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ABSTRACT. A unite-element model for simul a ting multi-dimensional air fl ow 
with hea t, mass and chem ical spec ies transport through firn is discussed. The model is 
a pplied to an inves tiga ti on oC nea r-surface la ye ring effects on ventilation rates . Fi e ld 
meas urements of perm ea bil ity at Summit, Greenland, a re presented th a t show th a t 
permea bility varies by at least a [actor or IQ over the top 3 m , with th e surface 
windpack ha \'ing much lower permea bilit y, in genera l, th a n th e und erl ying urn. The 
effect ora lower-permeability surface layer is to d ec rease th e air flo\\' in th e underl ying 
firn , ye t there is still suffi cient air flow in the top meters or the firn so th a t \'entil a ti o n 
must be considered for spec ies tra nsport. Channeling, or increased air fl ow in a layer 
overlain by a less-permeabl e layer, can occ ur even if th e microstructure of each laye r is 
iso tropi c. Conventional es tim a tes ofchemical trans port du e to diffu sion a lone a rc likely 
to underes tima te tra nsport , while estimates o f yentilation th a t consid er th e urn as a 
homoge neo us ha lf-space may overestimate \'entil a ti on effe cts a t th e nea r-surface , 
Effects of firn laye ring a re important fo r \'entilation a nd must be consid ered fo r 
acc urat e assess ment of urn- air transport mechanisms, 

INTRODUCTION 

In pola r regions, where seasona l melt is virtu all y non­
ex istent , atmosph eric chemi ca l spec ies become inco rpo­
ra ted into th e snow a nd rirn , a nd d ecad es o l' acc umulatio n 
compac t th e rirn into glac ia l ice, Ice cores drilled throug h 
g laciers in pol a r regions can th en provide a reco rd of 

changes in concentrations of chemi ca l spec ies over time­
sca les ran g ing from seasona l to g lac ia l inte rg lac ia l 
tra nsi tions (O eschger, 1985 ). For some chemical spec ies, 
a na lys is of hig h-reso lution ice cores (hig h-acc umula ti on 
sites with no melt) makes interpre ta tion on a yea rl y sca le 

possibl e, For example, acc umula tion-rate inferences from 

ice-co re d a ta ta ken from Summit, Greenland, indica te 
th a t region a l climate can cha nge mod es (from glac ia l to 
interglaci a l conditi ons) in as littl e as 1- 3 yea rs (Alley a nd 
o th ers, 1993) , 

The process of a ir-to-snow transfer can filt e r a nd 

potentially disto rt a tmosphcri c signals before they can be 

preserved in th e g lacia l record (Gjessing, 1977 ). In ord er 
to interpre t rull y th e chemica l signal s reco rd ed in th e ice 
co res, it is necessa ry to und ersta nd th e processes by which 
th ose sig na ls a re transmitted a nd a lte red from th e 

a tmosphere, throug h the snow a nd firn fin a lly to becomc 

incorpora ted into th e ice. Currently, th e main limita ti o n 

on the use of man y chemi ca l records in th e ice is a lac k of 
und erstanding of the tra nsfer fun ctions among the air, 
snow, urn and ice , The purposes of this paper a rc to 
present progress on a mathematical / num erical model 
d C\ 'cloped to simu la te transfer throug h th e snoll' and firn , 

and to use th c mod el to invcstiga te laye ring effects o n 
ve ntilation. The model is unique in its a bi lit y to simulate 
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th e mu lti-dimension a l efTects of bOlh diffu siona l a nd 

advective (a ir-flow) processes thro ugh th e firn with hea t, 

\'apor a nd chcmica l trans po rt. 
\Vhilc interpre tation o f th e ice-co re records has 

traditiona lly been based on th e ass umption th a t the 
process of difTLlsion controls gas movement in th e snow 
and rirn (Schwandcr, 1989; Schwander a nd others, 1993 ), 

th ere is e\' idence th a t cO Il\'cc ti\ 'e a ir /l ow within th e snow, 
induced by \\'inds, ca n have significan t influence o n the 
aeroso l record in ice co res (C unningha m and " 'adding­
ton, 1993 ) , Al thoug h Schwander a nd o th ers ( 1993 ) 
emplo yed a difTusion m odel, they also no ted th a t th e 

