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Sub-surface Dlelting in a seasonal snow cover 
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ABSTRACT. Th e a bility of solar radiation to penetra te into a snow cover 
combined with the low therma l conductivity of snow can lead to a sub-surface 
temperature m ax imum. This elevated sub-surface tempera ture a llows a layer of wet 
snow to form below the surface even on days wh en the air temperature remains sub
fr eezing. A high-resolution frequ ency-modulated continuous wave (FMCvV) rad a r has 
been used to d etect the onse t of sub-surface m elting in a seasonal snow cove r. The 
experimenta l observation of sub-surface melting is shown to be in good agreem ent with 
the predic tions of a on e-dimensiona l mass- and energy-balance model. The effects of 
va rying snow cha racteristi cs a nd solar ex tinc tion pa rameters on the sub-surface melt 
characteristi cs are investiga ted using model simulations. 

INTRODUCTION 

Th e stud y of th e ph ysical processes that occ ur n ear the 
surface or a seasona l snow cover is complica ted b y diurnal 
va ria tions in th e surface-e n ergy ba la nce, res ulting 
primarily from swings in a ir tempera ture a nd so lar 
radia tion. This was illustra ted by Colbec k ( 1989), who 
modeled the temperature profil e in a seasona l sn ow cover 
b y ass uming a sinusoida ll y va ry ing surface temperature 
a nd ex ponentia l decay of so la r radi a ti on within the snow 
cove r. His ca lcul a ti ons sh o wed th a t a sub-surface 
tempera ture m aximum can occ ur, i[ th e rate of sola r 
h ea ting benea th the snow surface is greater th a n th e ra te 
o[ cooling b y condu ction . A more refin ed energy
transport calcula ti on a t the sn ow surface was cond ucted 
by Brand t a nd W arren (1993) to illustrate that th e 
eleva ted sub-surface tempera ture in high-d ensity Antarc
tic snow reported and mod eled by Schla tter (1972) may 
be in error. Th ey refin ed th e model ofS chla tter ( 1972) by 
using a na rrow spec tral resolution [or sola r radia tion to 
ta ke into acco unt the wavelen g th-d ependent ex tinc tion in 
snow. The narrow-band mod e l indi ca ted that th e broad
ba nd approxi m a tion used by both Schlatter ( 1972) and 
Colbeck (1989) ove res tima tes the magnitud e and d epth of 
th e sub-surface maximum a nd th at, tor clean snow, 
signifi cant sub-surface tempera ture elevations a r e limited 
to low-d ensity snow covers. Other researchers (Marshall 
and W arren , 1987; Brun and others, 1989; J orda n , 1991 ; 
Greuell and K onzelmann , 1994) have used two- or three
band models tha t offer significant improvem ent over the 
one-band va ri e ty without th e computa tiona l inefficiency 
of fin e spec tral resolution. Brun and o th e rs ( 1989) 
observed the occ urrence of temperature maxima a few 
centimeters below the snow surface on cold , sunn y days 
a nd successfull y replica ted meas ured tempera ture profiles 
using a three-ba nd model divided at waveleng ths of 0.8 
and 0.1 5 j.lm . 

Th e modeled res ults of the eleva ted su b-su rface 
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tempera ture effects have been diffi cult to verify exp er
imentall y. This is prim aril y due to th e diflicul ties involved 
in measuring th e temperature profil e of a snow cover 
using temperature sensors embedded in snow. Radiative 
h eating of these sensors on clea r d ays can lead to incorrect 
temperature meas urements (Bra ndt and Warren , 1993) . 
More conclusive ev id ence of elevated sub-surface tem
per a tures may be th e onset of sub-surface melting, which 
can be easil y detec ted using a hig h-resolution frequ ency
m odulated continuous wave (FMCW) radar. FMCW 
ra d a rs have th e cha racteristi cs of d etec ting la yers wi thin a 
snow cover, if sufficient electrom agneti c contras t exists 
b e twee n the laye rs, a ri si ng from discontinuities in 
di elec tric constant, snow gra in-size and /or surface ro ugh
n ess . Th e la rge di e lec tri c contras t be tween ice and wa ter 
at th e radar freque ncies makes it poss ible to detec t sub
surface melting wi th an FMCW radar. 

\lV e have recentl y observed that sub-surface melting is 
not a n uncommon event in a seasonal snow cover. In this 
p a p er, a case stud y is presented of a sub-surface melting 
event observed with a n FMCW radar. A one-dimensional 
mass- and energy-ba lance model for snow (SNTHERM), 
d eveloped by Jord an (1991 ), is used to predict the 
temperature and liq uid- water con ten t profiles of the snow 
cover. The sola r a bsorption routine in SNTHERM uses a 
simple two-band resolution of the solar spec trum (0.4-
l. 12 ~lm and 1.12- 2.4 j.lm ) , in which th e longer-wave
le ng th component is " dumped " a t the surface and the 
shorter-waveleng th fraction is a bsorbed exponentially. 
The experimenta l observa ti ons of sub-surface melt a re 
shown to be in good agreemen t with th e mod eled results. 
These encouraging res ults gave us confid ence to run 
additional simula tions in ord er to tes t the effec ts of 
va rying snow ch a r acteristi cs and sola r-extinction p a ra
m e ters on the sub-surface m elt ch a racteristi cs . Th e 
simulati ons indicated tha t th e occurrence o[ sub-surface 
m elt is strongly d ep endent on snow d ensity and gen era ll y 
concurred with the observa tion of Brand t and \lVa rren 
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( 1993 ) th a t su b-surface temperature eleva tions a re min 
im a l in hig h -d ensity snow. 

