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Radar glacier zones in southeast Alaska, U.S.A.: 
field and satellite observations 
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ABSTRACT. T h e  ability of synthetic-aperture raclar (S.AK\ to record change in 
glaciers and icefields on seasonal to interannual tirnc-scales is ~tscful in maritime monn- 
tain regions where \risible data are ofien obsc.urcd by clouds. A time series of RADARSAT 
and second European Remote-sensing Satcllitc* (ERS-2: SAR images shows dramatic 
changes related to the onset and progression of glacier melting on theJuneau Icefield, 
southeast Alaska, U.S.A. Four "radar glacier zones" arcs interpreted from SAR images as 
snow that is dry during wintrr. an early snowmc.lt (MI .  a scconcl phase ofsnownielt !LI2) 
and bare ice.These zones develop every year on theJuneau Icefield and other mid-!atitudc 
glaciers. Srtmmer field observations on theJunc.au Icrficld cluring 1907 and 1'398 const rail1 
interpretations of the (:-hand radar glacier zones. Of tlic. two zones that occur in melting 
snow (>I. M2i, iL1 has low radar backscatter coefficients a" < -~12', in c~tntrast to the 
higher backscatter coefficients (a' > 12) of t h t  srrbsequent k12 zone. Snow moisture 
and surface roughness at tlie scale of the raciar cvavelengtli i5.6 c m ;  wcrc measurc~d to 
characterize the melt zones. Correlation lrngth., wi,tncss ancl grain-size in the two zones 
are not distinguishable in thc late ablation stason. hiran surface ronghncss, drte to the 
presence of suncups, is higher in the b12 zone than in thr  X I  zone anti prohabl>- causes 
the higher backscarter tine to greater scattering. 

INTRODUCTION 

Glacier mass balance, the diffierence ttet\v(:rn tllc net snow 
accumulation and nrt ice loss over 1 year, is the parameter 
by which changes in glacier volume are r -neas~~r~d .  Both thr  

accumulation and the ablation are products of tht: local 
k1Z. focus here on ablation: the seasonal progrcssictn 

of glacier melting as r e ~ r ~ a l e d  by synthetic-aperture raclar 

(SAR; images, the near-surface- melting characteristics that 
dcfirie ttl~o distinct radar glacier zones; arid complications 
imposed by weather events upon tlie seasonal signal. 

Visible wavelrngths have qreat limitations in moni- 
toring fieqriently cloudy regions such as southtast Alaska. 

C.S.4. In contrast, SAR is capable ofinlaginq thr surfiacc 
in spit? of clouds and darkncsr, and hence allows repeated 
imaging ctf the glacicr surface. Understanding :he tvay 

SAR portrays the glacier 5uriace is a necc-ssary step to\sarcl 

using a multitemporal approach to characterizing or cvrn 
measuring glacir-r ablation. tt'e find that radar glacirr zones 

arc ni,t rrstricted to the Patagorliar1 icciiclcis. C:hiic and 
Argentina Ei,r,ter ancl orhers. i99fi. ant1 tlir Stikinc- it.(,- 
fields: British C:oli~mi)ia, Canada Smith and i~thers, 1997 . 
\v,Lhcre they liavc* been prr.1-iousiy ohsrrvcd. \.ti. use firlcl 

measnrc,rtic.tlts of g1at ioioqic;tl paramtrc.rs that influence 
radar i>ack>catrc.r t o  characterize t ~ ? i ~  riiciar g i a c i ~ r  zone>. 
1.' ic.it1 c~t,servations of' snou. n.ctncs>, grain-size arid surface 

rouglinc..;~ v.,it.re taktti on t l ~ r  samc datt-s as 1-1. SAK images 

and arc. uiccl t o  drrt~rmine ~vfitch pdrametel\ educe the dif- 

ft.rcncer herween rhc M ancl i112 r a d x  glacier zonei in the 
mid- to late ablation season on t h ~ f u n e a u  Icefield. 

'The Juneau Icehrld is an icelield in \ouihcast .\lask;t 
58 40' 1, 134 15' t\-:, a heavily glaciated mid-latitude rcgion 

where cictaili of glacitr volumes and tlicir changes are poorly 
known L)yiirgcrov and Lleiec 1997b;. According to Dyurgrrov 
and Xlcier 11S97a), the Coast Range is oiie o fa  feu glacici-ized 
regions (excluding the Greenland and .Antarctic ice rhccrs; that 
may contribute to giohai sea-level rise mctrc iu1,staniiaily than 
would he inferred from its qlacier area, dur to it\ high volume 
and interannual variability ofprc.cipitatior1 and ablation. l'iierc 
is a tremendous moisture flux throughout the yrar. Xlan) tide- 
water and niin-tidewater glaciers in tile reqion liave 11ei.n 
observed to be shrinking over the past ceritnr? cS.g. H'111 '111cl 

others, 1995a:, with possibly accentuated charigi,< in 1 1 1 ~  I(l)?i)i; 

and 1980s Dyurgerov and Xleier. 1997h . 
The Juneau Icrfield covers >1000 km' Figs i ancl 2 .  

Because of its proximity t c ~  Juneau anct thc c\tal-jlisiicd 
resrarch hcilitics of tilt Juneriu Iceficld Rcsecli-t l1 I'roqrarn 

.JIRP it serves as an ideal sit? f i~r  comhint,ti fitbid anti iarcllite 
ohservarioii of the glaciers. Llass-ha1anc.c and rni~icoriilogic~al 
srudit*\ have heen ci~ndui.~cci on theJunenu Ic c=ficlti by one. of 
tht- authors ;ZI,LI.Xf., and his collca~ucs sincc 194ti Iblro 
arid LZillcr. 1990,. llrllikc many of tilt. otlit.r glac,irrs in tlie 
rqgion. 'lBku (;lacier is aclvancing ancl has iiaci posirivc rn~tss 
balance fix most of the recent half-c.c.rit~ir! l't4tc1 and lfillt>r, 

1990,. 'I'lle long-trrm cjbsrrvatioris niakc it pos,ihlt t o  place 
radar analyses in the context of historic clirnatcl changes. 



Journal aj~Glaczolopv 

Knowledge gained from this site can be applied with care to 
other  mid-latitude glacierized regions. 

