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ABSTRACT. ] 0 study nea r-surfacc heat /l ow o n the Antarcti c ice sheet, snow temper­
a tu res W(Te meas ured a t Sou th Pole Station to a depth of 3 m a t 15 m in interva ls during 
most oC 1992. Sola r heating a nd wa ter-\·apor tra nsport II"C re negli g ibl e during the 6 m onth 
winter, as was inter-g ra in ne t th erma l radi a ti o n, leal·ing conduc ti o n as the d o min a nt 
heat-transpo rlmechani sm. The ra te of tempera ture change a t de pth OI·er 15 min interva ls 
lI"as sma ll er th a n that a t the surface, by onc order oflll agnitude a t 20 cm depth a nd two 
orders of m ag nitude a t I m depth. 1\ finite-diffe re nce Illodel, w ith conduction a. the o nly 
heat- t ransfer mecha nism a nd n1.easuredtempera tures as the upper a nd lower bo unda r y 
cond itions, was appli ed to fa ur sets of three the rmistors each. The thermal conducti v ity 
lI"as estim ated as that Ivhich minimi zed the difference between m o deled and measured 
15 min cha nges in tempera tures a t th e ce nte r thermi sto r. Th e th e rm a l conduc ti\ ·it y 
obta ined a t shallow depths (a bove 40 cm) was lower than tha t g ive n by ex isting pa ra me­
teri za ti ons based on densit y, proba bl y because the snow grains II'(' re fres hl y depos ited , cold 
a nd poorl y bo nded. A model using onl y vertica l conduction ex pl a ins on average 87% of 
th e obsen "Cd 15 min tempera ture cha nges a t less than 60 cm depth a nd 92% below 60 cm. 
The differe nce betwee n mo d elcd a nd measured temperature c ha nges dec reased with 
depth. The di sc repa ncies between model a nd obsen ·atio ll corre la ted more st rong ly with 
the a ir snoll" tempera ture diffe re nce tha n with the product o f th a t difference with the 
squ a re of th e wind speed, suggesting tha t the res idua l errors a rc due m ore to non-\·ertica l 
cond ucti on a nd to sub-grid- sca lc \ ·a ri abilit y o f the conducti \· it y th a n to windpumping. 
The res idua l heating ra te no t ex pl a ined by the m odel of \·eni ca l conducti on exceed s 
0.2 \\' III i o nl y in the top 60 C I11 of th e nea r-surface snoll·. 

INTRODUCTION 

Within a n ice shee t, therm a l energy is transferred prima ril y 
by conduct io n but other heat-t ransfer mecha ni sm s can a lso 
contribute to \·arying degrces. :\on-conductive processes ca n 
include wind-ge nerated l"C ntil a ti on of the snow pac k (11·ind­
pumping), la tent-hea t trans fer by I,·ater-I·apor mig ra ti on, 
cOI1l"Cc ti on o f air in the pore spaces a nd sola r radi a ti\ ·e heat­
ing. These no n-conducti ve m echa ni sms a re limited to the 
upperlll ost few m eters of th e snoll' I·,·here there is pe rmeabil­
it y to a ir a nd wa ter I·apor, a nd penetrati on o f so la r rad­
ia ti on. I\d\·ec ti o n or heat with the mo\·elllent o f ice a nd 
generati on o r heat from basa l sliding a nd ice d efo rm a ti on 
can a lso occ ur (Colbeck, 1993). Although the bulk o r a n ice 
sheet exper ie nces onl y conducti\ "C-hea t transfer, the poss ibi­
lit y has been ra ised tha t non-conducti\"C processes nea r the 
surface co uld ca use shift s in ice-sheet tempera tu res (C la rke 
a nd others, 1987; C ol beck, 1993) a nd ve rti ca l mixi ng of a ir 
within the snoll"pack (Colbeck, 1989; Cla rke a nd \ Va dding­
ton, 199 1: I\lbe rl, 1995), as well as mOI·ement a nd d epos ition 
of atmospheric aeroso ls within th e snowpac k (C unningham 
a nd Wadding to n, 1993; H a rder a nd others, 1996). These 
effec ts co uld a lte r both ice-shee t tempera tures a nd the geo­
chemical reco rd in ice cores, compli cating reconstruc ti ons 
of pal co clim ate (Wadding ton a ndl\Iorse, 1994·; CuITey a nd 
others, 1995). 

dimensional mod e l o f hea ttrans[er by conducti on onl y, we 
sec k to determin e how well simple \"e rtica l conducti o n can 
ex pla in obse rved sho rt-term tempera ture changes. "Ve th en 
exa mine the de pa rtures of the mod e l as a function o f d e pth 
in a n a ttempt to d e tec t e\·idence for a n effect ofwindpul11p­
ing on temperature profil es in snow o n the Antarctic P la­
teau. During the entire 6 months be tween the M a rch 
cCJu i nox and the September equinox , sola r radi ative heati ng 
o rthe snoll' is negli g ible a t the South Po le and tempera tures 
a rc so 10 11" «-40 C ) tha t latelll-heat tra nsport is a lso insig­
nifi cant. Hea t tra nsfe l- by inter-gra in thermal radi a ti ve ex­
cha ngc is a lso sm a ll , as shown below. By comparing pe ri od s 
o f strong and wea k wind , wc can therefore hope to identify 
the contributions o f wind pumping a nd conducti on witho ut 
the complicatio ns o f radi ative heating and water-vapo r 
migra ti on. 

By compa ring snow-temperature measurem ents ta ken 
ol·er a peri od o f 10 months a t Sout h Pole Sta ti on to a o ne-

SNOW TEMPER ATURES AND R ELATED 
MEASUREMENT S 

Temperat u res we re m easured at a site in th e "Clea n Air Sec­
tor " upwind from the South Pole Sta ti on buildings, a bo ut 
200 m from the nea res t building (Cl ean Air Fac ilit y ) a nd 
300 m from the D o m !' (Sta ti on Center ). Temperatures we re 
reco rded el'ery 15 ll1.i n from J anua r y to November 1992 a t 
ten 1e1"Cls from the surface down to 3 m . Type YSJ 44033 
thermistors were spaced a t 20 cm intcn·a ls to I m, th e n a t 2 
a nd 3 m. They were insta ll ed hori zontall y approxim a tel y 
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20 cm illto the corner of a 2 m pit. This \l'as done by first in­
se rting a 3 mm tube with an a ttac hed Ie\'e l in to the pit wa ll 
a nd remO\' ing a sm a ll co re, th en inserting a thermi sto r with 
leads stiffened by white heatshrink tu bing until the thermis­
to r was pressed into the end of the ho le. A sma ll a m o unt of 
snow was then ta mped in from th e pit to secure the leads.' Ve 
es timate an acc uracy or ± 6 mm fo r th e buria l depth o f each 
thermistor, with errors caused by the inse rti on p roced ure 
a nd by the slig ht compaction during the 10 m onth obser­
va ti on peri od. The 3 m thermisto r \\'as buri ed into the 
bottom of th e p it using the same m e thod. Exca\ 'a ted snO\\' 
was then fin ely ch opped and the pit was back-fill ed with 
specia l ca re taken not to leave vo ids or to o\'ercompress the 
sno\\·. This back-filling procedure could haw disrupted the 
snow texture nea r the thermisto rs a nd did cause som e of the 
non-vertica l heat Ou xes that we re d e tected nea r the surface 
during the first 2 m onths aft er insta lla ti on, as show n below. 
Two thermistors were attached to a dO\Nel 10 cm a nd 20 cm 
above th e snow su rface a nd switched on when they became 
buried by snowfa ll during th e winter. An Omnidata Poly­
corder da ta logger was used to prov ide a consta nt vo ltage 
source a nd to record the voltage drop across the thc l-mistors 
in a \'o ltage-di\'ider circuit with reference resisto rs o f 100 Ht 
chosen to m ini m ize self-heari ng. The d ata logge r was housed 
in a sm a ll insul a ted box buri ed in th e snow abo ut 7 m rrom 
the thermistor string. Tt was m a inta ined a t opera ting temp­
era ture by elec t r ical heating with a p ower cord li-om an un­
derground se ismic vault about 30 111. away in th e directi on of 
the sta ti on. Tempera tu re disturbances caused by the ther­
mistor insta lla ti o n were allowed to di ssipate fo r 2 m onths 
before the tempera ture data were used to calc ul a te average 
therma l conducti vit y as described below. 

