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Effects of tnicrotopography on texture, tetnperature and 
heat flow in Arctic and sub-Arctic snow 
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ABSTRACT. Arctic and sub-Arc ti c snow is deposited on grou nd tha t can have 
signifi cant microreli ef due to tundra hummock and tussocks. The microreli ef, a 
su bstantial fra ction of the tota l snow d epth, causes basal layers of snow (usuall y depth 
hoa r ) to be discontinuous. In-situ measurem ents made a t four locations in Alaska 
indica te late ra l temperature gradients up to 60°C m I exist at the snow/ground 
interface due to th e microtopograph y. For a ll sites, the winter ave rage range of 
temperature along a 1.5 m transect a t the interface varied from 4°C to grea ter than 
7°C. H ea t-nu x tra nsduce rs pl aced at the tops and bases of tussocks indica ted that 
vertical hea t flow was consistently 1.4 to 2. 1 times higher at the top than the base. 
R es ults of a condu ctive mod el based on tussock height a re consistent with these 
measu remen ts. 

INTRODUCTION 

The g ro und cove t" of th e tundra a nd taiga regions of 
Arctic and su b-Arctic Alaska consists of lichens, mosses, 
sedges, and grasses. This vege tation forms a hummocky 

carpet with microrelief ra nging from 0.1 to 0.5 m 

(Besc hcl , 1965; Radforth , 1965; R aup, 1965 ) . In 
particular, sed ges (Eriophorum L. and Carex L. ) 
(Chapin a nd o thers , 1979; W a lker and others, 1989; 
Vierec k and o thers, 1992 ) fo rm distinctive tussocks that 
project well above the surrounding terrain. Frost boils, 
polygo ns, a nd o ther permafrost fea tures add to the 

microrelief (Walker a nd others, 1980) . For simplicity we 
here use the term tussock to refer to a ll mounds formed 
by \·egetation. 

Because snow cover in the Arctic and sub-Arcti c is 
thin the mi crorelief is often a substantial f1·action of the 

total snow depth. As a result, it has a pronounced effec t 

on th e structure and thermal cha rac teristi cs of the snow 
a nd underlying gro und. Desrochers and Gran be rg 
( 1988), Granberg (1988), Nelson a nd o thers (1988 ), 
a nd Seppala ( 1990) have documented th ese effec ts fo r 
topographic fea tures with scales of ten to hundreds of 

meters, but littl e has bee n published on the effec ts due to 
microtopograph y. As a prac ti ca l ma tter , however , 
micro topograp hy makes it diffi cult to assign engineering 
a nd thermal parameters to a thin snow cover. Yet it is 
well recognized that th e thermal balance of the ground is 
strongly dependent on now conditions (Benninghoff, 

1965; Gold and Lachenbruch , 1973; Nicholson and 
Granberg, 1973) . 

In this paper, we present a se ri es of measurements 
made at four locations in Alaska. T empera ture a nd hea t 
[1ow were measured hourl y in the snow and ground at two 
tundra and two taiga sites with typical vegetation and 

microrelief. From the measurements we docum ent the 
effec t of mi croreli ef o n th e snow/g ro und inte rface 
tempera ture a nd hea t [1 ow. 

BACKGROUND 

The tundra a nd taiga snow cO\·ers of Alaska have been 
described by Pruitl ( 1970, 1 98'~ ) , Benson ( 1967, 1982 ), 
Trabant and Benson ( 1972 ), Sturm and Johnson (1991 ), 
Sturm (1991 ) and Benson and Sturm (1993) . Both snow 
covers are rela ti ve ly thin (",0.4 a nd 0.7 m deep 

respectivel y) and ex posed to strong tempera ture g radi
ents that cause the snow to metamorphose into depth 
hoa r. They differ in two importa nt respec ls: 

( I ) Tundra snow is continuously reworked by th e 
wind , resulting in the formation of high-density wind 

sla bs, la rge drift deposits and surface sast rugi. Taiga snow 
is ra rely affected by the wind. 

(2) Trees cause co nsid erab le redi stribution a nd 
th erm al dislLlrbance in the taiga snow (Pruitt, 1970, 
1984; Sturm , 1992) whereas there arc no trees in the 
tundra to have a simil a r effect. 

