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ABSTRA CT. Duri ng th e summer of 1993 , a fi eld prog ra m was co nd uc ted lo 
co ll ec t se\'e ra l sha llow urn cores from t\VO loca ti ons in th e southe rn regio n of th e 
Greenl a nd ice shee t. Stra ti g ra phic evid ence of m elt from th ese cores was used fo r 
compari son with sa tellite-d eri ved indica tions of m elt. 

The sha llow firn co re were examined fo r stra tig ra phi c e\'idence of pas t m elt 
events a nd were sampl ed fo r oxyge n-iso tope a n a lys is to d eli nea te th e a nnua l 
acc umul a ti on laye rs in th e snowp ack . Th e rela ti ve intensit y o f eac h yea r's summ er 
m elt e pisod e was compa red to th e co rrespo nding m elt fi-equenc\' d eri\ "Cd from 
mi c ro \yave emissions. This compa riso n d emo nstra Les th a t a linkage be twee n th e 
stra ti g ra phic reco rd a nd mi c rowave d a ta can be es ta bli shed. Bo th d a ta se ts indi ca le 
th at th e re was less m elt during th e la te 19705 a nd ea rl y 1980s th a n during th e la te 
1980s, in ge nera l agreem ent with clim a te obse n ·a tio ns. 

INTRODUCTION DATA AND METHODS 

Shallow firn cores High-la titude regions a re ex pec ted to be m ore se nsiti ve to 
clim a ti c cha nge th a n a re regions a t middle a nd low 
la titud es , due to a n enh a nced g reenho use effec t. Thus, 
much effort has bee n direc ted towa rd d etec tin g c lim a te 

cha nges in po la r regions. Because of th e pa ucity o f clima te 

sta ti ons in pola r regions, proxy d a ta a r e o ften utili zed. I ce 

co res prese rve a reco rd of pas t clima tes in a va ri ety o f 

th eir p h ys ica l charac te ri s tics, including strat ig ra ph y, 
sta bl e-iso to pe co nce n tra ti ons, mic ropa rticl es a nd co nd uc­
ti vi t )' . 

Passive-microwave remo te se nsing ofTe rs a m eans of 

d etecting changes in the snow cO\ 'e r o\'er la rge geographic 

a reas. At mi crowave frequencies, th e emissivity o f dry 
snow incr eases dra m a ti call y with th e additi on of sm a ll 
a m o ullls o f tiq uid wa re I', so lha t p ass i ve-m ic rowa ve remote 
se nsing can d etec t the onse t, dura ti on a nd cessa lion of 

snow m elt. Because th ese d a ta have been co ll ec ted fo r onl y 

a rela ti vely short peri od , th eir use in de tectin g clima ti c 

ch a nge is limiled. However, sa te ll ite passive-microwave 
d a ta d o provid e a m eans to moni to r current a nd future 
melt conditi ons on th e G reen la nd ice shee t. 

Sh a llo w urn co res we re obla in ed a l two sites, D ye 2 
(66°29' :\1 , 46° 17' W , 2 11 7 m a .s.!. ) a nd South Clusle r 

6- 0 18' :\. 45 30' W, 24+2 m a .s. !. ) , in southe rn Gree nl a nd 

(Fig . I ), using a ligh t\\'e igh t, ha nd -powered auger. These 

co res we re inspec ted a nd th e positi on , thi ckn ess a nd 
cha rac ler o r a ll stra ti g ra phic fea tures (e .g . ice laye rs, ice 
wedges ) were reco rd ed. Eac h co re was th en di vid ed eve ry 
5 cm a long th e leng th of th e co re into samples fo r d ensity 

m easurem ent a nd subsequ ent oxygen-i so tope a na lys is. 

O xyge n-i soto pe \'a lues are mos t o ft en presented as 

s ta nda rdi zed ra ti os (0180 ) of d ev ia ti ons of th e proporti on 
0 (" 

180 ri"o m th a t of stand ard m ean ocean wale I' ( S~[O\V ) 
d efined as 

(180 / 160 ) _ (180 /16 0 ) 
£1 80 = sample S~ IO \\ ' 1000 
u lli 16 X . 