The a bility to detect a nd m od el the sub -surface melt 
in a seasonal snow cove r can contribute to a better 
und ersta nding of the ph ys ica l processes th a t occur nea r 
the snow surface. Prac tica l a pp lica tions of these sub
surface effec ts ma y be found in snow remote-sensing and 
avalanche in ves tiga tions. M icrowave inte rac ti o n with a 
snow cove r is g rea tly inDuenced by the presence of liquid 
water; therefore the conditio ns that can lead to a n 
increase or d ecrease in snow wetness are of considerabl e 
interes t to the rad a r remote-sensing community. Predi c
tion of ava lanche releases m ay be improved b y inves
tiga ting th e processes that contribute to th e fo rm a tion of 
mecha n ica ll y weak sno\\' laye rs. A\'a lanche re leases ha\'e 
been attributed to layers of d epth hoar (A kitaya and 
Shimizu, 1987) a nd wet sn ow (Izumi , 1989 ) w h ich we re 
buried by subsequ ent snowfa lls. It is possible th a t sub
surface m elt ing a nd subsequ ent freezing of thi s melted 
layer can a lso a ffect the m echa nical streng th of the snow 
below the surface. 

EXPERIMENT 

a. Environxnental conditions 

A case srud y o f th e FMCW rad a r observation of sub
surface meltin g that bega n a ro und 1230 h on I lVlarch 
1993 in Hanove r, New H a mpshire, is presented . Th e sub
surface meltin g was obse ryed on a calm , c lear day when 
the a ir temperature was below freezing. Fig lllT I presen ts 
some of the relcva n t meteoro log ica l condi tions dur ing th e 
onse t of m e lt ing . The air tempera ture rem a ined sub
freez ing for m os t of the d ay excep t betwee n 1400 and 
1800 h (th e m ax imum temperature of2 .8°C was obsen'ed 
a round 1600 h ) . During thi s peri od, thc hourl y a\'e raged 
wind speed ra nged between I a nd 3 m Si, The incoming 
so la r rad iation measured with a pyranom e te r indi cated 
th a t the sky was rela ti\ 'ely fr ee of clouds during th e onse t 
of sub-surface meltin g , Th e fractional c lo ud cove r 
reported at a n a irport 6m il es [9,6 km] to th e south 
confirmed th e m eas urements o f the pyra nom e ter. 

Th e snow-cover propert ies were ob ta i ned from snow 
pits loca ted approximate ly 5 m fi'om the rada r foo tprint. 
The snow cover consisted o f se\'e ra l laye rs whose total 
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Fig. i . HOllrlj' summaries oJ tlte meteorological collditions 
during the Ollset oJ sub-swjace melting, 

d epth was a pprox im a tely 30 40 cm (due to th e uneven 
con to ur of th e radar plol. there was so me spa ti a l 
va riab il ity ) , Profil es of the snow temperature, density 
and grain-size o bse n' ed a t 0900 h are reported in Tabl e I . 
The thermal condu e ti vit:, and effec tive th erm a l conduc
tiyit y a re computed from algorithms within th e comp uter 
simula ti on LO be di sc ussed later. Th e snoll' temperature 
was obta ined b y inse rt ing a t \ 'a r ying depths a single 
thermocouple pl'Obe th a t was a ttac hed to a di g ila l 
therm ometer. Th e tempera ture of th e ent ire snow cover 
was sub-freez ing a nd had a negati\'e gradi ent du e to 
overn ight rad ia ti\ 'C coo ling or the surface. 

The LOp + cm o f' th e snow cove r fe ll on 22 23 Febru a ry 
3 a lld by I M arc h ha d densifi ed to 130 kg m ,Below th e 

to p laye r was th e re m a ins of20 cm of snow lh a t fel l on 16 
17 Febru ary, w hic h had compac ted to ap proxim a tely 
15 cm and had a d ensit y of 170 kg m :J , The snow g ra in
size of the top t\\'o laye rs was approxim ate ly 0,5 mm, Th e 
bo ttom third o f th e sno\\' cove r cons isted of" a 2 cm c rust 
o n top of approxim a tely 10 20cm o f sno\\, . This layer was 
crea ted by the snowfa ll o r 12- 13 Febru a ry , when 
app rox ima tely 20 c m o f" sno\\' fe ll ove r a n ex isting sh a ll ow 
snO\\' cO\·e r. During th e latter part o f this storm, the snow 

Table ./, i nitial snow-cover characteristics and control-volume grid used ill com/JUter simulationIor 1 Nl arch 1993 

T op oJ layer Layer thickness Snow tem/Jerature SI/OW densil)' Grain-size Thermal leIfective thermal 
conductivity conductivity 

cm cm °C kg m :3 mm \'\' m I .K I '" m I K 
I 

34 4 10,6 130 0,5 0,088 0, 17 1 

30 15 9 .1 9 (LOp ) 170 0,.') 0,125 0,205 
- 2.5 (bottom ) 

15 2 600 1. 0 1.028 1.093 
13 13 - 2.2 (LOp ) 250 1.5 0,223 0 .30 1 

1.1 (bo tto m ) 
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was wet a nd form ed the crust w hen it subsequ entl y froze . 
The density of the bottom laye r was approxima tely 

- 'l 2::>0 kg m . . 

h . FMCW radar Illeas ureIllents 

Th e Fl\ fC\\' radar sys tem th a t was used to d e tec t sub
surface melting is illustra ted in Fig ure 2. An HP 8350B 
sweep osc ill ator a nd a n HP 83554A millim ere r-wa\'e 
sou rce module genera tes sig na ls \I'hose freq uency \'a ri es 
lin earh' \I'ith time from 26.5 to 40 G H z with a sweep tim e 
of 80 ms. A directional cou pler di \· ides th e frequ ency
modul a ted sig n a l in to (\\'0 pa ths; a reference sig na l is 
bro ught direc tl y in to the mi xe r (direc ti onal co upl e r a nd 

