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ABSTRACT. Shallow lakes cover >25% of Alaska’s Arctic Coastal Plain. These
remain frozen and snow-covered from October to June. The lake snow is thinner, denser,
harder and has less water equivalent than snow on the surrounding tundra. It contains less
depth hoar than land snow, yet paradoxicallyis subject to stronger temperature gradients.
It also has fewer layers and these have been more strongly affected by wind. Dunes and
drifts are better developed on lakes; they have wavelengths of 5-20 m, compared to <5 m
on land. Because of these differences, lake snow has roughly half the thermal insulating
capacity of land snow. The winter mass balance on lakes is also different because (I) some
snow falls into the water before the lakes freeze, (2) some snow accumulates in drifts sur-
rounding the lakes, and (3) prevailing winds lead to increased erosion and thinner snow
on the eastern lake sides. Physical models that extrapolate land snow over lakes without
appropriate adjustments for depth, density, distribution and thermal properties will

under-predict ice thickness and winter heat losses.

INTRODUCTION

Alaska’s Arctic Coastal Plain (ACP) is covered by numer-
ous shallow lakes that are generally elongated perpendicular
to the prevailing wind (Fig. 1) (Black and Barksdale, 1949;
Carson and Hussey, 1962; Black, 1969; Sellman and others,
1975). These lakes range in size from a few tens of meters in
diameter to >10 km long. Some of the largest lakes cover
> 3000 ha. Estimates vary, but at a minimum the lakes cover
25% of the ACP (Sellman and others, 1975), an area of
>27000 km”,

Lakes of the ACP have a thermal origin: thawing of ice-
rich permafrost leads to a reduction in soil volume, creating a
basin that fills with water. Lake elongation and preferred
orientation, initially a puzzling phenomenon, is now widely
accepted to be caused by interactions between lake currents
and soil thermal processes, with the prevailing wind provid-
ing the orientation (Carson and Hussey, 1962). Despite receiv-
ing considerable attention in summer, we know little about
the winter regime of the lakes and their associated snow cover.
This is unfortunate because the lakes are frozen and covered
by snow from October to June, more than 8 months per year.
During that period, the snow insulates the ice and plays a
critical role in determining how thick it will grow (Jeffries
and others, 1996).

A common assumption has been that lake snow cover is
essentially the same as that on the surrounding tundra, but
field observations show that there are many important dif-
ferences. The observations discussed here were begun in
1994 when we started a series of over-snow traverses using
snowmobiles in arctic Alaska (Sturm, unpublished data;
see also Konig and Sturm, 1998; Liston and Sturm, 2002;
Taras and others, 2002). Differences between lake and land
snow covers were impressed upon us literally through the

370

https://doi.org/10.3189/172756503781830539 Published online by Cambridge University Press

“seat of our pants™ the snowmobile ride was bumpier and
considerably rougher on the lakes. On tundra, snow-free
areas were comparatively rare, while on the lakes they were
common. We recognized that the differences in snow would
have implications for the thermal regime of the lakes, as
well as their winter energy balance and ecology, so between
1996 and 2002 we made paired sets of snow measurements
(lake and land) that form the basis of this study.

FIELD AREA AND METHODS

Measurements were made at 13 paired lake/non-lake sta-
tions along a traverse route from Oumalik to Barrow via
the village of Atgasuk in northern Alaska (Fig. 1; Table 1).
With one exception, the same pairs of sites were measured
in April 2000 and April 2002. Lake stations were chosen by
plotting straight-line tracks between villages and then
selecting lakes intercepted by the track lines. Measurements
were made near the middle of lakes and along transects
crossing the lakes. Corresponding measurements on land
were made far enough away from the lakes to avoid compli-
cations resulting from lake-rim snowdrifts, but close enough
that regional meteorological variations could be assumed
negligible. The sampled lakes range in size from 8 to 906 ha
(Table 1); the land surrounding the lakes is mostly flat and
covered by tussock tundra.

At each station (lake and land), we measured snow depth
using hand or automatic probes (Sturm and Holmgren, 1999)
at 0.5 m intervals along a 100 m line (n = 201). On lakes,
depths were accurate to 0.1 cm; where the probes could
penetrate the softer tundra, they were accurate to 1.5 cm.
In 2002, we also measured snow depth at approximately 5 m
intervals along east—west-trending traverse lines 500—3000m


https://doi.org/10.3189/172756503781830539

Barrow

Sturm and Liston: Snow cover on lakes of Arctic Coastal Plain

orevailing wind
(‘:’

Fig. 1. Image of the Arctic Coastal Plain ( ACP ) south of Barrow, Alaska, showing the large number of thaw lakes. Several of the
stations where measurements were made, including Imikpuk Lake, are marked and delineate the traverse route of 2000 and 2002.

long. Where possible, these lines crossed the lakes from one
shore to the other. We measured bulk snow density and snow
water equivalent (SWE) at 10 locations along 100 m lines by
collecting snow cores using an aluminum auger (a Federal
sampler) with a cross-sectional area of 11.5 cm”. Coores were
weighed on a digital balance (0.0l g). In addition, snow
stratigraphy was measured in five snow pits spaced evenly
along the 100 m line. We used one of these snow pits as an
intensive measurement site where we measured the density
of each snow layer in duplicate, using a 100 cm”® cutter and a
digital balance. In addition, we bracketed this snow pit with
two Federal sampler cores. Summing the thickness—density
products for each layer and dividing by the total snow depth
allowed us to compute the snow-pit bulk density. This was
compared to the bulk density determined by coring. Results
indicate core-based bulk densities were 4% lower than pit
densities in 2000 (n = 62; 2 = 0.98) and 10% lower in 2002
(n =27; 7% = 098). We have corrected the core densities and
SWE values reported here by these amounts.