The th ermistors were "inter cha ngeable p recisio n" ther­
mistors, lactor y-calibrated a t absolute tempera ture to 0.1 K. 
Wc improved thi s calibrati on to ± 0.03 K by ap p lying an 
ofTse t correc tio n du ring tests a t O°C in an ice-si ush bath 
a nd a t - 77.55°C in a bath of CO 2 ice and etha nol. Selec tive 
rad ia tive heating o f thermisto rs during sunlit times was re­
duced to 0.2 K using aluminized m yla r covers as d esc ri bed 
by Bra ndt a nd o thers (1991). 

The da ta logger was retri e\'ed every 9 d for dow n load ing 
the raw da ta. At thi s time, th e sn ow accumul a ti o n a nd sur­
face cha rac te ristics were documented. Th e dow nl oading 
p rocedure introduced 31 da ta gaps of approx im a tely 1.5 h 
each. Three longer da ta gaps of 61, 126 and 247 h occ urred 
due to fa ilu re of the data logge r 's ba ttery or the heater during 
the months of June, August a nd November, resp ectively. 

The six thermistors spaced a t 20 cm inten 'als became 
more deeply buri ed as snow acc umul ated during the winter, 
as shown in Fig ure I. Because of wind packing, the d ensity of 
new snow is c lose to th at of year-old snow. The re fore, the 
cha nge in depth of buri a l was simply se t eq ua l to the acc u­
mulati on. Error due to snow se ttl ement is included in the 
error a na lysis below a nd is shown to be sma ll compa red to 
o th er errors. Nearly a ll th e acc umulati on du r ing the 
10 momh study p eri od occ urred du ring the p o la r ni ght 
(April- September ). As the snow ages, it slowly d ens ifies 
due to furth er windpacking, me ta morphi sm a n d compac­
tion under press ure. Density p rofi les of the to p 1 m of snow 
measured inJa nu a ry 1992 a nd the top 2 m in D ecember 1992 
a rc plotted in Figure 2. For bo th profi les, th e d e nsit y was 
measured twice a t each depth in 5 cm increm ents using a 
Taylor- LaChap elle snow-dens ity kit. T he scatte r d ue to the 
sampling of different laye rs in the snow a t the sam e depth 
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Fig. I. Depth below the snow sll7face, as ajil1lctioll qftime.Jor 
the si I" thermistors llsed ill the conductivity ana£ysis. Tlzennis ­
tor Tl was initially above the snow SI.l1filCe in] aIlUal)l; it was 
switched Oil when it became buried ill late] l/ne. ThisJigure 
assumes 110 differential com/Jactioll qf the lljJper meter qf snow 
over the 10 mOllth exjJerimentaljJeriod. 
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Fig. 2. Snow densif)1 at the thermistor site all 30 ]aIllW1)1 and 
30 December 1992 as ajunction q/e/ejJth beLow the December 
sU1filce. Linear regressioll is calculated assuming that all the 
scat/er is due to density variation; that there is no enor in 
depth measllrement. 

(because layers exhi bit variable thickn ess on ho rizontal 
scales of less tha n I m ) g reatl y exceeds the systema tic d ensi­
fication with time over the 10 months (es tim ated to be 3 '% ). 
ro r o ur model, wc th erefore use the linear fit to a ll the 
obsen 'ed densiti es as a fun cti on of depth as sho\V n in Fig u re 
2, vary ing in dept h fi-om the Decembe r surface but no t va ry­
ing in time. For the sam e reason, rela ti ve th ermistor pos it ion 
is ass umed not to \ 'ar y with time a nd t he e rror in thermi stor 
position due to snow se ttling is combined with th e eH or in 
initia l thermistor placement for th e error a nalysis below. 

\ Vind speed a t 10 m and a ir temp eratu re at 2 m were re­
corded hourly by the South Pole' Vea ther Office; they were 
n1.easured on a m as t 250 m from o ur snow-tempera tu re 
ex p eri ment. Fig ure 3 shows the time ser ies or ai r temper­
a tu re, wind speed a nd surface pressure ta ken at South Po le 
S ta ti on and used in o ur a nalysis below. The lowes t a i r temp­
era tures occur th roug hout the 6 m onth night (April- Sep­
tem ber ) when t he snow surface a pproaches radi a tive 
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equilibrium with the sky. This "ca reless winter" is nOrITlal a t 
South Pole (Wexlcr, 1958; Schwcrdtlcger, 1977). Th e wa rm 
intrr"a ls during these 6 months (Fig. 3) a re usua ll y limes of 
strong wind a nd eX lensi" e clo ud cO\·er. The stro ng \I'ind 
mixes wa rm a ir d own from th e to p of the im"C l"sio n laye r 
(SchwerdtfCge r, 1970) a nd the clo uds emit longwa\"e rad­
ia ti on dO" 'nwa rd m ore intensely tha n does the clea r a tmo­
sphere. The stro ng winds tha t occ ur during the po la r nig ht 
a rc responsible [or the growth o f longitudina l snow dunes 
(sastrugi) during th a t season (G o w, 1965). Wind speed s in 
excess of abo ut 7 m s I a re required fo r significa nt d rift ing 
leading to th e fo rma ti on or sas trug i. Sastru gi o f' 10 C I11 he ight 
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som e times migra ted pas t the obser\"a ti on sile where they 
probably caused sig nifica nt non-'"C rti ca l heat conducti o n in 
the top 20 Clll . which will be di sc ussed below. 

Time seri es of' tempe ra tures meas ured by the six th e [­
mi slors uscd in thi s stud y a re plolled in Fig ure -k ThCTmi s­
to r TI \I'as mounted o n the dowel a nd became buried a t the 
cnd o rJun e. Thermisto rT6 was switched o n brieOy in April 
a nd then perm anentl y in l11id-~lay \I·he n a nother th ermi s­
to r (no t used in thi s a na lysis) was switched ofl: Th e o the r 
fo ur til erl1li sLOrs were o perati, 'C [o r th e entire sampling 
peri o d except for th e three da ta gaps th a t a ffected a ll th e r­
Illi sto rs. The filt ering o f high frequencies as thermisto r T 2 
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became more deeply buried in March can be seen in Figure 
4. Also, the temperature spike toward the end of Apri l pro­
vides a good example of the a llenuation and phase lag that 
occurs as an event moves deepe r into the snow pack. Com­
pared to thermistor T 2 at IQ em depth, T6 at 90 em exhibits 
a peak on ly one-s ixth as la rge a nd lagged by 80 h. The at­
tenuation with depth of surface-temperature ehanges is 
further apparent in Figure 5 where monthly average temp­
erature profi les a re shOlI"l1. Fig ure 5 shows tha t a t 3 m depth 
an annua l cycle of ampl itude 4- K remains, with a phase lag 
such that the summer maximum is reached in IVla rch and 
the winter minimum in October. 
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Fig. 5. A1onth01 average snow -temjJerature jnqfiles Jor Feb ­
mmy through November 1992. The annual average 2 m air 
temjJerature is - 49.3"C (ScltwerdtJegel; 1977); the snow 
tem/Jeratzl1"e at10 m de/Jlh is - 50.9°e ( Dabymple, 1966). 
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A 2 d segment of the Im temperature is shown as thc 
p oi nts in Figure 6. Th is is the deepest of the therm istors used 
in the conductivity a nalysis below. Note that the recorded 
temperature , ·aries by onl y 0.04· K over this 2 d period. To 
sm ooth the d igital steps in the da ta seen in Figure 6, wc ha, ·e 
chosen to filter a ll o ur temperature records using a fivc­
po int running m ean as ShO\\"ll by the continuous line in Fig­
ure 6. This fi lter was chosen for two reasons. First, the span 
o f fi, ·e poillls represents I h; this m a tches the spac ing of the 
m e teorolog ica l obse rvations which wc correl ate to our 
m odel output. Secondly, the ability orour modclto pred ict 
temperature cha nges in the deepe t levels was improvcd by 
inc reases of the averaging timc up to I h but ave raging over 
times longer than I h did not cause further improvement. 
Although the abso lute accuracy of a tcmperature meas ure­
m ent is ± 0.03 K , Fig ure 6 sugges ts that thc changes of 
temperature with time at a single thermistor arc acc urate 
to abour ± 0.002 K. The fi ve-point ave raging reduces this 
er ror by the squa re-root of fi ve, to abou t ± 0.001 K . 

