,<l\'erOrm 6 in 

Fig ure I . whi ch has a sha rp lead ing edge a nd a long, gentl y 

sloping tra iling edge . As fi g ure 13 sho\\'s, rhe com bined 
model fit to \\ 'al'erorm 6 y ields CTh = 0.42 m , S = 2.6 ~ , 0' = 
0 . 1 I\p m 1 a nd 81' = 5.0111, which are reasonable surface 

and su b-surrace parame lers fo r th e dry-snow zone. L sing 
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Fig. 13. Combillfd slIIJace and R ayleigh l'olume-scatlering 
modelJit 10 waveform 6 ill Figure 1. 

th e atte nu a ti o n coeffic ienl , 0', a nd assuming th e sn ow is dry 

a nd has 'lnv = 0 0/0, res ults in a n approximate snow density 
o[ Ps = 0.29 ~vlg m :l . Attenuation coeffi cien ts rro m a sec tion 

or th e dry-snoll' zo ne obtained b y filling th e combined 
model in Equatio n (34) to AAFE re turn waveform s halT 
a n al'C rage 0[0.11 I\p m 1 or I dB 111 I. Th is is equi\'a lentto 

a n approx imate SIlOW densit y of Ps = 0.28 '\lg m 3 . D a\'is 

a nd ZII'a ll y ( 1993 ) fi tted a simi lar co mbined su rface- a nd 

\ '01 um e-sea Lleri n g mod el to G EOSAT rad a r-allimeter 
lI'a l'e rorms and obta in ed va lu es betll'een 0.1 and 

O. ISi\pm 1 in th e dry-snow zone a t 72° ~ , which was 

th e upper e:\:ten t o r th e SEASi\ T sa tellite cove rage . 

Fig ure 14a and b show va lues or ah and s from lhe 
sa me fit to Equ atio n (34). Th e ya lues or CTh a re s imi la r to 

lhose show n in Fig ure 4b 0\"(1' thi s sa me Oig ht section , 

which were obtained when the waverorms were fitted to 
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Fig . 12. Combinf(1 sll1:face fllld Rayleigh volume-scattering model JOT ufll)'ing values ~f snow density, Ps find liquid-water 
colltent. m,\" 
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Fig. 14. Results oJ the combined slII/ace and R(~)lleigh 

volume-scatlerillg model fit to AA FE retllm wm'~fomzs 

.Fom the dlJ'-snow :::one oJ the Greenland ice sheet. ( a) 
ValUfJ oJ rillS s1l1joce heighl , Uh; ( b) f'alll es of rms 
slllj(frf slojJe, 8. 

th e surl'ace-sca lt e rin g mod el of Equ a ti o n (15 ). This shows 
th a t, a lth ough R ay leigh \'o lume scattering afkcts re turn s 
li'om th e dry-sno\\' zo ne, a s urf~l ce -sca lle rin g model can be 
used fo r rms surface-height meas urements, sin ce th e 
leading edge 01' the wa\'cfonn is a lways due to a surface 
return. \ 'a lues o f s , on th e o th er ha nd, canno t be 
o bta in ed using th e surface-sca tte rin g model ill th e dry­
snow zo ne. Th e combined model , however, a ll ows pa rt 01' 
th e tra iling ed ge to be a ltributed to s a nd part to et, 

resulting in reasona bl e \'alues ofrms surrace slope, suc h as 
those shown in Fig ure 14b. This mode l, howC\'e r, does no t 
take in to acco unt slope-induced er ro r a nd mispointing 
a ng le of th e a ircraft, a ndth erero re som e of the data points 
m a \' be biased sli g htl y higher th a n expec ted. 

3. DISCUSSION AND CONCLUDING REMARKS 

As Fi g ures I and 6 showed , the shape 01' th e AAFE 
a irborn e-a ltim ete r wa\Tlorms diITers signifi cantl y fro m 
sa te llite re lurns from th e Greenland ice shee t. On c reason 
1'01' thi s c1iITcrence is the signifi cantl y sm a ll er foo tprint o f 
the a irborn e instrum ent. The AAFE a llimete r has a 15.6 
3 dB bea m\l'idth a nd a 2.77 ns compressed pu lse width 
a nd , as a res ult , w hen tlt e a irc ra ft a ltitud e is 400 m , its 
pulse- limitcd loo tprint is Irss than 20 m a nd its bea m­
limited footprint is less than 125 m. A reOec ti ve surface 
that is rough enough to reOect power bac k to th e radar 
eve n a t the farth es t ex tent of th e bea m-limited loo tprint 

Fnraro ({nd Swift: Gfoplzysical/J(fmmeters qf the Greenland ice sheet 

will crea te an AAFE w aveform that is a pproximately 3 0~ 
40 ra nge bins wide from the beginning of the leading edge 
to th e end of the tra i ling edge. Th e SEASA T sa telli te 
rad a r a ltimeter had a simi la r pul se width of 3.2 ns, but its 
1.6° beamwidth a nd 800 km orbit (D avis, 1992 ) result in 
pulse-limited and beam-limited foo tprint ra dii of greate r 
than 875 m a nd 11 km , res pecti vely. As a result, SEAS AT 
returns from th e sam e rough su rface wi ll c rea te wave­
forms that a rc more th an 100 ra nge bins wide. The ra nge­
bin size of both sys tem s is simila r due to th e eq ui\'a lent 
pulse w idths but thi s sig nificant diITerence in the wave­
form w idth or length of th e trailing edge makes the two 
relUrns appear very dilfe ren t. 