In the main snow pit, we also measured the grain-size,
grain type, hardness (using the traditional “fist—finger—
pencil—knife” criterion) and resistance to penetration of
each snow layer. The latter was measured using a spring-
loaded device that recorded the resistance to a plate pene-
trating the side-wall of a snow pit. One of four different plate
areas (in ratios of 1:10:100:1000) was selected for use based
on snow strength. The penetration pressure (MPa), defined
as the pressure at which point the snow face gave way and
the selected plate collapsed into the snow, is reported here.
In many cases, based on layer characteristics and sequence,
a direct 1:1 correspondence was established between layers
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of snow on land and on the nearby lake, thereby allowing
direct comparison of snow strength and characteristics
between the two.

Unlike many lower-latitude snow covers, the ACP snow
cover experiences extremely strong temperature gradients
(>03°Cem ') and high vertical heat-flow rates for pro-
longed periods (>100 days). These result in high rates of
water vapor transport and rapid snow metamorphism
(Sturm and Benson, 1997), producing extreme forms of
depth hoar. Even wind-slab layers of >04 gcm ° density
metamorphose into a depth-hoar-like material exhibiting
kinetic growth forms (Colbeck, 1986), somewhat in contra-
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Fuig. 2. The textural compostition of the snow cover on lakes and
land, 2000 and 2002.
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Fig. 3. Histograms showing lake and land snow slab-to-hoar and depth-hoar fractions by station.

diction to Akitaya’s (1974) finding that depth-hoar meta-
morphism is minimal in high-density snow. Tor classifying
snow types within each layer in this study, we used the Inter-
national Classification for Snow on the Ground (Colbeck and
others, 1990), but have added one additional type of snow:
slab-to-hoar, a compact layer of snow exhibiting the cohesive-
ness of a wind slab but consisting of snow grains with kinetic
growth features and depth-hoar grains.

In addition to the Oumalik—Barrow traverses, over-snow
traverses were conducted in 1996 and 1997 in the Kuparuk
Basin south of Prudhoe Bay, Alaska, a region about 400 km
east of the Oumalik—Barrow line. During these traverses, in
addition to our standard measurements, we surveyed 100 m
long snow surface profiles using a rotating laser and self-read-
ing rod accurate to =2 cm. Using a snow radar (Holmgren and
others, 1998), we measured closely spaced (~0.1 m) snow depths
along traverse lines up to 1km long on both lake and land to
examine snow-cover surface and subsurface roughness.

RESULTS

We found five snow-cover characteristics that were dis-
tinctly different between lakes and land.

Characteristic 1: Snow depth and SWE

The snow cover on lakes was thinner, denser and comprised
less SWE than on the nearby land (Table 1). Snow depths on
lakes were 56% and 57% lower than on land in 2000 and
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2002, respectively, but lake snow was 21 % denser in both
years. Consequently, there was 25% (in 2000) and 38% (in
2002) less SWE on lakes than on land. In terms of actual
measured SWE values, lakes averaged 7.4 cm for the two
years, while land averaged 9.7 cm. Independent results from
two lake—land station pairs measured in the Kuparuk Basin
in spring 1997 showed a similar contrast. In this case, snow
depth averaged 28% less on lakes than on land. Similarly, in
2001 at Imikpuk Lake near Barrow (the only lake measured
in that year), the lake had 18 % less SWE than on nearby land.

Characteristic 2: Snow stratigraphy and texture

There were fewer snow layers on the lakes than on land (aver-
age for all station pairs (n =13) was 3.5 vs 4.9 in 2000 and 3.4
vs 54 in 2002), but individual layers were about the same
thickness (7.7 vs 6.9 cm in 2000; 6.1 vs 7.0 cm in 2002). Lake
snow had a much higher percentage of slab-to-hoar snow than
land snow, while land snow invariably contained a higher per-
centage of depth hoar (Fig. 2). Wind slabs, in contrast, were
represented about equally in both locations. Fine-grained
snow and depth hoar cannot metamorphose into snow tex-
tures that mimic wind slab or slab-to-hoar, so the textural dif-
ferences indicate wind slabs were forming on lakes while less
dense layers were forming on the tundra. In contrast, the fact
that wind slabs turned into slab-to-hoar on the lakes indicates
that post-depositional metamorphosis, even of wind-slab
layers, was more intense on lakes than on land. These textural
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Table 1. Paired stations where snow was measured on lakes and on nearby land in 2000 and 2002

Station Date Tpe Latitude Longitude Lakearea Snow depth Std dev. Density SWE
(n =201

°N 1Y ha cm cm g(‘,r‘rf3 cm

OA-1 29 Mar 2000 Land 69.8460 1556612 123 371 12.2 0.239 9.6
20 Apr 2002 Land 436 5.5 0.292 12.6

