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ABSTRACT. Twenty-seven studies on the therma l conducti vity of snow (kefrJ have 
been published since 1886. Combined , they comprise 354 values of ken, and have been 
used to derive over 13 regression equ ations predicting keff vs density. Due to large (and 
la rgely undocumented) difTerences in measurement m ethods and accuracy, sample tem
perature and sn ow type, it is not possible to know what p a rt of the va ri ability in this data 
set is the result of snow microstructure. \lVe present a new data set conta ining 488 measure
m ents for which the temperature, typ e and measurem ent accuracy a re known. A quad
ra tic equati on, 

kef[ = 0.138 - 1.01p + 3.233p2 

keff = 0.023 + 0.234p 

{0.156 ~ p ~ 0.6} 

{p < 0.1 56} , 

where p is in g cm - 3, and keff is in VV m 1 K I, can b e fit to the new data (R2 = 0.79). A 

loga rithmic expression, 
keff = 10(2.G50p-1.652) {p ~ 0.6} , 

can a lso be used . The first regression is better when estimating values beyond the limits of 
the data; the second when estim ating va lues for low-density snow. vVithin the data se t, 
snow types resulting from kinetic g rowth show den sity-independent beh avior. Rounded
g ra in and wind-blown snow show strong density dep endence. The new data set has a high
er mean val ue of density but a lower m ean value of thermal conductivity than the old set. 
This shift is attributed to differences in snow types a nd sample temperatures in the sets. 
Us ing both data se ts, we show tha t there are well-defined limits to the geometric config
ura tions that n atura l seasona l snow can take. 

INTRODUCTION 

Snow is an excellen t thermal insul a tor. When covered by 

snow, heat flow from the ground, from ice on an ocean, lake 

or ri ver, or from a ma n-made structure, is greatly reduced. 

Because a significant frac ti on of th e E a rth's land and sea-ice 

surface is often snow-cove red, this reduction plays a n im

portant role in the Earth's heat bala nce and has a p rofound 

effec t on huma n lives. Consequen tly, measured or estimated 

values of the insula ting properties of snow are used in a wide 

range of studies including pla ne ta r y geophysics, clima te 

m o deling, a nd g lacio logy. In studies of p erm a fros t o r 

g round fi-cezing, accurate values of the thermal conductiv

ity of the snow cover are essenti a l. They are also c riti ca l in 

assessing the p otential impact of cha nges in snowfa ll result

ing from climate change. 

It is custom ary to quantify the ins ulat ing prop erty of 

snow by its thermal conductivity (k). Compared to ma ny 

o th er n atura lly occ urring subst a nces (i. e. roc ks, liquid 

water, soil, ice), snow has an exceedingly low thermal con

ductivity. This a ttr ibute has been recognized for hundreds 

or perhaps even thousands of years, and Man has tri ed to 

take advantage of it. Snow has been banked aga inst cabins 

a nd barns to help keep out the winter cold, and is known to 

prov ide valuable additional insulation ifleft on the roof of a 

dwelli ng. Conversely, winter travelers have long been aware 

that a thick cover of snow can retard the rate of freez ing of 

river and lake ice, creating potentia lly da ngerous conditions 

fo r cross ing. 

26 

The fi rst form al meas urements of th e thermal conduc

tivity of snow date back to a t least 1886 (Andrews, 1886). In 

the intervening 110 years, there have been a n additi onal 26 

studies in which therm a l conductivity h as been measured 

(Ta ble 1). These measurem en ts have been compiled in sev

eral summary papers (K ondrat'eva, 1954; M eUor, 1964, 1977; 

Yen, 1969; Anderson, 1976; La ngham, 1981; Fukusako, 1990) 

intended to bring information together in one place a nd 

ma ke it concise and easy to use. The summaries include lit

tle o r no critical di scu ss ion or assess ment of the orig ina l 

data, and present only curves fit to the d ata, not the d a ta 

them selves. Over time, this has had the unintended efTect of 

making the collec tion of m easurements seem more orderly 

and less scattered than it actually is. It h as also made it im

possibl e for the reader to assess data quality. Curves based on 

robust exp eriments with m any data a re presented with the 

same weight as curves based on few data. Curves develop ed 

using indirect method s of measurement (i.e. der iving th e 

conductivity from vari ati ons in snow temperature) and low 

acc uracy are weighted the same as curves derived li'om d ata 

meas ured using more precise laboratory techniques. 

Another weakness of the existing summaries is that th ey 

present thermal conductivity as a function of snow density 

alone. \ 'Vhile for engineering purposes thi s is generally the 

var ia ble of choice, o th e r snow attributes like g ra in-size, 

bonding and temperature are the prima ry variables affect

ing the thermal conductivity. 

In light of these weaknesses, and because it has been ou r 
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ex p e ri e nce th at mos t end-users of the rm a l conducti v ity 

values extract them from summary pa p ers, we felt that it 

was time to review, evaluate and consolidate existing mea

surem ents. Most of the original data are published in [or

eignj ourna ls and a re rela tively inaccess ible, so one of our 

goals was to give th e u ser the advantage of knowing th e 

qua lity of the data without the need to sea rch it out a nd 

tran sla te it. A second goal was to emphasize the significant 

scatter in the data. The scatter is real and a rises from differ

ences in the microstructure of snow. Differences in grain

size, gr ain type and bonding can lead to a n order-of-m agni

tude ra nge in thermal conductivity at a g ive n density. This 

scatter renders regressions of thermal conductivity vs den

sity inherently inacc ura te, and we wanted readers to b e 

aware of this. 

VVe h ad one other motive for undertaking a review at 

this time. Only a limited number of the n early 500 mea

surements of snow thermal conductivity that we have made 

are published (Sturm, 1991; Sturm and J ohnson, 1992). This 

set, which encompasses a wide range of den sities and nearly 

a ll typ es of snow, compri ses more data than all the other 

studies combined. In addition, it includes sufficient snow

sample temperatures and descriptions for the effect of attri

butes other than density on the thermal conductivity to be 

examined. Using our data, we develop improved regression 

equa tions for thermal conductivity as a function of density. 

With th e regressions, we stress that a t a ny given density 

there is a n order-of-magnitude range of thermal conductiv

ity. Thi s scatter, rea l a nd not the result of m easurem ent 

error, i m plies that density is not the fundamental control

ling variable for therm a l conductivity. VVe show that reason

a ble estimates of thermal conductivity can be obta i ned 

using a desc ription of the snow type in lie u of the density, a 

result th a t highlights the fact that bonding and the shape 

and arrangement of snow g rains is the underlying control

ling parameter. 

BACKGROUND 

Discussions of heat transport in snow have been published 

by Mellor (1964, 1977), Yen (1969), Combarnous and Bories 

(1975), Anderson (1976), Arons (1994) and Arons a nd Col

beck (1995). H ere, we restrict our attention to issues related 

to the m a ki ng and interpretation of thermal conductivity 

measurements. VVe define the thermal conductivity using a 

co ntinuum view : therm a l properties can va ry across a 

laye r of snow, but a re averaged across m any snow grains 

and grain clusters. Gra ins, grain clusters and bonds do no t 

explici tly appear in the formulation, even though they actu

a lly control the thermal conductivity. The therm al conduc

tivity is defined as the proportionality constant between the 

heat tra nsport a nd the temperature gradient. For unidirec

tional steady-state heat flow in a solid , the defining equation 

(the Fourier equation ) is: 

dT 
q = - k clz (1) 

where q is the heat fl ow, T is the tempe ra ture, Z is leng th 

and dT / dZ is the temperature gradient. For reference, the 

thermal diffusivity (a ) is related to the conductivity by: 

k = pCG! (2) 

where p is the snow densit y, and C is the sp ecific heat of ice. 
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Because snow consists of three phases, air, ice a nd water 

vapor (we limit our at tention to dry snow), the heat trans

port is more complicated than for a solid. It has three com

ponents: (I) conduction through the ice latt ice, (2) con

duction through the air in the pore spaces, a nd (3) latent

heat transport ac ross pore spaces due to vap or sublimation 

and condensation. Two other heat transport mechanisms, 

radi ation and convection, can also operate but are not im

portant in the context of therm a l conductivity m easure

ments. Fo r commo n snow temperatures a nd p ore sizes, 

radiation transfers severa l ord ers of magnitude less heat 

than other m echani sms. Air convection in pore spaces can 

dominate heat transport when it occurs, as shown by Sturm 

(1991 ) a nd Sturm andJohnson (1991), but it is unusual in 

most natural snow covers, a nd unlikely to occur under the 

conditions common in therma l conductivity tests. The three 

main mech anisms of heat tra nsport are genera lly combined 

in a single value, the effec tive thermal conductivity (kerr). 

