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ABSTRACT. The conductive heat flux through the snow cover (Fa) is used as a proxy
to examine the hypothesis that there is a significant heat flow from the Alaskan Korth
Slope to the atmosphere because of the large number oflakes in the region. Fa is estimated
from measurements of snow depth, temperature and density on tundra, grounded ice and
floating icc in mid-April 1997at six lakes ncar Barrow, northwestern Alaska; The mean Fa
values from tundra, grounded ice and floating icc arc 1.5,5.4 and 18.6\V m 2, respectively.
A numerical model of the coupled snowfice/water/soil system is used to simulate Fa and
there is good agreement between the simulated and measured £luxes.The flux from the
tundra is low because the soils have a relatively low thermal conductivity and the active
layer cools significantly after freezing completcly the previous autumn. The flux from the
floating ice is high because the ice has a relatively high thermal conductivity, and a body of
relatively warm water remains below the growing ice at the end of winter. The flux from
the grounded ice is intermediate between that from the tundra and that from the floating
ice, and depends on the timing of the contact between the growing ice and the lake sedi-
ments, and "vhether or not those sediments freeze completcly. Lsing the estimated P"
values combined with the areal fractions of tundra, grounded icc and floating icc derived
from synthetic aperture radar images, area-weighted Fa values arc calculated for six
areas. Fa values for the ice vary between 9.8 and 13.8\V m-2, and those from the icc plus
tundra varv between 3.9 and 5.3 \V m-2. The Fa values are similar to those observed in the
sea-ice-cov~red regions of the south and north polar oceans in winter. The Korth Slope of
Alaska may thus make a significant contribution to the regional energy budget in winter.

INTRODUCTION

In the Arctic Ocean, the net heat loss from a relatively small
area of open water and thin ice is 1-2 ord(Ts of magnitude
greater than fi'om the snow-covered multiyear ice that cov-
ers most of the Arctic basin (Maykut, 1978, 1982; Ledley,
1988).The large heat flux from leads and thin ice can domi-
nale regional heat £luxes and affect even the global climale
(Smith and others, 1990).Quantifying the spatial and tem-
poral variability of the heat fluxes from ocean to atmosphere
in the Arctic seas is a key component of understanding the
surface energy budget, the role of the Arctic Ocean in the
regional and global climate system and the sensitivity of the
sea-icc cover to climate change (Moritz and Perovich, 1996).

The land surrounding the Arctic Ocean must also be
taken into account in studies of the regional and global
climate system. ~umerical simulations of the global
climate-system response to increased atmospheric CO2 con-
centration indicatc that the strongest warming will occur
over northern land areas (e.g. Manabe and Stouffer, 1994).
Analysis of Arctic air-temperature records indicates that
the warming of northern land areas, including Alaska, may
already be under way (Chapman and 'Walsh, 1993).Under-
standing the climatic role of the lands surrounding the
Arctic Ocean and their sensitivity to climate change also

requires a knowledge of the surface energy budget, including
the spatial andlemporal variability of the energy sources.

One region ofinterest in this regard is the North Slope of
Alaska, where there an~ thousands of shallow, thaw lakes
that cover as much as 40% of the tundra in some areas
(Sellmann and others, 1975).Typically, the lakes are com-
pletely ice-covered by late September and the ice has melted
completely from even the deepest lakes by mid- to lateJuly
(Brewer, 1958;Sellmann and others, 1975).Many lakes are, in
their entirety or in part, shallower than the maximum annual
ice thickness; consequently, some ice freezes completcly to the
bottom. Keverthcless, large areas of water are deeper than
the maximum ice thickness and the ice remains afloat
throughout the winter, as the late-winter synthetic aperture
radar (SAR) image shows (Fig. I).

Heat-flux plate measurements and caleulations have
shown that the heat flow from the tundra is typically
:S.5\V m 2 at the end of winter (Hinzman and others,
1991a,b; Sturm and Holmgren, 1994). At the same time,
there should be a greater heat flow from the lakes, particu-
larly if the ice that remains afloat is growing. Furthermore,
since the total area of floating icc at the end of winter is
large, as the SAR image shows (Fig. I), the area-weighted
heat flow should also be large. This paper describes a field,
remote-sensing and numerical modelling investigation of
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Fig. 1. Geocoded ERS-2 SAR image of the region up to
200 km south of Barrow, northwestern Alaska, on 19 April
1997. The boxes identify the areas for which area-weighted
conductive heat fluxes have been calculated. The image is
made up of two original SAR scenes, which are European
Space Agen/)' (ESA).

late-winter energy sources on the Alaskan ~orth Slope. \Ve
examine the hypothesis that there is a significant heat flow
from the Alaskan North Slope to the atmosphere beeause of
the large number oflakes. Our proxy for the heat flow is the
conductive heat flux through the snow cover.

STUDY AREA AND METHODS

The field investigation occurred during thc period 12~18
April 1997near Barrow, northwestern Alaska (Fig. I), at six
lakes (Fig. 2; T'lble 1) that had been studied previously by
.Jeffries and others (1994).They were selected for this investi-
gation because they were known to ofI~r a good sample
of difI~rent characteristics (water depth/ice thickness,
presence/absence of floating ice and grounded ice), and (b)
they were relatively easy to locate in a rather featureless
late-winter landscape.

