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ABSTRACT. Th e rare melt feature in the GISP2, central Greenland deep ice 
core have decreased in frequency over th e most recent 7000 years. Calibration of thi s 
cha nge in melt frequency against mod ern spatia l va ri a tion of melt freq uency and 
temperaturc in centra l Green la nd , a nd against mod ern temporal variability of 
temperatures in ccntra l Green land, indica tes that mean mid-summer temperatures 
have cooled over th e mos t recent 7000 yea rs, probabl y by slightly more than 1°C if 
va riability qf summer temperatures has not changed. Comparison to GRIP iso topi c 
records from central Greenland and to the melt reco rd from the Agassiz Ice Ca p, 
Arctic Canada , sugges ts some seasonal and reg ional coherence for this cooling signa l, 
as we ll as for a co ld event a bout 8000- 8500 BP. 

INTRODUCTION 

The occurrence of a melt layer in an ice co re indicates 
summertime warmth in excess of some threshold value 
(e.g. Langway, 1967 ) . M elt features a re easy to recognize 
and count, and severa l a uthors have produced informa­
ti ve time se ri es of ice-co re melt (e.g. Koerner, 1977; 
H erron and others, 1981; Koerner and Fisher, 1990; 
Fisher, 1992; Kameda and oth ers, 1995 ). These studi es 
show, for example, ex tensive melting on Canadia n Arctic 
ice ca ps during thc ea rl y to middle Holoccne. a nd periods 
of reduced a nd enh a nced melting during certa in d ecades 
or centuri es over the most recent mill ennia that may 

correlate with such " classica l" clim atic events as the Little 
Ice Age, th e i\1edi eva l \Va rm Period and perhaps even 
a nthropogen ic warm ing . 

Calibrat ion of melt as a thermom ete r poses some 
difTi cul ti es . One techniq ue is to measure mean a nn ua l 

tem pera tu re (or mean su mmer tem pera ture or some other 
tempera ture indica tor) a nd Crequency oCmelting (or tota l 
thickness of me lt. or some other melt indi ca tor) a t 
different sites today , use regression analys is to lea rn th e 
dependence of melt on temperature, and ass ume that thi s 
mod ern spatial dependence has app li ed a t a single site 

over tim e (e.g. Koerner a nd Fisher, 1990). This is 

essentiall y the same ass um ption made in most studi es 
using stable-i soto pic paleo thermometry, where it has 
proven relati vely accurate in most cases (e.g. Cuffey 
and others, 1992, 1994; but see Pee l and others, 1988 ) . 

Extensive physica l studi es of the new Greenland Ice Shee t 

Project II (GISP2) dee p ice co re from central Greenland (e.g. 
Alley and others, 1993; Gow and others, 1993) included 
visible examination of the core for melt fea tures . Here, wc 
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report the melt-feature data , and we es timate summertime 
temperature change during the Holocene. 

METHODS 

The GISP2 ice core was drill ed during the summers of 
1989- 93 at 72.6° N, 38.5° W , 3200m elevation, 28km 
west of the summi t of the Greenla nd ice shee t, by th e 
Pola r Ice Coring Office. M ean annua l (20 m) tempera­
ture is a bout - 3 1.4°C , and accumulation is a bout 
240 mm ice a- I (Alley a nd K oci, 1988; Alley a nd others, 

1993 ) . Dating is from Alley and others ( 1993 ). 
The core was sli ced longitud inally on a band-saw, 

mi crotomed a nd exa mined on a li ght ta ble. All of the co re 
was exam in ed in th e field by a physica l- properties 
researcher from the U.S. Army Cold R egions R esearch 
a nd Enginee ring Laboratory (CRREL) or from Penn 
State. Much of the core was re-examined at the U.S. 
National Ice Core Labo ratory in D enver, CO, U.S.A ., 
during studies of reproducibil ity or fi eld observations . In 
particular, one of us (R .B.A. ) has exam ined all H olocene 
and late-glac ia l co re at leas t once, a nd ma ny co re sections 
more than once. For consistency, th e results reported 

here come from th e observations by R .B.A.; other workers 

(A.J. Gow, D. A. Meese and C. A. Shuman ) identified 
exactly the same melt fea tures in the sec tions th ey studi ed . 