Equation (1) becomes: 

dT 
q = -keff -. (3) 

clz 

Apportioning the tot a l heat transport into transport 

mechan ism s is difficult since the thermal and water-vapor 

pressure gradients in snow a re coupled a nd dep end on the 

microstructure, which is diffic ult to quantify. Th e ice skele

ton (grains and necks) is about 100 times m ore conductive 

than the a ir in the pore spaces (Fig. I). Since the ice skeleton 

provid es a much better thermal pathway than the pore 

spaces, temperature gradients across the pore spaces are en

hanced compa red to those in the ice skeleton (de Quervain, 

1973). Pore-space temperature-g radient enhancem ent also 

increases th e vapor-pressure g radients and hence the trans

port of water vapor. The associa ted transport of latent heat 

a lso incr eases. At the same time, th e ice skele ton has a 

blocking effec t th a t limits vapor movement to the pore 
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Fig. 1. ThermaL conductivity if ice and air as afunction of 

temperature (sources: air: List, 1951; ice: Hobbs, 1974). 
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spaces. The balance b etween these contradictory processes 

(high therm al conductivity but low temperature gradi ents 

vs low thermal conductivit y but high g radients; blocking vs 

enh a ncement) is a function of gra in a nd po re conligura tion 

a nd size, as well as th e temperature and temperature gradi

em s imposed on the snow. 

D e Quervain (1956), based on a n elegant experiment in 

which he replaced the a ir in snow w ith gases of diITere m 

therma l conductivit y, es timated that for hi s snow samples 

the ice skeleton carri ed 55 60% of th e heat, the rest mov

ing ac ross th e pores as se nsibl e or la te nt heal. Colb ec k 

(1993), rev iewing the literature on \·ap o r diITusion in snow, 

concluded that about 30- 40% of the h eat moved by vapor 

tra nsp ort because vap or-g radi elll enha ncemelll predomi

na ted over the blocking eITect of the ice skeleton. H e sug

ges ted tha t the a m o unt of hea t ca rri ed by water \·ap o r 

increa sed as the pore size decreased, tho ugh no data ex ist 

to tes t thi s idea. Estimates by other a uth o rs (Yos ida a nd 

oth ers, 1955; Yen 1965; Arons, 1994) for the heat transported 

by wa ter vapor range from 10 % to 40 % depending on the 

type of snow and its temperature (Fig. 2). 

A ge nera l ass umption is that th e temperature depe n

dence o f the therm al conducti vit y of snow is due to vari

a ti o n s in th e a mo unt o f hea t move d b y wa te r va p o r. 

Therefo re va ri ations in k cff with temperature can be u sed 

to de te rmin e the rela ti ve import a nce o f hea t-transp o rt 

mech a ni sm s. Unfortun a tely, rel evant expe rimenta l d a ta 

a re sparse a nd do no t compl etely support theo reti cal re

sults (c f. Figs 2 and 3). Of the four studies in which measu re

ments h ave been m ad e over a wide ra nge of rempera tul-e 

a nd a t temperatures sufficientl y low to eITee ti vely climin <l te 

a ll vap or heat transpo rt, two may not bc reli able. The mos t 

widely cited results, th ose of Pit man a nd Zuckerm an (1967), 

were obta ined on a rtificia l snow (freeze r frost). Because of 

the way th ey did th eir tes ts, data fro m diITerent sampl es 

have to be amalgamated into a sing le set in order to b e 

used , p o tenti all y crea ti ng la rge erro rs. Thi s may acco u nt 

for their data indicating a 20- 40% increase in the contribu

ti on of vapor to the to ta l thermal conductivity between - 88 

a nd - 27°C, a tempera ture range over which little change in 

vapor tra nsport would be expected. Similarly, the res ults of 

Voitkovsk y and o th e rs (1975) show a n ex tremely strong 

tempe ra ture depend ence for k "ff a t hi g he r temperatures, 

but no published deta il s a re ava il able to eva luate how th ey 

obta ined their results. 

For the remaining two studies (Aro ns, 1994, a nd pre

viou Iy unpubli shed d a ta of ours), diITe re nces in the deg ree 

of bonding seem to expla in differences in the results. Bo th 

samples had approximate ly the same d ensit y. Onc sampl e 

(Aron s, 1994) was lightly sintered , sie ved snow of densit y 

0.+10; th e other was extre mely well-bonded natural drift 

snow of densit y 0.49. The well-bonded snow showed inCl-eas

ing th erm al conducti vity with dec reas ing temperature (plus 

a sli ght increase in th erm a l conductivit y as the temperature 

approached 0 C). Th e less well-bonded snow showed the 

opposite response. ' Ne attribute the diffe re nces to the fac t 

th a t th e vapor-tra nsp ort term was neglig ible in the we ll

bonded sampl e, whil e it was significant in the less we ll

bonded one. The well-bonded drift sample had sufficiently 

good ice connec tion s tha t the tempera ture dependence o f 

ice (Fig. I) became a controlling fac tor. 

The preceding di scussion highlights th e fact that mea

surements of therma l conductivity depend on two key attri-

Stllrm and others: Thermal conductivity qlsnow 

bures of the snow: its microstructure and temperature. For 

tempera tu re, more data are needed before rcl ia blc conclu

sions can b e drawn . For mic rostructure, Aro ns a nd Col

beck (1995) co nclude that the tools necessa r y to pa ra

meterize the releva nt micros tructura l geometry a re neither 

avail abl e now nor likely to be avail able in the near future. 

Seve ra l a ttempts to predict thermal conductivit y based on 

the micro-geometry ha\·e been made (Pitm a n a nd Zucker

man, 1967; R eimer, 1980; Chri ston a nd others, 1987; Arons, 

1994), but these hm"C had limited success due to the lack of 

these crucia l geometric da ta . Also none have included full y 

coupled heat a nd vapor now. 
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snow, based all kinetic th eory and a diffus ion equationJor 
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thermal ronductivity qfSIZ OW with no vapor transport. 
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\Vith respec t to thermal conducti vity measu rements o f 

snow, several points warrant repeating: 

(1) M easurements a re temperature-dependent. Values d e

termined at temperatures nea r O°C may be as much as 

300 % higher th a n ha d th ey bee n obtained a t lower 

tem peratu res. 

(2) lVfeasurements m ade in na tural environmel1ls poten

tiall y inelude heat tra nsport by mecha nisms like solar 

radiation or convection, and therefo re may be too high. 

(3) Grain cha racteri stics a nd bonding a re the fundam enta l 

attributes that determine the thermal conductivity. Rel

ationships betwee n th erma l conductivity and density 

exist only because there are relationships (complicated ) 

between microstructure and density. 

(4) Vapor transport is the main mechanism from which the 

temperature dependence of the therma l conductivity of 

snowanses. 

REVIEW OF EXISTING MEASUREMENTS 

Table I li sts 27 publi shed studies in which the thermal con

ductivity of snow was meas ured. \ 'Ve refer to this set, excl ud

ing the work of Sturm a ndJohnson (1992), as the "Others" 

d a ta . D a ta from Sturm a ndJohnson (1992) are included 

wit h the new data we present below. 

M a ny methods have been used to determine the \'a l ues 

listed in Table I, but they can be roughl y divided into three 

categori es: (1) Fouri er-type ana lysis of na tura l tempera ture 

cycles in a snowpack, (2) steady-state heat flow across snow 

blocks, a nd (3) transient heat-flow method s, either in situ in 

a snowpack or on samples. A di sc uss ion of th e relati ve merits 

of different methods of measuri ng the thermal conducti vit y 

of low-conductivity material s has been published by Pra tt 

(1969). 

Fouri er-type ana lysis consists of monitoring the temp

era ture a t a number of depths in the snowpack and calcul

ating the thermal diffusivity from the a ttenuation and /or 

phase shift of the temperature records. Thermal conductiv

ity is co mputed from th e diffusivity using Equat ion (2). 

M ost studies carri ed out before 1940 used some variant of 

thi s m e thod . Steady-state hea t-flow m e thods co nsist of 

pl ac ing a tabular block of snow on a heating plate, fi x ing 

the energy input to the pla te, letting the arrangement com e 

into thermal eq uilibrium (hence the name) and then mea

sur ing the tempera ture drop ac ross the snow block. The 

thermal conductivity is calculated by di viding the stead y

sta te heat flow by th e steady-state tempera ture g radi ent. 

Three studies (Jansson, 1901; de Quervain , 1956; Pitm a n 

a nd Zuckerm an, 1967) have used this me thod, though only 

in the most recent study was a gua rded type of heated pla te 

used , a method that is now recognized as essenti al if acc u

rate results are to be achie\·ed. Transient methods consist of 

heating a point, line or pl ate source in a block of snow tha t is 

initiall y iso thermal a nd in steady sta te. The thermal con

duc tivit y is calculated from the time response of the tem

p e r a ture of th e snow a t or nea r th e so urc e. Va riou s 

configurations of heat source and temperature probes havc 

been used. Devaux (1933) used cylindrical and spherica l 

heat sources. Bracht (1949) used two pa rall el needles, one a 

heater a nd one cOl1la ining a temperature-measuring dev ice. 