At Imikpuk lake (Fig. 2), an I.-shaped observation tran-
sect was established. It comprised a 220 m long section from
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the tundra across the grounded ice margin onto the floating
ice, and, oriented perpendicular to that, a 160m long sec-
tion located entirely on floating ice. At the other five lakes,
a single, straight, 160m long transect was laid out, begin-
ning on the tundra and ending on the lake ice. At Emaik-
soun and Ikroavik lakes, as at Imikpuk lake, the transects
included tundra, grounded ice and floating ice (Table 1).At
~ishio, Hiro and Martin lakes (these are unofficial names
corresponding to sites 6, 7 and II, respectively, that were in-
vestigated previously by JefIries and others, 1994) the lake
portion of the transects ineluded only grounded ice (Table
I).The floating and grounded ice were distinguished from
one another on the basis of a combination of differences in
appearance of the ice (floating ice was black; grounded ice
was grey and often had vegetation piercing the surface) fol-
lowed by drilling with an electric-powered, 50 mm ice auger
to confirm the identification of each ice type. In addition, a
total 01'31 floating ice-thickness measurements was obtained
along transects at Imikpuk (n = 20) and Ikroavik (n = II)
lakes to obtain a mean ice-thickness value (1.53m) that was
used subsequently for running the numerical model in
"data-assimilation" mode.

At each lake, the snow depth was measured at 2 m inter-
vals along the transects. A thin probe, marked in mm, was
pushed down to the base of the snow, and the depth was read
from the side of the probe to an aeeuraey of 5 mm. A digital
thermometer (accuracy 0.1DC) was used to measure the tem-
perature of a thermistor at the tip of the probe after it had
equilibrated. The number of snow-depth and snow-base tem-
perature measurements at each lake is summarized in Table
2.The same probe, but shielded from direct solar radiation,
was used to measure the snow-surface (skin) temperature at
the first (TI) and last point (T2) on each transect. The time
elapsed between the first and last measurements was typically
2~3 hours.

At Imikpuk lake, snow depth and snow-base temperature
were also measured at 10m intervals on 13,15and 18April in
order to examine changes associated with the decrease in air
temperatures that occurred during the investigation (Table
I). Records from the Barrow ~ational \Veather Service
(N\VS) station show that air temperatures had been
decreasing since 10April and began to increase again on 19
April C~OAA, 1997).

The bulk density of the snow cover was measured by
weighing a total of 48 samples of known volume (100mL)
extracted from the walls of 16snow pits. Snow-temperature
profiles were obtained using a digital thermometer and
probe inserted at 0.05m increments or less in the shaded
wall of the same snow pits. At least two snow pits were inves-
tigated at each lake.

ESTIMATING THE CONDUCTIVE HEAT FLUX
THROUGH THE SNOW COVER

Fourier heat-conduction equation

Order-of-magnitude estimates of the conductive heat flux
(Fa in \V m-2

) throug'h the snow cover were obtained using
the Fourier heat-conduction equation (Sturm and others,
1998):

-khll1k <iT -k11ll1k(T, - n)Fa=::::::---- (1)
dzSII()W ZSI1()V'i

where kbu1k is the thermal conductivity of the snow cover in
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7able I. Lake sampling locations, dates, transect suifGces and
daily mean air temperatures at the Barrow NWS station

Lake Loration Sampting date Transect Afean daily air
(1997) surfaces temperature

C

Imikpuk 71 19':1:1"N 12,n April 'limdra. 16.5
156 39'5"W iirounded icc,

floating ice
Ikroa\"ik WI4'41"!'\ 14April limclra, -18.0

156'39'6"W grounded ice,
floating ice

EIIlaiksuuIl 71C ]3'57" ='l 15April Tundra, -liB
156' 46'l4" W grounded ice,

floating ice
Martin WI3'54"N 16 April Tundra, -25.8

156'18'4.1"W grounded icc
:"iishio 71 11'35" N 17April Tundra, 2'1.4

156 45'57" W grounded ice
Hiro 71014'20" N 18 April Tundra, -27.2

\.')6"42'18" W grounded ice

3]7

Inputs and assumptions

Fig. 2. Sub-scene qf Figure 1. The white dots indicate lake/tundra sites where the snow cover was investigated during the period 12-
18 April 1997. The brightest signatures correspond tofloating lake ice. The darker signatures correspond togrounded ice, i.e. ice that
hasjrozen completely to the lake bottom. Original SAR scene © ESA.

W m .\ K' I and (T; - Tb) / Zsnow is the temperature gradient,
where Ts is the snow surface temperature, Tb is the tempera-
ture at the base of the snow cover and Zsnow is the snow
depth. T, is the mean of the two snow-surface temperature
values obtained at the beginning (TI) and end (T2) of each
transect. A positive Fa value indicates an upward conduc-
tive heat flux, and a negative value indicates a downward
flux.This approach to the estimation of the conductive heat
flux through the snow cover is the same as that described for
Antarctic sea-ice floes (Massom and others, 1997, 1998;
Sturm and others, 1998).

k1mlk in Equation (1)was calculated according to

kbu1k = (0.138 - 1.01p + 3.2:~:~/) , (2)
where p is the snow density in g cm-3 (Sturm and others,
1997).The snow on tundra, grounded ice and floating icc
had mean bulk-density values of 0.353g cm-:\ (n = 11),
O.:l52g cm :; (n = 26) and 0.404 g cm-3 (n = 11), rcspective-
ly. According to Equation (2), these fixed bulk-density
values correspond to kbu1k values of 0.185, 0.183 and
0.258W m IK \ respectively.

