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Effects of microtopography on texture, temperature and
heat flow in Arctic and sub-Arctic snow
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ABSTRACT. Arctic and sub-Arctic snow is deposited on ground that can have
significant microrelief due to tundra hummocks and tussocks. The microrelief, a
substantial fraction of the total snow depth, causes basal layers of snow (usually depth
hoar) to be discontinuous. In-situ measurements made at four locations in Alaska
indicate lateral temperature gradients up to 60°Cm ' exist at the snow/ground
interface due to the microtopography. For all sites, the winter average range of
temperature along a 1.5m transect at the interface varied from 4°C to greater than
7°C. Heat-flux transducers placed at the tops and bases of tussocks indicated that
vertical heat flow was consistently 1.4 to 2.1 times higher at the top than the base.
Results of a conductive model based on tussock height are consistent with these

measurements.

INTRODUCTION

The ground cover of the tundra and taiga regions of
Arctic and sub-Arctic Alaska consists of lichens, mosses,
sedges, and grasses. ‘This vegetation forms a hummocky
carpet with microrelief ranging from 0.1 to 0.5m
(Beschel, 1965; Radforth, 1965: Raup, 1965). In
particular, sedges (Eriophorum L. and Carex L.)
(Chapin and others, 1979; Walker and others, 1989;
Viereck and others, 1992) form distinctive tussocks that
project well above the surrounding terrain. Frost boils,
polygons, and other permafrost features add to the
microrelief (Walker and others, 1980). For simplicity we
here use the term tussock to refer to all mounds formed
by vegetation.

Because snow cover in the Arctic and sub-Arctic is
thin, the microrelief is often a substantial fraction of the
total snow depth. As a result, it has a pronounced effect
on the structure and thermal characteristics of the snow
and underlying ground. Desrochers and Granberg
(1988), Granberg (1988), Nelson and others (1988),
and Seppild (1990) have documented these effects for
topographic features with scales of ten to hundreds of
meters, but little has been published on the effects due to
microtopography. As a practical matter, however,
microtopography makes it difficult to assign engineering
and thermal parameters to a thin snow cover. Yet it is
well recognized that the thermal balance of the ground is
strongly dependent on snow conditions (Benninghoff,
1965; Gold and Lachenbruch, 1973; Nicholson and
Granberg, 1973).

In this paper, we present a series of measurements
made at four locations in Alaska. Temperature and heat
low were measured hourly in the snow and ground at two
tundra and two taiga sites with typical vegetation and
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microrelief. From the measurements we document the
effect of microreliel on the snow/ground interface
temperature and heat flow.

BACKGROUND

The tundra and taiga snow covers of Alaska have been
described by Pruitt (1970, 1984), Benson (1967, 1982),
Trabant and Benson (1972), Sturm and Johnson (1991),
Sturm (1991) and Benson and Sturm (1993). Both snow
covers are relatively thin (~0.4 and 0.7m deep
respectively) and exposed to strong temperature gradi-
ents that cause the snow to metamorphose into depth
hoar. They differ in two important respects:

(1) Tundra snow is continuously reworked by the
wind, resulting in the formation of high-density wind
slabs, large drift deposits and surface sastrugi. Taiga snow
is rarely affected by the wind.

(2) Trees cause considerable redistribution and
thermal disturbance in the taiga snow (Pruitt, 1970,
1984; Sturm, 1992) whereas there are no trees in the
tundra to have a similar effect.

METHODS

Instrument arrays (Fig. 1) were installed at four sites
(Table 1) and measurements of temperature and heat
flow were recorded hourly during the winters between
1989 and 1992. Ten thermistors (VECO Model T32A11,
accurate to +£0.05°C) were installed at the ground
surface on undisturbed vegetation. They were spaced
every (.15 m along a horizontal line and fell on the top or
between tussocks at random. A second thermistor was
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Table 1. Site descriptions and localions

Site Lat. Long.  Elevation Vegetation Classification' Microrelief™ Tussock area’
m cm %

Prudhoe Bay 70°18'N  148°33'W g tundra I1 A.3a 4 10
wet sedge meadow

Imnavait Creek 68°37'N 149°12°W 940 tundra III.A.2d 16 12
sedge tussocks

Glenn Creek A 64°57'N 147°35'W 305 talga LA 21 29 13
feather mosses

Glenn Creek B 64°57'N  147°35'W 268 taiga IB.2a 2 0

leaf litter

! Classification codes from Viereck and others (1992).