HP 79588 
disc drive 

HP 3562A 
signal analyzer 

HP 83508 
sweep oscillator 

HP 83554A 
source module 

snow cover 

F('5' 2. Schematic oI the FMC f" radar. DC and CD are 
directiollal cOlljJler alld CI))stal deleclor, resjJectivelj" 

crys ta l detec tor) a nd a la rge t sig na l is rou ted to the snow 
cove r via a tr a nsmitting ante nn a. Th e reflec ted signa l 
from th e snow cover is fed into th e mixer input via a 
rece i\' ing a ntenna . An HP 3562 A signa l a na lyze r is used 
to obta in th e fa st Fouri er tra nsfo rm (FFT ) of th e mixer 
o utput. The FFT yields a powe r spcc trum where th e 
freq uency is proporti ona l to th e return travel ti me 
(fun cti on of the ta rge t di s ta n ce a nd lh e e ffect ive 
di elec tri c consta nt of the pro paga ti on pa th ) of th e source 
sig na l a nd whose magnitude is pro porti ona l to th e ta rge t 
refl ec ti vit y. An example of a power spec trum , illustra ti ng 
the output of a n F:-fCW rad a r , is illustrated in Fig ure 3. 
The first pea k in the powe r spectrum a t 6.01 2 kJ-l z 
represents th e refl ec ti on fro m the snow surface . The 
second pea k a t 6 .248 kHz re prese l1ls th e refl ec ti o n from 
th e crust a pprox im a tely 19 cm below the surface . F or the 
F~CW rad a r sys tem used in thi s st ud y, the rela tions 
between th e dista nce within th e sno\\' , LlZ (cm ) , a nd the 
fi'equ ency difference in th e powe r spec trum , L1f (Hz), is 
ex pressed as 
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Fig . 3. F,\lC I , . radar ollljJul . TlzeJrequel1L)' oIlhe flaWCl' 

sjNctrum is jJroporlional 10 the eleclromagnetic distance and 
lite magnitude is projJortional to tlte larget rejleclil'i0', 

(1) 

where t OIl'P is th e s\,vee p ra tc (80 ms) , bw is th e band ", id th 
o f th e FMCW swee p ( 13 .5 GHz), c is th e \'e1ocity o f li g ht 
a nd Eerr is the effec ti ve di elec tri c consta nt of snow . F o r a 
reco rd leng th o f 8 0 m s, th e sig n a l a nalyze r h as a 
frcC] uency reso lutio n o f' 12.5 Hz, whic h co rres ponds to a 
resolution of a pproxim a tel y I cm in low-d ensity snow. 

F o r this stud y, t he Fl\lC\\' rad a r was mounted o n a 
ga ntry ap proxima tely 6 m a bO\'e th e g ro und (th e dista nce 
be twee n the base o f the a ntenna a nd the gro und was 
5 .6 m ) a nd pos itio ned so th a t th e tra nsmitted sig na l was 
direc ted towa rd th e snow cove r a t a 4° incident a ng le. 
Th e radar bac k-sca tte r from the sam e spo t on the snow 
cover was recorded o nce e\'C ry 30 min. A seq uence o f 
F.\1 C W radar re turns illustra ting th e forma ti on o f a 
wa ter layer benea th th e snow surface is shown in Fig ure 4 . 
Th e return a t 12 10h is ve ry simil a r to tha t obse rved a t 
09 10h (cf. Fig. 3) , indi ca ting tha t \'Cry little cha nge in 
snow property occ urred du ring th e 4 h peri od be tween 
th ese two traces . Th e form a ti on of a melt layer benea th 
th e snow surface began to emerge a ro und 1240 h until a 
di stinct laye r was d e tec ted a round 13 10 h. The frequ ency 
difference between th ese two pea ks was 0.025 kH z. Fo r 
snow, whose densi t y is 130 kg m 3 (effec ti ve di elec tri c 
cons ta nt of a pprox im a tely 1. 28), thi s frequency difTe rencc 
indi ca tes tha t th e to p of th e melt laye r occ urred 
a pproxima tely 2 .0 c m belo\\' thc surface (the thi ckn ess of 
th e m elt laye r ca nno t be inferred from th e ra d a r 
m easurement ). Appli ca ti on of wa ter-sensiti\'e d ye to th e 
snow below the surface confirmed tha t a laye r of we t snow 
due to sub-surface m e lting was present. 

Furth er a na lys is o f' th e rada r d a ta indica ted th a t the 
m aximum melt a ppeared to have occ urred a ro und 
1400 h. The increase in li q uid wa te r result ed in hig her 
a bso r p ti on loss, so th a t the magnitud e of the re fl ec ti o n 
fro m th e crust was a t its minimum . After 1440 h , th e 
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1740 h 

5.9 6.0 6.1 6.2 6.3 6.4 6.5 5 .9 6.0 6.1 6 .2 6.3 6.4 6.5 

Frequency (kHz) Frequency (kHz) 

Fig . 4. Sequellce ol FJIC II ' radar resjJollse illuslratillg L/ie ./olllwliOIl DJ a me/I /r~)ler beloz£' Ihe SIIOIl' slIIjace. 

m agnitud e o f the re Oenio n fro m th e crus t layer 

g radu a lly in creased , whic h indi ca ted tha t th e m C' lted 

laye r h a d begun to fr eeze. The renec ti o n fro m th e c ru st 
g radu a ll y in creased a nd th en sta bili zed a ft er 1740 h , 

w hi c h inclica tedth a tliquid wate r was no lo n ge r prese nt. 

Com pa ri so n of th e Fl\ l C \\ ' rad a r re tu rn s fro m 09 10 a nd 

1740 h sh ows th at, du e to th e s ub- s ur1~lce m elt a nd freeze 
cyc le , th e FJ\IC\\' rada r was a ble [0 d e tec t a relrozen 

laye r th a t was not present before th e melt. 
Th e a bili tv to d e tec t su b-surface m e lting lI' ith a n 

FI\IC \\ ' r a d a r has bee n demo nstra ted . Th e F;\I C \ \, 

rad a r prO\' ides info rm a ti o n a bo ut th e tim e a nd loca ti o n 

o f th e m e lt lave r. T o il1\ 'es tiga te the ph ys ical processes 

respo nsible fo r th e s ub- s urf~lce melt. th e ra d a r da ta a re 

a na l yzed usi ng a o n e-di m e nsiona I h ea t- a nd m ass 
bala nc e m od el. 