RADAR GLACIER ZONES ON MID-LATITUDE 
GLACIERS 

A melt zone and other zones with coherent radar characteristics 
have been observed on mountain glaciers and ice sheets 
(Fahnestock and others, 1993; Forster and others, 1996, 1997 
Smith and others, 1997; Partington, 1998). However, the radar 
glacier zones described here are not the same as glacier facies 
that have been described in the field and on SAR images of the 
Greenland ice sheet and Mount Wrangell 'e.g. Benson, 1968; 
Fkhnestock and others, 1993; Benson, 1996; Partington, 1998). 
Glacier facies are the dry-snow facies, the percolation hcies, 
the wet-snow facies and the ice facies. The dry-snow facies does 
not occur on mid-latitude glaciers except at very high altitudes 
such a s  at the peak of Mount Mange11 in the Wrangell --St Elias 
Mountains (e.g. Benson, 1968; Partington, 1998). All four of the 
radar glacier zones occur in the wet-snow and ice facies on the 
Juneau Icefield. Radar glacier zones provide the means to 
observe dynamic changes in snow-surface properties at elrva- 
tions that are sensitive to meteorological influences. 

R a d a r  glacier zones were first described by Forster and 
others (1996) on the Patagonian icefields in the Argentina; 
Chile Andes (at -48" S) using multi-band SIR-<::?(-SL4R 
data. They are regions on mid-latitude glaciers that display a 
sequence of SAR backscatter coefficients due to seasonally 
evolving Burface properties. Similar C-band radar features 
have been observed on other mid-latitude glaciers in Alaska 
and British Columbia, including glaciers in the Copper River 
area and the Stikine icefields (Smith and others: 1997: Fig. 1:. 

Recent SARobser\~ations of glaciers have shown that the 
r a d a r  backscatter coefficient is sensitive to changing glacier 
surface properties such as the scale of roughness and the 
snow wetness (e.g. Rott and Nagler, 1994; Shi and Dozier, 
1995; Smith and others, 1997). The spatial and temporal 
position of the zones with respect to each other is necessary 
to identify the surface characteristics realistically. Each 
SAR time series (using second European Remote-sensing 

icefields" 1 
-- -- -- 3 

Fzg I Szte locatzon map Z h u  Glaczer, rzte o j  the fzeld 
rerearch, I S  the prtnzarq outlet giaczer of theJuneau Icejkid, 
on the .Ilashu Brittrh Colunzbzu boundav T h e  StzXzne zce- 
fieldr and Aitlzler Glarzpp. alro droelop rrtntlar radar g/acle7 
zone, on a reosoncrl harzi T h e  biack dot marks the locatzon o j  
3uneau 

Satellite {ERS-2) and the Canadian Riillr\RSA'T satellite 
data) shows four discrete regions on mountain glaciers that 
change with both altitude and time. In Alaska aud British 
Columbia, the four zones were interpreted as frozen winter 
snow \F!, melting snow (M), a second phase of melting snow 
(,M2) (the zone called "P2" by Smith and others, 1997: and 
bare ice. Smith artd others :1997: observed a seasonal trend 
in radar glacier zones on the'rwin Glaciers, Stikine icefields; 
the seasonal progression of radar glacier zones also occurs 
on Miles Glacier, Alaska, and on theJuneau Icefield. How- 
ever, neither the surface characteristics respc)nsihle for back- 
scatter zonation nor the regional and temporal distribution 
of these glacier surface characteristics in Alaska or in other 
mountain systems has been defined. Once the surface 
characteristics of C-band radar glacier zones a r t  defined, 
they can be used to study and understand seasonal and 
interannual changes on mid-latitude glaciers. 'Lvo seasons 
of field observations in cor!junction with SAR data acquisi- 
tions were ui1dertakt.11 for this study. These measuremerlts 
define the surface properties that cause the changing SAR 
backscatter signatures. A description of each of the four 
radar glacier zones is followed by analysis of the field char- 
acteristics of the two significant melt zones. The results 
pertain specifically to <:-band SAR. 

Satellite observations 

Data acgui.~ition a~~dprocesring 
SAR data were acquired at the Alaska Sr\R EBciiiry (;\SF I in 
Fairbanks from ERS-2 and RADARSXISLI: Images were pro- 
cessed at one look in range for four looks in azimuth. Resolu- 
tion is 25 m for ERS-2 and RADARSAT standard beam 2 
images. RADARSXT ScanSAR images have 100 m rcsolu- 
tion. Both sensors operate at C-band wavelength 5.6 cm). 
Radiometric calibration for all data used the r4SF Science 
Technology and Education Program (STEP) software. All 
ERS-2 and RADARSAT standard beam data were also ter- 
rain-corrected using the 1 '' C.S. Geological Survey 'USGS; 
digital elevation model :DEhfLI) which has a 3 arcsecond ,lati- 
tr~cle) hy 6 arcsecond (longitude; elevation grid. The vertical 
accuracy is r30 m (USGS, unpublishrcl information, http:i/ 
edc. usgs.govjIt'ebglis/glisbin/guide.pl~glis/hyper!guideiusgs- 
dem). Elevation data were over-sampled to a 30 m grid to 
maintain the SAR resolution during processing. This proce- 
dure is useful for comparing sequences of images with differ- 
ent imaging geometry> and is crucial for accurarely mapping 
field sites on the SAR images. 

RADARSA'l'and ERS-2 data can be used together effec- 
tively to improve the observation frequency. In order to test 
sensor compatibility \$c compared tcv13 pairs of images that 
werc acquired in close succession by ciifrerent satellites. Each 
pair consisted of one ERS-2 image and one R,%D;IRSriT 
standard beam 2 image. The comparison helps to e\-aiuate 
the validity of combining these datasets. ,411 four images *were 
taken in descending orbits. 'Tile images in each pair look very 
simiiar to rach other. \Ve mcasui-ed the difrctrerices between 
images in each pair by comparing average hackscatter coeffi- 
cients on a 1 km wide transcct dowr-i'raku Glacier see transect 
I-la in Fig. 2 for location;. Figure 3 shotvs the differ-encts 
between both the 21 and 2.1 July 1997 and two 2.5 July 1998 
LRS-2 and RADARS;\7' image pairs st~e'lable I for acquisi- 
tion times.. The average a" dilftrences bet\vten the t ~ o  

images in tach pair are 0.05 :I997 and --0.01 1998;. 'I'he low 
difference values indicare that there are no systematic back- 
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FYg. 2. Sha&ii r i . i i~ f !m(~p qft!ii~7/iiieoii I c ~ j i e l t l j ~ o m  a 1 DK.11 
dcrzr~ed/rnn? the 1 :C(;S and (.iit~adian %@o<qr(zphic . S i i r i ' ~ ~  
/:2500N(l niapr. Elrr,crtioni arc orz n .?an-icc.cjni? (ia!itiiiiP) 
(inn-.,tcond ! lotlgi/zi/ir) ,grid. 1997 (a-/'rite) an// 1998 (hiark)  