J aafar and Picot (1970) used a single needle containing both 
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a heater a nd a temperature-measuring dev ice. Kuvaeva and 

others (1975) used a heated plate inse rted into a block of 

snow in which thermocouples had been previously em

bedded. O stin and Andersson (1991) used a heated strip em

bedded in frost samples. \Ve have employed a heated needle 

with a thermocouple in it. 

Each m ethod has potenti a l problems. D eta ils of those 

likely enco untered for each stud y a re li sted in Table l. In 

general, Fo urier-type ana lys is of snow temperatures is 

prone to the greatest number of problems. Sola r radiation, 

convec tio n and windpumping in natural snow packs may 

enha nce hea t fl ow, a nd result in thermal co nductivit y 

values that a re lOo high. Th e instruments used to measure 

the snow a t depth may either conduct heat or abso rb sola r 

radiation more readily than the snow, thereby registering 

temperatures that a re unrepresentative. Compaetion of the 

snow during the insta ll ation of the temperature probes can 

bias meas urements toward higher va lues. L as tly, compli

cated fluctua tions in air temperature can produce a series 

of temp er a ture waves propagat ing downwa rd into th e 

snow which a re incompatible with the simple boundary 

conditions required for the type of Fourier ana lysis used in 

most of the studi es listed in Table l. The best success seemed 

to be achieved in those studies in which there "vas a strong 

diurna l temperature sig nal a nd a simple amplitude ratio 

method could be employed. 

Steady-state heat-flow m ethods have been found to be 

generally accurate when m easuring the therm a l conductiv

ity of ma ny materials, but [or snow the mate ri al begins to 

change a nd metamorphose under the imposed tempera

ture gradient. If the tes t is short enough, reasonahl y accu

rate results may be obtained, but ifit is LOO long the thermal 

conductivity will vary as the test runs. More seriously, be

cause snow is such a good insula tor, heat flowing from the 

warmer end of a sample tends to try to flow around rather 

than through th e snow. To avoid this, a g uard ed heating 

plate and good insulati on along the sides of the sample are 

critical. Only one of the tests cited inla ble 1 (Pitman and 

Zuckerman, 1967) employed these precautions. In at least 

one of the two tests in which an unguarded heater plate was 

used (de Quervai n, 1956), resul ts twice as high as any others at 

comparable density can probably be explained by heat flow

ing around ra ther than through the snow sample. 

Ti'ansient methods, in our opinion, have the least poten

tial [or problems that cause bias or error. The short time of 

the tests precludes significant snow metamorphi sm, and the 

small size of the needle or point heal source minimizes di s

turbance of the snow. The tests are a lso short in eompari son 

to the ambient rate of change of temperature in a natural 

snow cover, so transient temperature effects a re minimal 

and in situ tests can be performed. Because of these advan

tages, we empl oyed transient method s in our measure

ments. Errors ari se when a sa mple is changing temperature 

rapid ly or when la rge contact resistance between the heat 

source a nd the material exists. 

A tota l of 354 measurem ents compri sing 23 of the data 

sets in Table 1 has been ploued in Figure 4·. The data set of 

Sturm andJohnsoll (1992) h as been omitted since it is in

cluded with the new da ta presented below. Niederdorfer's 

(1933) da ta, for which he did not measure density, Bracht 's 

(1949) amplitude ratio value which he indicated should be 

di sca rded , Shesterikov's (1973) va lues, which were calcu

lated from the rate of sea-ice formation, an inherently inac-
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Fig. 4. T hermal conductivi{y measurements of the "Others ': T he regression equal ion q/ flber, (J893) ( see Table 3), olle of Ihe 1710st 

wide0,used. is superi1l7/JOsed all the data/m' riferenre. 

cura te m ethod, and And rews' (1886) sing le value, which is 

no t explic itl y determined , are a lso omilt ed. Table 2 lists 

summa ry sta ti stics for the remaining da ta . 

The scatter of the d ata is large. No da ta have been d is

carded from the 23 se ts used, though it is likely that at leas t 

some a rc inco rrect (sce Table I) a nd c011lribute ro the scatter. 

H owcver, we es tima te tha t the erroneous d a ta acco u11l fo r 

onl y a fcw per cent o f the tota l numbe r of po ints. ;''[ost o f 

the scatter is the result o f na tura l vari a ti o n in the conducti v

ity o f the snow at a g ive n densit y, a direc t consequence o f 

va ri a t.i o ns in bonding a nd microst ruc ture. The scatter is 

a lso th e result of th e fac t tha t the tes ts we re done ove r a 

la rge ra nge of tempera tures (Table 3). l\Ieasurements were 

made a t temperatures ra ng ing from near 0° to as low 

as - 60
c C. For example, Vo itkO\'sky a nd o th ers (1975) made 

measurem ents a t a n average tempera ture o f - 25 C, whil e 

most o f the authors who used Fouri er-type a na lysis of tem

pe ra t u r e reco rd s m a d e m easu rements a t te m pera tu res 

hig her tha n 6 c.:. U nfortunately, th e ava il a ble tempera

ture da ta (as well as snow-type desc riptio ns) arc so vag ue 

as to preclude correc tio n to a commo n o r reference te m

pera ture, even if theo reti ca l (Fig. 2) or expe rimental (Fig. 

3) da ta a llowed this. 

The reg ress ion equa ti o n of Abel's (1893), the eq uati o n 

mos t frequently cited a nd used 10 predict therma l conduc

tivity, has been superimposed on the d a ta in Fig ure 4· fo r 

comp a ri so n. About as m a ny points li e a b o\' e as belo w 

Abet's reg ress io n cun'e, a nd a t a ny gi\'en d ensit y there is 

more th a n a n o rder-of-m ag nitude ra nge in the rm a l conduc

ti\·it y. Fo r la te r reference, the ce nter o f m ass o f th e data 

cloud (k"IT = 0.25 1, P SlI O\\' = 0.273) has bee n m a rk ed with a 

bold cross. Fo r compa ri son with Fig ure +, we h a\'C com

pil ed th e regress ion equations (therm al conducti\'ity vs de n

sit y) developed by a number of a uthors inla bl e 3 a nd plotted 

them in Fig ure 5. This style o f' presentation is simil a r to fi g

UITS publi shed by Melior ( 1 96 · ~ , 1977), Yen (1969), Anderson 

(1976), Fukusa ko (1990), Sturm a ndJohnson (1992), Arons 

(1994), Arons a nd Col beck (1995) a nd others in rev iew pa

pers. As with the actual data, quite a spread is encompassed 

by the ensemble of regress io n lines, though the reg ression 

lines sugges l m ore order in the data th an do the da ta thelll

seh·es. A lin e-to-data compa ri so n between Fig ures 5 a nd 4· 

indica tes tha t in ma ny cases the fit of the reg ress ion line to 

the data is poo r, and a consid era bl e amount o f smoo thing 

has been done through the fittin g process. 

A NEW SET OF MEASUREMENTS 

During the pas t 12 years wc ha\'e m ade measurem ents of the 

therma l conducti vity of snow using a needl e pro be a nd a 

tra nsient heating/cooling method. Our goa l was to coll ect 

a large se t o f d a ta for which wc had both accura te conduc

ti vit y measureme nts and complete sample desc ripti ons. The 

se t now co nsists of 488 meas urements, plus 72 measure-
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Dale 

1889 

1893 

1901 

190.5 

1924 

1933 

1939 

19+9 

1954 

195+ 

1 95 · ~ 

1954 

1962 

1967 

1970. 

1971 

1975 

1975 

1975 

1980. 

1985 

1989 

1991 
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Table 2. Summary statisticsJor the "Others" data 

" IlIlhor 

All 

Hjelst rom 

Abel ', 

J ansson 

Okada 1 and2 

Ingerso11 and Koepp 

Dcvallx 

Kuz'min 

Brac1ll 

de Qucl'vain 

Kondrat'c\'a 1 

Kondratb'a 2 

)Ds ida and I wai 

Yen I and2 

Pitman and Zuckernlan 

Jaafar and Picot 

\ Veil er and Sehwerdtfeger 

IZlImi and HlIzioka 

Kunlc\'a and ot hers 

Voitko\'sky and ot hers 

Reimer 

Langc 

i\lurakallli a nd i\[aeno 

Ostin and Andcrsson 

.\ 0. qf 

obs. 

35+ 

1 

13 

33 

ID 

1 

56 

10 
17 

2 

ID 

6 

16 

5 

8 

5 

2 

24 

15 

20 

+ 

31 

58 

.I/eal/ 

0.251 

0.212 

0.219 

0.268 

0.131 

0.460 

0.202 

0.129 

0.351 

0.622 

0.182 

0.501 

0.158 

0.808 

0.419 

0.333 

0.810 

0.261 

0.2+1 

0.136 

0.+73 

0.333 

0.3 10. 

0..207 

Thermal (OlldIlClivi~) ' ( 11 · m ' 1,- ') f)ell sil)' (g cm 3) 

SD .I/a\. . I fill. .I/eal/ SD . ,I/a\. 