Melt fea tures in the co re are recognized as nearl y­
bubble-free zones . These zones are usually somewhat 
irregular o r lenti cular in a ppearance, may includ e 
elongate bubbles in contrast to the more-nearly-spherical 
bubbles of most ice, a nd often contain relatively la rge 
grains and bubbles compared to their neighbors. M elt 
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fea tures a re obsen'ed to occur in firn and ice d eposited 

during summertime, based on compari son to summers 

id e ntified b y th eir d epth-hoar signature or ot he r 
chemi ca l, iso topi c o r particula te indi ca tors (T aylor and 
others, 1992; Alley a nd others, 1993 ) , I n wa rmer regions, 
summer meltwater ma y perco la te into firn from th c 

winter or from a preyiou year (e ,g , Benson, 1962 ), but 

th a t does not appear to occur in th e low-melt but hi g h­

accumula tion environment a t GISP2, f\I elt fea tures were 
not observed with visible ash or dust that might have 
pro mo ted surface melting b y a lte ring th e a lbed o (G o,,' 
and \\' illiamso n , 197 1) , 

One difTi culty is ca used by the occurrence of crusts in 

th e core , These are bubble-free zones on ly a sing le g rain in 

thi ckn ess (usua ll y I mm in thi ckn ess o r less ) th a t have been 
obsen 'ed in ice fi'om vari o us times of the yea r. The o ri g in 
of individua l crusts is often un ce rt a in ; lhey a re probab ly 
polygene tic - g lazing by wind ac tion , sli ght melting, 

drizz le, riming, yapor transfer or o th er processes ma y be 

responsible (e,g, Benson , 1962; Langway, 1967; G OII' , 

1968; Fujii a nd Kusunoki , 1982 ), T o avoid c rusts, we 
confine a ttention to fea tures g rea ter th a n 2 mm in thi ck­
ness a t time of d eposition, (Flow thinning wo uld have 
approximate ly hall'ed that thi ckn ess in ice from th e earli es t 

H oloccne (Schott a nd others, 1992 ), Crusts thi cker th a n 

2 mm ca n occur, a ltho ugh in our ex perience th ey a re ra re 
or a bsent a t GISP2,) Fea tures id entifi ed as melt based on 
thi ckn ess typ icall y show olher characterisl ics indica tive of 
true mell, such as la rge g ra ins, abnormall y la rge o r 
elonga ted bubbles, a nd lenti cula r form, 

I ce from th e ea rl y part of th e H olocene con ta ined fell' 

bubbles ,,,hen first ex tracted from th e ice heet , owing to 

enclathrat iza tion of th e a ir in th e bubbles , R elaxa tion or 
th e co re a ll owed reappea ran ce of bubbl es, Our co unt of 
melt fea tures for this ice is based on observa ti ons after 
2 yea rs of relaxation, Some melt layers did a ppea r or 

become more e"ident during relaxa ti on , We cannot 

gua rantee that a ll laye rs had become identifi a ble after 

2 yea rs of sto rage, however; th e d e tail s of formation a nd 
dissocia tion of clathra les in na tura l ice a re not kn own th a t 
we ll. Th e data from O- SOOOBP a re fi'om ice that was 
highl y bubbly in situ , a nd so are reli ab le, Bubble loss to 

clathrate formation is a gradual process over hundreds of 

years or more; ,,'e be li e\'e that our data a re re li a ble to at 

leas t 8500- 9000 BP a nd probably longe r, but we ca nnot be 
su re of th is, 

Because melt is scarce in th e G ISP2 core compared to 
cores from warmer si tes such as Devon I sland or D ye 3 
(K oerner, 1977; H erron a nd others, 1981 ), we have 

chosen to record th e occurrence of melt in a year ra th er 

than the tota l melt thickness or melt fraclion, This avoids 
difTi cult d ec isions a bout hO\l' to measure thi ckn ess o[ 
lenti cula r o r irregular fea tures , Because we ca nnot tell 
wh eth er two melt fea tures a few millime ters apart within 

ice from a single summer form ed in two events o r in one 

event with percolatio n connecting the two, we simpl y 

record presence or absence of melt in each summer layer, 

RESULTS 

The o bse rved m elt frequ ency for the most recent 10 ka 
(th e upper 1565 m of th e cor e) is shown in Fig ure I, 