,/itid >i!e.s arc r h ~ i r ' ~ ~  ac plz~itr. 'Tht i l i v ; : ~  u,hz/r line r~j~?.pnirn/\ 
the [:cS.z4. (d?~ilnda her-der. l ) a \ t~ f / /  /in? (1 In )  i.s tht  locatzo~/ 
? /? ihni i ;r in f i~r  tiarirtjitc !iliii~'n in figilri..! Y atid Z .Soliii i i~ ie ,  
( 2  -'u. .Y .?a, 4 40 J are t h p  tran,;l-i\ i/iou.n iri Fifure 6. 
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Fig. -7. D~fjreerenres betwpcn 21 and 2.7<jull, 1.997 ( t o p )  and 2 5  
,july 19.98 ibottorr~) ERS-2 minus Kd1)ARSilT hack- 
ccnttrr coefi7cient tranrectr across tlreJuneazl Icefieid. Afenri 
(ah.rolute t n lue )  d!fi>rerirur in  hackscattrr coef;ficienf are 1.17 
( 1 9 9 7 p a i l j  and  1 8 8  (1998pn1r )  T h e  rnean dfferencec art 
0 0 7  (1997) and 0 0 2  (I998), h o u ~ / n g  a Iaci, o j  bzn, In t h t  
snitiltte ohtcr~ nlzon r 

\( .tttt'r cliticreric P\ brttveen wnwrs, but bccnu\c fluctuating 
po\irnc. and ileyatne \slue\ caricel each othrr out, thcv do 
not yt\e the n\eraqe rnagnitudr of the backicatter d~fference 
7 hu\ u c  also rncasured the absolutr ~ a l u c  of thr  diffrrrnce for 
each pair I he a\,eraycs abmlute talues of the hackscatter cctef- 
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25,Jui. 199% 
2:~ J t d .  ii4<iti 



ficie11t diili~rtmers arc 1.17 ,1?)97', and 1.88 (1!)08;, \vitl~ stariclard 
deviations of 1.34 and 2.20, rcspcctively ~1 'h t . s~  valrics arc ivitli- 
ill t l ic  . 52.0 clK al)s~)lr~ttx accrrr:lcy calculatr.d t ~ y  thc ,\SF fitr 
raclior~tetricallv calil)rattd EKS-1 arrd -2 irllagcs , 11t:p:i 
\I.\\ .i\-. as i ' . a l a sk ; i . c~ i iu , ' c l a t i i s~~ t .doc~~~~~e~~t sc r s i  .atlcI.era2.sar 
irri:lg~>.1~trtil; 18 Siy~rt~nillcr 199ii'. C:alibr;itctf K.4IMKS;SI' 
d;ita accuracy is t~xpcctcd to 1)c close to CKS-I values 
, l ~ t t p : ,  r\\.\v\t. a ~ i ~ a l a s k a . ~ d i ~ ~ d a t i t s c t . d i ~ c ~ ~ ~ i t s ,  radarsat1 .- 
stanciiirtl i~n;lgt.a.l~tml: 1.5 Angnst I!)<)(i'. From tht. lack 
systenlatic ofkct, \vc infrr that the tlifii.rcriccs ;ire- real, 
c ~ a u i c d  I)! ctiangcs tluring tile 2da)- iriterval in 1997 or  
clirlrrlal vari:rrioiis due t o  difG*i-e~lt ;~c.cl~tisition rimes or 
difii,rt,rit polarization\ .10')7 anti 1908). Both ERS-2 and 
K:\L>r\RS.-Yl' a rc  co-polarizcct: EKS-2 is ~c r t i ca l ly  polar- 
ized aritl KL\I):\RSIYI' i\ liorizoiitally polarized, \% did I he 
same  test 011 a 1vi11tc.r pair of ERS-2 imagt.a titkeri - 117 11 
ap:*rt in dil'fi~rcnt or l~i ts  :,isccrtdi~ig anci dcic.cnding . rl ' l~c 
backscatter coefficient average a l~so l r~ t r  value: difkrenze is 
1.3, w i t h  a staridartl de\-iatio~i of' 1.4. \G think t1i;it the 
similarity in I)ac.k.;c.attt.r c,octIic.icl~ts on tllcsc rransccts. aricl 
the spatial  \ in~i lar i ty  het \~ ,ecn iinagc~s, rn'ikcs it valid to 
compare  aintf con11,inc irnl-iqcs from t IIC. difkrcnt \c.nsors. 

D,:v i./+o,;en in i~'ixto.,) ~ u ~ i i i ~  ;071P 
, - I he frc~zcn <now zoi~c appcarr vcr?- I)rigilt 0'' = ii to - 3) .  It 
occurs at high elevation.; i11 \vintcr I~cforc. the qpring mclt 'Fig\ 
-ia a n d  1) aiid Si. This zone is not the tir)-\ilo\s hcics fi~und ir: 
parts of (;rccnlaitd \\>licrc srio\v never n~clt\ ;  it i\ \imilai- to thr 
\.rct-snow l'acies ill wilttcr. \vlirrc. tllcrc~ i\ \c;l\i~ltal .summer 
melting ;inti rcfi.oztrt 1ayt.r~ iii thr, \~it)siirfarc.. 0 1 1  t l ~ c  Juneau 
Ic~f ic ld ,  thc stlo~v, rvcrt at the highest zlcv;itiorls, contains liclrxicl 
\vater every .itrmlncr. Snci\v ir.cczcs in thc tall, n~iti t)pically 
persists iii the frozcii state o n  tl1cJiinrau I(.ciiclti itiitil miel- 
:Zpril. I)~iring thr wir1tt.i- seasoti ilic tie\\ brio\+ i \  irat1rj)iircnt ti ,  