0..197 1.220. 0..0.12 0.273 0..115 0..684 

0..0.0.0. 0..212 0..212 0.183 0.000 0.1 83 

0..10.2 0.361 0..048 0.278 0.057 0.330 

0.. 142 0.523 0..084 0.269 0.128 0.470. 

0..039 0.188 0..079 0.222 0.032 0.271 

0..000 0.460 0..460 0.54·0. 0.000 0.540 

0.016 0.962 0..059 0.2'W 0.070 0.590 

0. 122 0.314 0..022 0.269 0.058 0.330. 

0. 11 7 0..498 0.196 0.299 0.175 0.635 

0..275 0.816 0..427 0.238 0.131 0..331 

0.0.80 0.264 0.0.42 0.162 0.031 0.200. 

0.227 0.858 0..310 0.388 0.068 0.50.0. 

0.132 0.552 0.020 0.211 0.131 O.'WD 

0.235 L1 30 0.580 OAB8 0..079 0.590. 

0..386 1.080 0.1~2 0.322 0.186 0..600. 

0.1 ',9 0.460 0.0% 0.338 0.053 0..390 

0..1+1 0.910 0.7 10 0.495 0.106 0.570. 

0..179 0.856 0.101 0.24·0. 0.092 0.483 

0..0.98 0.400 0..10.0. 0.125 0.051 0..211 

0..052 0.260 0..0.70 0.222 0.074 0.350 

0..10.+ 0.623 0.382 0.226 0.018 0..240. 

0..273 1.220. 0.0.40 0.352 0.045 0..420 

0..173 0.60.0 0. 160 0.399 0.09+ 0.550. 

0..159 0.715 0.012 0.27', 0..127 0..684 

Table 3. Regression equations and the temperatures at which the "Others" data were taken 

Dale AlIthor 

1889 Hje1strom 

1892 Abe1's 

1901 J ansson 

190.5 Okada 

1908 Okada and others 

1929 VanDlIsen 

1933 D c\'aux 

19·,9 Bracht 

1954 de QlIcrvain 

1954 Kondral'eva 

1954 )bsida and I wai 

1955 SlIlakvelidzc 

1955 Yosida and others 

1962 Yen 

1965 Yen 

1967 Pitlllan and Zuckcrman 

1970 J aafar and Picot 

1971 \Vcller and Sehwcrd tfcger 

1975 lzumi and Huzioka 

1975 KlI\·acva and others 

1975 VoitkO\·sky and others 

1980. Rcimc l' 

1985 Langc 

1989 i\IlIrakami and Maeno 

1991 Ostin and Andersson 

1992 StlIrlll andJ ohnson 

TemjJ. range 

c 

- 3 to 11 

- IDto - 30 

- 2 to 13 

- I to - 5 

- 2 to 12 

- 5 to 20 

- 3 to 13.5 

- I to - 8 

- 2 to - 13 

- I to - 6 

2 to - 13 

- I to 6 

- 20 

- 6 to 11 

- 5 to 88 

+ 
- 17 to - 60 

- 2 to 13 

25 

o to 20. 

- 4 to - 20. 

11 

6.5 to 19.9 

- I to i7 

RegressiollJOl'lllllla 

k = 2.8+6/ 

k = 0.02093 + o..7953p + 2.512p ' 

k = 0..021 + 0.42p + 2. 16p" 

k = 0..0293 + 2.93/ 

k = 2.051 rl 

k = 3.558p2 

k = D.5107p 

log,o (k) = 1.378 + 2p 

k = 3.223/ 

log,o (k)= 1.11 + 2.16p; 10glO (k) = - 1.20 + uo.p 

k = k" (I - p) + pkice sin(ampd) 

log,o (k) = 6.9p 3.0. 

k = - 0.00871 + 0.439p + 1.0.5/ 

k = kerr orsnow (W III 1 K '); p= density (gelll 3); kice = thermal conducti vity of ice. 

.I/ill. 

0.047 

0.183 

0.140 

0.047 

0.179 

0.5~0 

0.090 

0.190 

0.090. 

0.1+6 

0.120 

0.330 

0.072 

0.400 

0.140 

0.260 

0.420 

0..073 

0.149 

0.120 

0..200. 

0230 

0.2'tU 

0.077 
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Abel's (1893) 
................. Jansson (1901 ) 
---- Van Dusen (1929) 

Devaux (1933) 
--------- Bracht (1949) 

Kondrat'eva (1954) 
--- Sulakvelidze (1955) 
----- Yosida & others (1955) 
- - - - - Yen (1965) 
--Izumi (1975) 
-- Reimer (1980) 
_ .. - ... I"ange (1985) 

Ostin (1991 ) 
+ this study, Eqn. (4) 
0 this study, Eqn. (7) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Density (g cm -3) 

Fig. 5. Published regression equations qf thermal cOllductivifJl vs dellsifJl ( see Table 3). Regressions develo/m / in this StllC!Y are 

shown Jor comjJarison. 

ments o n sta ndards. It encompasses most t yp es of seasonal 

snow. 

Methods 

Th erm a l co nducti\·it y was measured using a thin needl e 

probe in se rted into the snow. The probe was heated, then 

a ll owed to coo l while its temperature was m o nitored. Thi s 

procedure ga\'e two independent values of therma l conduc

tivit y fo r each test, one from the heating cycle a nd onc from 

the cool ing cyc le, which were averaged toge th er. The theo ry 

behind the method, a nd de ta il s about its use in now, can be 

found in m a ny a rticles, including those of Black well (1954), 

Buettn e r (1955), Lach e nbruch (1957), d e Vri es a nd Peck 

(1958), J aege r (1958), Va n H erze n a nd M ax well (1959), 

J aa fa r a nd Picot (1970), M oench a nd Evans (1970), 1\IcGaw 

(1984), L a nge (1985) a nd Sturm andJohnson (1992). 

Orig inall y, our tests were done on cylindrica l sampl es 

placed in a n e l1\·ironm e nta l cha mber in o rder to (' ontrol 

the sample temperature, as descr ibed in Sturm (1991) a nd 

Sturm andJo hnson (1992). A Custom Scientific Inc. (CSI ) 

needle controll ed by a H ewl ett Pac ka rd d a ta logge r and 

computer was used. The sys tem required 120 VAC power 

a nd a n ice-wa te r bath as a th e rm ocouple refere nce j" !lC

ti on. In 1992 we rebuilt the a ppa ratus in order to m a ke it 

fi eld porta bl e a nd eas ier to use. A custom needl e built by 

Soiltronics, 1.2 mm in di ameter a nd 200 mm long, conta in

ing a hcli cal nic rome heater wire a nd a Type T th ermoco u

ple, replaced th e CSI needl e. Only the distal 120 mm of the 

new needle a re heated in order to minimize non-a x ial heat 

losses during a tes t. The ferrul e of the needl e is of o nl y 

sli ghtly g rea te r di a meter th a n the needl e itse lf, a llowing 

both to be full y embedded in a snow sampl e, furth er limit

ing heat loss fro m the needl e end.lests arc done in situ in the 

snow-pit wa ll when there is littl e or no wind , or, a lternately, 

la rge (30 c m x 40 cm x 20 c m ) boxed snow sam pi es a rc 

remO\'ed to a cold room a nd therma lly stabili zed , then the 

needl e is insen edthrough the wall of the box to do the tes t. 

The new needl e is connec ted to a Campbell CR-IO data 

logger controll ed by a Zenith 286 la ptop computer. A res is

ta nce tempera ture de\·ice (RTD ) m easure the temperature 

o f the the rm ocoupl e O°C re fe re nce juncti on a t th e da ta 

logge r a nd a uto m a tica ll y adju sts the therm ocouple read

ing. Softw a re co ntrols th e tes t including ac ti va ting a nd 

shutting off the heater current. A 2 min heating cycle is fol-
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lowed by a 10 min cooling cycl e. During both cycles, th e 

needle temperature and heater voltage a re recorded every 

second . H eat input to the needle is adjusted using a va ri

able potentiometer to achieve a 2- 5°C ri se in needle tem

p e rature durin g th e hea tin g cyc le . R es ult s ( n ee dl e 

temperature vs time) are ana lyzed using automated sta ti sti

cal software (rGOR Pro on a Macintosh computer ). H eat

ing a nd cooling temperature d a ta a re fit indepcnde nLl y 

using least-squares reg ression, and the slopes from this pro

cedure a re used in calculati ons of the thermal conduc tivity 

using standa rd needle-probe theory (i.e., the therma l con

ductivit y is proportion a l to the slope of tempera ture v s 

log (time)). 

Four checks a re m ade to ascertain test quality. First, tests 

in which the sample temperature is not stable are identifi ed 

by cross-checking the initial and final needle tempera tures. 