During each 9 d period between down loads of the data­
logger, about 860 temperatures were reco rded at each ther­
mistor, at 15 min inten ·als. After the I h smoothing, the 
change in temperature t::,.T was computed Cor each thermis­
tor for each 15 min inten ·al. For each 9 d period, the la rgest 
of the 860 va lues of 6T, as well as the average t::,.T, is plo tted 
in Figure 7. Altho ugh the air tempera ture can cha nge by 
m ore than I K in 15 min, below a depth of 20 cm the m ax i­
mum 15min temperature change throughout 1992 was onl y 
0.1 K , and at I m depth 0.007 K. Aliasing (temperatures fluc­
tua ting on time-scales less than our 15 min sample rate) can 
occ ur Cor thermi st.o rs within 3mm o f the surface, but temp­
eratures change m ore slowly at a depth of 20 cm, a nd the 
sm oothness ofth ermistorT3 (initi a l depth 20 cm ) in Fig ure 
4 suggests th at a lias ing is not a problem at O LII- 15 min 
sampling inte rva l except when the topmost thermistor is 
just below the surface. As will be shown below in Figure 
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Fig. 6. T ime series o/temjJerature recorded at 1. 2 m dejJth by thermistor T6 over a 2 d jJeriod in SejJtember. Th e vertical a ris sjJalls a 
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FI~S;. 7. . lz'erage 15mil/ lel17/Jfralllre (hal/ge 6.T. alld ma\i­
mUI17 15 117 ill lelllpemlure change.Ior eacft tftermislorIor each 
.9 d dOla -rolleclioll period, plaited al the dejJlh where Ihe Iher­
mislor I.cas Lowted during Ihal /)(lrlicuLar 9 d /Jeriod. Aboul 
860 lIall/l's iif 6.T ( r!/in lit e l it .Imoolhil/g) cO ll lrib l/ le la earh 
/Jo illl pIal/ I'd here. The lell7/Jemlllre challge is cOll verled la a 
healillg rale (II/)/Jer llOri,::,olllal rllis ) usillg Ihe densi{l' 0/ 
.11I0ll' alld heal ((J/Jllri~J' iifice. The /Jail/Is aboN tlte SI/Ol( ' sur­
filce are air lem/;eratllrl's IIIl'aslIred ~)' one ~rthe Iherl7li.ltor.1 before 
it If'(IS buried; Ol/[J' Ihe Ifm/matllre sm/e (I/ot the heating-rate 
scale) a/J/J/ies to these jJoill ls. 

8a, a n a ir-t empera tu re osc ill a ti on \I·ith a per iod o f' 30 min is 
a t tenu a ted by a facto r or a b o ut 10'; at 20 cm de pth . Fi gure 7 

sho\\'s th a t, a t depths of 2 m a nd3m. th e 15 mill tempera ture 

changes a rc m os tl y br IO\\' th e es tim ated noise Ien'l. In the 
co nd ucti v it y a na lys is belm \', \\T thcrdore d o no t use the data 

ri'om those d eepest therm isto rs. 

EFFECTIVE THERMAL CONDUCTIVITY OF SNOW 

The d Tec ti n' therm al conduc ti v ity of snoll' k,.11 is defined by 

Equa tion (I): 

c1T 
F= - k ,'II­

cl ;:; 
(1) 

\\'hcre F is th e \'C' rtica l heat flu x (\V m ~ ) a nd clT / c1 z is th e 

\'C' rti ca l tcmpera ture g ra di ent. The conduc ti\'it y " ell has 
bee n mcas urcd both in th e la bo ra tory a nd in situ in a wide 
range 0 (' ex pe riment s rcviewed by ~lcll o r (1977), Ycn (1981) 
a nd lTl oS l comprl'hensi\ 'C ly by Sturm a nd o thers (in press ). 
As :\fcllor p o intecl out , d Tecti \'c therma l co nducli on in sno\\' 
includes hea t lra nsfn thro ug h th e ice ne two rk, ac ross a ir 

spaces o r po res a nd by va p o r difTusion thro ug h \·o icls. It is 

importa nt lO note th a t \\' indpumping, com 'Cc ti on a nd 
rad ia ti \'(, heating can no t b e included in a n crfectin' th erm a l 

concluc ti\ 'it y o f' snoll', beca use th ese processes d o not fo ll ow 
th c Fo uri e r hea t-fl o\\' la \\' a nd occu r at dirkrent time-scales. 

SC\'e ra l a ttempts to pa ra m e tcri zc hea t conducti on ha\'C ex­

pressed the e flectin' eonduc ti\ 'it y as a ('unct io n o nl y of' snow 
de nsi 1 y. H nwe\ 'C' r, th e \ 'a ri a t ion among the ex pcri ments 

used to esta bli sh th e pa ra m e te ri za ti ons a t a p a rti cul a r den­
sit y exceed s a rac tor 0(' 2, with g rea ter sca tte r a ll ow('\' densi­

ties, indica tin g th at conduc ti o n or hea t in sno w depends not 

o nl y on de n sit y but a lso o n sno ll' texture ( ~Icl l o r, 1977). 
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Fig. 8. (a) T heoretical efolding dejith q/a jJeriodic sinusoid­
al tell/jiaa tllre l'ariatioll imjJosed Oil a snow IllljOCl' as afilllc­
liol/ 0/ Jorrillg /Jfriod. Jar two SI/ OW densilies, u'ilh 
(onductil'il ie.! jiDlII . Jlldersoll S (1976) jJarameteri.::,at iOIl. The 
efoldillg de/)11t r/ is defined such Ihat D..1;, = D..To/ e. where 
D..To is tlt e I{, III/Jew lllre alll/}/itll rie al lite sll1jace all r/ 6.T" is 
th{,lIlIIjJ/ilude al rll'/)/1t d. (b) T lteorelical pltase lag ill dap as 
a/illlctioll q/r/I,/)th and /;eriod q/slI1j(lcl'-tellljJerall/reJorcing 
jilr 1t0lllogmfou.1 S1I01(, leitlt a densiO' iif350 kg /11 '1 and a CO I/­
du(lil'iO' iifO.3 11 ' /11 I It' l 

Ada ms a ncl Sa to (1993) dC\ 'elop ed a model fo r the th er­

m al co nducti\ 'it y o f' dry snow idea li zed as spheri ca l g ra ins 
a nd used il to examine th e eITeCls or interg ra nul a r b o nding 
a nd snCl\\- mic ro-structure. They concluded tha t, a lthough 

lhe thermal co nducti\'it y or snow cloes depend strong ly on 

densit y, it a lso de pends on the inte rg ranul a r b onding of 
snoll' g ra ins which they qu antifI ed as th e rati o o (, g ra in-co n­

lac t radius to g ra in radius (r .. /rJ . They a lso fo und th a t th e 

temperature-de pe ndence o f' snow co nducti\'it y de p ends on 

1',. / 1', . Well-bo nded snoll' with 1',./1\ = 0.2 beha\'Cs like pure 
ice in th a t it shows a decrease in conducti\'it y with increas­

ing temperature, indicating th a t the principa l heat-tra nslCr 
mccha ni sm is lh rough th e ice ne twork . Howeve r, th e con­

ducti\'it y of'poorl y bonded sno\\ ', with rJT, = 0.01, increases 
\I-ith tcmpera turc abO\'C a pprox im ately - 30 C. This is 
beca use the prim a ry heat tra nsfer in thi s case is by m ea ns 

o r con cl unio n in ice g ra ins a ncl in \ 'a por-flllcd po res il7 snies, 
a nd at th ese tempera tures th e la tent-hea l tra nsfe r by wa ter 
va por is sig nificant a nd increases with tempera ture. 

Seve ra l rece nt fIeld measurem cnts hm'e dcm o nstra ted 
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the inl1uence of texture on snow conductivity, On the Filch­
ner Ice Shelf; La nge (1985) found conducti, 'ity to vary by a 
fac tor of 5 for differem snow samples a t the same densit )', 
which he a ttributed to varia tio n in grain structure, A nd for 
low-density depth hoar in Alaska, Sturm a ndJohnson (1992) 
fo und that differences in tex ture a t consta m densit y caused 
up to a se, 'en-fold difference in conducti, 'it y, Our exp eri­
ment, however, was not designed to m easure the conducti v­
ity o n a g ra in sca le but rather o n a n engineering scale, 
because o ur therm iSlors were spaced 20 cm apart , 

ESTIMATING EFFECTIVE THERMAL CONDUCTIV­
ITY FROM CHANGES IN SNOW TEMPERATURE 

Seyeral m ethods ha, 'e been de, 'eloped to estim ate the ther­
m a l-conducti"ity profi lc of an icc shce t from time se ri es of 
tempcrature, An a pproach using ha rmonic a nalysis o f snow 
tcmpcratures to dctermine the allenuati on and time lag of 
eilher the diurna l or a nnual temperature cycle was first used 
by Hj eltstrom (1889) a nd Abels (1892), For the case o f snow 
o n the Ama reti e Pl a teau, thi s sa me method was pursued by 
D a lrymple a nd others (1966) a nd ' "el ler a nd Schwe rdtfCger 
(1977). HO\ve, 'er, thi s method does no t acco unt for snow ac­
c umu lati on a nd a lso ass um es that non-conductive processes 
can be added to the effeCli, 'e thermal eonducti,'it y. Th e la t­
ter assumption fa il s in the case of wind pumping where lhe 
conduct ive and ad, 'ec ti ve terms in the heat-llow equ a tion 
cannot be combined . 