d a ta ca nno t excl ude the poss ibility of a cO I1\ 'Cc tiH' zo ne 

bclow th e surface. Early mcasurements by Benson ( 1962 ) 
in Greenl a nd , and DubrO\'in ( 1960 ) a nd Dubrovin a nd 
Petrov ( 1962 ) in Antarct ica, yield ed urn-tempera ture 
pro(i les th a t are not a ttributa ble to hea t conduction 
a lo ne, a nd led th e ill\'es ti gato rs to a ttribute the profiles to 

advec ti o n , It ha .' been shown that bo th turbulent \\'inds 

o\'er a lI a t su rface a nd lI'inds O\'er surface relief can cause 
pressure penurba ti ons to propagate \ 'C ni ea ll y int o the 
lirn (Colbeck , 1989; C la rk e and \Vadd ington, 199 1); 
th ese mechanisms may a lso ca use sig nifi cant late ra l fl o\\' , 
Albert a nd :\IcGil\'a ry ( 1992b ) d emo nstra ted that 

tcmpera ture prolilcs res ulting !i'om wind pumping arise 

from a bala nce be twee n diflu si\ 'e a nd acl\ 'ecti\'C hea t­
transfe r processes and po inted out that , when the o\'('I'a ll 
tempf'rature g radient in th e lim is strong, th ere co uld be 
sig nili cant \'Cntilation that is not e\'id ent fi 'om tempera­
ture measurements, 

Air fl ow due to \ 'C lllil a tion a flccts chemi ca l spec ies 
tra nsport, Cunningham a nd \\ 'adding ton ( 1993) ('on-
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elud ed th a t venti la tion due to windpumping can account 
fo r th e es tim a ted present dry-deposition flux of non-sea ­
salL sulfa te (NSS ) a t th e South Po le. Th ey found that 

cha nges in surface topog raphy a nd wind speed th a t m ay 

have bee n possible in a n ice-age climate could expla in th e 

increase of NSS in th e Wisconsin age of the V os to k 
Sta ti o n co re with o ut a ch a nge in th c atm.osph eri c 
con centra ti o n of NSS. Oth er species m ay a lso be a ffe c ted 
by ve ntilatio n. F o r exa mple, loss o f hydroge n p eroxide in 

th e firn a ft e r the firs t yea r of d ep osition m ay be 

a ttributa ble to ventilation of th e firn a t th e South Po le 

(N eft el a nd o th ers, in press ) . If; in fac t , a ir fl ow in firn 
(ve ntil a ti on ) has a signifi cant influence on chemi ca l­
spccics tra nsp ort a nd reac tion ra tes in firn , th en th e 
m agnitud e a nd ex tent of ve ntil a tion effects need to be 

d e termined , a nd new th eories will be need ed fo r po la r ice­

co re interpret a ti o n th a t include a d vec tiye processes in 

add i t ion to d ifTusion. 

MODEL DESCRIPTION 

The m a th em a ti cal m od eling d escribed here builds upon 

an existing ventil a ti on and transport mod el d eve loped a t 
CRREL (Albert a nd M cGil var y, 1992a, b ). C urrentl y, 
the m od el is cap a bl e o f simul a tin g multi-dim ensio na l a ir 
fl o ~\' thro ugh p orous m edi a with ad vec ti\'e a nd diffu si\T 

hea t tra nsfer , incl udin g \'apor tra nspo rL a nd sublim a ti o n, 

a nd ch emi ca l-sp ec ies tra nsp o rt. Algorithms fo r firn 

d ensifi ca ti on a nd g ra in g rowth , a nd chem ical-sp ecies 
reaction will be add ed in th e nea r fi.lture . Th erm a l­
bo und a ry conditi ons on th e surface a re dri\'en eithe r by a 
surface-energy b udge t o r specili ed surface tempera tures. 

C h emi ca l-tra nspo rt bo und a ry co nditio ns a re dri ve n 

eith er by kn own surface compos iti on o r kn own llux . 

The m od el soh-es the sys tem of coupled pa rti a l difle renti a l 
equa ti ons th a t d escribe co nser va ti on of m ass, m om entum 
a nd ene rgy in th e firn , as fo ll ows. 