the ratlar. \\'hen :here ii no licjrrici \\;itc,r in the, kllo\\.pac.k, thix 
SXK pcnc.tratcs the sno\vpack. 'I'hc. higli Itackscattcr returns 
oi~sc.r~.rtl i.cii~sistc.ntiy duriilg the winter . see -'F" in Fig. i a  anci 
I); a r c  prol)ahly dirt ro volume sc;rttcririg in the iul~si~rfacc fir11 
and sc-attcr.ing from rci'ri~zci~ ice nncl >now layer5 Eth~tcstock 
and othtm. 1!19:3: Kces and others, 1995, 'Fig. 4;i:.'Ihis is consi\- 
tent ~ G t h  the S:\R ot>scrvatiott\ of the  mclt hcics in \viiltrr on 
rhc C;rct~nlariti ice sheet ;ind on blount \l'railgcll Fahne\tock 
and otltc'r~. l!i!):i; I';irrington. I?iOii.. I ' h i ~  ~ o i i e  has high 1)ac.k- 
scattcr coc~liicic~nt\ througl~oiit the tvintcr. .I t.ornparison of:Jan- 
ilary :itlei .\pril 19% EKS-2 \c.cttt5\ \boa-s that ihcrc is Iitrlc 
c-l~aitgc~ oii inost i.iacic.rs o\.cLr 111iit pcriorl fig. ti . 'S'lic. plot\ ihr 
the .J;tni~,iry .\pi-ii ! oittpari\on arc dt.ri\-txil li-om i krn c\\ath 
; I rcravs  ii1011g traii\c.c is 2 ?a. '5 ?a. :iiicI 1 I;t it1 Fiqiirc 2. Rat k- 
\( aticr r.linii"s or] t i l t ,  ii( c~tiniiila1ii)n art% ;ire, <2 tiB ~nitliill 1 ~ 1 1 ~  

~::t:icl~~rd <it,\ iiition . I I ~ I I  o\,c,i- tlx, ai>i:3ti(~r, ~ o t : ~  tlirrc is <I 4iql1: 
i>ui ;>cri.i~ptii)i~~ i i l i . r f~~ t i  in Ij;rc.ksc attc.r. 'l'hii i,,ick?i.:iitc.r iiii.rc.a\c 
; t i  io\tc.r (,it~~.-'itiori, n,;:! i)c, iinr r r i  cic.~~c~l(~pn~en'i oft-ciki,i,ii 1;)) rr., 
\sittiin the, ,iii~r\ piii,k riuririg tr;ii~>i[,rit \\;irrn s l ~ ~ ~ i l b .  

I%;i( k s c i ~ t t ( ~  c * w l l i t . i < ~ ~ ~ ~  ~ i - a i i ~ t ~ , t \  o ~ i ' I i l i i ~  it,? &ire :I!\(> 

shots- 11 !ijr 21 \ % , i t ~ t c , ~ -  i111iiq~ ;irlii ~~ . i l i \ i~ ju ( ,~ r t  PiKS-2 a r ~ d  R:\- 
I).\RS.SI' irnngci tiaririq tile Ic)!ii mvit ic;~\oii Fig. 7 . .S'liiq 

it,<ji>vtl!~t~ of' tr:)lls(,ct\ \ l i o ~ \ \  tilt, r;iikir gist  it^ ~ o i ~ t .  tl:i-oiiqh 
otitS 11ic41 >r,,I.ilil. i3i1i k.i ittrcl- c oc,ilit ir.iits ~ t ~ c  ~rii,ii.tii.c.ti 
.iilliig n trari\t,c t fi.triii liig11 t ~ ,  lor*. c.it.\arii,ri trri'litkii (;l:ic,ic.r 

t i-,r riicc 1 1 I A  i11 Fig, 2 . L,::ICI: t i-<in\t~r,t i., :I j000 111 r\ \ \ \at  11 
;ti(.j.;ql. j?~.r!iiiiiic.ii o:i iiirIT11!~r.il S,\li il,it,j iliiri ilivil 
s r~1~ lo t l l i~ l~  (I\<>r <! ! ~OOlII \\i l i<l!l\ \ ,  l l ' i l~(~ 1 1 0  fit%{ OIjh1T- 
\,:11it)11\ v.1ic11 ti;(, \no\\ fi(~x!,~i. 

,\fell ( J f )  :onr - .  I his nitlr phase replaces the fiozen (during \\-inter\ snow zone 
\\it11 \.cry lo\v radar hackscarti~r valurs (no = 25.5 to 12, (see 
"hi" in fig. S.b see also Fig. 5:. 'l'he melt zonf {IZI: is illustrated 
fix thc~Juneau Iccfield it1 spring 1998 (Fig 4h and c). T h e  
KXI>ARSAT images in Kgurc 4 ware ;icqnirt.d ill the same 
tr:tck and look direction a ~ t d  at the same time ofday so diurnal 
'iiici gi~)mc.tric variations arc minimal. Bctwceli April and late 
Sla); or mid-June, the l~ackscattcr cl)efficients are typically 
very lo\l; f i ~ r  some areas returning a signal I)clo\v the noise 
1e.i.t.i Fig 4c,. T h i s  dramatic radar signature of tile melt zone 
sysrcn~aticall> migrates from lower to higher altitudes as itit 
mcltirlg progresses in response to spring \\arming :Fig. 8; 
St-i~iih ,111d ot hrrs; 1997,. 