29 Mar 2000 Lake 314 6.9 0.342 109

20 Apr 2002 Lake 206 5.8 0.355 8.8

OA-5 30 Mar 2000 Land 69.9830 156.0214 114 35.1 10.0 0.254 11.8
20 Apr 2002 Land 40.8 111 0.254 9.8

30 Mar 2000 Lake 13.8 93 0.353 84

20 Apr 2002 Lake 18.0 78 0.331 75

OA-7 30 Mar 2000 Land 70.0656 156.3019 906 40.2 137 0.286 12.7
20 Apr 2002 Land 40.8 111 0.282 12.6

30 Mar 2000 Lake 22.0 112 0.332 114

20 Apr 2002 Lake 25.0 78 0.354 8.8

OA-10 30 Mar 2000 Land 70.1912 156.6296 248 39.7 119 0.268 9.0
21 Apr 2002 Land 35.1 75 0.269 9.8

30 Mar 2000 Lake 278 134 0.352 110

21 Apr 2002 Lake 211 78 0.328 6.4

OA-11 31 Mar 2000 Land 70.2802 156.8555 31 25.2 15.6 0.311 133
21 Apr 2002 Land 227 4.8 0.197 47

31 Mar 2000 Lake 170 129 0.352 9.3

21 Apr 2002 Lake 18.0 6.3 0.328 73

OA-13 31 Mar 2000 Land 704037 157.1651 57 20.5 11.2 0.276 89
21 Apr 2002 Land 29.2 10.5 0.282 9.8

31 Mar 2000 Lake 178 12.1 0.390 79

21 Apr 2002 Lake 16.2 31 0.356 6.6

OA-15 01 Apr 2000 Land 704919 1574584 826 26.3 9.0 0.246 77
24 Apr 2002 Land 32.5 106 0.265 6.8

01 Apr 2000 Lake 71 6.1 0.341 53

24 Apr 2002 Lake 16.1 6.4 0.332 6.5

AB-1 02 Apr 2000 Land 70.5694 157.5786 24 26.7 10.2 0.248 8.1
24 Apr 2002 Land 229 6.5 0.251 6.6

02 Apr 2000 Lake 150 96 0.354 72

24 Apr 2002 Lake 13.5 6.2 0.361 6.4

AB-2 02 Apr 2000 Land 706989 157.3092 122 28.6 134 0.294 85
24 Apr 2002 Land 31.6 87 0.341 12.0

02 Apr 2000 Lake 76 85 0312 3.7

24 Apr 2002 Lake 24.7 47

AB-3 02 Apr 2000 Land 70.8406 1570797 219 34.9 78 0.308 115
24 Apr 2002 Land 446 113 0.318 109

02 Apr 2000 Lake 19.8 109 0.333 8.2

24 Apr 2002 Lake 13.5 5.7 0.327 34

AB-4 02 Apr 2000 Land 710622 156.8744 8 24.9 9.1 0.343 9.7
25 Apr 2002 Land 26.5 72 0.294 9.1

02 Apr 2000 Lake 12.2 71 0.363 6.2

25 Apr 2002 Lake 17.3 129 0.270 72

AB-5 02 Apr 2000 Land 712486 156.7814 157 276 12.8 0.291 74
25 Apr 2002 Land 24.5 96 0.253 8.3

03 Apr 2000 Lake 18.2 9.1 0.300 72

25 Apr 2002 Lake 16.1 6.9 0.353 6.4

ARM tundra 06 Apr 2000 Land 713264 156.6197 29.2 13.6 0.344 10.5
01 Apr 2001 Land 287 9.2 0.321 6.8

28 Apr 2002 Land 28.2 9.9 0.296 9.8

Imikpuk Lake 05 Apr 2000 Lake 61 11.7 89 0.356 6.7
01 Apr 2001 Lake 94 72 0.379 5.8

28 Apr 2002 Lake 196 5.3 0.306 6.9

Average land, 2000 30.5 116 0.285 9.9

Average land, 2001 325 8.8 0.277 94

Average lake, 2000 170 97 0.344 79

Average lake, 2001 184 6.8 0.334 6.8
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Iig 4. East—west snow depth profiles across three selected lakes
showing increasing depth to the west. The heavy line is a linear
Jitto the data ( see’Table 3 for all regression coefficients ). Lighter
dashed lines show 95% confidence limits. The probe line direc-
tions were 250°true _for OA-15, 222° for OA-5, and 271° for
AB-3, similar to that of the prevailing wind.

differences are reflected in the station ensemble averages as
well as nearly every individual station pair (Fig. 3).

Characteristic 3: Snow hardness

As might be expected based on snow texture, lake snow was
considerably harder than land snow. Comparing layers
where we could cross-correlate lake snow strata directly to
land snow strata (Table 2), and for which we had spring
penetrometer data (2002 only), we found that lake snow
layers required an average penetration pressure 14 times
greater than the same layers on land. The largest contrasts
arose where lake snow was classified as slab-to-hoar and still
retained slab characteristics, while the corresponding land
snow was classified as depth hoar, a weak and friable material.
For the few cases where land snow layers were harder than
lake snow, the ratio of penetration pressures (Table 2) ranged
from 0.2 to 0.9, indicating somewhat similar layer strengths.
These less-than-one ratios were usually found at the snow-
cover top, where there had been the least amount of time for
snow metamorphism.