ALII!)' al/d , Jllalldakrisizll{[ll: i lJell- IrI)Jer jreqlleJl(J' il/ G'l SP2 i ce core 

~l elting is c lea rl y sca rce, a,'e raging I e\ 'ent per 153 a o,'er 

this time and supportin g th e class ifi ca ti on of Benso n 

( 1962 ) th at thi s site fal ls lI'ithin th e dry-firn zo ne, 
Examination of o ld e r ice, in cludin g ice fro m th e 
Bolling/A llerod wa rm period, re, 'ea led no mel! fCaLUres, 
:'l e lting \I"as clea rl y m ore frequent 7 8 ka BP than 

recentl y; ,,'e di sc uss th e possible sig nifi ca nce of o lder 

cha nges in melt freq uency bel 011' , 

\\ 'e first tes t whether th e d ecrease in melt frequency 
O'T r th e most recent 7 ka is sta ti st ica ll y sig nifi ca nl, by 
lookin g a t 3 ka sectio ns of th e record, The fi 'equency of 
melt fea tures is hi g hes t ri'om 5500to8500 BP (m ea n 

spac ing of 82 a ) a nd lower than this mo re recentl y 

(mean spacing of250 a 1'1'0 111 1000 to+000 BP ), 
\ \ re compare thi s cha nge to the res ults of a ;\Iont e 

Ca rl o simul a ti o n , R a re e,'e nlS such as th e me lti ng 
o bsen 'ed h ere should be d esc ribed b y a P oisson di stribu­
ti on , so ,,"e randomly ge nerat ed 10000 Poisson-c!i strib­

uted time series, each 3 ka long a nd selec ted fi'om a 

populat ion lI'i th a m ean spac ing between e\-e n ts of 153 a, 
\\'e th en fit a norma l d istribution to th e hi stogra m of th e 
mean e'T nt spacings of th ese randomly ge nera ted tim e 
se ries a nd estimated th e standard d e" iatio n, Th e o bse ryed 
recent frequency of I e, 'ent pe r 250 a O,T r 3 ka is t\l O 

sta nd a rd d e\'ia ti ons below th e mean , a nd th e o bser\'ed 

peak leve l of I e\Tnt per 82 a ol'e r 3 ka i, 1,5 sta nd a rd 
d e,' ia ti o ns a bo, 'e th e mea n , Th e proba bilit~ , of obta ining 
t\" O such ex treme , 'a lues in a tim e se ri es on ly 10 ka lo ng is 
quite sma ll , so we conclud e th a t th e melt fiT qucncy has 
d ec reased to,,'a rc! th e present. 

A similar conclusion a ppli es to the increase in m elt 

fi'equency from 9000 12000 to 5500- 8500 BI' , if clathrate­
re lated p rocesses ha,'e not corrupled th e d a ta , In some 
ca lcul a li ons be lo\l' we use shorter a,'e raging tim es th a n 
3 ka , beca use th e clima te changes obsen Td in ot he r 
indi ca to rs such as stabl e iso lop ic ra ti os a re shorter lhan 

3 ka; hO\lT \'e r , ,,'e a\ 'o id \Try-hig h-resolution analyses 

because th ey wou ld lac k sta ti stical sig nifi cance , 

CALIBRA TION 

W e a ttempt to ca librate th e \'a ri a ti o n in melt frequ e n c~ ' in 

t",o ways , Bo th includ e untes ted ass umpti ons, a nd so a n 

unknoll' n degree of un ce rta inty is a ttached to th e results, 
Cons istencv oC th e res ults in creases o ur confid ence in th e 
ca li bration, The bas ic result , a cooling of rough ly I Cor 
slig htl)' m ore O' Tr the la tte r pa rt of th e H o locene. a ppea rs 
relati'T ly insensiti\ 'e to most of th ese assumptions a nd 

thus quite robust. 