( 0 / 0 b dO\\" 

A m o re nega ti\ 'e \'a lue oC 8180 indi ca les th a t th e 
prec ipita ti on in th e sa mpl e w as fo rm ed a t lo w er 
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Fig.I . Locatioll map ~f the two sites where shallow Jilll 
{ores were obtained. 

tern pe ra ture (D ansgaard a nd o th ers, 1973 ) . Th us, 0180 
can be used as a surroga te for a ir temperature. 

As the co ld es t tempera tures are to be expec ted during 
th e winter, ,,'hen no melt ta kes place , minima in the 0180 
"s d epth curve were used to delinea te melt seasons in this 
stud y. Eac h co re '\'as th en a na lyzed to gilT the thi ckn ess 
of each year's acc umula tion (fi g. 2). 

Passive-IIlicrowave data 

Determina tion o r snowpac k melt was mad e using d a ta 
from two sa tellite mi crowave radi ometers, the Sca nning 
i\Iulti cha nn el .\I1icrowave R adiometer (SMMR) a nd th e 

Spec ia l Sensor Microwave/Im age r (SS1\11 /1). These d a ta 
were ob ta in ed from the U .S. Ia ti ona l Snow a nd l ee 
D a ta Cen te r (N SI D C) a rchi ve o[ d a il y brig htn ess 
tempera LUres binn ed in to a 25 km x 25 km grid on a 
pola r stereogra phi c proj ec ti on. Th e Sr-.11VIR d a ta a re 
a" a ila ble on altern a te d ays fi'om O ctober 1978 to Aug ust 
1987 a nd the SS~1 / I d a ta a re avail a ble d aily beginning 
in July 198 7. D etermin a ti on of whi ch g rid ce ll s were 
und ergoing surface melt was mad e using d a ta from the 
37 G Hz hori zonta l pola ri zation cha nn el of bo th senso rs 
(1\10 te, 1994) . Differences in yiew a ng le, radiometri c 
resoluti on, ca libration , a nd time a nd frequencv of 

obse rvati ons lead to a sys tem a ti c difference between 
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Fig. 2. l cejeature s/ratigraph} and oX)lgen-isotojJe ra tios 

Jar the fim cores from the D} e 2 and South Cluster sites . 
The horizontaL bars mark the fJosition and ajJjJroximate 
thickness if all ice f eatures observed il1 the core. Anl1ual 
layering as derived .from fhe oxy gen-isolo/le ratios is 
indicated on the /8 0 pLot by the Last two digits of theyear. 

th e SMMR a nd SSM /I senso rs, prima ril y du e to the 
difference in ca li bra tion of the two sensors (Jezek a nd 
o th ers, 199 I ) . A lin ea r regression o r th e brig h tness 
tempera tures ove r the dry-snow region of the ice shee t 

fo r the period during which both sensors were opera ting 

( 10 Jul y- 20 Au g ust 198 7) a llows th e sys tem a tic 
d i ITerence be twee n se nsors to be removed (i\f ote , 
1994) . A ll SMMR bl' ightness tempera tures used in this 
stud y were con verted to eq ui valen t SSl\1 jI brig h tness 
tempera tures based on this reg ression . 

At fr equencies grea ter than 10 G H z, the brightness 
tempera ture (TB) of snow increases monotonically with 
in creas ing , 'olu metri c liquid-wa ter content (m y), fo r m v 
less th a n 6% (Stiles a nd U la by, 1980) . Th e TB is a lso 
depend ent on th e thermometric tempera ture of the snow, 
but th e increase in TB due to even a small addition of 
liq uid wa ter is much grea ter than could occur from a n 
in crease in therm ometri c tempera ture. Th us, a unique TB 
threshold valu e can be se lec ted [o r a g iven m v indica ti ve 
or the onse t ormelting (M ote, 1994) . 