Th e a ir fl o\\' throug h th e snow o r firn is d esc rib ed as 

D a rcia n now a nd is dri ve n by bo und a ry conditi ons on 

pressure th a t m ay \ 'a ry in space a nd tim e. 

oP _ ~ [A;jk OP] where Uj = _ [I.:~k OO.L~.' ] (1) 
Dt - D.1') /-< O.1·k ~. ~ 

H ere, P is p ress ure, A;jk is perm ea bilit y, t is tim e, ~i is 

a ir \i scos it y. Vj is th e a ir-flow \eloc it y and repea ted 

indi ces o f tcnso r nota ti o n 10 1' j a nd A; impl y summ a ti on 
I (or dim ell sio ns 1, 2, 3 ). 

Th e fl ow o f hea t is d esc ribed by th e tim e-d ependent 
ach 'ec tio ll d ifl'usiu ll equ a ti o n with a so urce term to 

acco unt [o r la tent-h ea t enec ts oC su blima ti on: 

(2) 

[n this equ a ti o n , T is tempera ture, p is dc nsit y, qJ is 

po ros it y, C is spec ifi c hea t, Ajk is th e rm a l condu cti\ 'it y 

a nd Q is th e so urce term , whi ch includes la tent-h ea t terms 

and radi a ti o na l h ea tin g e[lens . Subscripts a a nd s 
indi ca tc air a nd snO\\', respec ti\ 'C ly. 

Va por 1ll00'em ent thro ug h th e sn ow is d escribed h\' th e 
ach 'Cc ti\ 'C- diITusi\ 'C tra nspo rt equ a ti on with a so urce te rm 
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for sublimation or condensa ti on: 

(3) 

H ere, p,. is va por d ensit y in th e a ir , Ds is th e diffu sion 
coeffi cient fo r \ 'ap o r in snow a nd S v is a so urce te rm fo r 
sublim a ti on /cond ensa ti on . Th e sublima tion o r condensa ­
ti on th a t can occ ur in snow a nd firn und er g i\ 'en 

temperature a nd a ir-flO\\' conditi ons is d epend ent on 

qua ntities that include g ra in-size a nd po rosity. A uniqu e 

as pec t o f th e m odel is th a t it d oes no t ass um e th a t th e 
snoy\' is sa tura ted e\ 'Cryw here \\'ith wa te r \'apor a nd thus 
has th e fl cxibility o f predi ctin g effc,ets o f unsa tura ted a ir 
fl ow should th ey occ ur, fo r example, in th e upper pa rts o f 

th e p ac k. Undersa tura ted conditi o ns induce sublim a tion , 

whil e supersa tura ted conditi ons a re necessa ry fo r th e 

growth of c rys ta ls. 

The linite-elcment numeri ca l technique is used in 
eith e r two-dimensio nal o r three-dimensiona l a ppli ca ti ons 
to so k e the co up led pa rti a l differenti al equ a ti o ns th a t 
d esc ribe th e fl ow of a ir, hea t , \'a po r a nd chemi cal species . 

Finite elem ents a rc used so th a t th e geo m e try of th e 

mode led ph ysical space can be a rbitra ry, a ll o \\'ing fo r 
simul a ti ons o f irreg ul a r surface fea tures such as sas tru g i 
a nd non-unifo rm interi o r fea tures such as snow a nd urn 
la ye rs. 

It is \\'e ll kn own th a t m ass a nd chemica l tra nsfer ra tes 

a rc g rea tl y a flec ted b v th e \'e loc ity o f Oow of th e 

surrounding m edium , in thi s case a ir. Th e equ a ti o ns [o r 
gas transport , including chemica l reac ti ons. a re a lso 
descr ibed by ad vec ti\'e-difru siye rel a ti onships (Conklin 
a nd o th e rs, 1993 ) : 

( 4a) 

where 

oCi [ Ci] fJi7ft = fJ,,/';r C" - J( (4b) 

\\'h ere Ci a nd Cn a re th e chemi ca l co nce ntra ti ons in ice 

a nd a ir, res pec ti\ ·e! y. Ba a nd Bi a re th e \'o lum e franions o f' 
a ir a nd ice . . 1'k is a coo rdin a le directi on (\\'he re k = I. 2 o r 
3), D" is th e di spers io ll coe ffi cient in direc ti o n /'; , A;f is th e 
m ass-transfe r coe ffi cient a nd I'\.- is th e a ir-to-ice equili­

iJriull1 pa rtiti o n coe lTi cien!. R epea ted subsc ript s impl:' th e 

summ a ti on cO Il\·enti on . The d omin a nt ba la nce of terms 

in Equ a ti on (4 11 ) indica tes th a t th c a ir-to-i ce tra nsfe r 
process is slo\\' re la ti \ 'e to spec ies m O\Tlll ent in th e a ir. 