Another ca usc for th e diITerences be twee n th e airbo rn e 
and sa tellite waveform sh a pes is the effec ts o f' rms surface 
slope, s, on th e a ltimeter waveform. Figure 15a shows the 
eITee ls of \ 'a rying s on the AAFE return waveform for a 
consta nt a ltitude of 400 m. On ce th e rms surface slope 
ap proaches th e same order of magni tud e as the AAFE 
beam\Vidth , the \\'a \'efo rm achie\'es its m ax imum width o r 
lhe re [Urn is a fu ll waveform. Th e occ urrence of rms 
surface-slo pe va lues on the ord er of 15 .6°, however, is very 
unlikel y a nd therefore surface sca tte rin g a lone cann o t 
prod uce a fu ll waveform for the AAFE a ltimeter. As 
Fig ure 15b shows, th e SEASAT re turns a pproach a 

;... 

'" ;3 
0 

Cl.. 
"d 
'" . ~ 
<l 
~ 
0 

<: 

;... 

'" ;3 
0 

Cl.. 
"d 

'" .~ 
<l 
~ 
0 
<: 

1.4 s = rrns s lope 
s = 3 .00 0 

1.2 
s 7.00 0 

s 15.6 0 0 

s ",, 0 

1 . 0 
~\ ,'. 

O.B ". I' . 
" 0 .6 ,\ 
1\ 
\ .:~ 

0.4 

.~ 
\ ".:, 

\ ': 
\ '~. a h = 0. 2 m 

0. 2 \ -\ 
\ '~. If = 400.0 m 

j 
.... ".':-. 

0.0 '- ~':"":-"'''''' -' '''''' 
~10 0 10 20 30 40 50 

a Rang e B ins 

1.4 s rrns slope 
s 0.50 0 

1 .2 s 1.000 

s 1.600 

s = ",, 0 

1 .0 

O.B 
-....,.,."'."' .. ""."'-,.:.-,..:.~ 

-
0.6 

0.4 

u h = 0 .2 rn 

0 .2 H = BOO .O k'Yn 

0.0 
-10 0 10 2 0 30 40 50 

b Rang e Bins 

Fig . 15. ComjJarison of airbome- and satellite-altimeter 
wavifonns. EJJects oJ varying rms Sill/ace slo/Je on (a) l/ie 
airbonze-AA FE-altimeter return wali~foTln ( assumillg a 
constant altitude oJ 400 In and a beam width oJ 15.6 n

) ; 

( b) the satellite-altimeter wav~lorm (assumillg a cOIutant 
altitude oJ800km and a beamwidth oJ 1.6 ° ) . 
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maximum width or a full waveform when the rms surface 
slope exceed s 1.6°, but th e AAFE returns w ill not be full 
until 5 exceeds 15.6°. Since the rms surface slope on the 
Greenland ice sheet is usuall y less than a few d egrees, th e 
effects of volume sca ttering on the tra iling edge of th e 
AAFE waveform are easy to see. The SEAS AT sa tellite­
altim eter re turns, on th e other hand , a re ty pica ll y full 
waveforms a nd the effects of vo lume sca ttering on the 
trai ling ed ge a re less ev id ent. 

A third cause of the differences in wa\'e form sha pe is 
th a t the a rea of the sa tellite-a ltimeter footprint is over 
2000 times g reater th an the AAFE airborne footprint. As 
a result , th e de\'iation in surface altitude of the ice shee t 
ac ross the sa tellite footprint can be much greater than 
across the a irborne-a ltim e ter footprint , causing a longer , 
more gen tl y sloping tra iling edge in the sa tellite-altimeter 
return. This also crea tes th e double-ra mp wa\'eforms 
reported by Martin and others (1983 ), which were not 
recorded with the a irborne AAFE altime ter . 

Despite th e differences in the airborne and sa tellite 
waveforms, th ese mod els of the diagenetic zo nes of 
Greenla nd provid e a better understa nding of how the 
radar-altim eter Ku-band pulse interacts with th e ice 
shee t. In addition , these models a ll o w important 
geo ph ysical parameters to be measured , such as rms 
surface roughness and slope in the abla tion and soaked 
zo nes, and a ttenuation and d epth of penetra ti on in the 
dry-snow zo ne. Although the percolation zone is complex 
and diffi c ult to model , the g round-truth data taken a t 
D ye 2 have helped in mod eling this area. Th e nex t step in 
und erstanding sca tterin g in this region is to use a 
multipl e-sca ttering model to ex plain th e complex radar­
a lt ime ter waveforms th a t a re often obtained in th e 
percola tion zo ne. 

During the nex t few years, the :'-JASA a irborne group 
wil l repeat many of the original fli ght lines over Greenl and. 
Comparisons between th e 1991 and 1993 res ults and these 
future experim ents wi ll a llow changes in th e geo ph ysica l 
pa ra meters of the ice shee t to be monitored. 
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