A detailed discussion of the snow bulk-density differ-
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'Table2. Summary ofsnow surface temperatures and consequencesJor the estimation of Fa

Lake. date

Imikpuk, 12 April
Imikpuk, 13April
Imikpuk, 13April
Ikroavik, 14April
Emaiksoun, 15April
Imikpuk, 15 April
:Vfartin, 16April
1\ishio, 17April
Him, 18 April
Imikpuk, 18 April

T} TowaIJ Tl Fal Fauleau Fa2 6.

'C °C °C Wm2 vV m-2 Wm -2 ~/o

-12.7 -13.65 -14.3 10.33 14.00 17.68 +71
-11.2 14.25 -14.3 0.01 0.05 0.09 +900
-14.2 -14.25 -14.3 6.85 6.99 7.13 +4
-14.6 -16.05 -17.5 2.36 T7l) .1.22 +54
-17.11 -17.75 -17.7 7.W 7.13 7.07 1.5
-20.6 20.4 -20.2 13.30 12.89 12.48 -0.06
-27.0 -25.0 -23.0 6.46 5.lI 3.76 -41
-26.7 -24.5 -22.3 ]0.70 8.82 6.93 -35
-27.1 -25.9 -24.7 5.75 4.75 3.73 35
-27.0 26.5 -26.0 23.29 22.07 20.84 -10

n

321
58*
38t

161
95
38t

94
7H
81
38t

]VoleJ: TI and T 2 are the snow-surface ternperature measu renlents rnade at the beginning and end of each transect, respectively. TrIWl:l.n is the [nean of T I and
T2. F, I and Fa2 are the mean flux values for each transect estimated using only Tj and T 2 to calculate the temperature gradient in the snow, respectively.
F"mean is the mean flux calculated using the mean ofTj and T2. 6. is the difference hetween Fal and Fa2. n is the number of snow-depth and snow/icc
interface: tr:nlpcraturc Illcasurenlents.

'" }YleasurClllcnts on tundra onlv.
t l'vfeasuremenls made at 10m intervals.

ences is beyond thc scope of this paper. However, they do
match observations we have made during previous late-
winter visits to the lakes. Then, the snow on the tundra had
a well-developed basal depth-hoar layer, hence the lower
bulk density o[ the snow cover, while the snow on lioating
ice, in particular, was composed entirely of hard wind-slab,
hence the higher bulk density.

Th~ us~ of a minimal number of snow-surfac~ t~mpera-
ture measurements at the sampling transects assumes that
those valu~s are representative of the snow cov~r as a whole
at the time of each measurement. This is a reasonable
assumption according to recent experience at the SHEBA
ice camp in the Arctic Ocean, where th~ surface tempera-
ture variation was typically ::;0.5°C over I km distances
and 15min time intervals [or uni[orm ice conditions (per-
sonal communication fromJ Maslanik, 1998).

It is assumed that the heat fluxes through the snow and
ic~ arc vertical. Sturm and oth~rs (1998) considered this to
be reasonable. The calculation of Fa according to Equation
(1) assum~s also that th~ snow-temperatur~ gradi~nts are
linear, although these rarely occur and most snow-tempera-
ture profiles are concave (Sturm, 1991).Temperature profiles
in the snow on tundra, grounded ice and floating ice at each
of the six lakes were concave and, as air temperatures
decreased during the course o[ the 6 day investigation, the
temp~rature difference between the top and bottom of the
snow cover inCl'eased.

The F;l calculations also assume that the computed tem-
perature gradients are approximately equal to steady-state
gradients and therefore proportional to the heat flux (Sturm
and others, 1998).To obtain some measure of the effect of tran-
sient temperature variations, mean Fa values [or each tran-
sect w~r~ estimat~d using the two individual snow-surface
temperature measurements (Tj and T~) made at the
beginning and end of each transect. The results are summar-
ized in Table 2. A very large increase in the mean Fa occurred
on the tundra at Imikpuk lake, but it is meaningless inasmuch
as the fluxes were extemely low in any case. At the other
locations there were moderate changes in the mean F;~,but
in all cases the values remained positiv~.

\Ve recognize that the assumption oflinear, steady-state
temperature gradients introduces errors into the estimation
of Fa, and that the Fa estimates repres~nt only the time that
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measur~ments were made at the individual sampling tran-
sects. However, the fact that we made measurements during
a 6 day period of decreasing air temperatures means that
the Fa estimates are cons~rvative on any given day, i.e. if
we had returned to a particular sampling transect on a later
day during the measurement period, the fluxes would have
been greater, as the air temperatures had decreased. This is
particularly true of the flux estimates through snow on float-
ing icc, as it was sampled primarily in the first half of the
study period when the air temperatures were higher and
the fluxes therefore lower than they would have been during
the second half of the study period. There is less bias in the
Fa estimates through the snow on the tundra and grounded
icc, as they were sampled on each of th~ fi days. Errors in the
Fa estimates are also minimized by the relatively large num-
b~r of measurem~nts (Table 2), which reduces the standard
error of the mean flux values. As the data will show, there
w~r~ significant flux~s from the land to th~ atmosphere,
and ordcr-of-magnitude differences between the fluxes from
the lioating ice and those [rom the grounded ice and tundra.