A simple mi crowave-emi ssion mod el was used to 
es tim a te th e 37 GH z , hori zo nta ll y po la ri zed TB 
associated with I % li quid wa te r co n te nt in th e 
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snowpac k. The I % va lu e was chosen beca use the TB of 
the snowpack typicall y shows the g rea tes t inc rease as 
mv in crcases fwm 0.5 % to I % (Stil es a nd U la b y, 
1980) . A semi-empiri ca l approac h was used in whi ch 
th e sca tte ring pro pe rtics o f th e sn ow pac k were 
est imated fwm th e brigh tness temperatures o bse ryed 
before th c onse t of m elt (Mote a nd Anderson, in press ) . 
The di elec tri c consta nt o f th e ice- a ir- water mixture 
und er melt condi tio ns was calculated through th e use 
o f a di e lcc tri c mixing model d escribed by Tiul-i a nd 
Sch ultz ( 1980 ) . T h e change in the bul k die lec tri c as 
liq uid water form s in th e snow pack rcsul ts in a n 

in creased emissivity a nd , th erefore, a hi g her brig ht­

n ess temperature. A simplifi ed version of th e rad ia ­
ti ve-transfer equ ation shown b y U la b y and Stil es 
( 1980 ) was then used to es tim a te a bri g htn ess 
temperature associated with m el t for eac h g rid cell 
on the ice shee t. 

A thresho ld app roach (M ote, 1994) was used to 
identify the occurrence of melt in each grid cell ove r th e 
ice shee t fo r each day of avail a ble d a ta. On a give n day, if 
the obsen'ed 37 GHz, hori zonta ll y pola ri zed TB from a grid 
cell exceeded the modeled threshold va lue, tha t loca ti on is 
consid ered to have experienced melt. Time seri es of melt 

occurrence were extracted for the grid cells containing th e 
D ye 2 and South C luster sites [o r further anal ysis. 

DISCUSSION 

V isual inspec tion of the number a nd location of melt 
fea tures id entifi ed in th e cores as a fun ct ion of depth 
(Fig. 2) revea ls th at, pri or to 199 1, melt fea tures are more 
common in the up per (more recent ) pa rts o f th e cores 

R OlL'f and others: Slra/igrajJ/Zic indica/io7ls oj melt 

than in th e lower (less recent ) pa rts . This is especia ll y true 
for th e South Cluster co re. For exam pl e, 1983 and 1984 
show \'ery few melt indica ti ons compared to 1988 a nd 
1989, when num erous me lt fea tures were observed in the 
core. No t onl y arc there more ice fea tures, but th e 
thi ckness of th e layers is a lso grea ter. Th e appa rent 
increase in th e freq uency of melt fea tures begins in 1985 
at Dre 2 and 1986 at Sou th C l uste r. This corresponds 
we ll to th e increase in mea n melt ex tent on the so uthwes t 
part of th e ice shee t since 1986 identified by .\lote and 
Anderson (in p ress ). 

A more direc t , quant itati\'c compari son of th e 

micw\\'a \'e melt frequency a nd the melt fea tures in th e 
cores is difficu lt to make. Perh aps idea ll y, th e number of 
melt fea tures observed in a n a nnual laye r of th e co re 
wo uld correspond to the tota l number of melt events 
identified with the mic rowave d a ta, where a melt C\'ent 
is defin ed as one o r more consec utive days for whi ch th e 

brightn ess temperature exceed ed the melt thresho ld 
(T a bl e I ) . H O\\'c \'er, melt C\'ents ca nnot be determ ined 
una mbiguously from the SJ\ lMR reco rd as obse rva ti ons 
were made only on a lterna te clays. As a result , two 
consec uti\ 'e obscrvat ions of melt in the S:YLMR d a ta 

co uld co rrespond to a sing le 3-5 d melt even t or to t\\'o 

1- 2 d events sepa rated by a n unobse ryed da y with no 
melt. Furth ermore, becausc of the complex fl ow regim e 
of meltwater as it perco lates in to the snowpac k, th ere is 
not necessaril y a onc-to-one rela ti onship betwee n melt 
C\Tnts a nd the number of melt featu res. For cxampl e, a 
sing le melt e\'ent, espec ia ll y one producing a rela tiyely 

large amount of meltwater, could result in multipl e ice 
laye rs as liquid "vate r sp reads out a long hori zonta l strata 
in the snow. Com-e rse ly, success ive melt evcnts may no t 
produ ce sepa ra te ice feat ures in th e snowpac k, as 