Letta u (1967) used snO\\'-temperature meas urem ents 
ta ken a t South Pole Sta tion over se, 'e ra l ind i"idua l 2 d peri­
od s to estimate the term s in the diO'usion equation a nd to 
deri,'e the therma l conductivity in the top 25 cm of the 
snowpack, He fo und va lues of conducti"it y (0.05- 0.25 \\' 
m I K I) that were lower than ex pec ted for the snow de nsit y 
tha t was likely encountered (300- 400 kg m :1). Binta nj a a nd 
, 'a n den Broeke (1995) estimated the effective conductil'ity 
in snow 290 km inl a nd from the coast of Antarctica near 
75° S, 12° \V by a na lyz ing the cha nge in phase a nd a mpli­
tude as the diurna l temperature cyele propaga ted dOll'n­
wa rd , They obtained a conductivity of 0.25 W m I K I fo r a 
density 01' 400 kg m ~ :" which is lower than the average given 
by the para meteri zati o ns re"iewed by l\Tellor (1977) a nd Yen 
(1981). As described belo\\', wc obta in res ults simil a r to 
Lella u (1967) a nd Binta rti a a nd va n den Broeke (1995) in 
the uppermos t snow a nd will a ttempt a n ex pla nati o n , 

H eat now in hori zonta lly homogeneous snow a nd ice 
can be approximated using a onc-dimensiona l finite-differ­
ence model to exp la in measured temperatures (Bra ndt a nd 
Wa rren, 1993), This type of model is necessa ry if no n-I inear 
heal fluxes a rc lO be included, such as , 'olu1l1etric heating by 
sola r radia ti on. Trowbridge (1993) used a finite-diITe rence 
model in a n attempt to quamify the thermal effects of wind­
pumping in the near-surface firn a t Taylor Dome, Anta rctica. 
His approach was to eSlimate the therma l d iffu si,'ity o f the 
snO\, by a na lyz ing the phase shift a nd a mplitude a ttenua­
tion of the diurnal cyele a nd a lso by using the pa ra me teri za­
tions of Yen (1981) a nd Anderson (1976). He estima ted the 
spectra l radi a t ive heating by th e m ethod of Bra ndt a nd 
' Va n'en (1993) a nd compa red hi s computed tempera tures 
to measured temperatures to determine res idua l heating 
ra tes that might be associa ted with windpumping. 

Our model fo ll ows the approac h of l'i"owbridge (1993), 
by using a C ra nk- Nicholson finite-difTerence schem e to 
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model conducti, 'C-heat llow. Wc then exa m i ne di fferences 
be tween modeled a nd m easured tempera tu re cha nges to 
estima te the contributio n o f non-conductive therm al f1u xes. 
Our da ta se t has the added bencfit of 6 months \\,ilhout sola r 
radia tio n a nd at te mpera tures below 40 C where the con­
tributio ns to the effec ti, 'C conduCli , 'ity by la tent-hea t tra ns­
icr and i nfrared-rad ia ti, 'C tl"a nsfer a re both un i mpOrlant , as 
shown nex t. 

HEAT TRANSFER BY WATER VAPOR AND 
THERMAL RADIATION 

Yen (1981 , equation (4-7)) es tim ated a therm,al conducti, 'it y 
of 0,09+ ' V m I K I caused by "apor dilTusion in sno\\' a t 
O°e. Although thi s co uld be significant for lo\\'-densit y 
snow, th e same ca lcu la ti o n gives only 0,003 \ V m I K I a t 
- 40 "C a nd 0,0002 \ V m I K I at - 60 C, because of the lOIN 
satura ti o n vapor pressure a nd corresponding ly 10\\' gradi elll 
of , 'apo r pressure, a t low temperatures (satura ti on vap o r 
pressure is 6,1 mba r a t O°C bUl olll y 0.1 mba r a t - 40°C a nd 
O,Olmba r a t - 60· C ). Th e snow tempera tures meas ured 
during o ur experiment were usua lly below -.+GoC, so 
latent-h eat transport by va po r diffusion accounts lor at m os t 
1% of th e heat flu x. 

' Ve can a lso show th a t heat transfer by therm a l radia ti o n 
within the snowpack is sma ll by the foll owi ng a rg ument. ' Ve 
model the snow gra ins as bl ac k bodi es because the e-lo lding 
dista nce for absorpti on or thermal infj'ared radi a tion in ice 
is onl y 2- 70 Jlm (Schaaf a nd Willi ams, 1973; Wa rren, 198+), 
whereas the snolV-g ra in di a m eters a rc typica ll y a few hu n­
ch'ed /-lIn, 

Using the Stefa n- Boltz m a nn law, the therma l radi a tio n 
energy flux exchanged between two neighboring bl ac k­
bod y snow g rains a a nd b is 

(2) 

where a is the Stcfan Bo ltz lll ann consta nt a nd (Ta - 71,) , 
the inter-g rain tempera ture difference, is 

(T" - 71,) = (dT / dz\ap .6.z (3) 

with 6. z the inter-g ra in sp ac ing a nd (dT / d z)gap is the temp­
erature g radi ent ac ross the gap. This is large r than the bul k 
temperature gradient dT / d z used in Equati on (I ), because a i r 
is much less conduct i, 'C tha n ice. Because the porosity oCSouth 
Polar snow is about 50 '% a nd assuming tha t each sno\\' grain 
is nea rly isothermal we therefore set (dT/d z\ap;:::: 2dT/ dz, 
Then comparing Frad to the tOlal heat flu x F from Equatio n 
(1), we obtain the ralio 

(4) 

Wc estim a te the inter-g ra in spacing 6.z to be simi lar to the 
snow-g ra in di ameter, which increases with depth but 
a, 'e rages about 0.5 mm in the top meter o f snow (Grenfel l 
a nd others, 1994). Us ing k C' fT = 0.3 W III I K I, wc then find 
that the infra red heat flu x is about I % o r the tota l in the 
summer (T ;:::: 240 K ) a nd some\\'hat less in winter. 
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MODEL OF HEAT TRANSFER IN SNOW 

The m od e l o f simple \ 'e rtical conducti o n s ta n s with a on e­
d imen sio na l diffusio n equa tio n: 

p(z)c(T) EJT = ~ (k('lf EJT) 
EJt oz EJz 

0/';('11 EJT 02T EJ2T 
= ------a;- E);; + k "lf oz2 ;::::; k clf EJz2 (5) 

where p(z) is th e snow d e nsit y, c(T) is the heat ca pac ity o f 

ice, k 0lT is th e cfT<:ct in' therm a l conduCli\'it y, T is te mpe r­
a ture, t is time a nd z is d e pth. Wc ass ume th a t kolf does no t 

\ 'a ry s ig nificantl y within each 40 cm depth interval used in 
th e m odel, w hich reduces th e righth a nd side o rEquation (5) 

to o nc Le rm, This source o f error is d isc ussed in the a na lysis 

be lo \\'. E q ua ti o n (5) is approx imated u sing the C ra nk­
~i c ho l son finit e-differe nce method (Press a nd oth ers, 1992, 

equ a ti o n 17.2.13): 

T "+ l T 11 j - f 

6.t 2p( z)c(T ) 

.1+ 1 ) 

[

T II+ I - 2Tu+1 
) - 1 ) + 1 ) ) - 1 + T"+1 + T " - 2T" + T" 1 

(6) 

where T/ is th c tcmpe ra tu re in le\'C1 j a t Lime step n. The 

syste m or equ ati ons in thi s approxim a ti o n fo rm s a Lri­
d iago na l m a tri x which is e ffi ciel1tto compuLe. This method 

was chosen ro r it s second-o rder acc uracy a nd unco nditio na l 

stabilit y a t a ny depth stc p fo r a gi\'C n tim e step. All m odel 
runs used 57 depth ste p s of 6.z = 7,02 mm each, Wc chose 

this number of depLh ste p s by tes ting th e m odel for the case 
of a sinusoida l peri odi c surface-tempera ture fo rcing whose 

soluti o n can be determined a nalyticall y as desnibed by 

Tu rco tte a nd Schube rt (1982, p,155). C o mpa ring a na lyt ic 
a nd m odel cd tempe ra tures dri \'Cn by a surface fo rcing 
peri od o r 30 min ( the sh o rt C's t \I 'C ca n resoh'e a t a 15 min 

sa mpl i ng ra tC' ), o ur m od e l showed no sig n i fi cant i mprO\'C­

ment using more th a n 57 le \"(' Is. Wc a lso ra n the model a t 

difTc re nt \'(' r t ica l resolutio ns to sol\"(' fo r conducti\'it y during 

th e 9 d p c ri od \l' ith thc m ost rapidl y Ouc tuat ing tempe r­
a tures. The deri\'Cd conductivity becam e inse nsiti \'e to th e 

number o f 1e\'Cls whe n the number of leve ls reached 29, so 

our cho ice o f 57 \c \'els e nsures adequ a te \ 'C nical resolutio n. 

