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ABSTRACT

Little is known about the surface energy balance of Antarctic blue-ice areas although there have been some
studies of the surface energy balance of snow surfaces. Therefore, a detailed meteorological experiment was
carried out in the vicinity of a blue-ice area in the Heimefrontfjella, Dronning Maud Land, Antarctica, during
the austral summer of 1992/93, Since not all the surface fluxes could be measured directly, the use of a model
was necessary. The main purpose of the model is to calculate the surface and subsurface temperatures from
which the emitted longwave radiation and the turbulent fluxes can be calculated. The surface energy balance
was evaluated at four locations: one on blue ice, and three on snow. Differences are due mainly to the fact that
ice has a lower albedo (0.56) than snow (0.80). To compensate for the larger solar absorption of ice, upward
fluxes of longwave radiation and turbulent fluxes are larger over ice. Moreover, the energy flux into the ice is
larger than into snow due to the differences in the radiative and conductive properties. Surface temperatures,
snow subsurface temperatures, and ice sublimation rates cvaluated with the model compare well with the
measurements, which yields confidence in the surface energy balance results, The latent heat flux is particularly
important since the spatial variability of the sublimation rates largely influences the extent of a blue-ice area.
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This study helps to explain the heat exchange processes over Antarctic surfaces.

1. Introduction

Antarctica is generally known as the white continent
since nearly 98% of its area is covered with snow. Only
small parts are snow-free, such as dry valleys and blue-
ice areas ( BIAs, hereafter). The local surface mass bal-
ance of these specific areas is negative. Their surface
area is too small to play an important role in the total
surface mass balance regime of Antarctica. However,
on a regional scale they can be quite important for the
mass balance and therefore for the ice flow. BIAs seem
to be relatively widespread, especially in mountainous
regions (Schytt 1961; van Autenboer 1964; Budd 1967;
Takahashi et al. 1988). On the leeward side of moun-
tains, conditions seem to be favorable for the existence
of BIAs. The main processes determining the mass bal-
ance of these areas are 1) low snow accumulation rates
due to a small snow-drift divergence in the wind
shadow of mountain ridges and 2) high ablation rates,
mainly through sublimation. These high sublimation
rates are closely connected with the local surface energy
balance (SEB, hereafter) of BIAs. The local SEB is de-
pendent on a number of variables, such as 1) the local
wind field, which determines the latent and sensible
heat fluxes, 2) air temperature and humidity, which
also determine the heat and moisture fluxes between
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the surface and the atmosphere, 3) cloudiness, which
determines the radiation balance, and 4) surface al-
bedo, which also influences the radiation balance. The
extent of a BIA, which is determined by the horizontal
mass balance variations, is therefore dependent on
many variables. Orheim and Lucchitta (1990) dem-
onstrate the possibility to determine temporal changes
in the extent of a BIA by satellite. The resuits of this
study can be regarded as a first step to interpret such
changes in terms of (local) climate change.

The main purpose of this paper is to present a de-
tailed study of the SEB of blue ice and of snow during
summer. The focus will be on the spatial variability of
the SEB in the vicinity of a BIA. All components of
the SEB, such as radiation balance, turbulent fluxes,
and subsurface energy fluxes, are quantified. Measure-
ments as well as modeling results will be presented.
Further, the influence of the specific characteristics of
a BIA on the sublimation rate (and hence on the mass
balance) will be discussed.

2. Lacation

The Swedish research station Svea (74°35'S,
11°13'W, 1250 m MSL) was used as base camp. The
authors stayed there from 23 December 1992 to 12
February 1993 as part of SWEDARP (Swedish Ant-
arctic Research Programme ). The measurements were
made in the vicinity of a 2 km X 5§ km BIA in a U-
shaped valley called Scharffenbergbotnen in the central
part of the Heimefront Range. It is located approxi-
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mately 290 km from the coast in Eastern Queen Maud
Land (Fig. 1). Smaller BIAs are located in the areas
surrounding the valley. According to Worsfold (1967),
the BIA in the valley of Scharffenbergbotnen is the
largest in the central Heimefront Range.