Characteristic 4: Spatial distribution of snow depth
due to wind

Lake snow depthsincreased from east to west, down the pre-
vailing (easterly) wind. Using 2002 depth data taken from
long traverse lines (Fig. 4), we have estimated the increase by
fitting a line to the depth data using a least-squares proced-
ure. In doing so, we were careful to exclude data from the
conspicuous bank drifts that form in the lee of the small
(<Im) tolarge (>10 m) bluffs that typically surround the
lakes. The set of linear fits (Table 3) show a consistent in-
crease in depth to the west that in most cases is significant
at the 95% confidence level. The data (significant values
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Table 2. Layer hardness by spring penetrometer for all lake
and land layers that could be cross-correlated; bold values are

near 1

Station Layer Land Lake Lake/land ratio
MPa MPa

OA-1 A 206 11.8 0.6
OA-1 B 0.5 49 104
OA-1 D 0.7 88.2 120.0
OA-5 A 1.0 74 77
OA-5 B 0.8 74 94
OA-5 D 0.3 5.9 17.1
OA-7 general 0.4 103 23.3
OA-10 general 0.5 78 16.0
OA-11 A 157 3.5 0.2
OA-11 B 04 39 8.9
OA-11 C 6.2 18.1 29
OA-11 D 06 8.8 15.0
OA-13 B 10.8 14.2 1.3
OA-13 C 06 L5 2.5
OA-15 general 34 206 6.0
AB-1 B 0.5 11.8 21.8
AB-1 c 04 78 17.8
AB-2 general 0.5 49 10.0
AB-3 c 0.7 8.8 12.9
AB-3 B 6.9 18.6 27
AB-4 D 73 34 0.5
AB-4 B 8.8 10.3 1.2
AB-5 A 0.2 0.2 0.9
AB-5 B 44 8.8 2.0
Imikpuk- E 0.7 12.3 179
ARM
Imikpuk- F 04 21.6 489
ARM
Average values: 36 124 14.5

only) indicate snow-depth gradients of 5-35cm per km,
with an average gradient of 19 cm per km. Conspicuously,
we found higher gradients where the fitted probe lines
started on the lake’s east shore than for those that started in
the middle or nearer the west shore.

This east-side depletion was more pronounced in 2000
than in 2002. Aerial inspection of more than a dozen lakes
south of Barrow in 2000 showed discontinuous snow cover
with considerable bare ice exposed predominantly along
the eastern lake sides.

Characteristic 5: Snow surface roughness and dunes

Lake snow had better-developed surface roughness features
(basically larger snow dunes) than land snow (Fig. 5a), and
the wavelength of these features was longer. Detailed depth
profiles taken using an FM-CW radar in 1996 (Holmgren
and others, 1998) on a large lake south of Prudhoe Bay and
on the adjacent tundra exhibit different power spectral densi-
ties (Fig. 5b). The lake snow has larger and more pronounced
structures with wavelengths of 5-20 m. These structures are
the bumps that make snowmobile travel on lakes less pleas-
ant than on tundra. Wavelengths of land snow features were
typically less than a few meters, corresponding to small-
scale erosion and deposition features like sastrugi. For wave-
lengths > 20 m, the roughness of lake and land snow covers
converged, but at this scale the land measurements are con-
founded by local topographic variations as well as snow
roughness.
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Fig. 5. (a) Snow depth cross-sections for Duk Lake (69°55' N,
149°07' W) south of Prudhoe Bay, and for a tundra sile near
the lake. Data were collected using an FM-CW radar at 0.5 m
spacing on the lake, 0.9 m spacing on the land. (b) The power
spectral density of the snow cover for the cross-sections shown in
(a). A curve has been fit to the data for each environment. These
show that lake snow has bigger and more pronounced structures
at wavelengths of 5=20m, though it con-verges at greater wave-
lengths due to local topographic gradients on the land.

The main source of lake snow-depth variation is undula-
tions in the snow surface produced by wind drifting (Fig. 6a),
while a substantial component of the tundra snow-depth
variation is due to microtopographic relief from tussocks
and hummocks (Fig 6b; see also Sturm and Holmgren,
1994). This tundra relief is often equal to 1/3 or more of the
total snow depth. On tundra (Fig. 6b), the snow tends to
smooth the substrate relief, while on lakes, where the ice sur-
face 1s flatter (Fig. 6a), the snow cover tends to roughen the
surface. Sturm and others (1998) reported similar findings
for snow on Antarctic sea ice.

DISCUSSION

Four processes critical to the development of a snow cover
function differently on ACP lakes than they do on tundra.
The first is snow accumulation. Snow begins to fall in late
August, but the lakes do not freeze until mid-September
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Fig. 6. Cross-sections of the snow cover on a lake (Imikpuk
Lake; see Fig. 1) (a) and on the nearby tundra (b) showing
the distinctly different basal roughness of the ice vs tundra.