Estimated conductive heat-flux variations

At the three lakes where the snow cov~r on tundra and float-
ing ice was sampled, there was a strong contrast between the
conductive heat flux through the tundra snow and that
through the snow on the floating ice, with intermediate values
on th~ grounded ice margin (Fig. 3a and c). At th~ three lakes
where the transects included only tundra snow and snow on
grounded ice, the contrast bet ween conductive heat liux [rom
tundra and that from icc was much less than at the other lakes
(Fig. 3b). Fa values o[ >60 W m -2 at Imikpuk lake (Fig. 3c)
occurred where the snow was particularly thin.

The heat fluxes increased as th~ air temperatur~s
decreased during the study period, as observed at the
lmikpuk lake monitoring sit~ (Fig. 3c). The gr~at~st relative
increases occurred through the tundra snow, but the heat
flux through the snow on floating ice always remained at
least one order o[ magnitude higher than that through the
tundra snow ('labl~ 3). The heat flux through the snow on
grounded icc was always a littl~ higher than that through
the tundra snow, but also an order of magnitude lower than
that through the snow on floating ice (Table 3).The increase
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Tundra
mean: 1.5±2.2(0.13)
range: -2.1 to 9.5

Grounded ice
mean: 5.4±4.1 (0.25)
range: -1.2 to 22.4

Floating ice
mean: 18.6±33.3(1.64)
range: -2.6 to 252.9

a
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~§: 0.10
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-5 0 5 10 15 20 25 30 35 40
0.5
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Conductive heat flux (W mo2
)

Fig. 4. Probability density functions (PDFs) if Fa at each
measurement point on the transects on (a) tundra, (b)
grounded ice and (c) Jloating ice at all the lakes during the
period 12 18 April 1997. A 1 standard deviation value ( and a
1 standard error in parentheses) is given with the mean value
in eachplot. The x axis on eachgraph has the same range,jar
ease if comparison, but this means that a few values if
>40 T-V m-2 onJloating ice have been excluded. The hairline
curve in (c) is the Fa PDFcalculatedfor the snow onJloating
ice using the thermal conductivity valuefor snow with a mean
bulk density if 0.352 g cm-3. This dataset has a mean Fa
value if 13.2 ± 23.6 W m 2 and a range qf 1.8 to
179.0Wm-2.

most of the measurements on floating ice were made during
the warmer days 1-3 (Table 1).

The heat fluxes through the snow on floating ice were
also calculated for snow with a mean bulk density of
0.352gcm 3, i.e. the same as that of the snow on tundra
and grounded ice, and thus lower thermal conductivity.
The resultant Fa values (Fig. 4c) are lower than those cal-
culated using a mcan bulk density of 0.404g em-3 (the value
originally used to represent snow on floating ice), but they
are still an order of magnitude greater than those through
tundra snow (Fig.4a and b).

Using the same field-based method for estimating con-
ductive heat fluxes through the snow cover on Antarctic
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13 Aprill,),)7 0.06 1.4 12.1
13 April 1997 3.2 5.6 20.0
18 April 1997 4.9 8.0 :>7.5

lable 3. J'vfean estimated Fa values (W m 2) for tundra,
grounded ice andJloating ice at 1mikpuk lake on three diffir-
ent days

Fig. 3. Eslimaled Fa values along the transects at Emaiksoun,
i\1artin and 1mikpuk lakes. T., G.I and FI are tundra,
grounded ice andJloating ice, respectivelY.

in Fa at Imikpuk lake was due to the decrease in air tem-
peratures during the measurement period rather than any
changes in the snow depth. The latter remained constant
during the period of investigation, as measured at Imikpuk
lake on 13, 15 and 18 April when the mean snow depth
(0.19m) and the standard error (0.02)were the same each
day.

The differences in heat flux through the snow on tundra,
grounded ice and floating iee as observed at Imikpuk lake
(Fig. 3c), for example, were a characteristic of the dataset
for the entire study period, as shown by the data distribu-
tions in Figure 4. On average, the mean heat flux through
snow on grounded ice was almost four times greater than
that through tundra snow,while the mean heat flux through
the snow on floating ice was an order of magnitude greater
than that through thc tundra snow.The low Fa values for
the tundra snow are similar to those determined from
heat-flux plate measurements and independent calculations
of tundra fluxes (Hinzman and others, 1991a,b; Sturm and
Holmgren, 1994).The Fa distributions for tundra (Fig. 4a)
and grounded ice (Fig. 4b) are bimodal beeause they are
based on measurements made during the entire 6 day study
period, which was characterized by much lower tempera-
tures on days 4-6 (Table I), whereas, as noted previously,

319

https://doi.org/10.3189/002214399793377095 Published online by Cambridge University Press

https://doi.org/10.3189/002214399793377095


Journal rifGlaciology

snow/ice/water/soil system. If there is no lateral heat flow,
the appropriate one-dimensional heat-conduction equation
in the snow/ice/water/soil system is

(3)

(4)

C 8T =!!.. (K8T) .
v 8t 8z 8z'

where t is the time in seconds, z is the position coordinate
measured from the surface downward in meters, T is the
temperature in °C, K is the thermal conductivity in
W m-] K-\ and Cv is the volumetric heat capacity in
J m-3 K-1