1% c~o11ipart.d the raclar glacir-r zonc 1)ouildaries in 1997 to 
tllc nlcaii daily 0°C: isothcrm hascd 011 maximum asld 
~nirt imum tcmpcratnres rccorclt~cl at the i l tar t~yJuneau :\ir- 
p r t .  ' Ihc  clevarion ol' the 0 'C: isotherm was calcrrlared baseti 
t r i l  a lapse rate of 6.5 C: :I000 171 '. Zone Ijoundarics \\.ere 
mapprd on 1RS-2 and R;\lIXKS,YI' images. and clcrations 
ww-e extracted using the USGS 30 m 1)EAI t l~otlndary r1e.i-a- 
tion\ arc hholt.11 as gray dots in Figure 8:. The  fi.ozc~t-sno\v 
zonc h a  a utattlc t ~ i n t r r  SAK .;igilattirc ;Figs (i aiicl 8). T h e  
melt phase parallels thi- spring warming, and in 1917 the top 
of the melt zone correlated rcasol:~al>ly wrli \vitil thc cic\.atiori 
ol'the rncail daily O C :  isotl-tcrin. Sotc. that the clc\-atioti of the 
t)olriiciary Ijrt\vc.cn the ~nel t  phase anti phase 2 melt zonc 
flt~ct~iati~.i. 'S'hc drop in that bourldary on 7 July I v a  probably 
dric to a record-1)reaking Ju1)- railifall on iiJ~11\- 1097 :5.2 
oi'rairi \\crt, rct.ordecl inJiir~cau':. 'l'hc nppi*r hotinclary of I he 
iilc.it zo i~c  tend\ to l'oilou. a (.ontour, and it is ( onnmoiily i\rlot 
cxc.lu\i?.cl)-. i.oiitrolled hy iricrcascs i11 ternpcrature I Fig. 8). 

I ' / I / ~ I ~  _ ) r i i ( / /  / 113 :one 
rThc inrti'il \\ t t-\11et\\ p l ~ a s r  I \  followed b\ a hrlght phase 

(,o= 7 -  1 to 1 rliat 1, a l w  ar\ociated with meltinq arid I \  

~n tc rp r t  tccl a \  a \t.c otid-\tnqc ir~owrnclt Fiqi &d aricl 5 'The 
I)riqlitnt\\ of the return h<ii pic\iou\l\ I-teen artributcd to 
either a rouqlicninq i ) f  11ie srirSacc o r  m r t a n ~ o r p h o \ ~ r  of  rhr 
\rio\t Snnth a~itf ottiet \, 1'397' O u r  field e.ipcrlrnen:i deter- 
n11r1c rlidt  itin( up\ hlqher-relief ~ ~ n d u i a t ~ o t i s  In three dl- 
rircrl\lorl\ ( auic tlrc 'rrrq11 l~dt l \ i (  a t ~ e r  of the p l ~ d w  2 mrlt 
Z(Jl1C For \\t.t-\no\\ c onci~tion\, \ur lac e r i j ug l~n~ss  nt t h t  
s( ale ol the rad'lr \tn\ t,lenpth contrlhutc\ to n 11ighrr-mag- 
slittide tjat l\\i nitci c ocflic lent T'rnouqho~it  the iummrr,  the 
\no\\ \\ibi lr i  l)oth tlic 11  and 112 font i, I)ut rhc \ur lac c 
ic11t.f at t l i t  1 ad,tt <( alc 1, crcatcr 111 tlic bf2  mnc \\'hen the 
\+ c'triv>\ 1111 rt \ bc\ 011d 3"<, I>\ \ ijli~n~t,, X L I ~ ~ ' * (  c \( dtrcrlnq 
otl the ~tt~ighcrit  d sulfnc t \  (du\c \  nri 111c rcast 111 i~ac  kt(  a t t r r  
Cl'tln '~1i r l  otlici\. i0182. 5111 <~nri 1)oiic.i. 1405. Hall. 1996 

I lni 5ri i  i'ir i \( arterinn of! t he ror~qilcr~cd \ L I I  f < ~  r. ~i thouel.it 
to ha t l i (  t ilii\( of tht b l ?  iiir~it /one O \ t ~ a l l ,  \ n~oo th ,  ~ t t  

\uri , t~ ( i ,\I ha \<  Iotz i,ac I\\( ,tttrar arid I oi iqi~ \ \ t t  surfat e\ 
\ I ?  11'il 1ilqht 1 hi% k\< <lit< 1 f$O\\i \ < I '1 ( 0 1 1 1 ~ ~ ~ ~ ' ~  l c h -  

t i i)~i\k~ip n - t~ ike~  i t  cl~flic t11t t o  ex11 i ' i  \irr~plc ( orrt 1<itii>11 
5111 nilti 1foric.1 l ( J r j i  POI mot c rlc1~~11\. \ c  e iht. ch\( u\\iori 

of fir~lcl o l ~  r t  <itron< i t (  lo\\ 

ISiiii i r e  i l r td  o!i/ / i  i i ; 
()xi( c tiif' inow m~.lr\ ~ I I  rhc. i t~rf ;~cc  0f:hi' qlac it.1; [hi .  t,xpc,sc-d 
i~;ii-i* ice, ii1id fir11 app(';lr tlarkt'r CJ =- i.! t o  10 rljaii the 
prt,! I ' C I ~ I I ~  XI?. i ~ ~ i t  I~ r i~ i -~ tc~ i -  t11ari i l i e ,  5, cr! dark iiii1i;tl ~II~F.\- 
1 1 I'igs i-ii anti i . Kart. ice is a ipcciililr reflt.c.roc caw- 
irig l e t \ \  1jacksc.aitt~r 1-etiir~lh. Surfs( ts fi-iiture\ silch a\: crt.vasscs 



and nitrraiiir.~ ijr.r.timt. c.lt.ari? visii~lc i i ~ ; c . ~ l r i > c -  of t i ~ ~ ' i i  i-oiigh- Field observations of melt zones 
n<2ss rclziiivr. 10 :!I? ( ; - i j d ~ ~ d  ~ v a v ~ i ~ ~ ~ ~ q t i ~ .  1)ilri~lq 111c kite \urn- 
mtr. i i i i ,  ~ i i i , c -  i r i i  I ~ ~ c l c \  iircns of'i.xljo>cti iiiiiiri--)c,,ir firii aho:v. :c-fi~i<, i i t i c ~ ~ - j > ~ - ~ ~ t : ~ ? i o s l ~  t : l  t l s t ,  ~-:tcI : ! i  cl't( i,.:. /one\ I>>  