(Brewer, 1958; Jeffries and others, 1996; Liston and Sturm,
2002). The early-season snow falls into the water and is not
incorporated in the snow cover. This explains, in part, why
there is less SWE on the lakes than on the tundra. However,
as discussed below, it cannot explain the full SWE contrast.

The second process is the interaction of surface rough-
ness with wind-blown snow. Tundra tussock and hummock
relief (Iig. 6b) traps and immobilizes early-season blowing
snow, but on the smooth ice of a recently frozen lake, this
snow is more mobile and blows around more. It does so for
a much longer period of time, and perhaps at a higher
speed. The bigger and harder snow dunes on the lakes (Iig.
5a and b) are evidence of this enhanced transport. The
greater amount of transport results in more dune growth,
more pulverized snow grains, and therefore greater sinter-
ing (German, 1996) and harder snow (Table 2).

Acthird factor is vertical temperature gradients, which are
consistently greater through the lake snow cover than through
tundra snow. The water under the ice provides a latent-heat
source that lasts throughout the winter, maintaining snow—
ice interface temperatures several °C higher than land snow—
ground interface temperatures. On land, much of the latent
heat associated with unfrozen soil moisture in the active layer
is exhausted by mid-winter, so the interface temperatures
drop as winter progresses (Sturm and others, 1995; Jeffries
and others, 1999; Taras and others, 2002; Olsson and others,
2003). The stronger lake temperature gradients result in more
rapid and intense kinetic crystal growth. Although lake snow
is deposited harder and more wind-packed, the higher tem-
perature gradients convert much of it to depth hoar, or atleast
to slab-to-hoar texture (Figs 2 and 3).

Lastly, snow ice can form on lakes but not on land.
During early freeze-up, when lake ice is thin, a relatively
large snowfall can depress the ice below the water surface,
and liquid water will invade the bottom of the snow, satur-
ating it and later refreezing into snow ice (Liston and Hall,
1995). Our stratigraphic data suggest this is a rare process in
this area of the Arctic (cf. Bilello and others, 1964; Bilello,
1980; Zhang and Jeffries, 2000), though in regions with
greater winter snowfall this could produce important
snow-cover differences.

Based on the first process described above, we have esti-
mated the winter mass balance on lakes and contrasted it
with that on land. For this comparison, we have assumed that
9.7 cm of SWE fell during the winter (average SWE value for
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Fig. 7. A snow bank drift at the edge of a lake south of Prudhoe
Bay.

land (Table 1)), with 75% of the accumulation occurring lin-
early between September and November, and the remaining
25% occurring at a constant rate in March—April (Olsson
and others, 2002), a pattern consistent with our understand-
ing of ACP snowfall timing. Lakes are assumed to develop a
snow-bearing ice cover on 15 September (Brewer, 1958; Jeffries
and others, 1996; Liston and Sturm, 2002). By that time, 1.1 cm
of SWE has already fallen, so the computed SWE covering
the lakes at winter’s end should be 8.6 cm, a value that is
1.2 em (16%) higher than the measured value (Table 1). In
order to bring the computed value into line with observations,
an additional reduction is needed. For this amount to fall into
the water, either the lake would need to freeze as late as 1
October, or 100% of the accumulation would need to come
in September—November, both somewhat unreasonable
assumptions. The 16% mismatch points to some other lake
snow sink.

There are three sink possibilities: (1) the snow is trapped
in bank drifts surrounding the lakes, (2) there is an additional
erosion mechanism on the lakes, or (3) winter sublimation is
higher on the lakes. We believe that sublimation is the least
significant of these possibilities (discussed below), and
therefore focus our discussion on bank drifts and erosion.
Using data from Tigure 4, along with other snow depth
profiles not shown, we can estimate how much snow might
be stockpiled in bank drifts. We assume that the lakes are
elliptical in shape, with major and minor axes of length a
and b, and that a drift with a triangular cross-section (Fig.
7) of height hq and width wq completely rims each lake.
Measured values of hq and wq appear in Table 4. Results
from Benson and Sturm (1993) and Sturm and others
(2001) indicate the drift density (pq) is higher than lake
snow density (p1), so we also account for that difference.
Solving for the snow layer thickness (h, units of SWE) that
would blanket the entire lake surface were the snow not in
the drifts, we find:

2 2]/9
h = (&) hdwd [a +b ]/ ) (1)
f ab

Solving for h using measured values of hy, wq, @ and b
(Table 4) and average values of pq and pj, the results range
from an SWE layer exceeding 4 cm for the smaller lakes
(<100 ha), to layers less than lcm for the larger lakes
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Table 3. Slopes of lines filled to snow-depth data taken along
east—west-heading probe lines showing increasing depth to the

west
Station  Intercept  Slope  95% confidence Significant? Direction Significant
interval gradients

emkm™! °true  cmkm !

OA-1 23.4 37 +0.0058 No

OA-5 18.8 12.0 +0.0076 Yes 222 12

OA-7 19.0 529 +0.0251 Yes 256 53

OA-10 18.0 5.5 +0.0028 Yes 273 5

OA-11 132 2642 +0.5330 No

OA-13 17.3 17 +0.0032 No

OA-15 122 8.1 +0.0024 Yes 250 8

AB-1 21.8 13.6 +0.0128  Yes (barely) 268 14

AB-3 23.5 8.1 +0.0036 Yes 271 8

AB-4 19.9 —17 +0.0042 No

AB-5 213 35.1 +0.0154 Yes 250 35

Imikpuk 16.8 4.1 +0.0046 No

Lake
Average 256 19

(>400 ha). This range brackets the additional loss (1.2 cm)
of SWE needed to balance the winter mass.