The Ill c teo ro logica l inllu ences o f' th e air tempera ture, 
spec ies co ncentra ti o n a nd re la ti\ 'C humidit y, wind speed , 

so la r radi a ti on a nd longwa\'c rad ia ti on dri\'e th e hea t­

tra nsfer so lution a t a nd nea r th e surface, a nd m easured 

me teo rol ogical cl a ta is usua ll y used to clri\'C th e m od e l 
(AI bert a nd .\l cGih·a ry, 1992a ). The m od e l ca n a lso be 
dri\ 'C n by specifi ed temperatures . 

APPLICATION: IS LAYERING IMPORTANT? 

Th e tra nspo rt o r sca la r q ua n ti ti es (hea t, \\',lIe r V cl po r and 
chemi cal spec ies ) a ll lo ll ow ach'ec ti on- c1ilrusion equ a ti ons, 
as d esc ribecl abO\'C . The cO I1\ 'enti o na l "tra nsfer run crion" 
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Fig. I. Snow andfim jJermeability at Summit, Greenland. 
Th ick lines depict measured values; thin lines represent 
values used in the numerical model. 

for snow- air exchange in ice-co re interpretation ass um es 
tha t advec tive processes like ventilation do no t ex ist, tha t 
exchange occurs beca use of diffusion a lone. In contrast, 

theoretical results on ventilation (Col beck, 1989; Albert , 

1993; Cunningha m a nd Waddington , 1993) have a ll 
m ade the simplifying ass umption that the 'now a nd firn 
form a homogeneo us ha lf-space. This assumption was 
used , for exam pl e, in a n a nalysis th a t concluded th a t 
ventil a tion could compl etely ex pl ain the increase of 

ae rosols in the Vostok Sta tion ice co re without any 
cha nge in the a tmospheri c concentra tion (Cunningham 
a nd ' Naddington, 1993), a striking I-esulr. Both conven­
tiona l and contempora ry a na lysis of tra nspo rt processes 
have la rge ly ignored the laye red na ture of the snow a nd 
rirn , yet it is well known tha t layerin g is a characteri sti c 

fea ture of the rirn (e.g . All ey, 1988) . In this secti o n, 

measured Grn properti es a re employed to inves tiga te the 
relative importance oflayering to ventil a tion processes. In 
particul a r, beca use wind -pac ked snow is commonl y 
o bserved in polar regi ons, the effec ts of a less-permea bl e 
surface layer on venti la ti on a re inves tigated . .tvleas ure­

ments of the key Grn property controlling venti la ti on , 
permea bili ty, a re discussed fi rsr. 

Current fi e ld studi es a t Summit, Green la nd , a re 
focusing on d etailed m easurements of firn properti es 
relevant to tra nsport processes. W e have found tha t the 

tra nsport properti es of the rirn a re hig hl y inhomoge neous 

due to layering, and, especia ll y in th e case of depth hoa r, 
have direc tiona l components (Albert a nd others, 1995 ). 
The key pa ra meter that controls air Oow through porous 
media is th e perm eability. Permeabilities were measurcd 
by cutting a sample of snow or firn in a cylindri ca l 
sampler (Shimizu , 1970), then pumping a ir through the 

sample whil e measuring Oow ra tes a nd pressure drops 
uSll1g th e method desc ribed by Ch acho a nd Johnson 
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( 1987 ) a nd H a rd y a nd Albert (1993). D a rcy's law is then 
used to infer permea bility from measured air-Oow rates 
and pressure drops. Permeability measurements ta ken in 
the top 3 m of firn in the summer of 1995 a t Summit, 
Greenland , a re shown in Figure I. The measurements 
were ta ken on vertical firn samples and the lengths of th e 
lines in the figure represent the thi ckn ess of th e sampl es. 