A steady inflow of ice into the valley, mainly through
the broad northwestern entrance and the smaller west-
ern passage near Svea, counteracts the mass loss
through sublimation. This results in a southeast-di-
rected ice flow inside the valley, whereas the large-scale
flow is directed northwestward. The ice thickness is
approximately 1000 m at the northwest entrance, as
determined by radio-echo soundings (Herzfeld and
Holmiund 1990). The annual ablation is largest in the
eastern part of the valley, where it amounts to 0.15-m
water equivalent (w.e.). Most of the ablation takes
place in summer, although, according to Jonsson
(1992), the wintertime ablation cannot be neglected

0° South Atlantic Ocean

Weddell Sea

East
Antarctica

)

90°W

BINTANJA AND VAN DEN BROEKE

903

entirely. The mean annual accumulation rate on the
adjacent plateau Ritscherflya is 0.16 m w.e. and in-
creases to approximately 0.40 m w.e. on the coastal ice
shelves (Jonsson 1992; Lunde 1961).

The large-scale slope direction is 140°, which induces
a large-scale wind with dominant wind direction of
80° (Jonsson 1992). Measurements from January to
February 1988 in Scharffenbergbotnen show a mean
wind speed of 4.4 m s~ with strong gusts. Tempera-
tures were —4.7°C inside the valley, 2.4° warmer than
outside the valley (to-the northwest). The relative hu-
midity inside the valley was 57% and approximately
65% outside. This indicates that the mean specific hu-
midity inside the valley is somewhat higher than out-
side, probably due to the relative high sublimation over
the blue ice. These differences indicate that in the vi-
cinity of a BIA, large differences in meteorological
variables can occur over only a few kilometers. Thus,
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FI1G. 1. Map of the location of Scharffenbergbotnen, Hei-
mefrontfjella, Dronning Maud Land, East Antarctica. The
panels on the left show the surroundings of the Heime-
frontfjella and the Scharffenbergbotnen Valley with some to-
pographic detail.
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horizontal homogeneity will in general not be found
in the vicinity of BIAs, which hampers the interpre-
tation of the SEB results.

The Scharffenbergbotnen BIA seems to resemble the
majority of other BIAs listed in the literature since it
is located on the leeward side of a mountain ridge and
has a pronounced local climate as compared to nearby
snow-covered areas. Therefore, it is expected that
qualitative conclusions drawn from measurements at
this location can be applied more generally to other
BIAs.

3. Instrumentation and data acquisition

Spatial variations in surface type (snow, rock, blue
ice) occur over only a few kilometers in the vicinity of
a BIA. Therefore, spatial variations in the meteorolog-
ical conditions and in the SEB can be captured only
by a dense net of measuring sites. Meteorological masts
were placed at seven sites in and around the Scharf-
fenbergbotnen Valley (Fig. 2). Sites 2 and 3 were lo-
cated inside the valley on blue ice and on snow, re-
spectively. Sites 4 and 5 were located on the lower pla-
teau Ritscherflya, and site 1 on the higher plateau
Pionerflaket. Finally, two additional measuring sites
(6 and 7) were located on small BIAs on the western
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side of the valley. In this way, the local valley regime
(sites 2 and 3), the relatively undisturbed plateau re-
gimes (sites 4, 5, and 1), and the regime of the down-
wind side of the valley (sites 6 and 7) could be studied.
Unfortunately, a heavily crevassed area prevented us
from taking measurements on the upwind (eastern)
side of the valley.

The instrumentation was essentially the same as used
in earlier expeditions to the Alps, King George Island
(Antarctica), and Greenland (Oerlemans and Vugts
1993). The experimental setup and data acquisition
routine are described in detail in Bintanja et al. (1993)
and will only be summarized here. The measurements
covered approximately a six-week period from 31 De-
cember 1992 to 10 February 1993. At all sites, masts
were placed containing wind speed (2- and 6-m height),
wind direction (6 m), and temperature (2 and 6 m)
sensors. At sites 2, 3, and 7, relative humidity was mea-
sured at 2 and 6 m. Masts at sites 2 and 3 were equipped
with additional temperature and humidity sensors at
0.5 m. The temperature and humidity sensors were
ventilated and shielded from radiation. At sites 1, 2,
3, 5, and 7, shortwave incident and reflected radiation
(1.5 m) were measured. Total radiation (1.5 m) was
measured at sites 2 and 3. At site 3, snow temperatures
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FIG. 2. Location of the measuring sites in and around the Scharffenbergbotnen Valley.
Site 7 is situated near base camp Svea,
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were measured at five levels (i.e., —5, —10, —20, —40,
and —80 cm). The equipment at site 2 is shown in Fig.
3. The sampling frequency of all sensors was 2 min.
Data were transmitted to the base camp by radio about
every hour where they were stored and analyzed. In
this paper, only data from sites 2, 3, 4, and 5, which
were located on a straight line parallel to the main axis
of the valley (southeast-northwest ), were used. Table
1 shows some characteristics of these measuring sites.
At site 2 and especially site 5, electronic problems
caused some loss of data.