NUMERICAL MODEL 

C o nse n 'a li OIl o r e ner gy for a o ne-di m e tlsio nal sno w 

so il sys te m is d escribed b y th e p a rti a l dil Je re nti a l 
equ a ti o n 

oz (2) 

lI'here Cs is th e eITec ti\'e h ea t capac it\· o f th e IIT t snoll', Ps 
is th e sno \\' d ensit \" T is tempera ture (K e h 'in ), 111 is the 

ra te o f ph ase change (o r m e lt ) li'o m ice to liqui d, L,,, is th e 
la tent hea t o f fu sion , t is tim e, /,;0 is a n elTecti\'e th t'Tm a l 

condu c ti v ity, F'oiar is th e ne t sola r rad ia ti o n (pos iti\'C 
up\\'ard s) a nd z is th e H'ni ca l positi on m cas ured upwa rd s 
from th e snow so il int e rface , C:olll 'Cc ted h ea t rC's ultin g 

rrom \\'a te r nO\\ is no t inc lud ed in Eq ua ti o n (2), sil1 cr th e 

liquid-wa te r content in thi s a ppli ca ti o n c1 0es no t reach th e 
m inimum Ie\'el necessa ry fo r nO\\·. Sr nsiblc- a nd la tent

heat dTc-c ts a re combin ed in a n a ppa rent h ea t ca pac it y, 
whi ch in co rpora tes a fr eez in g cunT for snow a rtifi ciall y 

se lec tr d so th a t it app roac h es a step fun c ti o n a t 0 C bu t is 
no t too s tce p as to pose difIi culti rs with th c nUlll eri ca l 
so luti o n . Thr num eri ca l sc he m e is I)Clsed o n th e cO l1trol

yolum e m e th odology o r Pa ta nk a r ( 1980 ) a nd has bee n 

desc ribed in d etail in J o rd a n ( 199 1), Th e rm a l co nclu eti\ '

ity ks is es tima ted fro m S Il OW d ensit y as 

ks = ka + (7 ,75 x 10- ') Ps + 1.105 X 10- (; p, 2) ( /,; j - k,,) 

(3) 

w here k" a nd k j a rc th e th ermal co ndu cti\' iti es o r a ir a nd 
icr, rrs pec ti\' r ly, a ndth r eodTl c ients ha\'C bee n selected so 

th a t Equ a ti o n (3 ) fits th e d a ta oC Yen ( 1962) a nd 
e:-; tra po la tes to th e co ndu c ti\ ·it\· o fi ee . L a tent-h ra t e ITr Cls 

due to th e diffu sio n a nd sublim a ti o n of \\ 'a te r \ 'apo r are 

in corpora ted in th e efTcc ti\ 'C th e rm a l co ndu cti\'it ) as 

(4) 

w here L ,. is th e la tr nt heat 0 [' sublim a ti o n , De is th e 

e ITec ti\'c dilTusio n coefTi ciC' nt or \\'a te r \ a por thro ug h sno\\' 

a nd p,. is th e wa te r-\'a por d e nsit y , 

Th e surfacc-e ncrgy Ilu x F top (pos iti\ 'e up wa rd s) 

combines th e ne t so la r flu :-; ('p",iar) , th e ne t \o ngwa \'e
rad ia ti o n nu x (Fjr ) a nd th e tu rbulent-ene rgy n u:-;es of 

se nsible (F.",") a nd la tent hea t (ELL)' gi\ing 

(5) 

I\l easu rem e n ts o f th e dO\\'l1we llill g long\\'<\ \ 'e llu :-; \\T IT 
un a \'a ila ble a nd a rc es tim a ted fro m a fo rmu la b ased on 

th e r q U <l ti o n o (,ldso ( 198 1 ), A s is c ustoma ry, th e cm it ted 

com ponent o f th e upwr lling 10 n g \\'a \T Ilu :-; is computed 

fro m th e S te l~l n Boltzlll a nn eq u a ti o n , in \\ 'hi c h th e sno\\' 
em iss i\ 'it\ · is ta ke n as 0 ,97 (Jo rd a n a nd o th ers, 1989 ) . The 

turbulent flu xes a rr comput ecl as (Andreas a nd 1\ \ urph y, 

19861: 

(6) 

a nd 

(7) 

w here p" is t h e a ir dem it \·, c" is th e spec ili c hea l or a ir a t 
co nsta nt prrss llrr, CII is the bulk-tra nslt' r codTi c ir nt fo r 

se nsible hea t , 1"" is th e a ir tempera ture, T " is th e 

temperature o f th e s url~l ce -co ntrol \'o lum e, n, C l': is th e 

bulk-tra ll slCr coe fTi cient fo r la te nt hea t, VI is th e \\' ind 
speed , p," is th e \\,a tcr-\ 'apo r d e nsity 0 [' th e surface

co ntrol \'o lumc a nd P".a is lh e wa te r- va por density in air , 
comput ed fi'om th e rela ti\ 'C humidit\" The bulk-tra nsfer 

coe lTi cient fo r se nsibl e hea t is comput ed fro m th e 

ro ug hn ess le ng th Zo, gi\'ing fo r n e utra l s t a hilit ~ , 

C
lIK 

= [ (",)]2 In L 
Z'o 

(8) 
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w he re Z' is th e o bse n 'a ti on h eig ht a bO\'e th e sno w 
inte rface , A valu e oC O,007m is used fo r zo , Th e bulk

tra nsfer coefli cient [o r lat ent heat a t neutra l sta bility C E:\ 

is ta ken as O,7C HN , F o r un sta bl e a tmosph eri c conditi o ns, 

th e s ta nd a rd sta bility adjustm ent is m a d e to CE:\ and C tt l'\ 
(L a rge a nd Pond , 1982) but, 10 1' s ta bl e conditio n s, th e 

co rrec ti o n is o mi t ted , sincr it was Co und to d egr a d e th e 

p erCorma nce oC th e m odel signili can tl y , 
Th e m agni tud e oC th e sola r-a b sorpti on term d e p e nds 

prim a ril y o n th e intensit\" a ng le a nd spec tra l compositio n 

of th e incident r a di a ti on. a nd o n sn ow a lbedo, o pti cal 

d r pth and grain dia meter. As a lirst a pp rox im a ti o n , 

incid ent so la r en ergy is ass um ed to be diffu se a nd 
iso tro p ic. Th e hea ting ra te is computed using a ne t 

bulk-extin cti o n coe fli cient (lcxl (G renfe ll a nd i\ l ay kut. 