, , h ? I c r y  1 1  i t  21 i i s i c  f i t  i ~;i:lpari:ig i i l i . ! i t i  i' pi:!"itiri'.!t'l' tiiibi.i \ r . i l  i i i  - i i i i  i i i i  i f : t '  

t h t  net\ +no\? ac.~.iiilii:laiiiiii. ~ ~ h t ' i . ~ ~ i >  i r i  !?it. stinlriit"r i! i"r?!iti- j ~ ~ i ~ c a t i  It.cfi<dci \ \ ; t i :  I,!<%? A I ~  i< 11 >.lkS.il 5.lR I ~ i c k -  
1 o i i  i r -  1 r 1 1 1  i I \( alter i <ii-iiic i i s i i t  ~ e t ; iu (~~ :u ' \  F?;it.i<i riii';l\ia;.<,rric-:!!* (if '  i h c '  
1!192: Hidl :XIK~ ot11cr\, 1!~!J.>h . ;ria( ii,r- snri:ii c cc;iii tli\c r:i:ir~,iic i h i .  ; i i l i \ i c  ; i s  pri"ccs~c.s 



Torr r n a l  of C;larzolog~ 

Fi,q. 5. Schematic diagram oj^back.rcatttr chauges through the 
me l t  season. 7 i m i n g  o J ~ o i z ~  development oarits f romyear  to 

y e a r  Solid gray areas represent dontinant ra y e  ofoalues,for 
each Zone. Dashed areas indicate extended rarlge o f  iia1ue.r. 
Rack.ccatter coejJzcient.z between zones are tran.ritions. 

dominating the radar hackscatter in the initial melt (M)  
and second melt (kf2) zones. We observed these properties 
contemporaneously with 14 satellite overpasses during two 
summers (1997,1998; on theJuneau Icefield. 

Backscatter is sensitive to snow surfam roughness at the 
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"/lii,rcn ,j%nuari and ..lprii. 1 1 r t ~ i  heiiiiis ttit np~~roxinzat~,/Errr 
lint h o u .  n 2 .Y zncrpaic 211 (T . I,on;-de;ntiiio arcas cn Taku 
~ ~ ! n o i ~ r  m d  r t w r  ~'01113 \ /za:bt ah-eadJ >/ar./cd to rr~t i t~  10 t h ~ e  i f  
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Glacier along transect I-la. Ean.serf location is ,j/zou,n iiz f i gun  
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tmnseci. Pi,xel backscattrr coejiPcienls ii.ere nit?-aged acrosi ihr 
1000 nz iransoerse a:idth uf the pr@ir and then rmoott~ed ocer 
1400 ni along tile proJ;lle to ,firu.s on lowerrj?eyuenrg chan<qrr. 
-41 .swath noerager shoxn xrre taken on dtscendiilg orbit parses. 
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scale of the radar wavelength, liquid moisture near the 
snow surface, grain-size and subsurface strncturcs. It is the 
surface roughness in the mid- to late ablation season that 
contributes to the high hackscarter of the 512 zone. 'The 
effect of other factors, such as the fi-ee-water contcnt o f t h t  
snow, is important early in the scason, but hecomtzs less 
important once the n o w  is suflicientiy w-ctted a~icl rile 
surfact morphoiogc ilcveiops diie to ahlation. 

r 
o i- 29 June 1997 7 

1 M 2 - ;  
M - Y 

-20 - 

o i- 2 JUIY 1997 - 

(' , ~ ? n z r i - , n v  nnr! icr lcn.w! 
rZged snow grains are tiniforrn s1siicrr)idai s11apc.s xvith 
diamc-tcrs of 1 2 mm.'rhe spatial ur~ikirmity rnakrs it iinlikcly 
that grain-size is the factor dtrniinatirig hac-kscattcr clifircncc\. 
Ice it-nscs arv important during the wintcr montlw. causing 
tiack~cattcr from srrilctnrcs rvitl-lin Srozcn siiaM: biit hrcauscs 
iiqiliri warcSr strongly attenuates suhsiirSacc~ pcllztratinn, icc 
icnscs and ot1ic.r structilrcs are ncir significant dilring the 
srimmer when rhc snou ~curiice is ~ r t .  ' l ' t~t-  Soiloiring siih- 
scr6ons fi~cus on thc roughness and ~ x ~ t n e s s  (.o~~tributioris ti) 

the SAR hackscatter corficirnt. 
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Fig. 8. Progression ojfradarglacie~- zones based on 1997 S-4R sequence. Shad~d r~~gions shoz dpitelofimenl xi th  elesation ilrtd time (coi:ering one nzelt 
season) and the relationship to temperature. The mean daib 0°C isotherm is based on the arcrage gt i te  dazb marinzr~m and nzinimunt ncorded 
tenz;beratures inJnueau and a lapse rate oj-65°C [I000 mi'. B o u n d a ~  positiom arc accrtraie to wiihin -200 m. Dot?.: arc in rnm/dd. 

Surface roughn~u correlation length is not a diagnostrc ch'iracter~stlc for 
To measure glacier surface roughness on theJuneau Icefield at radar glacler zones on theJuneau It efieid The  cori elat1011 
scales near the C-band SL4R wavelength (5.6cm1, we photo- lengths a le  not statistlcallv different Thu?, it 15 ltkely that 
graphed the snow-surface profile using a 2 m -'roughness the highel--amplitude surface on the loner Taku Glacier In 
platenorlented perpendicular to the surface The photographs the l 1 2  Lone provrdes the facets creating the high back- 
were digitized, then cropped to Include only the black plate scatter coefficients seen on the SXK images 
and .;now profile, then converted to a blnary image ustng a. 
threshold talue that represents the snow-alr boundarv 
appropriately (threshold values varied due to different light 
conditions Soine examples are shown in Flgure 9 The image 
of the snow-surface profile was vectorlzed to a function and 
analwed for correlation length and standard deviation of the 
roughness height The cal~ulations are based on the discussion 
In Ulabv and others 1982, 

The standard de%iatlon of the surface-roughness he~ght 
cornpares the surface to a reference surface, calculated as the 
mean hori7ontal ltne in our two-d~menbtonal samples L41so 
evaluated was the maxtmam surface hetght for each sample. 
defined a> the absolute value of the maximum devlation from 
the mean Tno to eight (usually four) roughness observations 
Mere taken at each of 78 sites onTaku Glacler ~locat~ons are 
shown in Flgure 2) 

Sui face-height standard d e ~  iations range from < I  to 
6 6  cm. and maximum iurface he~ghts ranqe up tcl 1'3 cm 
Surface-rouqhness helghts on the high-altitude "dl\ ~ d e "  area 
I >20 sites) are. on a%erage, lower than thev are at l o ~ e r  
altltudeq onTahu Glacier 'Fig 9 ?\lean surfare-~c~ughneqc 
standard dex ration for tiic ?*I Lone 19 I8 9 mrn coinpared to 

28 I mm h r  the 112 melt rone all 1997 and 1998 data 
H~stroqrarni of roughness dlsrributions for ear11 melt /one 
.;ha\+ that tile\ hdie i rm~lar  ranqes. h ~ ) w e v ~ r .  the I o I z - ~ ~ c L -  
scdtrer reqoiis tend to habc \moother iuifafate5 Rq l0d 
Iabie 2 X f ie<r ihnw that the t w o  group? of sdrnpits hl  .' . 
and ,212: are distinct at the R2% signifirancr level. 