In some cases , th e sa m pi es encompassed more tha n one 

layer. D ensity measurements and prese rved sa mple for 
qua ntita ti ve microscopy were a lso taken and will be 
described in deta il ~Isewhere . It is evident th a t the 
perm eability varies by a t leas t a fac tor o f 10 over the top 
3 m , with the surface wind-pack hav ing much lower 

perm eability in genera l tha n th e underlying rirn. In 

genera l, th e permeability does no t follow the Grn-density 
profil e (Albert a nd o thers, 1995 ) but is close ly ti ed to the 
geometry of the pore space. For th is investigation, the 
permeabilities ass ig ned to the m odel vary with depth as 

indica ted by the thin lines in Figure 1. A " mesoscale" 

layering is considered here. The current year 's acc umula­

tion ( top 0.6 m ) is co nsid e red as one layer with 
permeability 8 x 10 10 m2 Permeabiliti es for d epths 0.6-
1.1 m , 1.1 - 1.6m, 1.6- 2.0 m a nd below 2.0m a re ass igned 
model va lu es of 20 x 10 10 m 2, 49x 10 10 m2, 32x 10 10 

m2 a nd 27 x 10 ID m 2
, res pec tively. This mesoscale layer­

ing was observed, from severa l pit obse rva tions, to ex ist a t 
Summi t over a scale of a t leas t kilometers. The fin er-sca le 
layering evident in Figure I has horizonta l vari a bility on 
the scale of meters, a nd so is not addressed in these model 
calculations, which cove r di sta nces of 5- 10 m . Model 
results will be compared to results using the homoge neous 

half-space approach , where " representa tive" perm eabil­

ities of30 x 10- 10 m2 (representative of th e top 3m ofrirn ) 
and 8 x 10 10 m 2 (representa tive of the lower-permeability 
surface layer ) a re considered. In th ese simularions, th e 
permea bility within a nyone layer is considered to be 
iso tropi c (i. e. not d ependent upon direction within the 

laye r); future work will address diree tionality in local 
permeabiliti es as well as mod eling laye rin g on smaller a nd 
larger sca les . 

Fo r these simul a ti ons, a stead y sinusoidal surface­
pressure forcing with a mplitud e 5 Pa is imposed in 
simula tions for two wave lengths, 1.7 a nd 3.3 m, for the 

surface-bo und a ry conditi on. The a mplitude and wave-

~ .. 

2 

o 2 4 
Distance (m) 

Fig. 2. A typical calculated air-jlow field in response to 
sinusoidal pressure forcing on tlte snow sll/jace . 
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Fig. 3. CalClllaled velocity lIlagn itll des Ja r Ihe layered fim 

cases. 

leng ths fa ll within th e range of th ose measured O\T r 
sas trugi unde r w ind y ( 10 m s I a t 2 m heigh t) co ncl i ti o ns 

a t Summit this summ er. A 4 1 x 48 finite- clement g rid 

representing a depth of 3 m a nd surface dista nce of 5 o r 

10 m (co rres ponding to th e l. 7 or 3 .3 m wave leng ths) is 
used. The clement size increases linea rl y with d epth , in 
o rd e r to g ive more numerica l resolution in th e nea r­
surface region of higher g radi ents. A vec tor plo t o f a 
typical velocity fi eld is shown in Fi g ure 2; fo r cla rit y in th e 

pl o t, only a pproxima tel y one-third of th e ca lcula ted 

velociti es a rc shown. Beca use of higher pressure g radi ents 
in th e nea r-surface firn , the a ir-f1ow ve locities a re hi g her 
th ere a nd genera ll y d ec rease with d epth . Althoug h no t 
d epi c ted here, conto ur plo ts of th e \'elocit y m ag nitud es 
ovc r th e two-dimensiona l regio n re\'ea l th a t th ere is littl e 

va ri a ti on in magnitude ove r dista nce a t a n y gi\'en d epth ; 

mos t of th e va ri a ti on in veloc it y magnitud e comes with 
d epth in th e firn . 

The first se t of simula ti ons in vestigates th e effect of 
mesoscale layerin g o n ca leul a ted ventilation velociti es . In 
ord er to compa re velociti es in th e urn, th e \ -e locitv 

magnitud es, d efin ed as th e squ a re roo t of th e sum of th e 

squ a res of th e direc ti ona l components for each vec to r, a re 
pl o tted as a fun ction of d epth [o r laye red firn in Fig ure 3 . 
Beca use, in ge nera l, longe r sur fa ce-press ure fo rcing 
waveleng ths a re known to induce lowe r nea r-sur face f1 0w 

but la rge r f10 w a t d epth (Colbeck, 1989 ), two wa \'e­

leng ths a re inves tiga ted. T n bo th cases, it can be seen th a t 

velociti es in a more-pcrm ea ble layer ca n be hi gher th a n 
th e a dj acent veloc iti es in a less-permea ble layer th a t li es 
a bove it, as cvid enced b y rises in velocit v magnitud es at 
d epths be twee n 0. 6- I.lm a nd be twee n 1.1 1.6 m . Thus, 
cha nneling, o r in creascd horizont a l a nd net a ir now 