.When unfrozen water or brine is present in the
permafrost, the lefthand side of Equation (3) is modified to
include the enthalpy change associated with a change in T
(Gosink and Osterkamp, 1990):

tJ..H = J Cv dT + J L(T) deu

first-year ice revealed typical values of 5-15 W m-2 in the
Weddell Sea (Massom and others, 1997), 5-20 W m-2 in the
East Antarctic pack ice (Massom and others, 1998) and 3-
9 \""m-2 in the Ross, Amundsen and Bellingshausen Seas
(Sturm and others, 1998). The North Slope Fa values are also
similar to those determined by measurement and numerical
modelling at Ice Station 'Weddell,Antarctica, where Fa var-
ied between 0 and 30 W m 2 during a 100 day period in
autumn; the highest values occurred early in the period
when the temperature gradients were at a maximum and
the snow/ice interface was flooded with sea water (Lytle
and Ackley, 1996). This comparison of point measurements
suggests that the Alaskan North Slope is a source of energy
on a par with the south polar ocean, at least. Later we show
that the same applies to the area-weighted heat flux when
compared to that from the Arctic Ocean.

Introduction

Model description

where H is the composite enthalpy change of the snow/ice/
water/soil system, eu is the volume fraction of unfrozen
water or brine, and L is the volumetric latent heat of fusion.

The modified model includes up to six different types of
materials, individually or in combination, such as snow, ice,
water, peat, silt, sand and gravel. Latent heat is included by
either of two methods: that of Osterkamp (1987), which uses
an apparent specific heat with latent heat as a source dis-
tributed over a given temperature range; or the method
developed by O'Neill (1983), which employs a latent-heat-
content "spike"at a given frcezing temperature. The O'Neill
method, in which the phase change is completed at a given
freezing temperature, was used for snowmelt, lake-ice
growth and decay, and freezing and thawing of the peat
layer. For this study, freezing was assumed to begin at a tem-
perature of O°c. The thermal properties of the soil layers
were determined during the calculations, depending upon
soil temperatures and the position of the phase boundary.

On the coastal plain of the Alaskan North Slope, the
active layer on the tundra surrounding the lakes is typically
0.4-0.5 m deep (Brown and Johnson, 1965; Nelson and
others, 1997; Zhang and others, 1997). The simulation used a
0.5 m deep active layer composed of a 0.2 m deep layer of
peat overlying a 0.3m deep layer of silt (Fig. 5).Below lakes
<2 m deep is a 0.3-0.7 m thick thaw zone interposed
between the water and the permafrost. The thaw zone forms
each summer and freezes each winter (Brewer, 1958; Coyne
and Kelley, 1974). The simulated thaw zone in the lakes was
composed of a 0.5m thick layer of silt only. A thaw-zone
thickness of 0.5m was chosen, as it is in the middle of the
range of observed thicknesses. Lakes deeper than 2 m devel-
op a perennial thaw bulb, also known as a talik (Lachen-
bruch and others, 1962). In the simulation, the bottom of
the talik was 15m below the surface. The permafrost
beneath the tundra active layer, the shallow-lake thaw zones
and the talik was composed only of silt (Fig.5).

Snow cover was included as an additional layer, with
thermal conductivity calculated from Equation (2).A base-
line time series of daily snow-depth data was obtained from
the Barrow NWS station and proportionally adjusted
according to measurements we made in the field. This was
done because the NWS measurements generally under-
estimate the true precipitation totals on the North Slope
(Benson, 1982). For example, for the interval 13-18 April
1997, the mean snow depth measured on the tundra was
0.33 m, while that at the Barrow NWS station was 0.22 m: a
ratio of 1.5.To allow for these differences, the daily tundra

3mdeep
Lake

nThaw
Zone

Water

Penna-
frost

1.2mdeep
Lake

Thaw
Zone

Water

O.8mdeep
Lake

Silt (also talik and pennafrost)

Water

Thaw
Zone

Penna-
frost

O.4mdeep
Lake

Active [
Layer O.5m

Thaw [ZOne O.5m

Fig. 5. Diagrammatic representation rif the five cases
simulated using the numerical model rif the coupled snow/
ice/water/soil system.

NUMERICAL MODELING OF CONDUCTIVE
HEAT FLUXES

The estimated heat fluxes indicate that there are significant
difIerences between the heat flow from the tundra and that
from lakes on the Alaskan North Slope at the end of winter.
In this section we describe a two-dimensional model that
was run in one-dimensional mode in order to simulate the
conductive heat fluxes and to explain the flux differences
between the tundra, grounded ice and floating ice. The
simulations were conducted for five different cases (Fig. 5):
(1)tundra; (2) a lake that is 3 m deep and thus exceeds the
maximum winter ice thickness (previous investigations in-
dicate that lakes >2 m deep typically do not freeze to the
bottom: Brewer, 1958); and (3) three shallow lakes (0.4, 0.8,
1.2m deep) where the ice would freeze completely to the
lake bottom at different times during winter. Each case can
be thought of as a point along a sampling transect that
begins on tundra and then crosses onto a lake where the
water becomes progressively deeper with distance away
from the lake edge.