2 -y - . . .
* Difference in elevation between highest tussock and lowest hollow at site.

3 e ity e
Per cent area in vicinity of site covered by tussock tops.

suspended vertically above each thermistor on the
ground, and the entire array was allowed to be buried
by snowfall.

Heat flux transducers (HFTs)(International Thermal
Instrument Co. Model GHT-1B, accurate to +0.04
Wm *) were installed near the thermistors. They were
oriented horizontally and embedded slightly in the
vegetation to improve thermal contact. At two sites
{Imnavait and Glenn Creek A), two HFTs were installed
adjacent to one another, one on the top of a tussock, the
other in a hollow between tussocks. The HFTs were
painted white to reduce radiation heating, and results
reported here do not include periods from early in the

{ snow surface

—

vVVYVVV VVYVVYYY

v thermistor suspended in snow
A thermistor at snow/ground interface
heat flux transducer (HFT)

@ thermistor mounted on vertical post
thermistor buried in ground

Fig. 1. The thermistor and heat flux transducer array used
al each site. Thermislors in the snow were suspended on
kevlar thread and allowed to be buried by snowfall.
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winter when solar heating through the snow might have
occurred.

Snow structure and its relationship to the microtopo-
graphy was examined monthly near each site by
excavating trenches in the snow. Prior to excavation,
the temperature of the snow/ground interface was
measured with thermistor probes. After the trench was
opened, the microtopography and lateral variations in
the stratigraphy were measured allowing cross-sections
accurate to £0.0l m to be drawn. At the end of the
winter a similar trench was excavated through the
thermistor array and the final positions of the thermistor
and the snow strata in which they were embedded were
determined. Microtopography at each site was surveyed
in summer to produce maps with contour intervals of
0.025 m.

RESULTS

Snow cover over microtopography

A cross section through the snow cover at Imnavait Creek
(Fig. 2) illustrates some typical features:

(1) The microtopographic relief and the snow depth
are of the same order.

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

(3) The basal depth hoar and the immediately
overlying wind slab are discontinuous. They
pinch out at tussock tops.

(4) The temperature of the snow/ground interface
varies 10°C and is roughly correlated with the
microtopography.

The discontinuous strata form in early winter when
the vegetation still contains considerable sensible and
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Fg. 2. A cross section through the snow cover al Imnavait Creek, 18 November 1989. Depth hoar is indicated by an inverted < V™'
wind slab is indicated by a dot with a line through it. Note discontinuous snow strata that pinch out over tussock tops. In the lower

part of the figure, the temperature of the snow|ground interface is shown.

latent heat. The first snowfalls settle, are blown, or
preferentially melt from the tops and south sides of
tussocks. Once exposed, tussocks are warmed more
rapidly by solar radiation due to their lowered albedo,
further clearing them of snow. This leaves pockets of snow
between tussocks that rapidly metamorphose into depth
hoar. In the wind-swept tundra, subsequent snowfalls
tend to completely fill all the hollows between tussocks
and create a nearly level surface. In the taiga, with little
wind, the snow surface continues to mimic the underlying
microtopography until the snow depth is about twice the
microrelief, at which time the snow surface begins to level
out.

Temperature (°C)
e

Temperature at the snow/ground interface

In a previous study (Sturm, 1991), the temperature of the
snow/ground interface was shown to be spatially variable,

even beneath snow deposited on level, homogeneous sand. 300 350 35 85

Throughout the winter, differences of 1° to 2°C were
common over horizontal distances of 0.5m. It was
hypothesized that differences in soil moisture may have

Day of year, 1989-1990

been the cause. Fig. 3. The range of temperature, as measured at 10 points

Interface temperatures beneath snow deposited on the along a 1.5m line al the snow|ground interface, Glenn
natural microrelief at our sites (relief ranging from 0.02 to Creek and Imnavait Creek, 1989-90. See Table 1 for site
0.29m) were found to vary considerably more than for locations and descripiions. Local microrelief was 0.29 m at
level substrates. The range in temperature computed Glenn Creek, and 0.16m at Imnavait Creek: maximum
from 10 thermistors at the snow/ground interface is snow depth was 0.85m and 0.18 m, respectively.