\\"ithin a laye r, can occ ur even if th e mic ros tructure of 

th a t laye r is isotropic. This occ urs because th e prcssure 
g radi ents th a t d rive th e a ir now penetra te th e firn a nd , 
a ltho ugh th e press ure g radi ents g('ne ra ll y d ecrease \,·ith 
d epth , \'a ri a tions in permeabilit y a llow \'a r ia tions in f1 ow. 

Hig her hori zo nta l f1ux es may th en occ ur in layers o r 

Alberl: ,llor/elil/g heal , lI1a>r al/d s/)f(ies IlIlmporl il/ polar/im 
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Fig. 4. CalClllaled l'eloci£v mogllillldes 1'S dejJlh. O/JelI 
circles are Jrom ulliform Jinz [([lwlaliolls IIsing a 
jJermeobililJl 0/30 x 10 101/1

2
: ojJen sqllares used a ulliforlll 

/Jermeabitilj' of 8 x 10 10 nt Solid squares are [([lwlaliolls 
of lajlned ji'm with jJermeabitities shm.oll as Ihill lilies ill 
Figure 1. (;fUll/ ll eting ( increased air flo w) occll rs ill Ihe 

more-/xrll/eable buried Iqvers. 

hig her permeabi lity. This effec t is m os t prono un ced fo r a 
stead y-sta te surface -pressure fo rc ing a nd so will mos t 
likely occur in th e fi eld when winds a re susta ined. At 
Summit a nd m a n y o th e r po la r sites, o nce wind y 

conditions d eve lop , th ey can las t fo r d ays or longer. 

Although th e surface fea tures such as sas trug i mi gra te 
ove r period s o f" d ays, th ey genera ll y comprise th e top 
10 cm or so of snow; th e m ore-permea ble la yers in" oh-ed 
with cha nneling di scussed here d o no t mo\"e in time. 

The next se t of simula ti ons consider th e firn as a 

hom ogeneo us ha lf-space using a " representa ti\'c" pe rm e­

a bilit y thro ugh out the region . Th e first uses 30 x 10 IQ m2
, 

a \ 'alue th a t co uld be judged to be represellla ti ve of th e 
top 3 m o f" th e firn (Fig . 1) a nd th e second uses 8 x 10 III 

1112, a \'alu c that c harac teri zes th e urn as ho nl ogen eous 

using th e surCace permeability; bo th ass umed a wa\ 'e­

leng th of 3.3 m. Th e results a re shown in Fig ure 4, a long 

with results from th e layered case fo r refe rence . In th is 
fi g ure, th e open symbo ls represent res ul ts fro m th e 
homogeneo us Grn , \\'hile th e so lid squ a res d epi c t res ults 
from th e laye red case . It ca n be seen th a t, in this case, rh e 

use of th e la rge r permea bi li ty, a lthou g h represe n ta ti\'e of 

m os t of th e LOp 3 m of firn , g rea tl y O\'e rpredi c ts th e a ir­

now \'eloc iti es a t a ll d epths. The cffcc t of th e lowe r­
perm ea bilit y laye r a t th e surface sen TS to d ecrease th e a ir 
ll ow in tb e underl ying firn . 

.\ be tt e r agreement \\"itb laye red res ults ca n be had 10 1' 
thi s case by employing th e properti es o f th e sUl'f'ace layer 

(a permeabilit y of 8 x 10 10 m 2
) fo r hom ogeneo us simul a­

ti o n, as is e\"id ent from Fig ure 4 . H oweve r, th e homo­
ge neo us case still O\ 'e rpredic ts th e \-e lociti es in th e surface 
laye r a nd und erpredi c ts th e veloc iti es in th e underl ying 
laycTs. This is sho\\"n more cl ea rl y in Fig ure 5, a n 

illustra tion of th e norm a li zed \ 'eloc it y diffe rence, which is 
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Fig. 5. Aonnali;::ed velocity difference between the layered 
case alld the case of uniform fim , all having jJrojJerties of 
the s1l1face willdpack . The ulliform firn assumption 
overestimates the flo w in the sll1Jace windpack but 
underestimates the flo w at depths approaching the 
wavelength of the swJace sastrugi. 

ca lcul a ted as th e quotient of th e difference between the 
ve locity magnitud es in th e uniform and layered firn 
di vid ed by the magnitud e in th e layered urn for each 

dep th. In this case, the homogeneous mod el overestimates 
ve lociti es in the surface snow by as much as 80% but 
underes tima tes most of th e ve loc iti es a t d epths a pproac h­
ing the wavelength of the surface sas trugi by 20-60%. 