19 77 ; Bra ndt and \\'a rren , 1993 ) d efin ed as 

(lex I = / (l)'[F)'(O)exp- rh(h- Z)] d)" / 

/ [F,,(O)exp JA( h -Z)]d)" (9) 

whe re (lA is th e spec tra l fl ux-ex tinc tio n coeffi cient , F),(O) 
is th e ne t spec tra l radi a tio n at th e sn ow surface a nd h is 

th e snow depth, Th e spec tra l integ ra ti o n is simplifi ed into 
two broad ba nd s co rrespondin g ro ug h ly to th e wa\-c

le ng th ra nges of 0 .4- 1,1 2 {fm a nd 1, 12- 2,4 {fm , R a di a ti on 

w ithin th e 10 11 er-e ne rgy ba nd is ass um r d to be to ta ll y 

a b sorbed within th r top-control \ 'o lum e, Th a t within th e 

hi g h e r-e nergy ba nd is ass um ed LO d ecay acco rdin g to 
Bee r' s la \\' , usin g a ne t as \'mpto ti c bulk-ex tin ct io n 

coe ffi c ient (l:x; computed fro m th e fo rm ula of Bo hre n 

a nd Ba rkstro m ( 1974) : 

(lcxl( hi gh-energy band) = (lC)G = ~ , (10) 

Th e e mpiri call y d e ri\'ed \'a lu e o f 0,003795 sugges ted b y 

And e rso n ( 1976) is used for th e a djusta bl e pa ra m e te r C , 
Combining th e contributions fi 'o m th e two energy b a nds, 

th e discre tized en ergy gain du e to sola r h ea ting within th e 

snow cO\'e r is 

11 Cl n 1;'(0) c;' n-~ Llr sotar = solar - -" solar -

- F (O) (1 f'e' - ,}, _1o) - solar -, x p 

fo r th e surface-contro l volume, a nd 

11 Cl .i _ c;' .i+~ Cl .i-I, 
LJr soia.1' - T solar - - L'so!ar -

(11) 

10 1' th e interi or control volum es ,], w h ere p i+i; is th e ne t 

sola r radi a ti on a t th e upper bo undar y or co ntrol volum e.7 

a nd f is th e frac ti o n o[ ne t sola r ra dia ti o n in th e hi g h e r

e n e rgy ba nd, S in ce heat flu xes a re d e fin ed as pos iti\'e in 
th e upward directio n , a nega ti\ 'e va lu e for th e c ha n ge in 

so la r ra dia ti o n Ll-Psotar co r res po nd s to a bsorpti o n o f 
e ne rgy by th e sn ow cO\'er. Altho ug h th e li-ac tio n f w ill 

va ry w ith cl o ud co\'e r an d sn ow ch a rac te ri s ti cs, a 
consra nt \ 'a lu e 0 ,46 is used he re , whic h corres po nds to 

tb e b es t fit be twee n prrd ic ted a nd es tim a ted surface 

tempera tures fo r th e sta nd a rd 10 d tes t period used in 

va lid a tin g the model. 
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MODEL SIMULATIONS 

T em pera ture a nd liquid- wa ter profiles in th e snoll' cO\'e l

wer e si lTlUla tecl for 1100 1900 h on I i\ 'I a rc h 1993, whi c h 
conta in ed th e pe ri od of m e lt. V a lu es o f sn ow d ensit y and 

g rain- size used in th e simula ti on arc prO\' id ed bv th e 

pro file s sho\\'n in T a ble I , VVilltin th e two up per layers, a 

contro l \'o lume thi ckn ess o f 0 ,5 C I11 was used , Th e tota l 
snow d epth of 34cm was sufli cientl y d ee p th a t the 

snowp ac k a p pea red semi-infinit e to sola r ra di a ti on , The 

simul a ti o n Il'as brg un a t 1800 h on th e Ixe\'io us cl av to 

a llow th e tempera ture pro lile to co m e to equilibrium 

pri o r to th e periocl oCinte res l. The obser ved tempera tures 
a t 0 9 0 0 h we re used to \'e rify th e simula ti o n a nd 

compa red fa\'o ra bl y, V a lu es fo r th e th e rmal a nd eflec ti ve 

rh e rm a l conduc tivit y a t 1100 h a re shown in T a ble I a nd 

Il ere comput ed from Equa ti o ns (3) a nd (4 ) , Th e th erm a l 
condu c ti\ 'it y of th e uppe r la ye r is rela ti vel y lo ll' , typical o f 

low-d e nsity snO\\', a nd la tent-hea t ch a n ges du e to the 

diffu sio n a nd sublimatio n of' wa ter \ 'a p or account Jo r 

a bo ut 50% of' th e errec ti\'e th erm a l co ndu cti\'ity , A 

summ a r y o f th e surface -en ergy co m p o n e n rs fo r th e 
simul a tion peri od is sh own in T a ble 2, computed fro m 

me teo ro logica l obse rva ti o n s record r d a t 15 min intern 1is 

a nd fr ac ti o na l clo ud-cover o bse n 'a ti o ns fro m a nea rb y 

airpo rt. The spec tra ll y integ ra ted a l bed o fo r I i\Ia rc h 

(co mputed as th e ra ti o of upwe ll ing to downwel ling 
measure m ents of sola r ra di a tion) is plo tted in Fig ure 5 

a nd averaged O,S I fo r th e d ay , A rise in a lbedo in rh e 

morn ing ge nerally corresp o nd ed to a pe ri od o f increased 

cloud cO\'er , ",hen th e sp ec tra l CO I11 pos i ti o n o f th e incid en t 
radia tio n was sh i ftec1 towards th e sho rte r wa \ 'Clengths, 

1.0 ,---.----,--- -.----,-----,---, 

0.9 

0 .8 

0.7 

0.6 L--_ ---'-__ -'---_---'-__ -'--__ '-----' 

700 900 1100 1300 1500 1700 

Time (h) 

Fig , 5, SjJeCtraL0' integra ted albedo if SlIOW (ralio 0./ 

lI/Jwellillg la dou.'lIwe/Ling measurements olsolar radiation 
}i'om ~jJjJ/~J' /J'yraIZOll1eters ) , 1 M arc/z 1993, Hanover, 
Am' Ham/Jsliire, US.A , 