Tfthcse differ by more than 0.5 °C, the test is di scarded . Sec

ondl y, if the trace of th e needl e tempera ture vs time (for 

both heating and cooling cycles) is not monotonic and regu

lar, the test is also di scarded. Thirdly, the thermal conductiv

ity of the heating cycle is compared to the value computed 

from the cooling cycle. These must bc within 10 % for the test 

to be accepted. Fina lly, periodically throughout each test set, 

"standards" (polyurethane foam and glycerol; see Stunn and 

J ohnson, 1992) a re tested and compared to known values to 

ascertain that there is no instrument drift. The standa rd de

viation of all measured va lues for fo am is less than 6% of the 

mean (0.01 9 \11,1 m I K - 1
), and the mean is within 5% of the 

value determined using a guarded hot plate. For g lyce rol, 

the sta nd a rd d eyi a ti o n is less th a n 9% of th e m ea n 

(0.310 W m I K - 1
), which is within the ra nge of published 

values (Toul oukian a nd others, 1970). 

Results 

Each snow sample was class ified by type using the Inter

nation a l C lass ification for Seasona l Snow on the Gro und 

(ICSSG; Col beck and others, 1990). Type is indicated by a 

numerical code related to the symbols used in this widely 

r ecog nized sys tem (Tabl e 4). Since g ra in charac te r, no t 

bonding, is the prim ary basis of the ICSSG system, a c los(' 

rel a tionship between snow type a nd thermal conductivity 

was not expected. Based on our experience however, we felt 

that it might be possible to assign rela ti ve degrees of bond-

Table 4. Snow-tyJ)e codes and descriptions 

Symbol Code No . Description 

" ...... " .. 9.4 very hard wind slab 

.......... " .... 9.3 hard drift snow 

" ...... " .. 9. 2 hard wind slab 

"~"' ... 9 . 1 soft to moderate wind slab 

ing based on the snow typ e. For example, depth hoa r (types 

5.1, 5.2) tends to be weakly bonded, and slab and drift snow 

(9.1 9.4) tends to be well bonded. Refrozen melt-grain clus

ters (6.2) can have highly va riable bonding, even in a small 

sample. 

Ou r d a ta (n = 488) a re plotted as a fun ction of densi t y in 

Figure 6 a nd summari zed inTable 5. The data form a widely 

scattered field simil a r to the "Others" da ta in Figure 4. Se

parate symbols hm·e been used for each type of snow, and a 

limitcd o rganization by snow type is ev ident, with wind 

slabs a nd drift snow, predictabl y, hav ing higher densities 

and hig he r thcrm al conducti viti es than d epth llOa r, new 

snow or recent snow. The variance of keff increases with den

sity. The center of mass of the data field has a lower thermal 

conductivity (0.1 78 vs 0.259 W m I K I) and a higher density 

(0.317 vs 0.272 g cm 3) than the "Others" da ta (Fig. 4). 

Analysis 

The new da ta can be fit with a quadratic equation: 

keff = 0 .138 - 1.0lp + 3.233/ {0.156 :s; p ::; 0.6} 

keff = 0 .023 + 0.234p {p < 0.156} (4) 

where p is in gem 3, and k eff is in W m- I K I. The fit has a n 

R2 equa l to 0.79 and is shown in Figure 6 with 95% confi

dence limits. The limits imply that (a ) predicted \·alues of 

k ef[ will have a n un ce rtainty of 0.1 VV m I K I, a la r ge 

amount, and (b) about 5% of a ll measured va lues will lie 

outside this predicted range. 

When Equation (4) is extrapolated to the density of ice 

(0.917 g cm -3), it has the a ttractive property of closely pre

d icri ng the correct \·al ue ( ~2.2 W m- I K I), though thi s was 

not a constraint of the least-squares fitting routine. This sug

ges ts tha t Equation (4) might reasonably be ex trapola ted 

beyond the limits of our data to dense r snow and firn with

out incurring a large error. At the same time, the equation 

predi cts a minimum value of k eff at a density of 0.156 g cm 3, 

with hig her values at densities lower than 0.156 (dashed line 

in Fig ure 6). M any highly insul ative g ra nula r materi a ls 

show exactly this type of increase in conductivity at densi

ties less than 0.05 g cm 3 due to convec tion and radi ation 

(Pra tl, 1969). Howeve r, the increase in the reg ress ion is 

solely the result of the least-squares fitting procedure, not 

therm a l physics. We have no experimenta l da ta that show 

ICSSG Code ' 

9d and 3a 

9d and 3a 

9d and 3a 

9d and 3a 

Q QQ 6.2 refrozen wet poly-grains, wet clusters 6b 

<Ql&,CO 6.1 clustered rounded grains 6a 

AAAA 5. 2 indurated depth hoar 5a, 5b, 5c 

"~M 5 . 1 weak chains·of·grains depth hoar 5b 

.-- 3. 3 mixed forms 3c, 4c 

••••• 3 .2 large rounded grains 3b 

:.:.:. e.- 3. 1 small rounded grains 3a 

,...-,/, 2 recent snow 2a, 2b 

++++ new snow la to le 

• The International Classification for Seasonal Snow on the Ground (CoJbeck and 

others. 1990) 
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• 9.4 very hard slab 

® 9.3 hard drift 

0.6 e 9.2 hard slab 
0 9.1 moderate slab 
~ 6.2 melt grain clusters 

H 6.1 rounded melt grains 

0.5 lIE 5.2 indurated depth hoar 

X 5.1 chains of depth hoar 

• 3.3 mixed forms 
....-... <> 3.2 large rounded 

<> 3.1 small rounded 

• 2.0 recent snow 

, 
~ 0.4 

.. 1.0 new snow 

E 

~ 0.3 -
:t:: 

.::,cQJ 

0.2 

0.1 
p + 3.233 

0.0 

0.0 0.2 0.4 0.6 0.8 
-3 

Density (g cm ) 

Fig. 6. All rif 0111' thermaL conductivity data as afilllction rif densi£y and SilOlt' tyjJe (see Table 4). Equatioll (4) has been super

illl/Josed olllhe dala . BeLow a densit)'rifO.156 g C/71 -3, a linea)" regressioll with), intace/)l qfO.023 r I ' m I K I (kair ) is used (solid 

line); the dashed line shows tlte cOlltinualion qf the quadralic eqllalion. 95% confidence in lefl/a!s are also shown. 

increased the rmal conducti\'iti es at low density in snow, so 

for den. iti es less than 0.156 we use a linea r ex tra pola tion to 

th e th erm a l conducti vity of dry a i r ( kltir = 0.02:3 a t - 15°C) a t 

zero density. If thi s piecewise fittin g approach is not used , 

th e e rro r in es tim ated va lu e a t ze ro d e ns it y wo uld be 

0.115 W m 1 K I, still withil1 the 95% confidence limits. For 

compari son, Equation (4) is show n on Fig ure 5. Tt li es close 

to the regress io ns ofBrac ht (1949) a nd ofVosicla a nd others 

Ta bLe 5. SlIlI1l1lfll)' statistics; dalaJrom litis study 

Thermat condllc/ivi()' ( I I ' m ' 11' ') 

SII01l' (FjJ' . \ 0. of J/NlII S. D. .1/0\. ,I fi ll. ,Iieall 

oh 

1\11 ·188 0.178 0.13·1 0.65 f 0.021 0.317 

9.cl 22 0.+52 O. I O~ 0.6.1+ 0.240 0.+88 

9.3 77 0.359 0.08+ 0.5H 0.150 0.+++ 

9.2 16 0.237 0.066 0.316 O. lel l 0.379 

9.1 50 0. 167 0.051 0.281 0.061 O.3,Hl 

6.2 20 0.250 O. I-H 0. 11.1 0.095 0.+22 

6.1 I 0.188 0.000 0.188 O. IRH 0.290 

5.'2 9 0.183 0.095 0.330 0.062 0.3+5 

5.1 171 0.072 0.025 0. H2 0.021 0.22.1 

3.3 26 0.153 0.040 0.218 0.099 0.321 

3.2 9 0.163 0.08LI· 0.278 0.083 0.345 

3. 1 51 0.169 0. 111 0.632 0.051 0.320 

2 21 0.128 0.050 0.200 0.056 0.254 

11 0.070 0.030 0.1 17 0.039 0.135 

?\Ii ssing + 0.112 0.012 0.12+ 0.096 0.306 

(1955), d ifTering a t the lower den siti es where these a uthors 

c1i d not force their c urvcs to conve rge to kair. 

An a lte rn a te c ur ve fit is sugges ted by the distribution 

fun cti on for bo th o ur conducti v it y d a ta and the d a ta of the 

"Others". Both fun ctions a re negati vely skewed , with m ore 

d a ta points a t lower va lues 0 [' kef/,. This fact, combined w ith 

the fac t tha t fo r bo th data se ts the vari a nce in k eff inc reases 

w ith d cnsit y, s ugges ts usin g th e log trans fo rm o f keff 

D fI1si(F ( g till ') Telll/Jera/llre ( C) 

S.D. .I/a\. .I1ill. .I/eall S. D. .I/a.\ . .Ilill . 