The precision of the sensors was estimated in various
test campaigns ( before and during the expedition). The
estimated precision for air temperature was +0.2°C,
for relative humidity 2%, for wind speed 0.2 m s},
for wind direction +3°, for shortwave and total radia-
tion 2% (daily average), and for snow temperature
+0.05°C. Analysis of data obtained during earlier field
campaigns revealed that the total radiation sensors suf-
fered from a systematic offset of —10 to —20 W m™2.
This underestimation of the total radiation was cor-
rected for in the present study, as will be discussed
below.

A cable balloon system was used at Svea (near site
7) to obtain vertical profiles of temperature, humidity,
wind speed, wind direction, and pressure in the lowest
1200 m of the atmosphere. The soundings were per-
formed every 6 h provided weather conditions were
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TABLE 1. Characteristics of the measuring locations studied

in this paper.
Surface Elevation Distance from Performance
Site type {m MSL) site 2 (km) (%)
2 blue ice 1170 0 90
3 snow 1260 5 100
4 snow 1200 9 100
5 snow 1150 16.5 63

good. They were increased to every 3 h on nine selected
days.

Cloud observations (type and amount) were per-
formed every 3 h at the base camp. These observations
are assumed to be valid for the entire valley (sites 2,
3,and 7).

At sites 2 and 3, surface temperature measurements
were made during some selected periods. A downward-
facing infrared radiation sensor and a resistance ther-
mometer placed at the surface were used. As these sen-
sors were not ventilated, the reliability of the mea-
surements varied considerably with time. It was only
during periods with high wind speeds when the errors
due to heating of the instruments by direct radiation
were small. Measured surface temperatures obtained
on those days are used for comparison with model re-
sults.

kAT YA e T it Pl WEAT L2 i,
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FI1G. 3. Photo of the measuring equipment at site 2 at blue ice.
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4. Meteorological conditions

The weather during the six-week measuring period
consisted of a succession of calm, sunny periods and
windy overcast conditions. Figure 4 shows some me-
teorological quantities. The windy periods are con-
nected to depression activity near the coast, which in-
tensified the large-scale easterly katabatic wind. During
these periods, humid air was advected inland and some
precipitation occurred. The calm periods are associated
with low cloud amounts and westerly winds inside the
valley. Table 2 lists mean and extreme data for the
measuring period. The temperature decreases 3.1°C
going out of the valley; this decrease cannot be attrib-
uted to differences in elevation. The temperature vari-
ations are most pronounced at night (Fig. 5c), which
can be explained qualitatively by variations in the local
SEB, as will be discussed later on. Also, the heating of
rocks inside the valley contributes to the warm valley
climate. The mean summertime relative humidity is
rather low compared to the value of 80%-90% at nearby
coastal stations Halley and Sanae (Schwerdtfeger
1970), which can be attributed to the different origin
of the prevailing air masses (moist ocean air versus dry
inland air). The difference between the mean relative
humidity at sites 2 and 3 is negligible.

The mean wind speed decreases from site 5 to site
3 but increases again toward site 2. Outside the valley
(sites 4 and 5), the wind blows almost permanently
from the east with high directional constancy (defined
as the ratio of the magnitude of the mean wind vector
to the mean wind speed) (e.g., Kodama et al. 1989).
Inside the valley, the directional constancy drops below
0.7, a rather low value for Antarctic surface winds. The
maximum wind speed is highest at site 2 due to strong
gusts, which means that the average wind speed is
higher than at site 3. To give an indication of the in-
terannual variability at site 2, these values can be com-
pared with mean quantities for January-February 1988
(Jonsson 1992): in the summer of 1992/93, temper-
atures were 3.5°C lower, relative humidity 5% lower,
and wind speed 0.5 m s™! higher.