A finite-element heat-conduction model (Gosink and
Osterkamp, 1990), which is a modified version of Guymon
and Hromadka's (1977) and Guymon and others' (1984)
model, was further modified for the simulation of a coupled

Tundra

M
·

Layer

Penna-
frost
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Results of simulating conductive heat fluxes through
the snow cover

simulation began on 1August 1996 and the time-step of the
computations was 1day.

The simulated conductive heat fluxes through the snow cover
on tundra, floating ice and the three different grounded-ice
cases for the period of the field investigation are presented in
Figure 6. The mean values of the estimated fluxes and
simulated fluxes are summarized in Table 4. The simulated
values are higher than the estimates for tundra and grounded
ice, and lower than the estimate for floating ice.These differ-
ences might be reduced by forcing the simulations with
hourly air temperatures, or snow surface temperatures if they
were available, and improved scalings of the N\VS snow-
depth data, and by selecting different material properties
and proportions in the active-layer and thaw zones.

Table 4. Comparison if the mean estimated Fa values ( W m-2)
and those simulated by the numerical model Jor tundra,
grounded ice andfloating ice

Despite the differences, the model simulates very well
both the relative differences between tundra, grounded ice
and floating ice, and the magnitudes of the fluxes for each
substrate. The lowest fluxes occur through the tundra snow
(Fig.6a), and the highest fluxes through the snow on floating
ice (Fig.6c). Intermediate fluxes occur through the snow on
the grounded ice, and those fluxes increase as lake depth in-
creases (Fig.6b). The highest fluxes occur on the floating ice
regardless of the choice of snow thermal conductivity (Fig.
6c).The simulated fluxes increase as the air temperature de-
creases (Fig. 6a), and the increase in simulated heat flux
from the floating ice (Fig. 6c) is of the same order ofmagni-
tude as that observed at Imikpuk lake during the field inves-
tigation (Fig. 3c).

Figure 7 illustrates the simulated conductive heat fluxes
through the snow cover for each of the five cases (Fig. 5) for

18.6
15.2

5.4
9.4

1.5
2.6

'Iimdra Grounded ice Ftoating ice

Mean estimated heat flux
Mean simulated he"t flux

snow depth used in the model was the daily NWS snow
depth multiplied by 1.5.The same method was used to model
the daily snow thickness over grounded ice and floating ice
where the average snow depths measured were 0.26 and
0.17m, respectively. A similar "data-assimilation" mode was
used with respect to the ice thickness. Running the model in
this mode allows it to include the ice-thickness measure-
ments, such that a model run leads to a simulated ice thick-
ness that is equal to the measured ice thickness during the
observation period (1.53m).

The upper boundary was set at either the snow, ice,
water or soil surface, as appropriate. The daily mean air
temperature measured at the Barrow N\VS station was used
as the upper boundary condition. This is not ideal, as the
snow-surface temperature is usually lower than the air tem-
perature due to the high albedo and emissivity of the snow
surface, both of which tend to cool the snow surface (\-Veller
and Holmgren, 1974).However, there is no winter-long
snow-surface temperature record available to run the
model. In any event, the result of using air temperatures is
an underestimation of the heat flux through the snow, in
keeping with the conservative estimates based on the field
measurements.

The lower boundary was located 15m below the surface,
deep enough to ensure no significant effect on temperatures
at shallower depths. Over the course of many years the
depth could change, but since we arc investigating only
winter 1996-97 it is appropriate to use a single, constant
value for the lower boundary depth. Field measurements
near Barrow indicate that the permafrost temperature 15m
below the surface is about -9°C (Lachenbruch and others,
1962; Lachenbruch and Marshall, 1986). Field measure-
ments (Lachenbruch and others, 1962)and numerical mod-
eling (Zhang and Jeffries, unpublished results) show that a
talik with a temperature close to O°C develops under lakes
>2 m deep. The modeling results also show that for a lake
<2 m deep, the permafrost temperature at 15m depth varies
between -4° and -7°C. Thus, constant temperatures of 9°,
-5° and O°Cwere chosen for the lower boundary condition
of the tundra, three shallow lakes «1.2 m deep) and the
deep lake (3.0m), respectively.

The snow/ice/waterlsoil system was divided into 24
layers when snow was present, and 23 layers when snow
was absent. The layer thickness varied from 0.2m near the
upper boundary to 1.0m near the lower boundary. The
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Fig. 6. Simulated Fa valuesfor each if thefive cases illustrated in Figure 5 as aJunction if time during thefield investigation, 12-
18 April 1997 (days 103-109). The air temperature measured at the Barrow NWS station used as input to drive the model
simulations is also shown in ( a). Two curves are given in (c) to show the heat flux through snow cover if difftrent bulk density
and thus difftrent thermal conductivity (0.185 and 0.258 W m-1ll~.The simulations in (a) and (b) were run only with a snow
thermal conductivity if 0.185 W m 1K 1.
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TotaL area Tundra Grounded ice Floating ice

km2 % % %

506 69.4 10.9 19.7
445 72.2 12.0 15.8
419 75.6 7.9 16.5
463 72.2 13.3 14.5
578 75.3 ]3.4 11.3
918 66.0 17.6 16.4

Areal fractions of tundra, grounded ice and floating
ice

A
B
C
D
E
F

Area

Tczble5. Summary qf sampling areas and areal fractions qf
tundra, grounded ice and floating ice used to calculate the
area-weighted conductive heat flux. The sum qf the grounded
andfloating icefractions is the arealfrac tion qf lakes

AREA-WEIGHTED CONDUCTIVE HEAT FLUX

land, as the submerged thaw zone cannot begin to freeze
until the growing lake ice comes into contact with the lake
bottom. Furthermore, the greater the water depth in the ice
grounding zone, the greater the delay in onset and complete
freezing of the submerged thaw zone. In the simulations for
the 0.4 and 0.8m deep lakes, the thaw zones became comple-
tely frozen on 1December 1996(day 122;Fig.7) and 12March
1997 (day 224; Fig. 7), respectively. In the simulation for a
1.2m deep lake, the thaw zone did not freeze completely
and a 0.1-0.15m thick layer remained unfrozen at the end of
winter; consequently, the flux values were higher than those
at the shallower lakes (Fig.6b).