All ey a nd K oci ( 1988 ) stucli ed tll'O sha llow co res from 
site A , Greenl a nd (70,8° N , 36,0~ W , 3 1+5 m c!e, 'a ti on ), 
sli g hth- south a nd eas t of th e G ISP2 sit e , i\[ ean an llual 
(20 m ) tempera ture at site A is approxim ately - 29.4"C , 

abo llt 2°C ,,'a rm er th a n th e m ea n a nnu a l (20 m ) 

tempera ture a t th e GISP2 site, On e core was studi ed in 

d etail , a nd th e other o nl y bri e fl y, Th e one studi ed in 
d e ta il contain ed nin e yea rs \I'ith melt in th e m os t recent 
300 a. which is more frequ ent th a n for th e pea k H o loccne 
, 'a lue a t GTSP2, If th e spati a l d ependen ce of melt on 

tempera ture be twee n G ISP2 and sile A a pplied o\,er tim e 

a t GISP2 , a nd it the difference in mid-summer tempera ­
tures between G ISP2 a nd site A is th e sa me as th e 
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difference in mean an nual tempera tures (2Q C), then th e 
mid-summ er temperature cha nge a t GI SP2 from 7000 BP 

to the present must be less tha n 2°C . 
I t is a reaso na ble ass um ption th a t m el ting is a 

p ro ba bilist ic process, a nd thus th a t [i"equ ency of 
m eltin g va ri es with temp erature acco rding to a 
p ro ba bility di stributi o n . L acking be tte r d a ta , we 
ass um e a no rm a l distribution fo r interpola ting between 
site A a nd G I SP 2 conditions. Lin ear inte rpola ti o n, the 
o the r "ob vio us" choice, wo uld impl y a tri a ng ul a r 

pro ba bility-d ensity fun c tion, whi ch is unlikely to occ ur 

in Na ture. \Ve no te belo\V, ho\Vever , tha t linea r 
inte rpola ti on gives a res ult no t too diffe rent fro m th a t 
fo r a norm al distri bu ti on. 

Th e melt fr equ ency over th e mos t rece nt few 
thousand years a t G ISP2 is 1/250 a , a bou t 7.5-fold 
lower tha n the 9/300 a a t site A. (A longer averaging 
time is ap propria te at GISP2 because of the rarity of 
events. A longe r ave raging ti me is no t possible at site A 
because th e core was no t deep eno ug h. H owevel", the 
mos t recent 300 a at G ISP2 conta in onc melt event , 
giving a nine-fold cha nge from G ISP2 to site A over this 

300 a period , no t g rea tly differen t from th e 7.5-fold 
cha nge we ad opt. ) Assuming tha t th e summ ertim e 
temperatures have the same standard d evia ti on for 
G ISP2 and site A ove r th e stud y peri od , tha t sta nd ard 
d ev ia ti on must be 3.5°C so th a t a 2°C increase in 
tempera ture causes a 7.5-fold in crease in melt frequ ency, 
based on examina ti on of sta ndard sta tisti cal tab les [o r 
the in tegra l of the normal di stri bu tion. Th e pea k melt 
frequ ency at G ISP2 is 4 /250 a fro m th e 1000 a average in 
Fig ure I , yielding a cooling at G ISP2 oyer the last 7 ka 

of a bout 1.3°C , again based on examina tion of sta nda rd 
sta tistica l ta bles for the in tegra l of the normal di stribu­
tion . Th e un ce rta in ty a ri sing fr om our choice of 
averaging lengths and the ass um ed proba bility d istribu ­
tion is proba bly in th e ra nge o[ a few te n ths o[ a d egree. 
A simple linea r interpola ti on wo uld yield a cooling of 
0. 9°C rather th a n th e 1.3°C from the norm a l-di stribu­
tion probabilisti c interpolation. 

A second way to es tima te the sta nda rd d evia tion is 
from mod ern summ ertime tempera tures . Suppose tha t a 

melt feature requires one ho t d ay to form , that the 
"summer" (the tim e during which ufIicientl y ho t d ays 
a re likely to occur) is 40 d long (based on inspec tion of 
A u tomatic W eather Sta ti on d a ta from cen tra l G reen­
la nd ; unpublished inform a tion from C. Stearns, 1993 ), 
a nd tha t th e m ean tempera tures fo r these summer d ays 
a re norma ll y distributed . Autom a ti c W ea ther Sta tion 
d a ta fro m the G I SP2 site (unpubl ished informa ti on 
from C. S tea rns) show th a t mean daily tem pera tures 
fro m la te June to ea rl y A ug ust have a stand a rd 
dev ia tion of a bo ut 3° to 4°C, essenti a ll y indisting ui sh­
a ble from the es tima te based on th e site A ca libra tion. 