H o u 1'1 1' p red ictio ns o f vo lumetri c liq uic1- water co n ten t 

a rc sh own in Figure 6 , The simula ti o n gen e ra ted o ut p ut 

on a 15 min basis but for illustra ti\'e purposes onl y th e 
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A-oh and J ordall: Sub -sw/ace IIldtillg in a seasonal SIIOW (oun 

T able 2. Summa I)' of the slll/ace-energ), tOl17/JOIleJ7 ts Jor /he Jimulatioll period 

T ime ,\ 'et solar radiatioll v \ 'et 10Ilgu'al'e radiatioll Sensible-heal trrtllsji'r La/mt-heat transfer 

h \\ ' m 2 \\. m 2 
. ,) 

\\ m - \\' m 2 

11 00 14S. 700 - 78 .S00 - 1. 800 27.300 
Ill S 145 .800 80 .300 - 3 .300 2 1.800 

11 30 147. 100 80 .S00 - 2.S00 28.900 

11 +5 147.900 88.300 1. 600 22 .+00 

1200 147. 100 88.600 0 .900 n500 

12 1S 14S.000 90 .400 1. 300 IS.800 
1230 140 .200 90 . 100 0 .200 17.000 

1245 133 .900 82 .200 1.700 2 1.900 

1300 127.000 79.700 7.800 27.700 
13 15 122 .000 77.800 16. 100 34.300 
1330 I IS . I 00 76 .S00 2 1. 300 36 .1 00 

1345 108 . 100 73 .800 18 .700 25 .700 

1+00 10 1. 100 74.+00 28. 100 34.300 
1 '-J.l 5 94. 100 73.300 32.300 3+.400 

1430 85 .1 00 71 .200 56.200 52. 100 
144S 78 . 100 83 .300 78 .200 60.600 

ISOO 7 1. 100 82.500 77 .700 56.200 
15 1S 62 .800 - 8 1.GOO 73.800 48.700 
1530 57.200 80.600 70.000 42.600 

IS+S 5 1. 600 80.+00 8 1AOO -49.S00 
1600 45 .300 79 .1 00 70 .200 37.300 
16 15 38 .300 79.800 99.700 59.000 
1630 30.000 79.000 93.200 50.500 
1 6 ·~ 5 23 .700 78 .600 102.000 53.900 
1700 23 .700 78. ~OO 9S.300 48 .+00 
17 1S 20.200 77. ~OO 82.200 37 .200 
1730 2.800 73 .900 64. 100 19 . 100 

17+5 0 .700 7 1.000 ·~6 . 900 8.700 
1800 0 .000 70.500 +9.600 8.200 
18 1S 0.000 66.200 n.·wo 1.300 
1830 0.000 65.700 34.700 1.200 

18+S 0.000 60.900 18.000 0.000 

h a lf~h o url y \'a lll es a rc plot tcd . S ub-su r!;lce m e lt is first 

pred icted a t 12 15 h a t a de pth o f a bo ut 2.75cl11 a nd 

reaches a max imum of 2.06°1<) a t 1630 h a t a de pth of 

LL23 Clll. ;\ Ith o ug h the max imum co inc ide n ta ll >' occ urred 

a t th e to p 0[' th e unde rh-ing de nse r sno\\' la\·er. a late r ru n 
o n homoge nco u s sno\l' dcsc ri b ed belm\') sh o\\'ed a 

m ax imum a t th c same dep th. Th e timing o f' melt ag rees 

c lose ly \I 'ith th a t o f 1240 h o hser'\'ed \I'ith th e ra d a r. The 
top of th e simu la t('d melt lay(' r occ u r red a t a bo ut 2 .75 cm 

d ept h, somew ha t hclo\l' th e obse l'\ 'C'd d ep th o r 2.0 c m .. \ t 

a rou nd 1545 h , th e calc ul a ted to ta l \'olume o r liqu id 

\I'at er in th e sn ow cm'er reaches a m ax imum , a b o ut I h 

la ter tha n th e ohserved tim e o f' 1440 h (whe n th e ra d a r 
re tur n fi'om th e ice laye r \I'as a t a minimum ) . T emp

era ture profiles O il th e h a lf~ h ou r a rc sholl'n in F igure 7. i\ 

m ax im um surf;llT tem pcra ture o f 1.5 C is reac h ed at 

1430 h. As ca n be see n in Fi g ure 8 , th e heat ga in ed by the 

top-co n tro l \ '01 u l11 e fi 'om th e ex te rn a l so urces o f ra d ia t io n 
a nd turbu lent trans fe r ['rom th e a tm osp here is nega ti n'. 

T herefore, a ny \\'a rmin g o r th e sno w su rf;lce must be 

thro ugh co nduc ti o n o r heat I'rom th e underlying regio n o r 

cl e\'a ted te mpe ra ture, \I'hi ch in turn is lI'a rm ed b y so la r 

abso rpti o n . :\ft er su nset , th(' sno\l' sudilce cools rap id ly, 

d ro pping to 9 c: \w 1830 h. La tcr in th e a f'tern oo n , th e 

melt laye r is calc ul a ted to r·reeze. bo th ['ro m th e LO p d o wn 

a nd th e bo llom up , a n d is ('om plc tcl y rcfi'ozc n by 1845 h . 
By compa ri son, rad a r o iJsernlt ions sh o\\'ed the wa te r to 

ha \ T re froze ll by 1740 h . 
Se\'e ra l a lL ern a ii n' simula ti ons \\'e re ru n to tes t th e 

effec t o n me lt de pth 0 [' \ ',H ying sno \\' c ha rac teri stics a nd 

cx t in c ti o n pa rame ters. Th e fo llo\l' ing pa rame ters were 

"'Hied: th e hig h-ene rgy fract io n f , th e consta nt C in th e 
Bo h lT n a nd Ba rk stro m ( 19N ) bu lk- ex tinct ion equ a t io n , 

sno\\' d e nsit y, gra in-size a nd ro ughness leng th. Th e dep th , 

tim ing a nd magnitud e o f max imum m e lt fo r th ese run s 

a rc su m m a ri zed in T a ble 3. In o rd e r to tcs t clea rl y th e 
effec t o r de nsit y, th e sno\l' cm'C r \\'as taken as ho m o 

ge neo us for th e se nsiti v it y stu dies . 