Stockpiling snow in drifts along the lake banks has
another ramification: it produces the observed snow deple-
tion along the windward edge of the lakes and snow depth
profiles that increase downwind (Fig. 4). To investigate this
effect, we implemented a simplified two-dimensional version
of Snowlran-3D, a blowing-snow transport model (Liston
and Sturm, 1998), on a cross-lake profile oriented parallel to
the prevailing wind. The model is based on the mass-balance

equation:

dh 1 dQs

1 ( 40 .
dt  ps dzx

where A is now snow depth in meters, ¢ is time, x is the
along-profile coordinate, ()5 is saltation transport (units:
kgm 's ") and py is snow density (280kgm ). We assume
that the upwind bank traps and holds any snow blown into
it, so that the saltation flux at the upwind edge of the lake
(the downwind edge of the bank drift) is zero. Anyone who
has sheltered in the lee of a cut-bank during an Arctic bliz-
zard will recognize that this is a realistic assumption. With
this zero-flux-upwind boundary condition and a constant
wind-shear velocity (or wind speed) over the lake surface,
the saltation flux is:

Qs(7) = Qs_max |:1 - eXp(_M§>:| ) (3)
where p (= 3.0) is a non-dimensional scaling constant, f is
the equilibrium fetch distance, and Qs_max is the equilib-
rium (or fetch) saltation transport rate (assumed to be
0.01224kgm 's " see Liston and Sturm (1998) for details).

For the model simulations, we assumed there was a
period without wind during which a 20 cm uniform snow
cover was deposited on the lake. This was followed by a
period of wind with no precipitation. We ran three cases
(f =250, 500 and 1000 m), blowing the snow until the snow
depth at the leading edge of the lake (downwind toe of the
bank drift) was eroded down to 1cm (Fig. 8), matching the
observed average snow-depth gradient (19 cm km ' Table 3).
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Fig. 8. Modeled snow depth on a lake, for wind flowing from left
to right, with a bank drift at the left edge of the domain that
effectively traps all of the upwind snow blowing into the lake.
The snow depth varies with distance from the lake edge due to
erosion. At the equilibrium fetch distance ( the distance at which
the snow transport is within 95% of its equilibrium flux),
erosion ts matched by deposition and the depth does not change.

The model ran 4, 8 and 17 days, for the three fetch distances,
respectively, before this point was reached. The 1000 m fetch
distance best matched the observed profiles (Fig. 4). The
model results, of course, are less noisy than the natural
system, but the general trends are similar. Both observations
and model suggest that the trapping of snow in lake-edge
drifts is the cause of the east—west snow-depth gradients we
observed on the lakes. The model simulations are also consist-
ent with depth profiles measured from the western edges of
large lakes where near-uniform snow depths were observed.

The model and our observations suggest that snow de-
posited in bank drifts balances the snow eroded from the
lake surface, with the one caveat that the bank drifts can
contain snow from the period before lake freeze-up. This
leads us to conclude that the increased erosion from the lake
surface which ends up in bank drifts, plus the snow falling
into the water before it freezes, is sufficient to explain the dif-
ference in the mass balance between lakes and land. Sub-
limation, the one other possible “sink” for lake snow, seems
unlikely to be important. For the sublimation to be greater
over the lakes, the general wind speed over lakes would need
to be higher than over the flat tundra. There is currently no
evidence for this general difference, but, as we discuss below,
localized areas of higher wind speeds are almost certainly
present on the lakes (a consequence of surface roughness dif-
ferences), and these local wind effects are responsible for
some of the key contrasts between lake and land snow:
namely, that the snow on the lakes is harder, denser and
often accumulates into larger dunes.

The source of local snow erosion/deposition that pro-
duces the relatively large lake dunes is the variation of wind
speed over bare ice and snow-covered ice. Consider a lake
that has recently frozen and on which a thin snowfall has
been deposited. Turbulent wind fluctuations will redistri-
bute this snow irregularly, creating a mosaic of snow-cov-
ered and snow-free areas. We do not completely understand
the mechanisms that lead to this initial patchy distribution,
but we have seen the resulting patterns many times. To be
consistent with Figure 6b and images like Figure 9, we
assume that the dunes and bare patches have characteristic
lengths of about 6 m, producing a surface which in the
downwind direction has alternating bands of snow and ice
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W68t 317307

w145 28 30"

Fig. 9. Oblique aerial photograph of snowdrifts on lake ice in
arctic Alaska. The light-colored ripple patterns are snowdrifls,
and the darker areas are the bare lake ice. The wind has been
blowing from the bottom to top of the picture. The smooth bump
on the right is an island in the lake. It has created a drift and
bare ice area much like that formed by a bank at the edge of a
lake. For scale, the distance across the island from top to bottom
is about 100 m. The inset suggests the complex nature of the true
Sflow of wind over and around individual dunes.