Again ass uming a sta ti onary sta nda rd d evia tion a nd 
norma ll y di stribu ted tempera tures, th e cha nge in m elt 
ri"eq uency from 7000 BP to the present ind icates a 
cooling of 1.1 ° to 1.5°C. 

I f we continu e to ass um c th a t summ ertime tempera­
tures a re norma ll y di stributed, but a llow the sta nd ard 

deviat ion to vary from a n assumed modern value of 
3.5°C, we obtain fJ.T = 1.30- 3.35 fJ. (J, where fJ.T is th e 
tempera ture cha nge in QC from abo ut 7000 BP to th e la te 
H olocene, pos iti ve for cooli ng, and fJ. (J is the change in 

GISP2 Holocene Melt Years 
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Fig . 1. Melt against age ( up/JeT panel) and J uly insolation against age ( lower jJanel) Jor the GiSP2 site . Years containing 
meltJeatures are shown by thin dolLed lines. T he heavier textured line is the 100 a Tlllllling mean oJmeLLJrequency ( number 
of melt features IJer 100 a), and the heavy black line is the 1000 a running mean. The lower panel shows deviation of July 
insolation Ji~om modern values in ad cm 2 d I, Ji·om Bager ( J978, 1979); positive values indicate more insolation than 
today. 
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sta nd a rd d evi a ti on in cC, positi\'e for a d ec rease toward 
th e presen t (Fig, 2) , 

Holocene Cooling, GISP2 

As Function of T Variability 
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Fig, 2, Combinations of cooling of meall summertime 
temjJerature over the //lost recent 7 ka, i1T( C) and 
decrease in variabililJ! of summertime dai!)! mean 
tem/Jeratures over this period, L'l CJ ( OC) , that are consistent 
with the obsen'ed change in melt ,frequ enC)' alld the 
assumjJtion tliat summertime dailj' mean tel1l!Jera tures hal'f 
been llorl7lal6' distributed throughollt this time with a rerenl 
slandard devialioll of 3,5°C. fl -e jJrefer Ihe inter/mlatioll 
with i1CJ = 0, 

DISCUSSION 

We lac k a ny object i\'e way of sepa ra tin g cha nge in mid­

summ er temp erat ure fro m cha nge in mid-summ e r 
tem pe ra ture va ri ab ility, to choose a uniqu e hi sto ry fro m 
Fig ure 2, One mi g ht su p pose th a t warm ing wo uld 
d ec rease th e \'ari ab ili ty, at leas t as rega rds occ urre nce of 
an oma lo usly hig h tempera tures, Air masses reac hing 

GI SP 2 near th e summit of the ice sheet must tJ-3\'e l 
hundreds of kil ometers ove r ice-cO\'ered terra in \I'hi ch 
canno t have a surface tempera ture a bO\'e O°C , Thus, 
wa rm e r a ir m asses expe ri ence steepe r tem pe ra ture 
g radi ents to th e surface a nd fas te r hea t loss , ma king it 

diffi cult to ach-ec t es pecia ll y \I'arm a ir masses to G I P2, 

H owever, o ur exp eri ence a t GI SP2 during th e summ ers of 
1989- 93 (whi ch did no t includ e form a ti o n of a n y melt 
fea tures) sho\l's th at m a ny wa rm d ays a re assoc ia ted with 
hig h press ure a nd sinking a ir th a t may h ave trave led to 
th e site a lo ft a nd had minima l interaction with th e ice­

shee t surface; if so, th en warming need no t be acco m­

pa nied by a reducti on in tempera ture \·a ri a bili ty towa rd 
wa rm d ays , W e th us beli e\'C tha t much or a ll o f th e sig na l 
in th e m elt fea tures is re la ted to cha nge in summ ertim e 
tem pera tu res , 

Our ca lcul a ti o ns clea rl y iJ1\'o h-e ma ny ass umptions, 

H owever, th e calcul a ti ons a re no t espec ia ll y se nsitive to 

m os t of th em , Almost a ny interpre ta tion of th e cha nge in 
GI SP 2 m elt frequ ency as a cha nge in tempera ture, 
toge th er with t he co mpa riso n be twee n site A a nd 
GI SP2, will yield a GISP2 coo ling ove r the mos t recent 