-l'ilc correlation length was caiculared for each snow- 
surface profile based on Clahy and others 1982. Corre- 
Iatictn iengiils for all measurement range fi-ciin <10 to 
> 100 cni; wirh ii6% ni' tirern falling helorv 40 cm Fig. 10b: - Iable 3 .'The average correlation it-ngth is 23 crn.'l'he corrc- 
Iatir~n lcnqrhs do not show any pattern relating to site 

location, roughness height or hackscatter. suggesting that 

E?cg. .9. R.-fli/l R.lll'i,\ciin,SA~l R ;mag< oj'Zlku Gi'iLiirr choking 
bac!:~$calttr coc]]kient and ~ t i r / a r t - ~ o ~ ~ h r t c ~ r  prqfih .fir tht 
/oa*t?- Eku Tft3, and lht upptr ~ \ l o ~ t h c ~  TKY,,. ~tfKf2. 
8-lRR?, i;/ij(icrs. .I/b!i; / / I ( ;  ~o r r t (p i / t~d t l i ( -~  ~ C / ; . C P ~  cmoatli 
iur/krur nnd ious 1 h r i ;  i bcick~ciiitpi i i l i i l riniirilaiin~q : U I , ~ C P )  

rind hiqh {krt<g/lli bat.kji2ilii'x Each ) i l ? : j p / i  / ~ i ~ g f h  is %i/m. 

'The ~rnagt  ten i niqxzrtd on 1: , J I L ~ ~  13.98 a! 0621 h a/ izn~c 
Image c: cs5,*i. 



0 5 10 152025 303540455055606570 
SD of surface height (mm) 

- S E W S 8 8 F S 5 $ ? ~  
Correlation length (mm) liquid water in the snom~~~ack (-2%) by \rolun~e; < - ~ L I S C S  inorc 

spccular reflection and less signal pcnetratioi~ in the sno\v- 
pack urzek and others, 1993; Shi and Dnzirr; 1995;. Liquid 
water in the sno\h-pack increases the absorption coefiicient 
(Illaby and others, 198" Shi and Dozier, 1993; Hall, 1996). 
Both of these characteristics lead to lo~v  backscatter coeffi- 
cients. The presence of free water in the surface sno\v is 
important early in the season during the trarlsition from 
frozcn to melting sncnv. 

Snow liquid-water content near the glacier surface was 
mcasured during thr two melt seasons using a no\\?-moisture 
meter that consists of a flat 20 h l H f  capacitance probe 
(Dcnoth, 1989;.'l'hcse measurement.; deterrninc the dielectric 
properties of the sllo~c The ditlectric constanr ;calculated 
from meter readings' is camhinecl c\lith indeptzndcnt meas- 
urements of stlow density to calclllate the snow wetness (up 
to -lOO/h 1,). volume). Sl~oxv \vetness \vas found to 13e variable 
in space and time; approximately 20 measurements were 
taken at each of --I0 observatioil sites. Xlcacurements on 
some sites were repeated on diff'erent dates. 

iVetness valurs are I to > iil>h ;11397: and 4 to > 10'% 
i1998) for areas in both the XI and the 112 zo~lcs duringJi11y 
\Table 4). Histograms ofall 1998 surface-\vernes> ohscr\.atioils 
shocs that both the h l  and ,\I2 Lones arc \vet and that tilcxvc-t- 

M2 (dB > -12)/ 

0 1 2  3 4 5  6 7 8 9 1 0 1 1 1 2  
% Liquid water (by volume) 

Fig. 110. Histograms of ( a  j surface roughnerr, ( b  j correlation 
length and ( c )  wetness. In each case the histogram comparer 
the rharacteri.rtic.r of the glacier surJbcefor the .U and .212 
cones. f i r  separating the fuo groufs o f l e ld  abseruation.~, the 
sites were distributed based on mhpther the mean backscatter 
coPfJicient (cr'l xas  aboue-12 (1212) or below -I2 ( i : l f ) .  

Suface uctness 
One of the prominent surface changes ohsrrvablr h~ C2-band 
SAR is the initiation of melting within the glacier stlow cover 
(Matzler and Schanda, 1981: Rango, 1993). The increase in 

jrnbir 8 Ca171/,arz~an ofru~jaci~ ioi~glineic (nirnj / 6 1  X f  and 
1\12' tones 



Ramasge and otireri: I2adarRI/iiirr mt1r.r in iouthruil zlla.\hn 

ricss rlistril)utions are  indistingitishat~lc (Fig. lilc!. Result.; 
were sirnilar tilt- 1997; therefore, the percentage of liqtlid 
v.atcr in thc sno\vltack is not a diagnostic chariictr.ristic oi 
the late-abiatior~-season radar glacicr zoncs. No obscr\.atioila 
Itere r:tkcn c;lrly in tile iriitial rnr.ltirtg phase, when apatial 
tlifE:rences in wetness throughoitt the snowpack prcthaldy in- 
ilrtc~lce the hackscatter corfiicierit. Based on these ohscr- 
vatior~s. \vc \uggcst that one(, rlic surf~ice has Itecn 
si~flicicritly \vcttccl 1,cyosid -:3*,b . surface sc'tttzring is tlie 
most i i~lportant mcchanizm and the roughnrss clcterminrs 
the I~ackccattcr. 