T his result indica tes th a t deta il ed mod eling of firn 
properti es in models of ventil a ti on with chemical trans­

port is necessa ry for accura te asse sm en t of the firn- a ir 
tra nsfer fun ction for polar ice-co re assessments. Estim a tes 
based on uniform firn properti es (th e homogeneous ha lf­
space a pproach ) could be sig nifi ca ntl y in error. In 
addition , it d oes not necessaril y fo llow th a t higher wind 

speeds (either at a different location or a t the sa me 

location a t a different time) wi ll a lways induce more 
vent il a tion. A complica ting fac tor is that higher winds 
induce mo re salta tion of snow ac ross th e surface a nd the 
crea ti o n of a lower-perm eability surface wind-pack, 
which reduces the permea b il ity. H oweve r, even with the 

reduced a ir fl ow due to the mod erating effects of the 

surface wind-pack, th e ve ntil a ti on veloc iti es in this case 
a re o n the order of severa l mm S I at a d epth of I m wh ich 
is still sig nifi cant in terms o f acce lera t ing tra nsport 
processes over tha t due to difTusion a lone (e.g . Bales a nd 
ot hers, 1995) . Th erefo re, co nvention a l es t im a tes of 

chemica l transport due to diffusion a lone a re likely to 

underes timate transport, whil e es tim ates of ve ntil a ti on 
th a t consider the fim as a homogeneo us ha lf- space m ay 
overestimate venti la tion effec ts, especia ll y in the nea r­
sUl' facc. The firn laye ring is importa nt for ve nti la tion . 

CONCLUSION 

A finit e-element model for simu la ting mu lti-dimensional 
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a ir fl ow with heat, mass a nd chem ica l-species tra nspo rt 

through urn has been presented. It is dri\'en by either 
surface energy-ba la nce measurements or prescr ibed 
boundary conditions, a nd is a b le to represent arbitrary 
geometri es with spa ti a ll y \'ariab le materia l parame ters 
such as permea bility a nd therma l co nductivity. The 
model is used here to inves ti ga te th e importance of 

layering on a ir fl ow thro ug h th e snow a nd firn. 
Although layering has been neglec ted in all previous 

estimates o f a ir m ovement through snow a nd firn, 
layering is important. Field measurements of permeabilil y 
a t Summit, Green la nd , show ,'aria lio ll s by a t leas t a 
faclor of 10 o\'e r th e top 3 m, with the surface wind-pack 

having much lower permeabi lit y in genera l th a n the 
underlying firn. The effec t ofa lower-permea bility surface 
layer is to decrease the a ir fl ow in th e underlying urn (i.e. 
clecreased over tha t which co uld be ex pected in th e 
a bsence o f th e wind-pac k), ye t lhere is still sufficienl a ir 

fl ow in the top meters of th e firn so th a t ventil a tion must 

be consid ered in chemi ca l tra nspo rt mod eling. In 
add itio n, cha nneling, or in creased ho rizontal a nd net 
a ir fl ow in a deepet' laye r overl a in by a less permeable 
layer, can occur even if the micros truc ture of each layer is 
iso trop ic. Thus, whil e ai r-fl ow ve locities in a low­

permeability surface wind- pack may be sm a ll , under 

conditions of sustained pressure forcing it is possible to 
have higher velocity ai r fl ow in a more permeable deeper 
layer than in the wind-pack. 

Conventional estimates of chemi ca l tra nsport due lo 
diffusion a lone are likely to und eres timate t ransport , 
whil e es tima tes of ve ntilati on th a t consider the urn as a 

homogeneous half-space (witho ut layering effec ts) may 
ove res tima te ventilation effec ts a t th e nea r-surface. Effects 
of firn laye rin g a re importa nt for ve nti la ti o n and must be 
consid ered for acc u ra le assess men t of firn- a i r tra nspo rt 
mecha nisms. 
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