ALl!')1 and Allandakrisll7lall: .llelt-la),er frequency ill ClSP2 ice (ore 

7 ka within a few tenths of a d eg ree of our estim a te of 
1,3°C, \ Ve d o not cla im acc uracy hig her th a n a few tenths 
of a d eg ree , 

T empera rure cha nge may rep resent clim a ti c cha nge or 
cha nge in a ltirud e of th e ice-shee t surface a bO\'e sea le\'e l 

th ro ugh th e \-e rti ca l lapse ra te , R ecent mod el res ults 
(Letreg uill y a nd o th ers, 199 1; An a nd a kri shna n a nd o th ers, 
1994; Bo lza n a nd o th ers, 1995 ) indica te th a t th e ice-di\ 'ide 
thi ckn ess in centra l G reenl a nd has cha nged onl y tens of 
meters since the Las t G lac ia l M ax imum , a nd proba bl y less 

o\'er th e mos t recen t 7 ka, Afte r a ll owing fo r isos tat ic 

compensa ti on a nd a n adi a ba ti c la pse ra te of a bout I cC per 
100 m or slig htl \' less, this is eq ui\'alent to less th a n a fe\l' 
tcnths of a d egree Celsius cha nge O\-e r th e mos t recen t 7 ka, 
Some mod els sugges t so mewha t large r thi ckn ess cha nges 
on th e g lac ia l inte rglac ia l ti me-scale (Reeh, 1984; C u ti er 
a nd o th ers, 1995 ), a l th o ugh the cha nge o\-e r the mos t 

recent re \I' th ousand yea rs is st ill likely to ha \'e been sma ll. 
\\'c be liew th a t the melt signa l a t G ISP2 is primaril y 
c lima ti c ra th er tha n a n ele\'a ti on efTec t. 

INTERCOMPARISONS 

Because melt is a summ er-season th erm ometer onl y, it can 
bc combined with o th cr d a ta o n mea n a nnu a l tempera­
ture to ga in info rm a ti on a bo ut non-sum me rtime tem­
pera ture cha nges , Three th erm o mete rs a re commo nh' 

used on ice shee ts: sta ble-i so top ic composition of the ice, 

borehole tempera ture, a nd occurrence of melt. S tab le­
isotopi c com pos iti on reco rds the temperature a t times 
\I'hen p rec ipi ta ti on occ urs; in cen tra l Greenl a nd , pre­
cipita ti on a nd acc umula ti o n pro ba bl y occ ur yea r-ro und, 
b u t with slig htl y more in la te summer to fall a nd slig h tly 

less in win te r (Bromwi ch a nd o th ers, 1993; pa per in 

prepa ra ti on by C , A, Shum a n) , Borehole tempera ture 
pro ba bl y co m es c loses t to reco rding mea n an nu a l 
tempera ture in th e dry-firn zo ne, 

Ana lyses a nd ca li b ra ti on of oxygen-i sotopic ra ti os 
(G roo tes a nd o th ers, 1993 ), j oint oxygen /d euterium ra ti os 
(Barl ow a nd o thers, 1993 ) a nd bo rehole tempera tu re 

p ro fil es (pape r in prepa ra ti on by G , C low a nd E , 
W addington ) for th e G rS P2 co re a re ongoing, a nd 
st ro ng conclusions a re not yet poss ib le, Some res ul ts for 
the n ear b)' GRIP hole a re g ive n by J ohnsen a nd o th ers 
( 1992 ) , D ahl-J ensen a nd o th ers ( 1993 ) a nd G undes trup 

and others 1993 ) , The da ta from J ohnsen and o th ers 

( 1992 ) a re show n in Fig ure 3, a fte r smoo thing with a 
1000a running a \'e rage, T he G [SP2 d a ta (G roo tes and 
o th ers, 1993 ) a re si mil ar. T he iso top ic ra ti os ha \'e been 
conve rted to tempera tures using th e ca libra ti on of C ufTey 
a nd o th ers ( 1992, 1994) wi th no co rrec ti ons for cha nge in 