The mean cloud amount during the experiment was
0.35, which consists of 0.11, 0.12, and 0.12 for the
amount of low, middle, and high clouds, respectively.
The amount of clouds is low compared with nearby
coastal stations {0.7 at Halley and Sanae, according to
Schwerdtfeger (1970)], which can be attributed to di-
minishing cyclonic activity associated with frontal
clouds (e.g., stratus, stratocumulus and nimbostratus).
Needless to say, the predominant amount and type of
clouds determines to a large extent the surface radiation
budget.

In the Antarctic coastal regions, a prevailing west-
ward airflow occurs that results from the balance be-
tween inversion, friction, and Coriolis forces. A cross-
shore pressure gradient can accelerate this airflow con-
siderably. Figures 5a,b show some characteristics of
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F1G. 4. Daily mean values of total cloud amount, pressure, tem-
perature (2 m), relative humidity (2 m), and wind speed (6 m) at
site 3.

the wind field for the various sites. Site 5, and to a
lesser extent site 4, reveals the typical characteristics
of the near-coastal surface airflow, as explained in detail
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TABLE 2. Mean and extreme meteorological data for the period 28 December 1992-10 February 1993
evaluated from hourly mean values.
Wind speed

Temperature (°C) 2 m Relative humidity (%) 2 m (ms*)6m Directional

constancy
Site Min Mean Max Min Mean Max Mean Max 6m
2 —-17.1 -8.3 -1.9 24.3 51.5 81.4 4.9 15.9 0.65
3 —17.8 -9.8 -33 26.9 51.6 88.0 4.2 11.5 0.64
4 —20.1 -10.8 -2.0 52 13.7 0.84
5 ~21.6 —-11.4 2.0 5.8 4.3 0.91

by Kodama et al. (1989) for Adelie Land, Antarctica.
In the early morning the wind blows from the east with
a maximum wind speed and a high directional con-
stancy (0.95). In the afiernoon the wind veers to the
northeast, and its force and directional constancy de-
crease. This is due to extensive surface heating that
causes unstable conditions and vigorous mixing; this
in turn reduces the katabatic downslope force and turns
the wind more in the direction of the geostrophic wind.
The wind field at site 5, and to a lesser extent at site 4,
can be considered as relatively undisturbed. At sites 2
and 3 inside the valley, the wind field is significantly
different: the wind speed is at its maximum in daytime
and at its minimum at night and the directional con-
stancy is much lower. A high pressure system over the
Weddell Sea causes weakening of the predominant
easterly winds outside the valley and even causes oc-
casional predominantly westerly winds inside the val-
ley. This is best illustrated in Fig. 6, from which it can
be inferred that noneasterly winds are more common
inside the valley than outside. It can be concluded that
the presence of the valley induces a very local wind
regime, which further contributes to the spatial vari-
ability of the SEB.

5. Model description
a. General

The SEB over Antarctic snow surfaces has been
widely studied (e.g., Schlatter 1972; Weller 1980; Car-
roll 1982; Ohata et al. 1985; Wendler et al. 1988).
Also, the interaction between the SEB and the conti-
nental-scale katabatic wind has received much atten-
tion (e.g., Parish and Waight 1987; Kodama et al.
1989). The SEB of BIAs seems to be relatively un-
known. There are some related studies but they focus
mainly on the sublimation rate (Budd 1967; Fujii and

Kusunoki 1982).

- The surface energy balance equation can generally
be written as (fluxes toward the surface positive)

S+L+H+LE+G=0, (1)

where S is the net shortwave radiative flux [S = (1
— a;)S8g, with «a, the surface albedo and S, the global
radiation at the surface], L the net longwave radiative

flux, H and LE the turbulent sensible and latent heat
fluxes, and G the total upward energy flux inside the
snow/ice. The latter consists of a surface conductive
heat flux G, and a penetrating part of the shortwave
radiation G,. Melting was not observed at any of the
four sites and is therefore not dealt with.