On the basis of the good agreement between the simulated
and estimated Fa values, we use the estimated fluxes to cal-
culate the area-weighted heat flux for six areas on the Alaskan
North Slope near Barrow (Fig.1).Spaceborne SAR data wcre
used to determine the areal fraction~oftundra, grounded ice
and lake ice at the time of the field investigation.

For reasons described in detail elsewhere (e.g.Weeksand
others, 1978),floating ice on these shallow lakes has a bright
signature due to strong returns to the radar, while the
grounded ice has a dark signature due to low returns to the
radar. Thus, as noted earlier, the many small, bright features
in Figure 1 indicate that extensive areas of ice remained
afloat across a broad swath of the Alaskan North Slope in
late winter 1997.The different signatures of floating and
grounded ice are particularly evident in Figure 2.

ERS-2 SAR data (Figs 1and 2) of the study area were
obtained on 19April 1997,the day after we finished making
observations. Based on the signature differences between
tundra, grounded ice and floating ice, a thresholding tech-
nique was used to determine the areal fraction of each type
in six different areas (Fig. I). Each of the six areas is quite
small relative to the full SAR image (Fig. 1) because of
image analysis software limitations. Each area was selected
on the basis of qualitative differences in lake size, density
(number per unit area), and extent of grounded and floating
ice.The total area of each sampling area, and the areal frac-
tions of tundra, grounded ice and floating ice are summar-
ized in Table 5.

300
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X = 0.4 m
X ~ 0.8 m
X = 1.2 m
X = 3.0 m

I
0.8 m

I
0.4 m

I
Tundra

40

30

50 100 150 200 250
Time (beginning 1 August 1996)

Fig. 7. Simulated Fa valuesfor the entire winter for each qf the
five cases ( X is the lake depth) illustrated in Figure 5. The
field investigation occurred between days 255 and 261 when
the simulation shows increasing fluxes. Days 50, 100, 15~
200, 250 and 300 correspond to 19 September, 8 November,
28 December, 16 February, 7 April and 27 lVIay, respectively.
The vertically oriented arrows along the bottom qf the graph
denote the times when the active layer on the tundrafroze com-
pletely to the permafrost, and the thaw zones beneath 0.4 and
0.8 m deep water froze completely to the permafrost. The thaw
zone beneath 1.2m qf water did not freeze completely in this
simulation.
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the entire winter of 1996-97.The graph shows that we could
have conducted the field investigation at almost any time
prior to or after the field investigation and obtained the
same result, i.e. significant differences in conductive heat
flux through the snow cover on tundra, grounded ice and
floating ice. The fact that these differences are maintained
throughout the winter in the simulation suggests that the
flux estimates based on the field measurements have wide
applicability and that the effects of transient snow-surface
temperature variations are minor. Figure 7 also indicates
that, although high in their own right, the conductive heat
fluxes during the field investigation were 2-3 times lower
than they had been during most of the winter.

Figure 7 also helps to explain the differences in conduc-
tivc heat flux from the tundra, grounded ice and floating ice.
In lakes where the water depth exceeds the maximum
winter ice thickness, roughly 2 m, the large heat fluxes occur
because a body of relatively warm water remains below the
growing ice, which has a relatively high thermal conductiv-
ity. On the tundra, on the other hand, it is known from pre-
vious investigations that the active layer becomes completely
frozen (Brown andJohnson, 1965;Brown, 1969).In the simula-
tions, this occurred on 26 October 1996 (day 93; Fig. 7).Sub-
sequently, the frozen active layer, which has a relatively low
thermal conductivity, continues to cool as heat is removed
from the soil and released to the atmosphere, but it rarely
becomes isothermal (Osterkamp and Romanovsky, 1997).
Consequently, even towards the end of winter, there is an
energy flux from the soil to the atmosphere. It is two orders
of magnitude greater than the geothermal heat flux
(0.0565W m-2: Lachenbruch and others, 1982),but an order
of magnitude lower than that through the snow on floating
Ice.

vVhere the water depth is less than the maximum winter
ice thickness, the complete freezing of the annual thaw zone
beneath a lake will occur later than the active layer on the
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Area-weighted heat losses in areas A-F

Using the areal fractions for each of the six sampling arcas
(Table5) and the estimated Fa values (Fig.4),area-weighted
heat fluxes (Fweighted) were calculated according to

AgFg + AfFf (grounded ice + floating ice) (5)