isotOpi c compos itio n of so urce wa ters, Foll owing th e end 

of the las t ice age, th e isotopic com position of th e oceans 
becam c p rogress i\'e ly li gh te r owing to ice-shee t melting, 
but \'a ri a ti on in the ra te o f input vs mi xing of melt wa ters 
in th e :\T orth Atl a nti c co ul d ha\'e ca used loca l trends to 
differ from globa l o nes , Correc ti ons in the neighborh ood 

of 1°C a re possible (e,g , Fi 'her , 1992 ) , H oweve r, th e 

cooling toward th e present in the lat te r pa rt of th e 
H olocene sh own in bo th th e melt reco rd a nd th e iso topi c 
record fro m centra l G reenl a nd is more recent th a n mos t 
of th e mel twa ter input to th e ocean, The indi ca ti ons fi"o m 
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Fig. 3. ComjJarison oJ 1000 a running means qf temperature deviations estimated Jrom Ollr calibration oJ the G fSP2 melt 
record,jrolll the oxygen-isotopic record qf the GR1P core (Jolznsen and others, 1992) calibratedJollowing CuJJey and others 
(1992, 1994), and ]rom the melt record oJ the Agassiz Ice Cap ( Koerner and Fisher, 1990) ; see text Jor details oJ 
ca IClI I alions . 

GISP2 and GRIP then a re that mean annua l and 
acc umul a ti on temperatures have cooled by a bout 1°C 
over the most recent few thousand years , similar to the 
summertime cooling indicated by melt. I f so, then non­

summer tempera ture have cooled ove r the same interva l. 
In Figure 3, we also show estimated tempera ture 

cha nges ove r the last 11 ka from melt in th e Agassiz Ice 
Cap (K oerner and Fisher, 1990) . K oerner a nd Fisher 
suggested that the signal in th eir time se ri es was in the 
range of 2°C, so we conve rted their record to temperature 

change using this. For both th e GISP2 and Agassiz melt 
records, we used a norma l distribution with the same 
sta nd a rd d ev iat ion to convert m elt occ urrence to 
temperature , with a linear ex trapo la ti on from modern 
conditions to ze ro melt. We no te th at the simpler model in 
which melt va ries lin earl y with temperature produces 

curves that can be distinguished from those in Figure 3 
onl y by careful examina ti on. 

The curves in Figure 3 have been smoothed with a 
1000 a running mean (K oerner and Fisher reported 
average melt in 50 a intervals, so we used a 20 interva l 
running mean) . Th e time-scale for the Agassiz record 

assumed that the ab rupt increase in oxygen-isotopic ratio 
at the start of the Hol ocene corres ponded to th e 
termina tion of the Younge r Dryas even t in Greenland 
ice cores, and adopted the age of 10 750 BP for that term­
ination. That termination has been re-da ted to a bout 
11600BP (e.g . Johnsen and others, 1992; Alley and 

others, 1993), so we have applied a linea r transformation 
to th e Agassiz age scale so tha t the warming a t th e end of 
the Younge r Dryas has th e same age as that ad op ted for 
GISP2. A linear tra nsform a ti on is not stri ctl y co rrec t (the 
recent parts of the Agassiz core were d a ted acc urately ), 
but at the 1000 a averaging leng th thi s difference is 

insignifi cant. 
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The curves show certain consistent feat ures : a 
warming following the end of the Younger Dryas, a cold 
event abo u t 8000- 8500 BP , a seco nd warm period 
centered on 7500 BP, a nd a coo ling toward the present. 
Th e 8500BP cold event is certainl y most prominent in the 

isotopic record (see a lso Da nsgaard a nd o th ers, 1993; 
Graotes and oth ers, 1993 ) but is suggested in th e other 
two records. The 9000- 10000 BP period a ppears much 
warmer in the isotopes and the Agassiz melt than in the 
G TSP2 melt; however, we cannot gua ra ntee that we have 

obse rved a ll melt fea tures at tha t time, owing to questions 

a bout bubble enclathra tiza tion. K oerner a nd Fisher 
( 1990) a lso note tha t some fraction of the Agassiz signa l 
may re present isostatic rebound causing cooling, which 
would have been most pronoun ced in the earlier parts of 
the record, and the isotop ic record could refl ec t changes 

in source-water composition . We pla n to re-exa mine the 
GTSP2 co re foll owing further relaxation in hope of 
learning whether the low melt frequency of the ea rl y 
H oloce ne at GISP2 is an interes ting clim atic feature or an 
a rtifact of physical processes in the ice . 