Tri a l I is the base - line simulat io n a nd is ih e sam e as 

the case d escrilJecl a b m 'e, exce p t tha t t h e sno\\' cha rarte r

isti cs a rc ta ke n uni( )r m ly as those o f th e top laye r. 
i\ cco rd ing ly. thedens it y is 130kgm :1 a nd th e gra in -size is 

0 .5 mm. Th e tim ing a nd dep th of m ax imum melt a rc th e 

sa l11 c as fo r th e laye red simu la ti on but t he magn itude is 
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less beca use less ene rgy is a bsorbed by th e unifo rm ly 
ligh te r sno , \' (reca ll th a t preyi o ush- the m aximum has 
occurred a t the top of th e older sno\\' laye r ) . In tri als 2 
a nd 3, th e (i 'action of radi a ti o n " dumped " in th e top
contro l , 'o lum e is , 'a ri ed. An a pprox ima te (rac ti on 0[' net 

radi a ti on in the 1.1 2 2.4 1lm ba nd \\'as computed by 

0 

2 

4 

........ 6 
E 
~ 8 
~ 
~ 10 
::J -5 Cl) 

~ 
0 0 c 
Cl) 

~ 2 0 
W 
.0 
..c 4 .... a.. 
Q) 

6 Cl 

8 

10 
-10 

• 1230 h 
v 1330 
y 1430 
o 1530 

-4 -3 -2 

-8 -6 -4 

-1 

-2 

Temperature (C) 

o 1 

o 2 
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FijI,- 8. E\lerllal mergJ'jlll\ a/feclillg 10/Holllrol I'o lllme 
( 11 1'1 IOllglcave. radial ion sensible- alld lalell/-heal flil\es, 
solar radialion absorbed ~y lOjJ-coll lrol l'o lllme) . 

cO Il\' oh-in g th e in c ide nt spect r a l-irradian ce d a ta of 
GrenfC ll a nd P e ro , 'ich 1 98c~ ) fo r spa rse clouds (case b) 
\\'ith spect ra l a lbed os estima ted fi'o ll1 th e modifi ed t\\·o
stream procedure of C houdhury a nd C hang ( 1979 ) . I n 
th e integ ra ti o n procedure, a spec tra l reso luti o n of 
O,005 1lm ",as used a nd the indi ces of refract io n fo r ice 
\\'e re taken (i'om \\ 'a rren (198+), Th c res ultin g fi'aCli o n of 

0. 53 agreed close ly \\'ith th e , 'a lue o f 0.54 used in th e base
lin e case . I n c reas ing th e ene rgy dumped in th e top
co ntrol volum e to 0 .75 res ulted in no melt a nd d ec reas ing 
it to 0.25 ma rk edl y increased th e a mount of sub-surface 
I iq ui d \\ ·<\l er. 

The net bulk-ex tin ct ion coe ffi c ie nt is , 'a ri ed in tr ia ls 4 
a nd 5. For th e base-li ne case, t r ia l 4 and tri a l 5, Bx 
compu tes as 22. 0 6, 11.63 a nd 58. 13 m I, res pecti ve ly. 
J ne reas ing the ex tin c ti on coe ffi c ient (tri a l 5) res ulted in a 
sh a llower melt d epth a nd a n f'a rli er occurre nce o f' th e 
peak. Th e depth o f th e mrltlaye r o bsen 'ed with the rad a r 
was bes t replica ted using a n tlu e o f a bout 40 m 1 fo r BOG ' 
A furth er tri a l was condu cted in whi ch th e two-ba nd 
ro utine in Sl\'THER \1 \\'as rep laced \~ ' it h a sill1plifi ed 
fo ur-ba nd m odel , in o rd er to tes t \\'heth er a na rrower 
spec tra l resolutio n " 'ould impro \'e th e simula ti o n. Th e 
spec trum was d i"icl ed into ba nds o f 0.4--0 .93, 0 .93- 1.1 2, 
1.1 2 1, 39 a nd 1, 39 2.4 pm a nd e ffec tive bulk-ex tin c ti on 
eoe fTi cients wer e com pu ted frOIl1 Eq ua ti on (9) , usi ng th e 
d ep th (h - z) a t which ha lf th e ra d ia ti on \\'ith in th e ba nd 

\\'as a bso rb ed. Spec tra l a lbed os a nd spec tra l bulk
ex tinct ion coe ffi c ien ts used in th e integ ra tio n \\'e re 
es tim a ted from th e asymptotic fo rmu las 0[' C ho uclhury 
a nd Cha ng ( 1979 ) . Th e resulting es ti ma tes of {Joc fo r the 
fo ur bands (hig h to low energy ) were 7.50, 33.46, 77 ,29 
and 5 16.64 m I. The d ep th of th e up pe r edge o r th e melt 
zo ne fo r th e fou r- ba nd so lutio n \\'as un cha nged in 
compa ri so n w ith th f' base-line case but the m ax imum 
ll1elt occ urred a t th e slightl y sha ll O\·\,er depth o f 3 .75 cm. 
\\' hi le th e simul a ti on was ma rg in a ll y improved , refinin g 

th e spectra l reso luti on did no t a ppea r to account fo r all 
th e res idu a l e rro r. A pl a usibl e ex pla na ti o n fo r th e 

https://doi.org/10.3189/S002214300003481X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300003481X


k o/t alld J ordall: Sub-slI1Jace lIIellillg ill a seasollal SIIOll ' coller 

Table 3. De/Jlit, timillg alld magllitude of ma \imum mell for I'a rialio/ls ill f. C. SnOl(' dellsil)'. graill -si:::e alld roughness 
length 

Trial l ~f C:x 10:1 p, 

01 2 .. :, ko' I kO' m 3 ,., 
" 