AtFt+ AgFg + AfFf

(tundra + grounded ice + floating ice) (6)

where A is the areal fraction of tundra (i), grounded ice (g)
and floating ice (I) (from Table 5) and F is the estimated
conductive heat flux for each surface. Fweighted was cal-
culated using the mean F" value for each surface, and the
± 1standard deviation values of the mean for each surface;
for example, for tundra the F;, values are -0.7 and 3.7\'\T m-2

(i.e. 1.5± 2.2W m-2; Fig.4a).
The heat fluxes have been calculated in this way as it

provides some indication of the possible range of values
during the sampling period that might have arisen from:
(a) transient, diurnal and day-to-day variability; (b)
spatial variability in snow characteristics and weather, i.e.
the Barrow observations and measurements might not have
been representative of all the selected areas; (c) potential
variations in snow thermal conductivity for any given
snow-density value (Sturm and others, 1997, fig.6); and (d)
the fact that we did not sample snow on floating ice during
the second half of the study period when the air tempera-
tures were at their lowest and the heat flux from the floating
ice would have been higher.

The number and size of lakes in each of the sampling
areas varies (Fig. 1),but there are only minor differences
between each area in terms of the areal fractions of lakes,
floating ice and grounded ice (Table 5).Consequently, there
are only small differences in the area-weighted heat flux
from each sampling area, as indicated by the bars in Figure
8, and each sampling area alone provides a reasonable esti-
mate of heat loss from a much larger area. The area-
weighted heat fluxes from the ice vary between 9.8 and
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Fig. 8. Variabiliry qf area-weighted Fa values in areas A-F
( see Fig. 1) calculated using the estimated mean Fa values in
Figure 4. The solid bars represent the area-weighted fluxes
from the entire area (tundra and lakes). The cross-hatched
bars represent the area-weighted lossesfrom the lakes only
(floating ice and grounded ice). The range qf values at the
top qf each bar represents the area-weighted fluxes calculated
using the ±1standard deviation flux valuesfor each substrate
in Figure 4.

.Jeffries and others: Heatflow to atmospherefrom Alaskan North Slope

13.8 \'\T m-2, and those from the ice plus tundra vary between
3.9 and 5.3W m-2.

Similar area-weighted conductive heat fluxes have been
calculated for the Arctic Ocean at the same time of year. For
example, in April at the AIDJEX manned array in the
Beaufort Sea, Arctic Ocean, the area-weighted conductive
heat flux through the ice to the snow/ice interface for all ice
thicknesses was 7.0 W m-2, while that through the thickest
ice (>0.8 m) was 1.2 W m-2 (Maykut, 1982). The conductive
heat fluxes through the snow cover at AIDJEX would have
been slightly lower than those through the ice because snow
has a lower thermal conductivity than ice.

Negative flux values, i.e. heat gains, are indicated (Fig.8)
when the heat flux is calculated using -I standard deviation
of the mean Fa value for each surface. Early in the sampling
period, negative heat fluxes were calculated for a few points
along the transects where the temperatures at the snow sur-
face were higher than those at the base of the snow cover.
However, it is unlikely that the area-weighted heat fluxes
were negative for any signifieant length of time, if at all,
during the sampling period. AsTable 2 shows, the mean flux
values for each transect remained positive under all the
measured snow-surface temperature eonditions. ~fore sig-
nificant than the negative values is the range, which indi-
cates that the area-weighted fluxes can vary significantly
and reach high values.

Zhang and others (1996) suggested that the relatively
high temperatures that characterize the winter climate
along the Arctic coast of the Alaskan North Slope are due
to the proximity to the Arctic Ocean and its high heat
fluxes.Thc data presented in this paper suggest that the heat
loss from the lake-dominated tundra might also contribute
to those high winter air temperatures. Zhang and others
(1996) also reported that the maritime effect decreases with
distance from shore, and a colder, more continental winter
climate prevails in the southerly regions of the North Slope.
There is a significantly smaller areal fraction oflakes in this
inland region (Sellmann and others, 1975); consequently, the
colder climate may be due, in part, to a resultant lower area-
weighted land-to-atmosphere heat loss.

SUMMARY AND CONCLUSION

The conductive heat fluxes through the snow cover on tun-
dra, grounded ice and floating iee on the Alaskan North
Slope have been estimated from field measurements made
in mid-April 1997, and successfully simulated with a numer-
ical model of the coupled snowjicejwaterjsoil system. The
simulation helps to explain the differences in estimated
fluxes through the snow on tundra, grounded ice and float-
ing ice. Comparisons of the point (transect) estimates of the
conductive heat flux with Antarctic sea-ice data, and the
area-weighted heat-loss estimates with Arctic sea-ice data,
indicate that energy flowsfrom the lake-dominated Alaskan
North Slope are on a par with those from the polar oceans.
This large conductive heat flow through the snow may con-
tribute to the spatial variability of the climate of the Alaskan
North Slope. .

The simulation of the heat fluxes for the entire winter of
1996-97 indicates that even greater heat transfer occurs
earlier in the winter, although this will require proper vali-
dation with future field measurements. Further investiga-
tion of land-to-atmosphere heat transfer on the Alaskan
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North Slope and the interactions in the coupled air/snow/
ice/water/soil system would be warranted in view of the per-
ceived sensitivity of the Arctic to climate change and the
role of the Arctic in effecting climate change. To date, such
investigations have tended to focus on the role of the Arctic
Ocean and its sea-icc cover. This paper suggests the need for
broader investigations of the role of the land surrounding
the Arctic Ocean.
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