METHODS 

Instrument a rrays (Fig. I ) we re install ed at [our sites 
(Table I) and measurements of temperature and hea t 

Dow were recorded hourl y during the winters between 
1989 and 1992 . T en thermistors (VECO Model T 32 AI1 , 
acc ura te to ±0.05°C ) were insLall ed a t Lhe g round 
surface on undisLurbed vegetaLion. They were spaced 
eve ry 0. 15 m a long a hori zon tal lin e and fell on the top or 
between tussocks at ra ndom. A second therm istor was 
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Table 1. Site descriptions and locations 

Site Lat. Long. ELevation Vegetation Classification I M icroreLi,!/ Tussock area3 

m cm % 

Prudhoe Bay 70° 18' N 148°33' W 5 tundra II A. 3 a 4 10 
wet sedge mead ow 

Imnavait C reek 68°37' 149°12' W 940 tundra III A. 2 d 16 12 

sedge tussocks 
Glenn C reek A 64°57' N 147°35' W 305 taiga lA. 2 f 29 13 

fea ther mosses 
Glenn C reek B 64°57' N 147°35' W 268 taiga I B. 2 a 2 0 

leaf litter 

I Classifica tion cod es from Viereck and others (1992 ) . 
2 Difference in eleva ti on between highes t tussock and lowes t hollow at site. 
3 Per cent a rea in vicini ty of site covered by tussock tops. 

suspend ed ve rti call y a bove each thermistor on th e 
ground , a nd the entire array was a llowed to be buried 
by snowfall. 

H eat flu x transducers (HFTs) (Intern a ti onal Th erma l 
Instrumen t Co. Model GHT-1B, accura te to ± 0.04 
W m 2) were insta ll ed near the thermistors. They were 
oriented hori zon tall y and embed ded slightl y in th e 
vegeta tion to imp rove thermal contact. At two sites 
(Imnavait and Glenn C reek A), two HFTs were insta ll ed 
adj acent to one another, one on th e top of a tussock, th e 
other in a hollow between tussocks. The HFTs were 

painted whi te to reduce radi a tion heating, and res ul ts 
reported here do not include periods from earl y in the 
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snow surface 

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

T thennistor suspended in snow 

ll. thermistor at snow/ground 

I,·,·,·,·,·,·,·,·,·,·,·,·,·j heat flux transducer (HIT) 

• thermistor mounted on vertical post 

o thennistor buried in ground 

Fig. 1. The thermistor and heat flux transducer array used 
at each site. T hermistors in the snow were suspended on 
kevLar thread and aLLowed to be buried by snowfaLL. 

winter when solar heating through the snow might have 
occurred. 

Snow structure a nd its relationship to the micro to po
gra phy was ex amin ed monthly nea r each site by 
excava ting trenches in the snow. Prior to excava tion, 
th e tempera ture of th e snow/ground interface was 
measured with thermistor probes . After the trench was 
opened , the microtopogra ph y and la teral varia tions in 
the stra tigraph y were measured allowing cross-secti ons 
acc ura te to ± 0.0 I m to be drawn . At the end of the 
winter a simila r trench was excava ted through the 

thermistor a rray and the final positions of the thermistor 
a nd the snow stra ta in which they were embedded were 
determined. Micro topogra phy at each site was surveyed 
111 summer to produ ce ma ps with contour intervals of 
0.025 m . 

RESULTS 

Snow cover over Inicrotopography 

A cross section through the snow cover a t Imnavait Creek 

(Fig. 2) illustra tes some typical features: 

( I ) The mi crotopographic relief and the snow depth 
are of the same ord er. 

(2) The snow cover consists of two components: wind 
sla b and depth hoar. 

(3) The basal d epth hoar and the imm ediately 
ove rlying wind sla b a re di scontinuous. They 
pinch out a t tussock tops. 

(4) The tempera ture of the snow/ground interface 
vari es lOoC and is roughly correla ted with the 
microtopograph y. 