(An odd number oflc \'C ls is chose ll so tha t the ce nter thermis­
tor coincides \\'ith a m odel \c \'e!. This m e thod differs from 

Letta u's (1967) a nd Zh a ng a nd Osterka mp's (199j) method s 

to so k e Eq ua ti on (.)) whi ch require a th ermi sto r a t each leve l 
or nod e. \Ve do not hm'C sufficient HTtical resolution in our 

data se t to use the t )'pe o f finit e-difference m e thod they used, 

Fo r th e time step 6.t wc used either 15 min, the sa me as th e 
orig ina l d a ta, or I h, the sm oothing inten 'a!' The deri\ 'ed co n­

ductiviti es were il1sensiti\'e to the choice o f time step. For th e 

fi g ures show n in this pa pe r, the model used a 15 min tim e step, 

Altho ug h th e a ir tempera ture ca n c h a nge sig nificantl y 
in less th a n ~~O min, such hi gh-freque ncy temperature 

cha nges a llenu a te rapidly in the nea r-surface snow. The 
a na ly ti cal e-fold ing depth fo r a wide ra nge o f fc) rcing p eri­

ods is sh o wn in Fig ure 8a. C ha nges o f te mperature with 
pe ri od s less th a n I h a re expec ted to di ss ipa te within th e 

to p 5 c m of th e sno\\·p ack. Likewise, the phase lag o f 
therm a l-wa\ 'C propagati o n through the sn owpack depends 

o n th e period o f surface-temperature forc ing, with longer­

per iod temperature cha nges Ill o\'ing m o r e s lowl y throug h 

the snow pack as show n in Fig ure 8 b. For th e a nnua l cyc\c, 

Fig ure 8a indicates a n e-folding de pth 01' 2 m a nd a phase lag 
a t 3 m of 75 d , consistent with th e meas urem ents shown in 

Fig ure 5. 

Three th e rmi sto rs a re used to co nstrain each m odel ru n: 
onc each fo r the upper a nd lower bound a ry conditio ns a nd 

a n intermedi a te o ne to compa re with a m od elcd ce nte r 

tempera ture. The residua l temperature cha nge E(-t) is th e 

d ifference b e tween the co m p uted temperat ure c ha nge at 
the center o f the m odeled regio n a nd th e measured rem per­

alUre cha nge th ere. With the th ermi stors spaced a fi xed 

20 cm ap a rt , the regions m odeled a rc +0 c m in \ 'C rtical 

ex tent a nd the rm a l co nduct iv it y is ass um ed to be co nsta nt 
within a +0 Clll region, This ass umption is acce pta ble a t our 

scale of int e rest, a lthough a n a \ 'erage conduc ti v it y o\'(' r 

·10 cm does no t add ress \'a ri a ti o n in effective conduct ivit y 

a t the g ra in sca le or a t th e scale of \'a ri a ti o n in densit y. 
G i\'en six th e l'llli stors with equa l 20 cm spac ing (Fig. I), wc 

ca n mode l fo ur overl apping regio ns a nd de termine a CO I1-

ducti\ 'i t y p ro fi le. 

\\'ith no diurna l cycle a t th e South Pole a nd as o ur data 

do not cO\'(' r a (,o mpl ete a nnua l cyele, wc a rc no t a ble to use 
the ha rm o nic m e th ods desc rib ed a bove to dete rmine the ef­

fecti\,(, th e rm a l conducti\·it y. Instead, [or each o f the 32 per­

iods (approx im a te ly 200 h each ) a nd for each o f the fo ur 

depth g roups, wc ra n the m odel repea tedl y with different 
spec ifi ed co nduCl i\ 'iti es to find the co nduct i\' it y th a t min­

i mi zed th e r.I11, s. differencc EI'IllS betwee n m eas ured a nd 

modeled tempe ra ture cha nges: 

L;~~ '2o( 6. '0n - 6.1;11")2 
N - 120 

(7) 

where 6.'0,11 is the computed a nd 6.1;11" th e m easured 

change in ce nter tempera ture a t time step na nd N is the 
tota l num ber of tim e steps. The least-squ a res no rm was 

chosen because it determines rhe m os t proba ble va lue of f 

ass uming that th e res idua ls a rc ra ndoml y di stributed. The 

initi a l p ro fil e of temperature a t th e 57 b 'C ls fo r each m odel 

run \I'as estim a ted by appl y ing a c ubic spline to the three 

measured te mpe ra tures. Computa tion of EI'II" w as sta rted 
a t tim e ste p 11 = 120, so as no t to include initi a l tra nsients 
in the mode l due to th e int e rpo la tion of th e initi a l temper­

a ture pro file . By examining the error ca used by this interpo­

la tion, in the case or a per iodic surface fo rcing whose 
solution is know n, \\T fo und th a t 120 tim e steps (30 model 

hours) was a n a dequa te delay to a \ 'oid th e tra n sient effec ts 

of errors in the initi a l tempera ture profil e. To minimize data 

" los t" by thi s initi a l delay, wc ca lculated conduc ti\ 'it y o lll y 
fo r the 32 d a ta -co ll ection peri od s which co nta ined the long­

est co mi n L1 0 Ll S d a ta segments (a pprox i ma tcl y 200 model 

hours each ). 
Exa mpl es o f m odel run s a re shown ill Fig ure 9 fo r each 

o f the lo ur d epth g roups fo r th e fo ur da ta-co ll ecti o n p e riods 

(D6, 015, D20 a nd 0 31) wi th th e lowest a\'Crage wi nd speed. 

The top g ro up has onl y two CLlnTS a nd th e bo tt o m g roup 
th ree; the ir thermistors we re no t a ll reco rding fo r so me of 

th e low-wind p e ri ods. Eac h c Ur\ 'e di spl ays a sing le mini­

mum whic h is m ore clea rl y d e fin ed fo r peri od s in whi ch 
th ere was m o re \ 'a ri at ion in temperature. These fo ur data­

coll ectio n p e ri od s had a n a \ 'C ragc \I'ind speed k ss tha n 
2.5 m s 1 a nd a p eak \\' incl sp eed less th a n 5, lm s I. This is 

compa red to a n a \ 'C rage wind sp eed of 6,0 m s 1 a nd a sta n-
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Fig. 9. Root-mean -square differellce betwffll rom/JIlted and 
measured !5min tell1perature challges (.6.Tm - .6.Tc) 
( Equat ioll (7)), using the /Jure-conductioll model ( Eql/atioll 
(6)), as ajl/l1etion of th f cOl1ductivi[l' s/JeCified ill the model, 

jar thejaur 9 d dala -collectioll /Jeriods ~f lowest willd s/Jffd 
( indicated by download-number D06, D15, D20, D3!). The 

jaurjrames arejarjol.lr sels of three Ihennistors each. labe/fd 
~)l lhe rallge of de/JIlts oCCll/Jied b)l llte tent ra/thermistor of the 
set over tlte l'Ourse oftlzeseJol/rdata-colleetion periods ( Fig. J). 
.. Yote tltatthe l'ertical scale is el/Janded I~)I ajaetor of2 ill (c) 
and ajactor of 5 ill ( d ) to dis/Jla), the IIlllch smaller tell1/Je!'­
atllre challges rr/Jerienced ~Y the deejJer SIlOW 

d a rd d e \ 'ia ti on 0[2.6 m s I during tb e 8 month peri od whe n 

conducti\'ities were calcu la ted . 

These low-wind periods were chosen to es tim a te con­

ducti\ 'it y when windpumping effects would be smalles t. 