Table 2. Average thermal values for a taiga and a tundra site

Glenn Creek A
1989-90 1990-91 1991-92

Imnavait Creek

1989-90  1990-91 1991-92

Maximum snow depth (m) 0.85 1.20 0.75
Average air temperature (°C) -20.7 —-18.4 171
Maximum interface range (°C) 6.6 9 IS,
Rypr (heat-flow ratio) - - 1.89

0.18 0.31 0.43
—21.4 23.7 -20.6

19.1 14.9 10.9

2.08 1.41 1.87
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Fig. 4. a. Thermistor locations and b, the deviation from the mean interface temperature of a thermistor in a hollow (H1-5) and a
thermistor on a tussock (HI-1) at Imnavait Creek. Other pairs of thermistors gave similar results.

plotted in Figure 3 for a taiga and tundra site. The 1989
90 winter average temperature range for the two sites was
45°C and 7.2°C, respectively. The maximum range
(19.1°C) was recorded at the tundra site (Table 2).
Average air temperature was similar at both sites, but the
microreliel was greater at the taiga site. However, the
snow was considerably thicker there as well, thus the
range of temperature at the interface was less.

The dominant control on the interface temperature
appeared to be the microtopography (Fig. 4). Ther-
mistors located in hollows were consistently warmer
than thermistors located on tussocks. Maximum
deviations occurred during periods of the lowest air
temperatures; for the thermistors illustrated in Figure 4
horizontal temperature gradients exceeding 30°C m”
were maintained for up to 10 days. In extreme cases
adjacent pairs of thermistors (0.15 m apart) differed by
as much as 9°C resulting in horizontal gradients
exceeding 60°C m ',

Temperature data from trench studies and longer
traverses suggest that the relationship between micro-
topography and interface temperature holds only over
length scales of several meters, with other processes
masking the relationship at larger scales. For example,
in more than half of our snow trenches, a good inverse
correlation (r* > 0.7) was found between interface
temperature and snow depth. Since snow depth and
microreliel were usually strongly correlated, good
correlations also existed between the interface tempera-
ture and the microtopography.
interface temperature was better correlated with the
thickness of the depth hoar layer. In a few cases, chiefly
when measurements were more widespaced, interface
temperature was not correlated with any parameter.
This was particularly notable in the data taken along a
1 km traverse across Imnavait Creek. On this traverse,
the interface temperature and snow depth were
measured every 10m; their coefficient of correlation

(r*) was 0.01.

In other cases, the
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Heat flow on microtopographic highs and lows

Heat flow measured using heat flux transducers (HFTs)
was significantly higher from tussock tops than from
adjacent hollows. This is illustrated in Figure 5a using
data from Imnavait Creek, where the two HFTs were
0.3 m apart and 0.15m different in height. The ratio of
the measured heat flows,

Ryupr = q—t (1)

S
where ¢, is heat flux over the tussock, and gs is heat flow
over the adjacent hollow, is plotted in Figure 5b. The
average value of Rypr ranged lfrom 1.4 to 2.1 between
1989 and 1992. Its value at the Glenn Creek site was 1.9
in 1991-92 (the only year for which there are data).

o 60 X

(Wm

300 38 35
Day 05? year, 1989-1990

Fig. 5. a. Heat flow from a tussock lop (dotled) and an
adjacent hollow (solid) measured by heat flux transducers
(HFTs) at Imnavait Creek. b. The ratio of these heat

flows ( Rupr ).
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The effect of tussocks on heat flow

The effect of tussocks on heat flow can be estimated using
a simple model (Fig. 6 inset). In the model, the ground
surface is overlain by a horizontal, homogeneous snow
cover of depth hs and thermal conductivity k. On this
surface, there is a step-like tussock of height hy. It is
assumed that the tussock is of sufficient width that the
heat flow in the center of the tussock can be characterized
as vertical and one-dimensional. The underlying ground
is homogencous with thermal conductivity kg, and
temperature T, at a depth h, (sufficiently deep that
isotherms are horizontal and parallel). Air temperature
T, is specified. Using these boundary conditions and the
solution for thermal conductivity of parallel layers
(Combarnous and Bories, 1975), the ratio of the heat
flow over the tussock to the heat flow of the surrounding
area is

(1 <t ﬂfsg)ags

(1 I O’gs)(l = Cbt) : (2)

Rcare =
where ¢, equals hy/hs,

Qg = _hcbg (3)

and

ke(1— o)

=iy (4)

a’gs ol ks((;bg = ﬁi’t)

where ¢, equals hy/hs.