The discontinuous stra ta form in early winter when 
the vege ta tion still contains considerable sensible and 
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Fig. 2. A cross section through the snow cover at Imnavait Creek, 18 November 1989. Depth hoat is indicated by an inverted" V"; 
wind slab is indicated by a dot with a line thTOugh it . Note discontinuous snow strata that pinch out over tussock tops. In the lower 
part cif the figure , the temperature cif the snow/ground interface is shown. 

la ten t heat. The first snowfalls set tle, a re blown, o r 
preferen ti a ll y mel t from the tops and sou th sides of 
tussocks. Once exposed , tussocks are wa rmed more 
ra pidly by sola r radi a ti on due to their lowered albedo, 
further clearing them of snow. This leaves p ockets of snow 

between tussocks tha t ra pidly meta morphose into depth 
hoar. In the wind-swept tundra , subsequen t snowfalls 
tend to completely fi ll all the hollow between tussocks 
and crea te a nearl y level surface. In the taiga, with littl e 
wind , the snow surface continues to mimic the underlying 
micro topography until the snow depth is a bout twice the 

micro relief, a t which time the snow surface begins to level 
out. 

TeItlperature at the snow/ground interface 

In a previous stud y (Sturm, 1991 ), the temperature of the 

snow/ground in terface was shown to be spatially varia ble, 
even beneath snow deposited on level, homogeneous sand. 
Th ro ughout th e winter , differences of 1 ° to 2°C were 
common over horizon tal d istances of 0.5 m. It was 
hypothesized that d ifferences in soil moisture may have 
been the cause . 

Interface tempera tures benea th snow deposited on the 
natural micro relief at our sites (reli ef ranging from 0.02 to 
0. 29 m ) were found to vary considera bly more th an for 
level subs tra tes . T he range in te mpera tu re comp uted 
from 10 thermistors a t the snow/g round in terface is 

T able 2. Average thermal values for a taiga and a tundra site 

Clenn Creek A 

15 Glenn Creek A (taiga) 

10 

E5~ •• 
~ 0-= 
::l 

~ 
~ 15 ............. <.4vait Creek '(tundra) 

~ 10 

5 

o 
300 350 35 85 

Day of year, 1989-1990 

Fig . 3. T he range of temperature, as measured at 10 points 

along a 1.5 m line at the snow/ground intelJace, Clenn 
Creek and l mnavait Creek, 1989- 90. See Table I for site 
Locations and descriptions. Local microreliif was 0.29 m at 
Glenn Creek, and 0.16m at 1mnavait Creek; maximum 
snow depth was 0.85 m and 0.18171 , respectively . 

l 171navait Creek 
1989- 90 1990- 9 1 199 1- 92 1989- 90 1990- 91 199 1- 92 

M aximum snow d ep th (m) 0. 85 1. 20 0.75 0. 18 0.3 1 0.43 
Average air tempera ture (cC) - 20.7 - 18.4 - 17. 1 - 21.4 - 23.7 - 20.6 
M aximum interface range (cC) 6.6 9 11 .5 19. 1 14.9 10.9 
RHFT (heat-flow ratio) 1.89 2.08 1.4 1 1.87 
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Fig . 4. a. Thermistor locations and b, the deviation}i"om the mean intelJace temjJerature of a thermistor in a hollow ( H 1-5) and a 
thermistor on a tussock ( Hl-l ) at lmnavait Creek. Other pairs oJ thermistors gave similar results. 

plotted in Figure 3 for a ta iga and tundra site. The 1989-
90 winter average tempera ture range for the two sites was 
4.5°C and 7.2°C, res pectively. The maximum range 

(19.1 °C) was recorded at the tundra site (Table 2) . 
Average air tempera ture was simila r at both sites, but the 
micro relief was greater at the taiga si te. However, th e 
snow was considerably thicker there as well , thus the 
range of tempera ture at the interface was less. 

The dominant control on the interface temperature 

appeared to be the micro topogra phy (Fig. 4 ) . Ther
mistors located in hollows were consistently wa rmer 
than th ermisto rs loca ted on tussocks. Maximum 
d ev ia ti ons occun-ed during period s of th e lowest air 
tempera tures; for the thermistors illustrated in Fig ure 4, 
horizontal temperature gradients exceeding 30°C m-I 

were maintained for up to 10 d ays. In ex treme cases 
adjacent pairs ofthermistors (0.1 5 m apart) differed by 
as m uch as goC resulting in horizon tal graclien ts 
exceeding 60°C m- I. 