It would be easy to over-interpret these curves, and we 

urge th e reader to avoid doing so. The melt (and isotop ic) 
ca librations a re somewhat uncertain , the melt signa l can 
satura te (it cannot show coo li ng below the level of ze ro 
melt in a window or some leng th ), and so on. For 
example, the differences in ra te of cooling in the isotopic 
and melt records from central Greenlancl over the most 

recent 7 ka are interesting but are not highl y sta tistically 
significa nt owing to th e uncerta inties associated with the 
spa rseness of th e melt features . Also, we note that we 
cannot lIse melt fea tures at GISP2 to assess any global 
warming or post-Little Ice Age warming, because the 
melt fea tures a re too spa rse to a llow accurate statistical 

a na lyses over such short periods. 
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Orbita l calculations (Berge r , 1978, 1979) show that 

summ ertime inso la tion a t hig h north ern latitudes has 

been dec reasing o\'e r the last 9 ka (Fig . I ) , whe reas 
wintertim e inso lation has been increasing over thi s time . 
Th e ge nera l-circ ul a tion-m od el simul a tions of Kutzbac h 
a nd Guerter ( 1986) es tim ate that th e d ec rease in 
summ er insolat io n (wh en co upled with changes in 
other boundary conditions) would ha ve ca used summer 

cooling of around 2°C in centra l Green land , simila r to 
our results. Those m odel ca lcul a ti o ns yield littl e winter 
temperature cha nge ove r Green la nd , with the sig n 
d ependent o n loca ti on o n the cont inent. This res ult 
should be tes tab le on ce borehole a nd isotopi c-tempera ­

ture a nalyses a re comple ted for th e GISP2 a nd GR IP 

sites; pre limin ary indica ti o ns are that both no n-summer 
a nd summer in centra l Greenland ha ve coo led O\'er th e 
mos t rece n t few thousand yea l-s, a nd t ha t summert i me 
cooling ex tend ed to Arc ti c Canada. 

CONCLUSIONS 

The frequency 0[" melting at th e G ISP2 site In centra l 
Greenla nd has decreased signifi ca ntl y from a maXImum 
a bout 7000- 7500 BP. This could have been ca used by a 

cha nge in summer tem pera ture variab ility O\'e r rime. but 
proba bl y represents a coo ling of summ er temperatures. 
Calibration or th is signal sugges ts th a t the coo ling has 
bee n with in a fcw tenths of a degree of 1. 3°c:. \\ 'e 
interpret a\'a il a ble ice-fl o\\'-modeling results as indicat ing 
littl e change in ice-surface ele\'a ti on throug h th e atmo­

spheri c la pse ra te O\'e r thi s time , so th e sig na l is proba bly 
climatic ra ther tha n glac iolog ica l. 

Preliminary res ults from sta bl e-iso topi c a nd borehole­
tempera ture th ermom etr y sugges t similar c ha nge in 
accumu la tion-weighted a nd mea n a nnua l temperatures 
to tha t seen in summertim e temperatures, sugges tin g a 
yea r-round coo ling. Comparison to the melt record from 

the Agassiz I ce Cap, Arctic Canada (K oern er and Fisher, 

1990 ), sugges ts some regional coherence. Ea rl y Holocene 
warmth cen tered on rough I y 9500 131' was foll oll'ed by Cl 

co ld event centered a bout 8000- 8500 BP, a warm peri od 
centered abo ut 7000 7500 BP , a nd a coo ling to the present. 

with a n a mplitude for thi s most recent coo ling of roug hl v 

1°C. The 9500 BP wa rmth appears minimal in the GISP2 
melt reco rd but strong in th e Agassiz melt a nd G RIP a nd 
G ISP2 iso top ic records, but we ca nnot tell to what ex tent 
this is a n artifac t of' bubbl e-enclatilratiza tion processes in 
the G ISP2 co re or of source-wa ter cha nges in the iso topi c 

records a nd isos ta ti c rebound in th e Agass iz melt reco rd. 
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