0.54 3.795 130 

2 0 . 75 3.795 130 

3 0 .25 3.795 130 

4 0.56 2.000 130 

5 0.54 10.000 130 

6 0.54 3.795 130 

7 0.54 3.795 250 

8 O. :A 3.795 250 

9 0.5+ 3.795 130 

10 0 .54 3.795 130 

discrepancy be l ween lh eo ry and o bse l'\' a ti on is th a t th e 

sno\\' at th e H a nO\ 'e r sit e lI'as sli g-hth- contam in ated, 
lead ing to so mell'hat hig her ex tin n io n codTicients than 

ex p ec led fo r pure sno \\'. Beca use th e n a tura l snoll' co\'C r 

lI'a s inho moge neo us, it is a lso poss ible th at a multi
laye red mode l, suc h as that d rsc ribed Iw Pero\·ic h ( 1989 ) . 

is n ecessa ry accurate ly La mod el s ub-su rf~lce melt. 
V a rying th e g rain-size by itselr ( trial 6 ) had the sam e 

effeeL a s c hanging th e parameter C, sin ce bo th pa ram e te rs 

a lTect th e magn ilud e of i3x . r\ ('omput cd a ll-\I'a\'e a lbecl o 

0 ['0.83 \I'as close to th e o bse l'\Td \ 'a lu c 0 1' 0.81, gi\'ing us 

co nli clen ce tha t th e es tim ated g rain-s ize o f 0.5 mll1 \\'as 
reaso n a ble. If the site II'(" IT cont ;lll1i nated. hOI\'l' \'lT , it is 

poss ible th a t th e ac tu a l gra in-size \1 as sm a ller. The a ll

II'a\T a lbed o II'as computed by integrating th e spcc tra l 
irracliall c'(' d aw of Grenldl a nd Perm'ich 198+) with 

spen ral a lbedos computed frolll t he li)rlllllla 01' Choucl

hur y alld Chang ( 1979 ). aga in using a 0.00511m spen ra l 

reso l uti o n. 
\\' h e n th e sno\\' d emit\, II'as incrcased to 250 kg m :1 

trial s 7 a nd 8). no melt occ urred. I nc reas ing th e d e ns it \· 

in c reasecl bo th the ex tin ction rodliricnt and th e th e rmal 

conduCli\ · i t~ · but th e th ermal conduCli\·it\· appeared to 

illnucn ce the occ urre nc(' or s ub- s urf~l ce Ill elt more 
stro ng ly. Beca use or the densit y-depende nce in Equa ti o n 

(3 ), th e erfecti\'(' th e rm a l co nd UCli\·i ty \I'as ap prox i m a tel y 

2.5 tim es that of the base-line case and the regio n o r 

c ln 'ated temperature wa s more rapidl y coo led hy 
co nd uct ion. The su b-surface tCI11 pe ra tu re 101' Ir ia l 7 was 
still e le\ 'ated (a bo ut 0.7 C abm'l' that 0 [' th e surfaCC ) but 

ncvc r reached the melting poinl. 

Th e depth of the m e lt zone II'a s 1110dera teh' se nsiriye to 

changes in s urf~l ce ro ug hness. as illust rat ed b\· tri a ls 9 and 
10. Th e s urf~I C (, ro ug hness gO\'lT nS th e magnitude or 

tu rbul e n l-ene rg\' exc h a nge between th e snOlI' COITr and 

lh e o\'C rl ying air. Since th e com bin ed turbulentlluxes a re 
negatiyc until I '~ 3 0 h , la rger and small er \ 'a lll es or Zu II·ill 

res ult in g reate r and lesser coo ling 0 [' th c surfacc, 

reS p eeLi\T ly. Co rrcs ponding ,," , thc me lt zo ne shirt ed 

upwa rd and downwa rd IClr lrial s 9 a nd 10 . Th e ra dar 

ohser\ 'a ti o ns arc bcst matched ,,·ith th c sho rter ro ug hn ess 

leng th 0 [' I mm . bo th in th e loca ti o n and ea rlier timing or 

th e melt. In additi o n to un ce rtainti cs in th e com putali o n 

d 

mm 

0.5 

0.5 

0.5 

0.5 

0.5 
1.0 

0.5 
1.0 

0.5 

0.5 

Zo De/Jth Time Liquid l['a ler 

m cm h per cen l 

0.007 4 .2,1 1630 1. 64 

0.007 1\one 

0.007 'L25 1730 3.89 

0.007 5.75 16·~5 1.07 

0.007 2.25 H 30 1.02 

0.007 4,.75 16 15 1.35 

0.007 :\one 

0.007 :\one 

0 .001 3.75 154·5 1. 77 

0 .050 4.75 17 15 1.48 

or th e turbul ent nuxes. th c es tim a tcd dOll'llll'e lling 
10ng wa \ 'C nu x may h ayc been in e rro r due to th e 

approx im a te c1oud -cO\'er \ 'alues used in the simul a tioll . 

CONCLUSIONS 

,\ hi g h-reso lut ion F.\ l C \\, raci a l' has bee n usecl to detec t 

sub-surface melting in a seasona l snow (,0\'('1'. j\ o nc

dim e nsio nal III ass- a ncl e ne rgy- bal a nce model using a 

simple t\I'o- ba nd reso lutio n ror th e so la r spectrum is 

5holl'n to be dTi:-cti\'(' in reprodu ci ng the cx perimenta l 
res ults . , \ dditional m odc l simulation s lITre rlln to 

inl 'l's ti ga lc th e c1Ti:-n s o r \ 'a rying snO\I' characteristsics 

and so lar-cx tinction pa ramet ers on th e s u b-su r/;Ice melt 

cha racte ri s ti cs . In agreemcn t wi th Bran clt and \\'a rrcn 
1993 ) , su l)-surfa ce me lt in th e l11 0de l simul alions II'a s 

li mited to low-densit\, snow. I t is reasonable to co nclud e 

that on ca lm , clea r da ys II·h e n th e a ir temperature is Ileal' 

li'Cl'z ing , sub-surface m e lting is likeh ' to occ ur in 1011' 

densit y snO\I·. Since these cO llditi ons arc n o t unCOllllllon in 
a seaso n a l snoll' Co\T r. th e import a nce o f sub-surface melt 

a nd its e flec t 011 th e near-surrace snO\I' pro perties a nd 

processes sho uld no t be minimized. 
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