with a 12 m wavelength. Using a two-dimensional dynamic
wind model (Liston and others, 1994), and assuming a log-
arithmic wind profile (10ms " at 10 m height) and ice and
snow roughness lengths of 0.00001 and 0.001 m, respectively
(see Berry, 1981), we computed wind speeds along the down-
wind profile. The model results indicate near-surface wind
speeds (5 cm height) as much as 15% higher over bare ice
than over snow-covered ice (Fig. 10). The enhancement is
limited to a layer not much higher than the dunes them-
selves, because 1 m above the surface the speed is nearly uni-
form. This vertical speed distribution requires a complex
three-dimensional wind pattern (necessary for conservation
of mass and momentum) with higher speeds over bare ice
patches and flow over and around the dunes (inset, Fig. 9).
Over bare ice patches where the wind is stronger and

erosion daposition

Wind speed increase (%

| SNow [ ice snow [

T T T T T T T
4 6 8 10 12 14 16 18 20
Distance (m)

Fig. 10. Near-surface wind-speed variations over alternating
bands of snow and bare lake ice, showing zones of erosion and
deposition that tend to enhance the growth of drifts and per-
petuate the bare-ice patches.
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Table 4. Lake size (a and b), perimeter, area, and drift size (‘hq and wq ), with computed thickness (h) of layer if drift was

spread evenly over the lake surface

Station Area hq wq a b pd Pl h
hs 3 -3 R
na m m m m gcm gcm cm
OA-1 123 1.3 28 1358 1157 0.45 0.35 3.8
OA-5 114 1.3 30 1257 1157 0.45 0.35 42
OA-7 906 0 0 3822 3018 0.45 0.35 0.0
OA-10 (2000) 6 - - 402 201 0.45 0.35 4.0
OA-10 (2002) 248 0.4 20 2615 1207 0.45 0.35 0.7
OA-11 31 0.54 25 553 704 0.45 0.35 2.8
OA-13 57 0.45 24 604 1207 0.45 0.35 1.8
OA-15 826 0.55 28 4023 2615 0.45 0.35 0.6
AB-1 24 0.81 22 604 503 0.45 0.35 4.2
AB-2 122 - - 1106 1408 0.45 0.35 1.9
AB-3 219 0.39 18 2313 1207 0.45 0.35 0.6
AB-4 8 0.55 22 352 302 0.45 0.35 4.8
AB-5 157 - - 2213 905 0.45 0.35 1.3
Imikpuk Lake 61 0.64 25 1106 704 0.45 0.35 24
Average values 0.63 22 1595 1164 24
accelerating, erosion is favored and the ice patches will tend IMPLICATIONS
to remain snow-free. Over existing snow dunes, where the
opposite conditions prevail, accumulation will take place. The thinner, denser, more wind-blown snow found on lakes
Though not modeled here, form drag will also enhance snow of the ACP is a much poorer thermal insulator than the
accumulation on the dune’s lee side, contributing to the snow on adjacent tundra, a difference that has implications
growth. Dunes will get bigger, and bare patches will remain for lake ice formation, the ACP winter energy balance, and
until snowfall exceeds the wind’s ability to completely erode possibly lake life cycles. To quantify this difference, we com-
snow from the patches. Once formed, the dunes will continue puted the bulk thermal resistance of a typical lake snow cover
to modify the wind field and associated erosion/deposition, and compared it to the thermal resistance of a typical land
and thus perpetuate themselves throughout the winter. snow cover. Using average snow depths and densities (Table
a b
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Iig. 11. (a, ¢) Variation in lake and land snow thermal resistance (R ) with latitude in 2000 (a) and 2002 (¢ ), showing a decrease from
south to north, but no minimum. The slopes of the lines ( change in R value per degree of latitude) are marked. Open symbols are for land, solid
symbols for lakes. (b, d) Variation in lake and land snow depths with latitude in 2000 (b) and 2002 (d ), showing a decrease from south to
north to a minimum at 70.8° N, followed by a slight increase to the coast at Barrow. Open symbols are_for land, solid symbols for lakes.

Stations are indicated at the bottom of (d ).
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1), additional data from 1996 collected near Prudhoe Bay,
and a regression equation for density vs thermal conductiv-
ity (Sturm and others, 1997), we found that lake snow had a
thermal insulation value that was about 40% that of land
snow. We further refined this comparison by directly incorp-
orating the textural results from Figure 2 into our calcula-
tions. Using the layer proportions in Figure 2 for the snow
cover on both lakes and land, and depths from Table 1, we
obtained bulk thermal conductivity values (ky,) of 0.119 vs
0222Wm 'K ' for lakes and land, respectively. The values
were computed for 2001 using a series-type solution for
layered media. Similar values were obtained in 2002. In both
cases, lake snow had a thermal insulation value that was 54 %
that of land snow.

The poor insulating value of ACP lake snow was experi-
enced by Jeffries and others (1999) and Zhang and Jeffries
(2000) when they found spring heat-flow rates 12 times higher
on lakes than on the nearby tundra. Io tune their lake ice
growth model to match observed ice thicknesses, they had to
apply a factor to weather-station snow-depth records (land
snow) that ranged from 0.34 to 0.88, a procedure that effect-
ively decreased the thermal insulation value of lake snow by a
factor consistent with the results of our study. When they did
not apply the factor, Zhang and Jeffries’ model underestimated
ice growth by 35-65 cm. One conclusionis clear: if lake snow is
not differentiated from tundra snow in models, serious under-
estimates of heat flow and ice thickness will result.