Our initi a l intention was to use low-w ind periods to estab­

lish th e co nductivity fo r each thermistor g roup; bovve\'e r, 

th e average cond uc tivit y of a ll the periods fo r each group 
differed by less th a n 0.01 \ \. m t K I from the m'crage of the 

low-w ind p eriod s. 

The acc uracy of th e ca lculat ed conducti vity is d epe n­

dent on errors in the ass umed density profile, the measured 

temperatures, the therm istor positions and the ti me 0(' 

m easurem ent. The stand ard error in the m ea n o[the densit y 

measurement in Fig ure 2 m 'er a c~O e m regio n is less than 

5 kg m :\ or a rela ti ve e rror of < 1.5% . Thi s translates to a n 

equa l rel a tive error in cond uct i\'ity, because p is propor­

tion a l to k eff in Equation (5). Error due to the time of data 

acquisition is insig nificant as the Po lycorder's clock is 

accura te to beLLer than 0.1 s in IS min . To es tim ate the contri­

butions o[ errors in temperature and the rmi stor position, 

tbe modcl was run 500 times witb a n ofEe t error introduced 

in each of't he three temperatures and each of the three th e r­

mistor positions, from a random G a uss ian di stribution with 

standa rd de\'ia ti o ns o[ 0.03 K for temperatures and G mm 

[or the rmi sto r positions. A 9% rcla ti\ 'C error in conducti\' ity 

34·6 

\I 'as th e maximum est im a ted in the case of the deepest ther­

mi stors where temperatures a re cha nging more slowly a nd 

conduct iv ity is not as we ll constrained. Comhined with the 

error due to densit y \ 'ar ia ti o n , the to ta l uncet-tainty in k eff 

(for ind i\' idual 9 d pCTiods ) is 10°!., a t 60- 100 c m depth a nd 

8'1., a t sh a ll ower depths, with errors in .6.z and .6.T contri­

buting about equall y. 

Fo r each depth gro up, the conducti vit y that minimi zed 

Er))) , and its uncerta int y is sh ow n fur each data-collect io n 

period in Figure 10. Horizonta l lines indicate th e a\'erage 

conduct i\ 'it y [or g roups B, C a nd D. i\ transie nt period in 

February is appare nt in g ro ups B and C, probably due to 

the di sturba nce of' the thermal regime in the nearby back­

filled snow pit, or to so la r heating. Therefore, the a\Trage 

conducti\ 'it y was computed b eginning a t sunse t (21 }'I a rch ), 

2 momhs a fte r the therm istor insta ll a ti o n, so that temper­

atures in the snow pit wou ld ha\'(' eq uilibra ted to th eir sur­

round ings a nd so that sola t- h eating wou ld be neg li gible. For 

group A , a leas t-sq uares linear fit , rather than a n a \Trage, is 

sho\\'n; the m oti\ 'a ti on for this exception is di sc ussed below. 

To obta in th e error ba rs fo r Figure 10, we m a ke a judgm ent 

abou t the accuracy to which kefr is determ ined in cun'es 

such as those o[Fig ure 9. CunTS with sharp minim a indi­

cate well-defined \ 'alues o [ k"if We first compute the r.m. s. 
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rig. 10. B estfit model cOllductiz'iliesjor aIL periods for the 
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Bralldt and 11 nrrm: Telll/Jerature measurements and !teat tmllifer at the South Pole 

tempera ture change for a g ive n thermistor fo r a 9 d data­

coll ection pe ri od: 

(8) 

\\'e th en locate (e.g. on Fig ure 9) th e \'a lues o f kcfr fo r which 
ErIlI, = O.l.6.T,·lIls, indica ting 10 '% relati\T er ror, consistent 
with the unce rt a int y estim a te a bO\·e. T hese \ 'alu rs of !':err 
de fi ne t he top a nd bOllol11 o f th e e rror ba rs in Fig ure 10. In 
ge nera l, the conducti\'it y is less na rTO\\'ly constra ined fo r th e 
deeper thermi stors, beca use temperatures cha nge more 
slowly a t depth . 

The fo ur 3\'Crage conduc ti\"iti es from fi g ure 10 a rc 
plo tted \·s d epth in Figure 11, a lo ng with the de nsity-depen­
dent pa ra mete ri zati ons of Ande rson (1976) a nd Yen (1981): 

!':"lId = 0.021 + 2.5/ : 

!':YI'1I = 2.2362 p 1.885 

(9) 

(10) 

\\·here /,; is in \\' m 1 K 1 a nd p is density in J\Jg m 3 Error 

ba rs in Fig ure II show th e ra nge o f conducti\'it ies a nd depths 
fo r each thermistor group fi-om th e indi \' id ua l peri ods 
shown in Fig ure 10. The co nducti\' iti es for the lower twu 

thermisto r g ro ups arc consistent with th e Anderso 11 (1976) 
a nd Yen (1981 ) parameterizatio ns but the top two groups 
hmT sig nificantly lower conducti\'iti es, a ltho ugh they still 
remain within th e scatter o f m easurements used by Ander­
so n a nd Yen to compute th e ir pa ra J1l eterizati o ns. The snO\ \' 
in which o ur lo\\' nea r-surface cond uct i\' iti es were meas ured 
fell mos tl y during the pola r ni g ht a nd had ne\Tr experi­
enced hig h temperatures a nd so la r radia tion. Although a n 
inc rease of bo nding with time due lO the snow g ra ins' sma ll 
radius of c U]'\ 'Gl tUtT (Keh-in efkc t) might st ill occur at low 
temperatures, thi s \\·i11ler 5110\\·fa ll had probabl y not 
become we ll bo ndcd, \\ 'hi ch could explai11 the low conduc­
ti\'iti es measured. This conditi o n I\·otd d corresp ond lO a 
sma ll \ 'a lue of (reIl's! in th e Ad a m s a nd Sa lO (1993) model. 

Thc conducti\'it y of g ro up A incrcased slowly with time 
from June to October. This incr ease is probably typica l as 
new snow ages. The pa ram ete ri zations of Anderson (1976) 
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Fig. 1/. fJverage cOlldll(til' i~v cif each thermistor groll/) as a 
junction cif de/)t/i. Error bars indicate the range q/ lIlor/eled 
condu(tiv i~)) all d range q/ de/)ths cif the cfll ter t!tnmistorjor 
all periods. Lines indicate /Hual7leterizations based on del/ si~)' 

( Equations (9) and (10)). using dellsities ol/e stal/dard del,i­
ation above alld beloll' the measured valllfs sholl'1/ ill Figllre 2. 

a nd \ cn (1981) were based prim a ril y on measurem ents of 
o ld snow; Fig ure 11 shows th a t the South Pola r snow 
approaches agreem em with the pa ra meterizatiol1s as it 
ages. At. I m depth, our conductivit y a lso agrees with tha t 
inferred by \\'dler a nd Schwerdtfege r (1977) for the sn ow a t 
Pla tea u Sta ti o n. The acc umul a tio n rate a t our exp eriment 

site is about +0 cm of snow per year, so thermi sto r group D 
represents snow th a t is 2- 3 years o ld , whereas g roup A re­
prese nts snow th a t is a t most a few m o nths old. (The a nnua l 
acc umulati on a t a di sta nce of se\'e ra l kil ometers away from 
South Pole Sta ti o n is onl y 20 cm but th e stati on itself dis­
rupts surface winds a nd ca uses excess snow acc umul a ti on 
nea rby.) The ra te of growth of necks co nnec ting g ra ins 
p robabl y is g rea tes t during th e wa rmes t month s, D ecember 
a ndJa nu a ry, \\'hi ch hm'c mean surface-a ir tempera tures of 

28' C. The conducti\'it y in th e uppe rmost laye r therefore 
probabl y increased m ore rapidl y in the 3 months fo ll owing 
the termin a ti o n o f t.hi s exp t' riment tha n it did during th e 
m easu red periodJunc- O ctober (Fig. lOa ). As furth e r qua li­
ta ti\'(' c\'idcnce fo r increased g ra in bo nding with depth, wc 
no te th at snow shO\'e\ ed nea r the surface appeared well 
p acked but no t cohes i\'e, much like dry sand , wher eas a t 
the bo ttom of the 2 m pit the snow extrac ted by shO\'C ling 
was in th e form o f well-boncled blocks. 