T empera ture d ata from trench studi es and longer 
traverses suggest that the relationship between micro

topography and interface tempera ture holds only over 
length scales of several meters, with other processes 
masking the relationship at larger scales. For example, 
in more tha n ha lf of our snow trenches, a good inverse 
correlation (r2 > 0.7 ) was found between interface 
temperature and snow d epth. Since snow d epth and 

microrelief were usuall y strongl y correlated, good 
correla tions a lso existed between the interface tempera
ture a nd the microtopogra phy. In other cases, the 
interface temperature was better correlated with th e 
thickness of th e depth hoar layer. In a few cases, chiefly 
when measurements were more widespaced, interface 

temperature was not correlated with any parameter. 
This was pa rti cularly notable in the d ata taken a long a 
I km traverse ac ross lmnavait Creek. On this traverse, 
the interfa ce temperature and snow depth were 
meas ured every 10 m ; their coefIicien t of correlation 
(r2) was 0.01. 

66 

Heat flow on nlicrotopographic highs and lows 

H eat flow measured using hea t flux tra nsducers (HFTs) 

was significantly higher from tussock tops than from 
adjacent hollows. Thi is illustra ted in Fig ure 5a using 
data from Imnavait Creek, where the two HFTs were 
0.3 m apart and 0.15 m different in height. The ratio of 
the measured heat flows, 

(1) 

where qt is hea t flux over the tussock, and qs is heat fl ow 
over the adj acent hollow, is plotted in Figure 5b . The 
average value of RI'IFT ranged from 1.4 to 2. 1 between 
1989 and 1992. Its value a t the Glenn Creek site was 1.9 

in 1991- 92 (the only year [or which there are data) . 
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Fig. 5. a. Heatflowfl'Om a tussock top (dotted) and an 
adjacent hollow (solid) measured by heat flux transducers 
( HFTs) at Imnavait Creek. b. The ratio of these heat 

flo ws ( RHFT ) . 
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The effect of tussocks on heat flow 

The efTec t of tussocks on hea t fl ow can be es tima ted using 

a simple model (Fig. 6 inse t) . In the model, the ground 

surface is overl ain by a horizonta l, homogeneous snow 
cover of dep th hs and thermal conduc tivity ks. On this 
surface, there is a step-like tussock of height h t . It is 
ass umed tha t the tussock is of sufficien t wid th tha t the 
heat fl ow in the center of th e tussock can be cha rac terized 
as vertical and one-dimensional. The underlying ground 

is homogeneo us with th erm al conducti vity kg, a nd 
te mpera ture Tg at a depth hg (suffi cientl y deep th a t 
isotherms a re horizontal a nd pa ra llel) . Air tempera ture 
Ta is specified . Using these bound a ry conditions a nd th e 
so l u ti on for th ermal cond uctivi ty of pa ra ll el laye rs 
(Combarnous and Bories, 1975), the ratio of the heat 
fl ow over the tussock to the hea t fl ow of the sur rounding 
a rea IS 

(1 + Qsg)Qgs 
R CALC = (1 + Qgs)( l - cPt) , 

where cPt eq ua ls ht / hs, 

a nd 

where cPg equ als hg/hs. 

(2) 

(3) 

(4) 

In Figure 6, R CALC is plotted for tussock heights from 
o to 60 % of snow depth using a value of kg appropria te 
fo r th e Arc ti c a nd sub- Arc ti c, a nd using ave rage 
measured values of Ta a nd Tg (the latter measured 
0.4 m below the ground surface ). The results a re plotted 
fo r thermal conductivities (ks ) ranging from relatively low 
conducti vity d epth hoa r (ks = 0.05 W m- I K - I) to high 

<Pt 
Fig. 6. The ratio cif heat flaw aver a tussock to the heat 
flow over an area without a tussock ( R CALC) calculated 
using Equation (2). R CALC has been plotted as f unction 
of the ratio of the tussock height to the total snow depth 
( cP = ht / hs) for snow thermal conductivities ranging 
from dep th hoar (0. 05 W m - I K- I

, Sturm and J ohnson, 
1992) to wind slab (0.80 W m- I r l) . The inset shows 
the geometry of the tussock and symbols used in the text. 

SllIrm and Holmgren: ~Jfects of microtopograplzy 

conductivity wind slab (ks = 0.80Wm I K- I) . R CALC is 
equal to or grea ter tha n I for all choices of input 
pa rameters. For tussock heights obse rved a t our sites 

(0.2 < CPt < 0.5), mod eled hea t fl ow from the tussock 

varied fro m 1.1 to 2.3 times tha t of the surrounding 
a rea, which is consisten t wi th values ca lcula ted fro m 
meas urements made using HFTs. 