0.106 0.560 0.070 11.6 7.9 1.0 - 77.1 

0.050 0.560 0.402 21.2 9.R 6.5 3+.+ 

O.03'f 0.+98 0.380 18.4 8.9 7.2 3+.+ 

0.0+5 0. I-f5 0.300 17.8 5.7 10.2 2-L9 

0.033 0.110 0.2+3 12.9 +.7 1.7 25.1 

0.058 0. 196 0.31+ 10.8 +.-1 3.1 18.5 

0.000 0.290 0.290 25.1 0.0 25.1 - 25.1 

0.073 0. 120 0.260 12.1 +.3 5.3 18.5 

0.055 0.369 0.1.'i+ Icf,4 8.9 \.0 77. 1 

0.029 O. IIG 0.280 12. 1 'l.el LI 15.2 

o.mG 0.380 0.297 9.1 5.2 2.2 13.7 

0.078 0.5 10 0. 173 12.9 6.5 2.3 25.3 

0.068 0.350 0.169 135 2.8 10.6 19.3 

0.0:11 0.200 0.Q70 11.3 ,1.,1 5.5 19.6 

0.021 0.337 0.295 12.+ 0.2 12.2 12.6 
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(loglO( keff )). Doing so allows for some statistically desi rable 

improvements in the curve fi tting. Under log transforma

tion, (1) the da ta become homosced as tic (the va ri a nce is 

constant ove r the range of dens i ty ), (2) the resid ua ls be

come norm a ll y d ist ributed abo u t the fi t, (3) a linear and 

continuous (vs piecewise ) fit can be employed, and (4) ex

trapolation of the fit to zero density yields a value of keff = 

0.02 W m- I K \ close to the thermal conductivity of d ry still 

air (Fig. 7). For o ur data the regression equation is: 

{p ~ 0. 6} (5) 

with R 2 = 0.76. For the "Others" data, the log regression 

equation is 10gl0 (keff) = 2.037 p - 1.272 ( R 2 = 0.52). This re

gression predicts higher \'alues of keff than Equation (5) for 

a given density, and has a slope that is significantly lower. 

T he extrapolation of the log fi t to the "O thers" da ta to zero 

3 , O~ ------~------L-----~L----- -+ ~---

-- quadralicfit, Eqn. (4) 

- - - - - logarithmic fit, Eqn. (5) 

2.5 _._- logarithmic fit w/ MlE correction, Eqn. (7) 

O · 20 ~ t ' . • : , ' I •• ; • j ~ !. , 

0 . 1 ~ i r~ 
0.00 ' 

0.0 0.1 0.2 0.3 

'7 ~ 2.0 

'7 

E 1.5 

~ 
'" 1.0 

.::.:.'" 

0.5 

kair - .. -.-
0.0 

0.0 0.2 0.4 0.6 0.8 

Density (9 cm .3) 

Fig. 7 A comparison qfregression Equations (4), (5) and (7). 

Equation (4) is best if extrapolation beyond the maximum 

density qf the data is necessmy, as it predicts the correct value 

qf k ice at 0.917 g cm s, but it is not as good as Equation (5) or 

(7) Jor low -density snow. Equations (5) and (7) give values 

very close to kair at zero density, but would predict estimates 

with large errors for densities above 0.6 g cm 3 All three re

gressions give reasonable estimates for the range qf densities 

encountered in most seasonal snow. 

density gives a value of kair = 0.053 W m - I K -
1
, high er than 

the tr ue value (Fig. 8). 

M ost applications require values of keff, not log( keff ), ne

cessitating a back transformation of the results of Equation 

(5). This back tra nsformation is biased (see Thompson, 1992, 

p. 208- 214). The bias is apparent if the mean density fo r our 

d ata se t (0.317 g cm 3; see Table 5) is used in Equa tion (5). 

The resulting value ofloglO(keff ) is -0.864, which when 

back- tra nsform ed eq ua ls 0.137 W m 1 K- \ not 0 .178 W 

m 1 K - 1
, the mean for the data et. Stat istically, the r egres

sion given by Eq ua tion (5) should p ass thro ugh the mean 

va lue of keff. Several methods can be used to correct for the 

bias. vVe use the m aximum likelihood estimator (MLE ) as 

detailed by H elsel and Hirsch (1992). Using this method we 

get: 

k 10 [(2.650p- 1.704)+( VJo.!2 )] 
l\lLE = {p ~ 0 .6 } (6) 

where kl\[LE is the value of keff corrected by the MLE meth

od, p is the snow density, and VIog is the variance of the log 
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1.00 

'7 
0 .32 

~ 

'7 

E 

~ 0.10 

:t:: 
.::.:,'" 

0.032 

log1D (k •• J = 2.037 p- l.272 R 2=0.52 

+ 
.+ 

log ,a(k",J=2.650 p-l .652 R
2
=0.76 . 

o ·Others· data 

+ this study 

0.010 r--.----.----.--..----.---.--J-
0.0 0.1 0 .2 0.3 0.4 0 .5 0.6 

-3 
Density (g cm ) 

Fig. 8. A comparison of all our data (crosses) with the 

"Others" data (circles). T he log regressions to each data set 

are shown. The "Others" regression predicts higher values qf 

keff at a given density and does not predict kair correctly at 

zero density, while our Tegressioll does. 

val ues of kc[f in the d a ta set. The sm a ll correction fac to r, 

VIog , equals 0.1025, so Eq uation (6) simplifies to: 

kl\[LE = 10(2.650p- 1652) {p ~ 0.6} . (7) 

As can be seen in Fig ure 7, there is little practical difference 

between Equations (5) and (7), but, sta tistically, Equa tion 

(7) is a better approximation. 

U nfortunately, both Equations (5) a nd (7) have the un

des i ra bl e property of diverging rapid ly beyond the upper 

limit of our data (p > 0.6 g cm -3) (Fig. 7). Unlike the quad

ratic c urve (Equation (4)), the values p redicted by Equ a

tions (5) and (7) at t he density of ice a re more than twice 

the m easured va lue. For the normal r a nge of density en

countered in seasonal sn ow, Equation (4), (5) or (7) is ad e

qua te. Equation (4) is best if estimates are needed for snow 

and firn with densities beyond the limits of our data. Equa

tion (7) is best if es timates a re needed fo r low-density snow. 

vVe have examined the therm al conductivity as a func

tion of snow type for those types for which we have 20 or 

more m easured values (Table 5). Two different characteri s

tic p a tterns appear. For depth hoar ( typ e 5.1 ), indura ted 

depth hoar (ty pe 5.2) a nd mixed form s (pa rti a ll y faceted 

ro u n d ed grains; typ e 3.3), there is littl e relat ionship be

tween the density and the thermal conductivity. This can 

be seen in Figure 9, where a line has b een fit to each d a ta 

subse t. For depth hoar and mixed forms, the lines intersect 

the quadratic fi t (Equa tion (4)) at sh a rp angles, showing 

th at keff is essentially independent of d ensity. Depth hoar 

and mi xed forms are the result of kineti c growth processes 

(Colbeck, 1983, 1987) a nd imply a high rate of water-vapor 

tra nsp ort. Bonds tend to be weak. For these types of snow, 

choosing the mean value of kcfr for a snow type results in as 

good a n estimate of the thermal conductivity as using a re

gression equation based on density. 

For recent snow (type 2.0), small ro unded-grain snow 

( typ e 3.1) and wind-slabs and drifts ( typ es 9.1, 9.2, 9.3, 9.4), 

lines fi t to data subse ts lie parallel to the quadratic fit (Fig. 

9), showing density dep endence. For types 3.1,9.1,9.2,9.3 and 
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Density and keff related 
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'7 
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Type 3.1, small rounded grains .... 0 

(n=51 ) 0 
./' 0 

........... ~ .................... t'/: .. .. 
Type 2.0, recent snow .,/ 
(n=21 ) ~ 

................... ,. .... ,. ........ .. • " 
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~ ......... 
lI:: 0.1 
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,, } , ~ 

o~ ...... !> •.. " .... ~· ·'" 

0.1 

0.0 

0.2 0.3 0.2 0.3 

Density and keff not related 

0.3 

'7 
~ 

'7 0.2 
E 

~ 
0.1 ......... 

lI:: 
~<J.l 

0.0 

Type 5.1. depth hoar // 
(n=171 ) ... 

............................................................... 

~ 
.. )(X" 

""x" ~ .. . ,. 
~ " i"" " 

........... : .•.•...•...... 

0.2 0.3 
-3 

Density (g cm ) 

Quadratic fit to data 

95% confidence limits 

Linear fit to data 

0.3 

0.2 

0.1 

0.0 

+ 
• ... 

Type 3.3, mixed forms 
(n=26) 

........................ 

0.3 0.4 
-3 

Density (g cm ) 

Position of mean den. & cond. 

Data from Jansson (1901) 

Data from Lange (1985) 

Fig. 9. Data clusters b),sl1ow !)'Pe showing ( a) tyjJes in which density and conductivi£)' (Ire related, and ( b) tyjJes i ll which thlf)l are 

110t. See Figure 6for s),mbols. 

9.4, snow g ra ins tend to be equa nt a nd rounded, w ith lim

ited \'a ri a ti on i n shape but a high degree of bond ing. For 

these snow types, estim ated va lues of therm al co nductivit y 

a re bes t obtained using regress ion Equati on (4), (5) o r (7). 