T able i. Microwave-derived melt events and .freq1lencies and number of ice features in each anllual 
layer jor the Dy e 2 and South CLuster sites 

Dye 2 SOllth CllIs/er 

r ear Melt M elt Ice jiell ,\ 1 elt Ice 
* jrequenc,.Y jeatures * ji"eqllellC)' fea/lIres events events 

% % 

199 1 II 19.7 3 4 8.6 5 
1990 7 10.2 3 5 5.9 5 
1989 3 11.5 4 3 7.0 6 
1988 5 21.7 5 4 5.2 11 
1987 15. 1 8 6.9 6 
1986 12.9 4 8. 1 6 
1985 9.8 2 6.6 2 
1984 7.1 9 5 .4 3 
1983 6.5 2 4.8 2 
1982 5 .4 2 1.8 4 
198 1 9 .7 3 8. 1 4 

1980 0.0 2 1. 6 2 
1979 6.5 4.8 2 

The number of melt events cannot be computed [o r that pa rt of the tim e se ri es 
conta ining SM MR d ata (see text [or ex plana ti on) . 
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m el twa te r (i'om a subseq uent eye n t m ay simpl y refreeze 
to th e previo us ice laye r . Th e refo re, it is necessa ry to 

stand a rdi ze the mi c rowaye-de ri\'ed m elt occurren ces 

a nd sn ow p ac k-me lt fea tures o n a seasona l bas is (o r 

com pari so n . 

As a firs t a ttempt a t thi s, th e LOtal thi ckn ess o f a ll ice 
fea tu res in eac h a nnu a l laye r in th e co re was com p uted 
a n d co mpclI'ed to th e a nnu a l mic r owaye-d e ri ved 
freq ue ncy 0 (' m el t fo r th e g rid ce ll con ta i n ing each si te 

(Fig . 3 ) . For thi s compa ri son , th e m el t freC] ue ncy is 

ex pressed as th e p e rcen tage o f d ays between 1 :'Ia y a nd 

3 1 A ug ust o f a give n yea r fo r w hi ch m e lt conditi o ns 
we re id e ntifi ed in th at cel l. A pe rcentage o f days is used 
ra th er th a n th e ra w frequen cy LO acco unt rC) !' th e 
d iffe re n ce in th e num be r o f d ays w ith ava il a bl e da ta fo r 

each year. H a lf o f th e m ax imum thi ckness was used fo r 

ice fea tures th a t did no t occ upy th e entire co re dia m e ter 

(e .g. le nses ) . This techniq ue m a kes th e ass um ptio n th a t 
liq u id wa te r produ ced du r ing a me lt season d oes no t 
pe ne tra te ve ry far into th e sn owp ac k befo re refreezi ng 

a nd , thus, contributes to th e ice vo lu me o nl y fo r th e 
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Fig. 3. Total ice-.featllre thicklless ill path anllual 
atoll/llI/alioll ({I) 'er lJeJ'SIIS lite lI1icrowal'e-derived lIlelt 

Jreque!lC)' Jar tltat )'ear Jor the Dye 2 and South Clllster 
siteJ. Each data pair is identified b} Ihe la t two digits oJ 
the )'em it rejJresellts. 

yea r d uring w hi c h th e m e lt took pl ace . D u ring the 1993 

fi eld season a t Dye 2, m e ltwa ter pe ne tra ted o nl y abou t 

20 c m be fo re re freezing into a nea rly con tin uo us ice 

laye r. 
For D ye 2, th e re see ms to be a clea r re lat io nship 

betwee n to ta l ice-fea ture thickn ess in th e a nnu a l laye r 
a nd m el t freq uency, with two identifi a ble cl uste rs o f d a ta : 