In Figure 6, Roarc is plotted for tussock heights from
0 to 60% of snow depth using a value of k; appropriate
for the Arctic and sub-Arctic, and using average
measured values of T, and 7, (the latter measured
0.4 m below the ground surface). The results are plotted
for thermal conductivities (k) ranging from relatively low

conductivity depth hoar (ks = 0.05Wm 'K ') to high

.=-0.056 Wm'K! 2
2 e 020 " ’,’

=== 040 " "f .w._,.a-

RO 1 2

Fig. 6. The ratio of heat flow over a tussock to the heat
Slow over an area without a tussock ( Roavc) calculated
using Equation (2). Roarc has been plotted as _function
of the ratio of the tussock height to the lolal snow depth
(¢ = hy/hs) for snow thermal conductivities ranging
Sfrom depth hoar (0.05Wm "K', Sturm and Johnson,
1992) to wind slab (0.80 Wm " K™'). The inset shows
the geomelry of the tussock and symbols used in the lext.
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conductivity wind slab (k, = 0.80 Wm™ K™). Rearc is
equal to or greater than | for all choices of input
parameters. For tussock heights observed at our sites
(0.2<¢; <0.5), modeled heat flow from the tussock
varied from 1.1 to 2.3 times that of the surrounding
area, which is consistent with values calculated from
measurements made using HF T's.

A rough estimate of the heat flow from an area with
tussocks compared to a similar area without tussocks (but
with the same snow cover) is given by

% =1+ fi(Roarc — 1), (5)

where @ is the total heat flow from the area with
tussocks, @y is the total heat flow from the area without
tussocks, and f; is the fraction of area covered by tussocks
tops. We have evaluated Equation (5) using values of
tussock microrelief and areal coverage measured from
contour maps (Table 1). The results indicate that the
presence of tussocks can cause from 0 to a 20% increase in
total heat flow depending on the value of Rearc.

DISCUSSION

The results, which document that beneath the snow cover
the depressions are warmer than the tussock tops, are not
surprising. To a great extent, this effect is directly
attributable to lateral differences in the thickness of the
snow. In particular, when the snow cover is thin and the
microrelief a large fraction of the snow depth, differences
in temperature are accentuated.

More surprising, perhaps, is that the vertical heat flow
from tussocks appears to be enhanced over the heat flow
from adjacent areas, suggesting that there is a focusing of
heat flow through the tussock. Measurements and model
results indicate enhancements by a factor of 2 are possible.
When multiplied by the areal coverage of tussocks at a
location, the presence of tussocks could (in theory) result
in a 20% increase in total heat flow from the area.

Our present model fails to incorporate some facts that
may be important. First, many tussocks have height-to-
width ratios near 1, in which case the assumption of one
dimensional heat flow used in the model is questionable.
Second, the internal structures of tussocks are complex
(Raup, 1965) and can consist of material that is quite
different than surrounding ground. Water content can
also be different. Both lead to lateral contrasts in thermal
conductivity and will affect the heat flow. The snow,
treated in our model as homogeneous, rarely is (Fig. 1).
Instead, its thermal conductivity can vary by an order of
magnitude from one layer to the next (i.e. depth hoar vs
wind slab). Finally, the analysis assumes that the snow
cover is the same with or without tussocks, but we have
shown, in fact, that the microtopography and the
development of the snow cover are closely linked, so this
assumption is certainly flawed.

Still, the model gives heat flow enhancement values
that are realistic (compare Figs 5 and 6), which gives us
some confidence that it incorporates one important aspect
of the interaction of snow and microtopography. If the
results are correct, they imply that the microtopography
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must be considered when calculating the thermal
balance. Of course, the variation in snow distribution at
larger scales must also be considered (Nicholson and
Granberg, 1973; Desrochers and Granberg, 1988; Gran-
berg, 1988) and could easily mask effects of microtopo-
graphy.

Lastly, our results make it clear that measuring the
temperature at the base of the snow at a single location
can be highly misleading, and lead to the use of grossly
incorrect values in thermal modeling. Many measure-
ments at the interface are needed to characterize the
temperature and heat flow adequately.

CONCLUSIONS

Arctic and sub-Arctic 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 substantial portion of
total snow depth and has a strong effect on the thermal
regime. In situ measurements indicate that temperature
variations as great as 19°C exist at the snow/ground
interface over distances of less than 1m. Measured
vertical heat flow from the microtopographic highs
average 1.4 to 2.1 times the heat flow from adjacent
areas. A simple model suggests that the presence of
microtopography can enhance overall heat flow from an
area up to 20%.
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