For a limited number or measuremellls in the "Others" 

data se t we can identify the snow type. The resu lts o fJ a ns

son (1901) a nd L a nge (1985) conta in sufTicient desc riptions 

or strati gra phic di agrams to a llow us to assign snow types 

to each va lue o f kcff . These d a ta h a\'e been pl o tted a long 

with our da ta in Figure 9. I n som e cases (snow ty p es 3. 1 

a nd 2.0) there seems to be a n offse t betwee n the d ifferent 

se ts, perh a ps the result of tes ts done at differelll tempera

tures. D es pite th e offse t, th e tre nd s indica ted b y th e 

"Others" d a ta a re consistent with t hose indica ted by our 

data and d iscussed above. 

The rela tio nship betwee n density, keff, and the deg ree of 

bonding is furth er ill ustrated in Figure 10. H ere, o nly data 

for wind-b lown snow have been used. The four t ypes (9.1, 

9.2, 9.3 and 9.4) we re differenti a ted by differences in thei I' 

hardness using the standard technique of resista nce to pene

trati on by fi st, fin ger, pencil o r knife. This test, whil e qu ali

ta ti ve, is una mbig uous. For each type there is a cluster of 

0.6 

";' 

• • 
• 

~ 
0 .5 

";' 
0.4 E 

~ _0.3 

Type 9.3, 

:t:: 

~<J.lO.2 

0 .1 
0 

o 0 

. o ~cq, 

Type 9.1, soft to mod. wind-slabs 

0.30 DAD 0.50 
-3 

Density (g cm ) 

Fig. 10. Data clusters Jor wind-blown snow. Heavy crosses 

show the center qf each cluster (mean densi!)1 alld mean ther

mal conductivity). Increasing th.ermal conductivi!)1 and in 

creasing h.ardness suggest that the vertical axis could be 

replaced by a relative scale of bonding or thennal''collnect 

edness': 
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data in Figure 10. The clusters a rc distinct and sepa rate. To 

highlight thi s, the mean value of density a nd conductivity 

for each clu ste r is indica ted by a bold cross, and th ese 

c rosses defin e nearly a stra ight line of increa sing density 

a nd therm a l conducti\·ity. Linear reg ressions fit to each 

data cluster a re nearl y pa ra ll e l and reason ably consistent 

with the quadra tic fit to all the data. An alterna te vertical 

ax is to therm a l conducti\'it y is hardness, a m easure of the 

bonding. In th a t way the ve rtica l axi s in Fig ure 10 can be 

thought of as the degree of bo nd i ng or the degree of ther

mal "conn ec tedness". Th e linear trend indi cated by the 

mean values suggests th at fo r wind-blown snow, density, 

thermal conductivity and bonding (or its proxy) a ll a re lin

early related. 

DISCUSSION 

There is a di stinct oITset be tween our data and the data of 

the "Others" (Fig. 8), an offse t that appears to be the result 

of diITerences in sampling a nd the average temperature at 

which the tes ts were donC'. The center of our da ta cloud is at 

a higher density but a lower conductivity (Tables 2 a nd 5). 

Our set samples the full ra nge of natura l seasonal snow, 

but O\'e r-represents two snow types frequentl y encountered 

in high latitudes: depth hoar a nd wind-slab. This is a result 

of the fact th a t most of our research is done in the Arctic or 

Antarctic. Our se t contain s 180 measurements on depth 

hoar ( types 5.1 and 5.2) and 165 measurements on wind

blown snow ( ty pes 9.1, 9.2, 9.3 a nd 9.4). Based on the loc

ations where the "Others" took their data (Table 1), we infer 

that they sampled less wind-blown snow. With the exception 

ofJansson (1901 ), who collected wind-blown snow from near 

Uppsa la U ni ve r sit y in Swed en on one occa sion , a nd a 

couple of measurements by L a nge (1985) from the Anta rc

tic, this type of snow appears to be unrepresented in the 

"Others" se t. On the other ha nd, depth hoar seem s to be 

well represe nted , having bee n sampl ed by Abel's (1893), 

Izumi and Huzioka (1975), L a nge (1985) a nd possibly one 

or two others. As wind-blown snow tends to be dense r than 

most other types of snow (Fig. 10), we conclude tha t our sam

ple set is biased toward thi den se materi al when compared 

to the "Others". 'Ve think th a t our set is close to parity with 

the "Others" for depth hoar. Combined, these facts suggest 

why the m ean density of o ur d a ta se t is hi g he r th an the 

"Others". 

The difference in mean thermal conductivity between 

the two se ts can be accounted for largely by differences in 

the tempera ture at which the tests were done. Table 5 li ts 

the tempera ture at which our tests were done. The mean 

value is - 14.6°C. Comparabl e data is unavaila bl e for the 

"Others" tes ts, though the general range for some of the in

vestigators is given in Table 3. Calculating a mean va lue of 

temperature from these ranges is difficult, pa rticula rl y for 

those investigators who used Fo urier-type a na lysis. In those 

cases, the range given is the a mbient range of a ir tempera

ture, not the snow tempera ture itse lf Our bes t estimate is 

th at the "Others" data were ta ken at an average of abouL 

- 5 c e. Th e difference (-5° vs - 14.6°C) be tween the two 

se ts, a lmos t 10° C, co uld account for a drop of anywh ere 

between 0 a nd - 0.06 \V m 'K ' in therm al conductivity, 

based on the resul ts given in Fig ure 3. The obse rved shift 

between the m ean of ou r d a ta a nd the "Others" (0.251 to 

0.178 W m ' K ') is - 0.073 W m ' K ',slightl y g reater than, 

38 

but of simila r magnitude and sign to, the amount tha t could 

be acco unted for by differences in temperature. '!\le conclude 

that thi s is the m ajor cause of the shift in kc[r values. 

'Vhich data se t to use? In genera l, both sets conta in good 

va lues of kc[f for seasonal snow at temperatures and densities 

routinely encountered in practica l problems. Our se t, and 

the regress ions based on it, offers six advantages over indi

vidua l sets or composites of the older d ata: 

(I) The new set was made using a needle probe a nd a d y

na mic test me thod tha t is known to be more acc urate 

for low-conductivity materials tb a n other methods. The 

test is short, a p a rti cular advantage for a materi a l that 

can metamorphose. 

(2) Our is a si ngle da ta se t, with all d ata collected in a con

sistent manner. 

(3) Tt is one of the few sets for which measurements on stan

d a rd s we re m a d e, a Ilowing assess men t of sys tem a tic 

errors and accuracy. 

(4) M easurem ents we re made a t kn own temper a tures, 

which did not va ry g reatly. They were al so rela tive ly 

low, so that they fell in the fl a tter pa rt of the tempera

ture cun'es shown in Figures 2 a nd 3, minimizing sensi

tivity to tempera ture dependence. 

(5) Ours is practically the only se t for which the type of snow 

is desc ribed. 

(6) Tt conta ins m o re d a ta than th e co mbined set o f th e 

"Others". 

Based on these reasons, we recommend using the regression 

equati ons for our d a ta . 

Tt is unfortuna te that the two d a ta se ts cannot be com

bined. Initially "VC had hoped we could tempera ture

correc t the "Others" da ta LO - 14.6
c
C in order to c reate a 

combined se t, but th e potentially la rge errors tha t wo uld 

have been incurred in making the correction forced us to 

drop the idea. In addi ti on, differences in test method s, lack 

of information about the acc uracy of many of the older sets 

a nd lack of description of the snow for most tests made com

bining the two se ts stati stically inadvisabl e, and would have 

resulted in more confusing and less reli able regressions. 

The gross differences between the two sets of da ta high

light the pressing need for a better method of accounting for 

the temperature d ependence of kef[. For example, o ur re

gressions for estim a ting kefr are stric tl y valid only for tem

p era tures near - 14.6°e. If es tim a tes a re to be appl ied to 

S110W at different temperatures, pa rti cul a rly hig he r tem

peratures, corrections must be appli ed . The best da ta ava il

able to do this are shown in Fig ure 3, but, as stated before, 

they a re confusing a nd contradictor y. The data sugges t th at 

the correction will va r y depending on the temperature and 

the microstructure of the snow. Pending more comprehen

siv f' studi es, we m a ke th e foll owin g rec omm e nd a tions 

based upon our inte rpretation of the d ata: 

(I) Use the curves of Pitman and Zuckerman (1967) with 

ca re since th ey were meas ured on artificial snow a nd 

haclto be composited from multipl e samples. The pro

nounced temp era ture dependence indicated by these 

curves below - 27°C does not seem realistic to us a nd in

dicates that the fo rm 0 [' the curves may res ult , to a la rge 

ex tent, from the way the data were compiled. 
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(2) Simil a rly, the data from Vo itkovsky and o the rs (1975) 

show a ve ry strong temperature dependence tha t cannot 

be verifi ed . 