Snow grain-size docs norm a ll y inc rease with depth or 
age (LaC hapell e, 1969). Grcnfell a nd o th ers (1994-) meas­
ured snow g ra in-size a t the South Po le by mea ns of pho to­
m icmgraphs a nd fo und radii ave raging 50 pm a t th e 
surface, increas ing to about 300 J.LIl1 at 50 cm depth. In addi­
ti o nto gra in-size, snow texlUre is a lso important fo r the con­
duct ivity but has a ppa rentl y no t ye t been studied in th e 
surface snow of (h r Allla rrt ic Pla teau. A IT\'iell' of c urre lll 
knowledge il1\ 'oh-i ng th e rcla tio nsh i p be t wee n snow texture 
a nd heat transfe r (Arons and Col beck, 1995) has a rg ued for 
m ore field o\)sen 'a ti o ns of heat. tra nsfer in rel a tion to the 
micro-st rurt ure o r snO\\ . 

The cunTS in Fig ure 9 shuw th a t, a lthough there is a 
single conduCl i\'it y minimum for each peri od, th ere is still 
a res idual error in the predicted te mperature cha nge (Erllls ) 

a t the best-fi t conducti\' it y and tha t (1'I11S is la rge r nea re r th e 
surlace. The likel y contributors to thi s res idua l tempera ture­
eha nge error a rc m odcl error due to th e finit t'-d iffere nce ap­
proximati on, tempera ture-measure m e nt error, thermistor­
place ment er ror, no n-\'C rliC'al heat n uxes, \'a ri ation in d en­
sit y a nd SIl OW tex ture, which wo uld cause !,:df to \'a r y a t 
scales sma ll er tha n o ur th erm islO r spacing a nd non-conduc­
live hea t flu xes. \Ve nex l eOI1\'('I'[ Erll ls into a res idua l hea ting 

ra te as a fun cti o ll o f depth in o rder to se t a n upper limit to 
the therm a l effec t o fn on-condueti\T heat flu xcs. 

R a ther th an using the best-fit co nduc ti\ 'iti es fo r each 9 d 
pe ri od show n in Fig ure 10, wc use th e a\'C rage conduc tivity 
fo r each group (ho ri zollta llines in Fig ure 10), except fo r th e 
o ne closest to the surface (g roup A ) (o r which we spec ify 
conducti\'it y inc reas ing linea rl y with time as indica ted in 
Fig urc lO a. Wc be li e\ 'e th t' re is Il O phys ica l reaso n to ex pla in 
the wee k-t o-wce k \'a ri ation in optim a l conducti vit y shown 
in Fig urc 10 oth e r tha n model a nd m easurement e rror or 
no n-condurt i\T o r no n-\Trlica l heat nu xes, exce pt nea r the 
surface where the snow may be undergoing more rapid 
m e ta morphi sm . By using the a \ 'C ragc conducti vity, o ur 
\'a lues of' frIllS w ill h e la rgc r th an the minim a shown in Fig­
ure 9 a nd wc will b y dcf~lL1lt ass ign a ny true change in con­
duc ti\'ity to non-conducti\T processes (or non-vertica l 
conduction), a nclthus obta in a n upper li mit to the hea t flux 
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due to these processes. Figure 12a sh ows Enlls in degrees and 
the res idual heating rate (heating-rate error) in \ V m :I as 
fun ctions of depth for a ll period s of no sun light and a ll ther­
m istor groups; Figure 12b shows the rel ati \'e error 
Enns/ t:.Tnll s (Equ ati ons (7) a nd (8)). T he cases in which the 
top thermistor was within 3 mm o f' the snow surface a rc 
omitted from Figure 12. For those cases, al iasing a t the 
sample interva l of 15 min is li kely a nd indeed they exhibit 
the la rgest er rors. Below 60 cm the heating-rate error is less 
t ha n 0.2 \ V m :$ a nd the rel ative error is less than 8% , indi­
cating that ve rt ica l conduction expla ins 92°;(, of thc heat 
Oux. 

ESTIMATION OF NON-CONDUCTIVE HEAT FLUX 

\ Ve did not im'es tigate heating ra tes due lo sola r rad ia tion 
when the sun was up, because of a n experimenta l d iffi culty 
a lso experi enced by 1t'owbridge (1993). E\ 'en though we 
minimized selec tive rad iati \'e heating oft hermisto rs by CO\'­
eri ng them with mylar shields, the therm istors registered 
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Fig. 12. ( a) Root -meall -square error ill /mdicted temperature 
change. 1'1'111' ( Equation (7) ) as afllllction cif depth jor all 
thermistor groujJS jor all periods cif no sunlight. T he tolJ axis 
indicates the equivalelltresidual heating rate. The lIlodel llses 
the average conductivit}jor each group (horizon/al lines in Fig­
ure 10). ( b) Relath'e error in predicted tem/Jerature change, 
Enll,! t:.T,'Il" ( Equatiolls (7) and (8) ) vs dejJth. averaged over 
10 on in tervals jor all thermistor grou/JS jar all jJenods cif 110 

sunlight. T he predicted tem/Jerature change was cam/JlIted 
llsing the 6 month ([1'fI'age conrlllctivityjor each group. 
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temperatures up to 0.2 K higher than the snow temperature. 
It is d iffi cult to moni to r snow temperature in the presence of 
so la r radi ati on. One can obse rve the cooling CUl' VC a ft er 
sh ading the snow to ge t a n instantaneous snow-tempera ture 
pro fil e a few seconds a ft er the thermisto rs havc equi libra ted 
to the actua l snow temperature (Bra ndt a nd \Varren, 1993, 
fi g. 7), but this method di srupts the the rmal regime and is 
diffi cult to implement operati onall y to track snow temper­
atLll-es o\,er se\'eral month s. H owe\'er, sola r radia ti on is no t 
ex pec ted to cause interna l heat ing w ithin the snowpack 
below the top few cent illl elers in the case of pure, dry snow 
at densities found on the Anta rctic P la teau (Brand t a nd 
Wa rren, 1993). 

\Ve now sea rch fo r a windpumping contribution to the 
res idua l heating rates in winter tha t a re not accounted for 
by \ 'enical conduction. These residua l h eating rates are sig­
ni fi cant for the uppcr thermistor g roups A and B, at sha llow 
depths where windpumping would be expected to ha\'e the 
g reatest effect. Wc therefo re seek a wind pumping signal in a 
correla ti on of the unexpla ined heating rates in groups A 
a nd B to meteorological \'ari ables from Figure 3, only [or 
cases where the top of rhe group was less than 20 cm fro m 
the surface. The mos t p robable type of windpumping tha t 
wo uld di srupt the therm al regime of the underlying snow 
on the scale o [ centime ters to meters wo uld be caused by 
a ir fl ow O\'e r undul a tions, which a t the South Pole wou ld 
be sastrug i (Colbeck, 1989; Cunningha m and \\'adding ton, 
1993). T he perturbation press ure P, a nd hence the \'Crt ical 
a ir-fl ux \'olume of thi s type of windpulllping, is propor­
ti on a l to the squa re o[the wind speed U (Colbeck. 1989). In 
additio n, the di sruption ofthe snow's thermal regime due to 
w inrlpulllping should be proporti ona l to the te mpera ture 
difference between a ir a nd snow (T,1 - T,,, ). Wc defin e the 
unexpl a ined tempera ture change I' [o r a pa rticula r time step 
as I' = t:.T." - t:.T,. (cr. Equation (7)), a nd correlate 1'( t) 
with U2 (Ta - Tnl ) , using the hourl y values of wind speed 
(which were shown smoothed in Fig ure 3) and only the 
da ta-co ll ection period s d uri ng the po la r night so as no t to 
invok e solar radi ati on. As shown in Ta ble I and Figure 13a 
a nd b, thi s correla ti on explains 21 % of the residua l heating, 
or 3.1 % of the to ta l heating. However, t hi s correlati on does 
not by itse lf identif'y w indpumping as the cause of the unex­
p la inedtemperatu re changes, because non-\'enical conduc­
ti on is a lso proporti on a l to Ta - T,,, . VVe there fore also show 

Ta ble 1. Correlation cif unexjJlained temjJemture change 
I' == (t:.T." - t:.T(,) , at 25 40 cm dejJth with variolls 
meteorologicallJarameters. Correla tion coefficient is 1'; 1'2 is 
thejractioll cif variance aaollntedjor by the paramete7: ~) in ­
dicates the IJer cent rif the total tem/Je ratllre change accounted 
.for I~y Ihe jJarametel: The correlations cif I' with 
U 2 (T" - T.,,). (T" - T,,,) alld U2 are plol/ed ill Figure 13 

Parameter 'J F;, 1"-

U~(T" - Tm) 0.21 3.1% 
(Ta - T,u) 0.32 +.7% 
U~ 0.03 0. 1'1., 
IclP/ c1I/ (T, - T u) 0.19 2.8% 
IdP/ c11 1 0.000+ 0.01% 