A rough estim a te of the hea t fl ow from an a rea with 
tussocks compared to a similar a rea without tussocks (but 

with the same snow cover) is given by 

Q
Qt = 1 + ft( R cALC - 1), 

wc 
(5) 

where Ql is the to ta l hea t fl ow fro m the a rea with 
tussocks, QWl is the total heat fl ow fro m the a rea without 
tussocks, and it is the frac ti on of a rea covered by tussocks 
tops. W e have evalua ted Equa tion (5) using values of 
tussock microreli ef a nd a real coverage measured fro m 
contour ma ps (T a ble I ) . The results indicate that the 
presence of tussocks can cause from 0 to a 20% increase in 
to tal hea t fl ow depending on th e value of R CALC . 

DISCUSSION 

The results, which document tha t beneath the snow cover 

the depressions a re warmer than the tussock tops, a re not 

surprising. T o a grea t ex tent, this effec t is direc tl y 
a ttributabl e to la tera l differences in the thi ckness of the 
snow. In particula r, when the snow cover is thin and the 
mi crorelief a la rge frac ti on of the snow depth , differences 
in tempera ture are accentua ted. 

M ore surprising, perha ps, is tha t the ve rti cal hea t fl ow 
from tussocks a ppears to be enh anced ove r the heat fl ow 
from adjace nt a reas, sugges ting that there is a focusing of 
hea t fl ow through the tussock. M easu rements and model 
results indicate enhancements by a facto r of 2 are possible. 
When mul tiplied by th e a real coverage of tussocks at a 

location, the presence of tussocks could (in theory) re ul t 

in a 20% increase in total hea t fl ow from the a rea. 
Our present model fa ils to inco rpora te some facts th a t 

may be important. First, many tussocks have height-to
wid th ra ti os near I , in which case the ass um ption of one 
dimensiona l heat fl ow used in the mod el is q ues tionab le. 
Second , the interna l structures of tussocks a re complex 
(Raup, 1965 ) and can consist of ma teri a l tha t is qui te 
different th an surrounding ground. W a ter content can 
a lso be different. Both lead to la tera l contras ts in th ermal 
conductivity and will a ffec t the hea t fl ow. The snow, 
trea ted in our model as homogeneous, ra rely is (Fig. I). 
Instead , its thermal conducti vity can vary by an order of 

magnitude from one layer to the nex t (i.e . depth hoa r vs 
wind slab ). Finally, the a na lysis ass umes tha t the snow 
cover is the same wi th or wi thou t tussocks, bu t we have 
shown, in fac t, that the microtopogra phy a nd the 
developmen t of the snow cover are closely linked , so this 
ass umption is certainly fl awed . 

Still , the model gives hea t flow enha ncement values 
tha t a re realistic (compa re Figs 5 and 6), which gives us 
some confidence th a t it inco rpora tes one importan t as pect 
of the interac tion of snow a nd microtopography. If the 
res ults are correct, they imply that th e microtopogra phy 
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m ust be co nsidered when calcu la ting the thermal 
balance. Of course, the varia tion in snow distribution a t 
la rger scales must also be considered (Nicholson and 
Granberg, 1973; D esrochers and Granberg, 1988; Gran
berg, 1988) and could easily mask effects of microtopo
graph y. 

L as tl y, our res ults make it clear tha t measuring the 
temperature a t the base of the snow a t a single loca tion 
can be high ly misleading, and lead to th e use of grossly 
incorrect values in therm al modeling. M a ny measure
ments at the interface a re needed to cha racterize the 
temperature and hea t fl ow adequately. 

CONCLUSIONS 

Arcti c and sub-Arcti c snow covers are deposited on 
ground with 0.1 to 0.5 m of microrelief. Since these snow 
covers are thin, the microrelief is a substa ntial portion of 
total snow depth and has a strong effect on the thermal 
regime. In situ measurements indicate tha t tempera ture 
variations as great as 19°e exis t at the snow/ground 
in terface over distances of less than I m. M easured 
vertical hea t fl ow from th e micro topographic highs 
average 1.4 to 2. 1 times the hea t fl ow from adj acent 
areas . A simple model sugges ts tha t the presence of 
micro topography can enhance overall hea t flow from an 
area up to 20% . 
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