DISCUSSION AND CONCLUSIONS 

I+iir radar glacicr zo~ic i .  tl~cx Li-itzc.11 clurirlg \vinter, \now 
zonc, die initial melt 51  zonc, t he phase 2 . xf I' inclt zone 
and  tile hari--ice zone, arcx defined on  t11c basia of thei r  S<\R 
backscartcr cocfGcients arid their sj)atial and temporal 
diatributior~s on  mid-larituclc glaciers. Tllc radar glacier 
zoncs exist on nurnerou mid-latitude glacier systems inclrrd- 
irrg glaciers iuch as the Prtagonian ic.eficids in C:hilc and 
Argentina. Xliles Glacier ill thc C:oppcr R i \ w  region 01' 
sctuther~i Xlauka. tilt. Stikirle icefields in Britisll C~olumhia 
arid thrJutieau Icc~lield iil 5outhcast Xliiska. The  progrcssiori 
of raciar glacier zones is related to seasonal tenipc~raturr r y c l r  
~vitl i  boundary ftuctuatiorii 'i~id backsc,atter chatlge\ also 
inilucncrd by watl-icr e\-cnts, itlcludirlg heal.! rain. n o \ \ -  
storms. intcnsr radiation or  liigki ten~p~-ratt~r(-s.  arid trmpcra- 
lures helorv frtc~zing. 

Ground-11asi.d ohservarions conii~ineci \i.ith sarcliite o1,sr.r- 
vatio~ls Gem t\vo SAR instritn~rnts, EKS-:) and KI\DARS;ZI; 
are used to constrain the interprc,tations ofradar glacier zones. 
l ivo  summer lield seasons \\ere i~ndertakcn to study the 11 and 
5f2  melt zones an  the~funean Icefield. :It the heginning oi'tlir 
nielt seasons, the loll h:rc.liscaiter cc~cifcietlts of zonc 51 arc 
related to an  incrrastx in ahso rp t io~~  tiuc to moistrtrc ill tiie 
anowpack and an increase in scatrcri~lg ;i\va)- fi-om the ariisot: 
-4s melting increases, liquid moisture incre:ases arid tlic snotv- 
pack ~?ictamorphoses. Extcnsivc measurcmcnr\ ofsrirfjt \$el- 
ness and surface roughnesi clcmcjilstrait~ that lic~tii riic XI and 
the 512 melt zones contain liqiiid-\yarer co~l tc t~t  in excess of 
3'%1 most of thc  tim? duringJttly and A L I ~ L I S ~ .  By tlic rnicidle of 
the ;rblation season) arras in hotli zor-ies 51 and 112 arc melt- 
ing, so otlicr surfice characteristics dominate thr  SAR rctilriis. 
Field obscr\-ations she\\- rougllnecs-height d i f i r e~ ic r s  hiatwc~ii: 
thc low-hac-kscatrtr X2 zonc and tlic high-hackscattci. 512 ziiiir. 
7 .  

Il ie roii~hncss dif'fcret~ccs are diic to the tlcvtlopment of' 
ahlation-related suncups. Other h i tors  that ~ypicail! ini1irenc.c 
radar hac~kccattc.r corflicient arc unifiirn: bctwr.cn the rwo 
zonr.r: thc.rcfiire, the ri~ii;.l;ne\s diiE,ri;il(.c i i  likraly to ht tlic, 

cause ' i f '  the amp;itiiiie diii;,ri.ncc. 'IlhcJurieau Icc.fit,lii ctl)se*r- 
va;ions bhoii rl-iar arcas on tiif, glai icr \tit11 hig111.1- rouqhi~eai 

, ,w L C ~ I ~  t o  l~avc  11iq11 i>a(,kscatt<,r ,T'> 12. ;inti rc<iii~;\ \sit11 
lower rough;les> ieni i  to havr 10% ii:icksc3i ter ir < 12 . 'I'k~c 
hiqii i~ac'kscaiicr i-oci'iicirnt 01' 532 is primal-ily tiiic. ro ci:riji.rx 
sc;ittrriiig over a :\i.t. rorlqile~lcd ,no\% ,isi~rGr.c,, \\l.ic.n.a> ~oi l i .  
XZ is vnootiier arlci has 10~si.r hackscatii,r. 

'I'lie riiili.rr~:lce.: hri\ire:l tiit. 11  and 112 radar yiac.ic1- j.orre< 
art. proiialily c-ni~aiicccl i1! proc,czst.s re1ati.d t i ,  \i:riBi.i mtxta- 
mcir~~lvi\is :ind sailcup ticrt.ioprntilt. . I t  the io\.i.c.r c%ic: ation. 
t~.htlr(. :bc* 112 D)I:C iz prc*ci(in~isi;izl~ tilt' 17icitinq jtartt c>:;.!ir.r 
in riir >raaii>ii, this timpir:iiu:.ch arc liiqi~vr axid ri-icrt. i i  rarci! 
sno\t-i:iil in i11e srrmiilil: 111 ccjrttrat. high ori the ic~t~fielti L\ hire 

the 51 zone persists \\-ell into thc mclt season; temperatures arc 
cctctler. sno~v starts to inrlt al)out a nioritll later and snaw may 
ii l i  spi>r:xdi~iIly. Intc-rmirtcnt sno\zfhlls at the high 
~ictns tend to smootli tliv surface wktcsri auncups start t( 

In many cascs, th t  iurnmcr ~ n o \ \ ~ t i l l  also prevents 
c-levtlopm~nt at the highest elevations, l s l i i ~ c  ont. might expect 
large suncups to clevelop late ill the i n ~ l t  sc~ast~i~. 

S:IR dara arcb cfii.ctive fi)r mapping mclt onset in hea~~ i ly  
glac,ierizcd so~itlicast Alaska. arid ibr tracking tile melt-zone 
devclctpmrnt ovt,r seasons. Kiio\\ing the don~inant surface 
cliaracteri\tics oi'cai~li ol'tlie raciar $lacier zones anti the atmos- 
plicric conditio~i\ t1i;lt contriltutr to their developmenr will 
ptxrn~it use oi' the radar glacier zo~ics a ~ i d  their ctistrihutions to 
a w s s  iiitcrannu:il \,ari;tl~ility and g1acit.r cliangec. In the future, 
ol>scrv;itii~ub ofrhe spatial ancl rvrtiporal ciistrii~~~tion of melting 
cj~iaodt? miry he ttscd to c\.aluatc tiit ,ihlation compoiirnt of'the 
g1acit.r ritass l~al,ince. 
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