A simple, constant correction factor for lake snow cannot
be used, however, because the thermal insulation of both
land and lake snow varies by a factor of 2 across the ACP
(Fig. 11a and c). We tracked this variation using thermal re-
sistance (R), which has units of KW ' and is a quantity that
combines snow depth and thermal conductivity:

R:Z bi 7 @)

i

layers

where ¢; is the thickness of the ¢th layer, k; is the thermal
conductivity of that layer, A is the area (m?”), and the summa-
tion is over all layers in the snowpack. R values were highest
in the south and decreased with distance north, reaching a
minimum at the coast near Barrow. In 2002, for example, R
for lakes (solid symbols in Fig. 1la and c) decreased from
about 1.5 to 0.8 KW ' across the ACP. In 2000, the trends
were of similar magnitude and slope, though not as clearly
defined. These gradients mean that for a set of constant
winter environmental conditions (i.e. temperature, wind,
radiation, etc.), 50 cm more lake ice would have grown at the
north end of the ACP than at the south end.

The variation of R with latitude is not solely a function
of snow depth (Fig. 11b and d). Depth decreased with dis-
tance north (both 2000 and 2002), reaching a minimum at
70.8° N, followed by a subtle but significant increase to the
coast. This V-shaped pattern is not preserved in the trends
for R. We have observed a similar V-shaped pattern to the
snow depth on south—north transects in the Kuparuk Basin
south of Prudhoe Bay (Liston and Sturm, 2002; Taras and
others, 2002). A consistent regional snow texture trend must
offset the depth minimum. Based on our knowledge of snow
thermal properties (Sturm and others, 1997), this is likely to
be an increase in wind slab and a decrease in depth hoar
with distance north, but the stratigraphic data for indi-
vidual stations (cf. Fig. 3) are too noisy to identify these
trends with certainty.

One ramification of consistent and strong regional R
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gradients across the ACP is that lake bathymetry deter-
mined using spaceborne radar may require reassessment.
Using synthetic aperture radar (SAR), it is possible to dis-
tinguish lakes that have floating ice covers from those frozen
to their beds (Sellman and others, 1975; Weeks and others,
1978; Jeffries and others, 1996; Kozlenko and Jeffries, 2000).
Using a sequence of SAR images, it is possible to estimate
the day the lakes freeze to their beds, and to then invert the
elapsed time into an ice thickness value and lake depth. The
method hinges on accurately modeling the lake-freezing
rate, which is first-order sensitive to the lake snow amount
(Zhang and Jeffries, 2000). Recent studies have used Barrow
weather data and assumed a constant freezing rate across
the ACP (Jeffries and others, 1996; Kozlenko and Jeffries,
2000). A higher percentage of lakes not frozen to their bed
in the southern ACP has led to the conclusion that more of
these lakes are deeper than 2.2 m (depth of maximum freeze
before spring thaw) than in the northern part. Our results
suggest an alternate interpretation: lakes in the southern
ACP freeze slower due to a more insulative snow cover, pro-
ducing less ice per unit time than in the northern ACP.

Lastly, we would like to speculate that the minimum
snow depths found on the eastern side of the lakes (Figs 4
and 5) may play a role in their evolution and life cycle. The
snow minimum is the result of the same prevailing wind
that has been shown (Carson and Hussey, 1962) to be the
cause of the remarkable orientation of the lakes (Fig. 1). On
the eastern side where snow is thinnest, the ice grows thicker
and there is greater winter frost penetration into the banks
and bed of the lake. Thicker ice lasts longer into the summer
(Garson and Hussey estimate 3—6 weeks longer), and more
solidly frozen banks and bed will resist thermal and mechani-
cal erosion better and longer into summer. Because the lakes
are basically thermo-erosional features (Black and Barks-
dale, 1949; Carson and Hussey, 1962 Black, 1969; Sellman
and others, 1975; Hinkel and others, in press), the localized
thermal impact due to east-side snow scouring may be
important enough to warrant further study.

CONCLUSIONS

Lake snow cover of Alaska’s ACP is thinner, denser and com-
posed of more wind slab and less depth hoar than snow on
surrounding land. The SWE is also lower. Consequently, lake
snow provides less than half the thermal insulation of land
snow, leading to more rapid lake-ice formation rates than
would be predicted if the characteristics of land snow were
used for lake modeling. The reduced lake snow thickness and
SWE arises from (1) loss of snow precipitation into the water
early in the winter, (2) stockpiling of snow along lake banks
during wind drifting, and (3) snow-depth depletion along the
eastern side of the lakes due to non-equilibrium blowing-snow
fluxes. Consistent south-—north snow-depth and snow-insula-
tion trends exist across the ACP, with greater depths, and
insulation values almost twice as high in the south end of the
ACP as in the north. These regional gradients may account
for apparent lake depth differences reported using SAR and
lake-freezing models. The lower snow depths, poorer insula-
tion and regional gradients in these snow properties should
be used when modeling ACP lake ice formation and winter
surface energy fluxes.
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