a 10 \\'-freC]u ency(low-ice cl uster a nd a hi g h-freque ncy( 

62 

hi g h-i ce cluster. U po n close r inspec tion , these two clusters 
a rc disti nc t te m po ra ll y, with th e low (lo w cl us ter com­
pri sing th e years 1979- 85 a nd th e hig h /hig h cl uste r 

comprising 1986- 90 . A t South C luste r, th e rela ti o nship 

be twee n these va ri a bles is no t as stro ng a nd th ere is no 

c lea r sep a ra tio n o f years into g ro ups. The low inc ide nce o f 
m elt a t thi s site, a nd o n th e So uth D o m e ge nera ll y (wIo te, 
1994), likely res ults in a low sig na l/noise rat io fo r th e 
mi c ro wave-deri ved m el t-frequ e ncy tim e seri es . Thi s m ay 

be th e reason fo r th e less distinc t separa tion o f cluste rs in 

the d ata for thi s ite . ),l e lt-freque ncy va lues for locatio ns 

a t hig he r elevati o n. w he re m elt is rel a ti vely ra re, must be 
used \I'ith ca uti o n. H owever, the slo pe o f th e reg ressio n 
line, alth o ugh no t sig nifi ca nt due to th e sm a ll number o f 
d a ta valu es, is a bout th e sa m e (o r th e two sites, lending 

som e credibili ty to th e rela ti onship. 

The last yea r with mi crowave d a ta avail a ble, 199 1, is 

a n o urli er a t D ye 2, with a hig h frequ ency o f m elt but a 
loll' ice \·o lum e. Furth er insp ec ti on o f th e 8180-de ri\'ed 
a nnua l laye rs reveals th a t, fo r bo th co res, th e 199 1 layer is 
a pproxim a tel y twice as thick as the o th er a nnu a l laye rs. A 

possibl e ex pl a na ti o n fo r this is a n in creased number of 

summer sto rms bringing additi o na l snowfa ll a nd reducing 

the tim e for thi ck ice fea tures to d evelo p durin g a n yone 
melt eve nt. H o wever , it must be re membe red th a t th e 
mi c rowa\'e sig na l yields th e freque ncy o f m elt events, no t 
the inte nsity o f m elt , a nd th a t more frequ ent m el t d oes 

no t a lways lead to g reate r tota l m elt. 

SUMMARY AND CONCLUSIONS 

Sh a llow firn co res we re o b ta ined from th e D ye 2 a nd 

South C luster sites on th e G reenl a nd ice shee t during 

summ er 1993 . O xyge n-i so to pe a nal ysis was perform ed to 
d e lin ea te a nnu a l acc umula ti o n laye rs. 'vVithin eac h 
a nnu a l layer , th e to ta l thi c kn ess o f ice laye rs was 
o b tained fro m th e co re stratig ra ph y as a n indica ti o n of 

th e rela ti ve a m o unt o f snow m elt fo r th a t yea r. Using th e 

37 GHz d a ta from two satelli te mi cro wave radio m e te rs, 

th e occ urre nce o f snow melt was id entifi ed using a 

thresho ld techniq ue based o n th e increased emissivity 
caused b y th e fo rm a ti o n of liquid wa te r in th e snow pac k. 
Seasona l m elt ri'eque nc ies we re d etermined fo r th e two 

locati o ns fo r each yea r fro m 1979 to 199 1. Compa ri sons 

were th en made be tween th e two m elt proxy-d a ta se ts. 

Bo th th e mic rowa \'C-derived m elt freque ncies a nd the 
ice thi c kn esses obta in ed from th e sha ll o w rim co res show 
tha t th e la te 1970s a nd earl y 1980s h ad less me lt th a n th e 
la te 1980s . Thus, th e mi c ro wave-d erived m elt frequencies 

a ppear to rep resent a via bl e m eth od o f m o ni to rin g 

sno wpack melt o n th e Greenl a nd ice sh ee t. Continued 

m o nito rin g o f snow m elt com bin ed wi th m easure m en ts of 
acc umula ti o n a nd runoff will p rovide the d a ta necessary 
fo r a be tte r unde rstanding of th e m ass ba la nce o f th e ice 
shee t. 
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