(3) Use different curves for different types of snow. For depth 

hoar (a nd p erhaps oth e r low-den ity, loose ly bonded 

types of snow like recent ( type 2.0) and new ( type 1.0)), 

use the curves from Sturm a ndJohnson (1992). These in

dicate tha t k eff nearly doubles betwee n - +0° a nd O°C for 

10w-conductiyity depth hoa r. An empirical fit to the data 

glVes: 

51.8 
k eff = kd ry + -=- --- - ---~ 

[(T - 27.8)2 + 211.2] 

{-40° ::; T ::; O°C } (8) 

where kdry , th e therm a l co nductivit y with no vapor 

tra nspo rt: equa ls about 0.06 ,,,I m 1 K \ a nd T is the 

tempera ture in qc. For dense, well-bonded snow, results 

in Figure 3 suggest there wil l be little or no temperature 

dependence above - 40°C. Below 4 0°C, the conductiv

ity wi ll increase due to the increasing conductivity of ice. 

However, if the dense snow is poo rl y bonded , data from 

Arons (1994) sugges t a te mpera ture correc ti o n of the 

form 

kcrr = kd r.v 
{T ::; - 30°C } 

k eff = k dr v + 0.004(T + 30) { - 30 ::; T ::; - 1°C} 

might be used. 

\Ve stress tha t all of these correc tions a re p rov isiona l. 

1.2 
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StuTln and otheTs: TheTmal conductivity ifsnow 

They highlight the need for more controll ed tests on the ef

fect of temperature on kcfr. 
"Yh at can the data tell us abou t the microstru cture of 

snow? A number o f models of snow, with varying d egrees 

of rea listic geom etr y, have been proposed (see the r ev iew 

by Arons and Col beck, 1995). Two o f th e simples t models 

consist of plates o f ice a rranged eith er parallel or perpendi

cul a r to the heat-flow direc ti on (de Querva in, 1973; Com

b a rnous and Bo ri es, 1975; Aurach e r, 1978; Fig. 11 , inse ts). 

Conceptually, th e m odel s represent limiting cases for both 

microstructure a nd thermal conduc tion in snow. In the par

a llel model, the ice is a rranged in optimal pathways fo r heat 

conducti on. In the seri es model, the opposite is true, a nd no 

continuous ice pa thways ex ist; a ll heat must be conducted 

ac ross the ai r-filled pores as we ll as the ice plates. Fo r both 

m odels, the conducti vity (latent-heat transport is ig nored ) 

can be calcula ted direc tly from the geometry. The calcu

la ted values provide limits on wha t is possible for m or e rea

li stic geometry a nd snow. 

C ur ves for bo th the pa ra llel a nd series models, a long 

with our data a nd the "Others" da ta for keff ' are plo tted in 

Figu re 11. The com bi ned data li e be tween the pa ra llel a nd 

se ri es limits, as th ey must, but sig nifi cantl y elose r to th e 

se ri es limit. The samplcs range in density from about 0.05 
'I 

to 0.60 g cm " ge ne ra ll y ac knowled ged to be the ra nge 

found in seasona l snow that has no t been saturated a nd re

fro zen (see Anckrson a nd Benson, 1963). 

" 'e have draw n a trapez ium a bout the main bo d y of 

da ta . In drawing th e upper limit of thi s trapezium, we have 

di scounted about 16 d ata from the "Others" set as being too 

high and likely to be questi onable. Otherwise, a ll da ta (ours 

+ data, this study 

o data, other studies 

o fit , this study 

o fit, "Others" 

00 . . 
0 .r/ 

. 
density limit 

. . of seasonal snow . 
o • 
•• 1:) 0 

0 
0 

0 

0.0 
e.tj~~.~~~~~":"------"-SSeries limit 

0.0 0.2 0.4 0.6 
-3 

Density (9 cm ) 

0.8 

Fig. 11. All data (ours (crosses) and the "OtheTs" (cirrles ) ), along with curves showing the theoretical thermal cond1lclivity if 

parallel or series ice plates. Th e appro rimate limit in the densil),-thermal-conductivity space ocw/lied by nat II ral seasonal snow is 

shown to be a small sllbset if the /Jossible do main. 
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a nd the "Others" ) a re included. It is surprising that the re

sulting enclosed a rea occupies only about half th e a rea of 

density- conducti vity space th a t it could . Large gaps exist 

along both limits of the data, with the data nowhe re ap

proaching the pa ra llel limit. In contras t, between 0 a nd ap

prox im a te ly 0. 35 g cm-
3

, m a n y d ata (fr om b o th se ts) 

actua lly lie a long the series limit. At about 0.35 g cm 3, the 

lower limit of the data cloud ri ses away from the series limit 

in a fairl y regula r fas hion, on a line that is nearly pa ra ll el to 

the upper limit of the trapezium. A ki taya (1974) found that 

the upper limit of density for depth hoar was approximately 

the same: 0.35 g cm - 3. 

The res ults di splayed in Figure 11 suggest that there are 

constraints on the bonding- density configurations that can 

ex ist in natural seasona l snow. A s suggested by Fig ure 10, 

there ex ists a st rong relati onship between therm a l conduc

ti v ity and th e b o nding or ice "conn ec tions" in a sn ow 

sample. If we repl ace the vertical ax is in Figure II w ith the 

degree of bonding, it becomes clear th at natura l limits ex ist. 

C erta in ranges of density exist onl y with certain degrees of 

bonding. \J\Te sce the information as useful in conjunction 

with (or for the testi ng of) m icrostructural mod els. C om

bined with a model, Figure 11 could be used to de termine 

what grain, bond and density rela ti onships might ex ist in 

seasonal snow. 

L as tly, we w a nt to m ention tr~ ector i es in d e n sity

conductivity sp ace. These a re re la ted to metamorphic tra

j ec tori es for snow (see Col beck, 1987). Under equilibrium 

g rowth conditions, particul arly w ith overburden pressure, 

snow tends to densify, and, as it d oes, its thermal conductiv

ity increases. U nder those conditi ons, Equati ons (4) and (7) 

can be used to desc ribe the evolution or trajectory of k eff if 

the density evolution is known. H owever, if kinetic g rowth 

processes occu r, th en density a nd conductiv ity a r e not 

coupled, as sh own by Figure 9. In this case, the traj ectory 

of thermal conductivity may be quite complicated . Sturm 

a ndJohnson (1992) show severa l t,-aj ecto ri es for depth hoar 

(types 5.1 and 5.2). Simila r information for new ( typ e 1.0) 

a nd recent snow ( type 2.0), for m ixed-form snow (ty p e 3.3) 

a nd perhaps other types, is not available. These traj ecto ries, 

however, are unlikely to follow Equation (4) or (7). 

CONCLUSIONS 

Th e 27 studies (comprising 354 values of ken ) published 

since 1886 have been used to derive over 13 different regres

sion equations predicting k eff vs de nsity. Large (and la rgely 

undocumented ) differences in accuracy, tempera ture and 

snow type exist in this data se t. C onsequently, it is difficult 

to use the combined set to investigate how therm al conduc

tivity varies with density or snow type. We int roduce a new 

set tha t consists of 488 measurem en ts (plus 72 m easure

m ents on sta nd a rd s). The acc uracy of thi s n cw se t is 

thought to be b etter than ± 10%, a nd the type of sn ow was 

known for each m easurement. The new set can b e fit with a 

quadratic or a logarithmic equa tion. The quadratic is better 

when estimating values beyond the limits of the data set; the 

logarithmic is better when estima ting values for low density. 

The data suggest that two di stinctly different rela tion

ships between k eff and densi ty can be found. Snow com

p osed of depth hoa r or face ted g ra ins (i.e. th e result of 

kinetic grow th ) shows littl e connection between d en sity 

and thermal conductivity. In con trast, snow com posed of 
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ro unded grains or wind-blown frag m ents shows a strong 

den sity dependence in the thermal conductivity, a nd the 

evolution of this typ e of snow with ti me (assuming den sifi

cati on) will follow th e regression equati ons we have devel

op ed . For densit y-indep endent snow typ es, a n acc urate 

estima te of keff can b e m ade by simply using a mean value 

for th at type of sno w. For density-dep endent snow ty p es, 

better estimates result from using the regressions. 

C omparison of th e n ew data set with the combined older 

data se t shows that the n ew set has a mean va lue of density 

that is higher than the older set, but a lower mean value of 

the rm al conductiv ity. This shift can be a tt r ibuted to differ

en ces in the type of snow sampl ed in each set, plus differ

ences in the temperatu res at which the measurements were 

made. 

The combined d a ta se ts can be used to delineate the field 

of d en sity-therma l conducti vity th a t is taken by n atura l 

season al snow covers (Fig. 11). Since thermal conductivity 

can b e shown to be closely related to the degree of bonding, 

this is the same as th e density-bonding fi eld. The results in

dicate that natural seasonal snow occurs within much nar

rower limits of density a nd bonding th a n a re theoretically 

possible. The limits delineated can be used to guide and tes t 

models of snow microstructu re. 
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