,~)'mbols: U. wind spccd: Ta. air l<.:mpcraturc: ~1I' measured 5110\\" tenlpera­
lu re: 6.~. , calcu lC:llcd change ill snow tem pera ture; P, air press ure; l , time. 
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F/~r;. 13. Error ill I1lOrifl-jJredirled lelll/)erall/re rhallge, /JLolled agalllsl a /)(I1{1/Ilf'ler Ihal shol/Ld be /JrojJorliolla/ 10 /zealing rale ~)I 
u.'illd/mmj)illg. U2 (1;, - '[,11)' (IS H'ell as ('[" - '[,11) and U2 se/)([rale(v. /I'here U is IU //Iwill d s/Jfed. '[" is 2 m air lem/Jemlllre 
and '[,11 is measured lem/malllre al Ihe relller Ihermislor grou/) a/a Ihree -Ihermislor grou/J. Earh /)oilll ill (a), (c) alld (e) 
re/Jlt'.lenls a .Iing/e Ihermislor groll/) Jar a .Iillgfe 15 mill ill lerl'Ol. SIIIIIiI lillles as u'e// as Ihe ill ilia! 30 hq/each 9 d /Jeriod are 
flr!udNl. . l lola! q/5122 /Joillls iJ /)Iolled ill earh q//he Irjihalld[rames. The I/a/ure a/the cone/alioll is //lore easi£)! obserz'ed ~J ' 

forlllillg grou/n of data j)oillls. The hori,::,ollla/ a IfS are /herifrm dil ,der! illto billS rOlllaillillg ap/no lima/e(J' equal nUlI/bers q/ dala 
jJoilll.\ alld the averagesJor these bins are /)IOlled all the righthandfiames. 

lhe eo rrC'i a tions o f f w ith '[" - '[,11 a nd U'2 se pa ra tC'i y. Ta b le I 
a nd Fig ure 13c a nd d show that (T" - 7;,, ) a lonC' exp la ins 
m ore o f' f th a n does U2 ( '[" - '[,,, ). U2 is essC'nti a ll y uncor­
rC'i a ted with f as show n in fi gure 13e a nd r. \\'e a lso tri ed 

corre la ting f wilh a no ther possible m easure of wind pump­

ing, 16 pl(T" - '[,11)' \\·he re 6 p is the cha nge in barom e tri c 
pressure, a nd aga in di d not fin d sign ifi ca nt co rrela t io n 

Clab le I). C:o Il\TC'l io n w ithi n the snow p ack wo uld co rre la te 
w ith (T" - '[,11 ) but it is un likely [ 0 contribute much to th e 

heat nu x beca use o r t he hi gh SIl OW dens i t y. NO Il-\ -c rtica I heat 
conduct ion co ul d be responsible fo r co r re la tion be twee n 

(T" - T,,, ) a nd th e o ne-d imensiona l m odel's rrs idua l hea t­

ing er ro r c, espec ia ll y w hen a \Trl ica l "va ll ora sastruga was 
close to th e thermisto r str ing as was som elimes obse rved. 

The f'an tha l the co rre lat ion of' c \\·ith U2 (T" - '[,,, ) was less 

tha n that with (1;, - 7;n ) suggests th a t th e sma ll res idua l 

heal ing c is m os tly due to nOIl-\,C' rt ica l co nduction and to 
\·c'I' t iea l \ ·ar iahi lit y in ken ra th er th an to w incl pumping. 

DISCUSSION 

Com pa ring Fig ures 7 a nd 12, wC' sel' tha l for example a t 
50 Clll d e pth , cha nges o f Lip to 0.01 K in a 15 min time step 

ca n be ex p la ined to within 0.001 K by \T rlica l co nducti o n 

a lone. \ Ve did nOl observe rapid tcmpera tu re cha nges due 

to wind pumping such as ha \T bcen repo rted by A lbert a nd 
l\ !cG ih-a r y (1992) and A lb e rl a nd H a rd y (1995). In labo ra­
tory a nd in situ fo rced-a ir expe riments, they [o undtempcr­

ature c ha nges of up to I K a t 20 cm de pth , whereas o ur 

max imum tem pe rature ch a nge at 20 c m was only 0.1 K 

(Fi g. 7). H OWe\Tr, the snow thC'y slUdied was low-densit y 
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seasonal snow (150 kg m ~), with a permeability nearly 20 
times that of typical snow on the Antarctic Plateau, which 
is at least twice as dense. Thi s difference in snow type is 
probably sufficient to explain why our experiment had a 
different outcome than theirs, a lthough differences in ther­
mal conductivity and local temperature gradients may also 
be significant. Albert (1995) developed a finite-element 
heat-transfer model which agreed with her experimental 
res ults, and which also suggests that slow ad\"CClion could 
be occurring in South Pola r snow without significa ntl y 
aflccting measured temperatures. 

The theoretical and experimental evidence of the depth 
to which windpumping occurs on an ice sheet is limited. 
Clarke and Waddington (1991) imprO\'ed th eir windpump­
ing model to consider three-dimensional a ir flow and found 
that the depth to which windpumping occu rs in one-d imen­
siona l models is O\·e restimated. 'VVaddington (p ersonal com­
munication ) expects most of the air flow for a "sastrugied" 
snow surface to occur to a depth comparable to the height 
of the sastrugi, which in our case varied from 0 to 30 cm. 
Colbeck (1993) pointed out that the heat capacit y of snow 
(of density p = 500 kg m 3) is 850 times that of air. Thermal 
signatures of windpumping might then be subtle and low­
velocity windpumping m ay occur without significantly di s­
rupting the snow 's thermal regime. Even if windpumping 
does not sign ificant ly a ffect snow temperatures on the Ant­
arct ic Pl ateau, it can still be important for aerosol deposi­
tion, which occurs only in the top few centimeters (Albert, 
1996; H arder and others, 1996). 

Albert and others (1996) measured the \'ertical snow 
permeability at Summit, Greenl and; it increased from 
3 X 10- 10 m 2 a t the surface to 28 x 10 10 m 2 at I m depth. 
They a lso showed that the horizontal permeability cou ld 
be a factor of2 larger than the ycrt ica l permea bility. This is 
probably true in Antarctica as wel l, because the \'ertical 
permeability at the South Pole is largely limited by a thin 
surface crust about 5 mm thick that form s in late summer 
(Gow, 1965). The preliminary analysis of Albert and others 
(1996) shows that the top m e ter of firn is sufficientl y perme­
able to all ow ve ntilation. It has been shown in one-dimen­
sion a l calculations (Albert a nd McGilva ry, 1992) and two­
dimensional calculations (Albert, 1993) that significant a ir 
flow can exist in the firn that would not be ev ident from the 
temperature profile when the snow has relatively high ther­
mal conducti\'ity, or when there arc relatively strong overall 
temperature gradients. The vertical permeability we meas­
ured in the top 10 cm of South Polar snow, 4 x 10 10 m 2

, 

agrees with the Greenland surface value, suggesting that 
an experiment in Greenl and simil ar to ours might yield 
similar results. 

CONCLUSIONS 

NIcasurement of snow temperat ure at South Pole Station 
during the winter night can be used to estimate the thermal 
conducti\ 'ity and to assess the contribution of windpumping 
to the snow's thermal regime, without the added complex­
ities of solar radi ation and transport of latent heat. 

Above 40 cm depth, the estimated snow conductivity is 
much lower than that given by the parameterizations of An­
derson (1976) and Yen (1981) wh ich a re functions only of den­
SilY. \Ve speculate that the low conductivities wc observed 
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are due to weak intergranular contacts within the freshly 
fa ll en, "ery cold, winter snow at th e South Pole. 

Below a depth of rv3 mm, the thcrmal regil1l.e of nea r­
surface snow at South Pole Station changC's slowl y enough 
to be sampled at 15 min time steps a nd to be modeled using 
finite differences in one dimension. Thermal conduction in 
the vcrtical direction is responsible for at least 92 'y;, of the 
heat flux below a depth of 60 cm (3-4 annua l layers). Our 
model 's hea ling-rale error is less than 0.2 \ V III 3 a t 65 cm 
depth. The residu al heat flux at sh allower depths is partly 
a ttribut able to non-vertical conduction or \'ariability of kdT 

within each modeled region. \ Ve failed to find evidence that 
windpumping causes significant heat flux below 20 cm 
depth; its effects on the therm a l regime may be confined to 
snow nearer the surface. 
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