Obviously, all components of (1) should be known
for a complete assessment of the SEB. Since not all
SEB terms were measured directly, a simple model was
applied (Knap 1992) to evaluate the remaining terms.
A schematic representation of the model is given in
Fig. 7. Essentially, the model evaluates the radiative
and conductive fluxes and temperatures inside the
snow/ice and the emitted longwave radiative and tur-
bulent fluxes. At each site, hourly varying values of net
shortwave radiation, incoming longwave radiation,
wind speed, air temperature, and humidity are used as
input to evaluate the nonmeasured SEB terms for the
entire measuring period. All components of the model
will be described below in more detail.

b. Subsurface heat and radiation transfer

In the absence of melting, refreezing of meltwater,
and deformation, one can calculate the vertical tem-
perature distribution in the interior of the snow/ice
with the thermodynamic energy equation, which in-
cludes molecular diffusion as well as convective and
radiative processes in the snow/ice:

aT 4G, + aS;(2)

pCp — = —

at dz 9z (2)

Here, z is the coordinate normal to the surface (positive
upward), p is the density of snow/ice, ¢, is the specific
heat capacity of ice at constant pressure (2 X 103 J kg™!
K™"), T'is the snow-ice temperature, G, = —K,07/9z
is the conductive heat flux, K| is the conductivity of
snow/ice, and S;(z) is the penetrated shortwave ra-
diation at depth —z. Generally, the value of K| is a
function of density. For ice with a measured density
of 850 kg m™3, a value of K of 1.73 Wm™" K~} is
obtained (Paterson 1981). For snow, the value of X;
is determined from snow temperature measurements
at site 3 (see appendix A). For the measured value of
the snow density of 400 kg m™3, K, is found to be 0.25
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+ 0.03 Wm™' K~!, which is somewhat smaller than
values reported in the literature. This value is used for
the evaluation of the conductive heat flux at sites 3, 4,
and 5.

¢. Shortwave radiation

The spectrally integrated incoming and reflected
shortwave fluxes were measured at sites 2, 3, and 5 at
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1.5-m height. However, the radiative fluxes inside the
snow /ice were not measured. For a correct treatment
of this process, one has to take into account the spectral

Atmosphere
;
o5y i

FiG. 7. Schematic représentation of the surface energy balance
model. Measured fluxes and meteorological quantities (7,, RH, and
U indicate air temperature, relative humidity, and wind speed, re-
spectively) are outlined. The other variables and fluxes are evaluated
with use of the model.
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dependence of the optical properties of ice and snow.
According to Wiscombe and Warren (1980), the ab-
sorption is highest in the near-infrared and almost zero
in the visible part of the spectrum. Brandt and Warren
(1993) show that a significant part of the absorption
(>50%) of near-infrared radiation occurs in the top
few millimeters of the snow/ice. Thus, the extinction
coeflicient decreases significantly with depth, especially
close to the surface. To account for this, the extinction
of solar energy in the snow-ice layers is parameterized
in the following way: in the top model layer, a fraction
¢ is absorbed, and below that, an exponentially de-
creasing flux with constant extinction coefficient g is
assumed. Thus, the shortwave flux at depth —z can be
expressed as (downward positive)

Si(z) = S(1 = {)e”. (3)

Thus, the downward-directed surface radiative flux G,
is equal to (1 ~— {)S. With this simple approximation,
the basic properties of subsurface radiational heating,
as obtained from sophisticated two-stream radiative
transfer models (e.g., Brandt and Warren 1993), can
effectively be simulated. This method was used before
by Greuell and Oerlemans (1989) and Knap (1992).
Values of { and g are listed in Table 3.

Wiscombe and Warren (1980) show that the (spec-
tral) albedo (and thus the extinction coefficient) is
generally dependent on snow-grain radius, solar zenith
angle, and the presence of clouds. Although it is ac-
knowledged that these factors may be important, they
are neglected in the parameterization of the extinction
coefficient.

d. Longwave radiation

The longwave radiation components have been de-
rived from the total and shortwave radiation measure-
ments at sites 2 and 3. Unfortunately, the usage of the
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total radiation sensors leads to an underestimation of
the incoming longwave radiation L, as referred to in
section 3. Comparison of measured clear-sky values of
L' with those from the empirical relationship of Kim-
ball et al. (1982) shows that the order of magnitude of
the offset is —10 to —20 W m~2, while the diurnal and
day-to-day variability seems to be reasonably good.
Therefore, a constant correction will be added to the
incoming longwave radiation that will be used as a
tuning parameter, as will be described in section 5f.
The infrared radiation emitted by the surface L' is
calculated from the surface temperature 7 with

Lt = eaT?, (4)

where o is Boltzmann’s constant (=5.667 X 107%
W m 2K ™). It is assumed that the surface emissivity
¢ for snow and ice equals unity.

e. Turbulent fluxes

The transport of heat and moisture in the lowest
layers of the atmosphere (surface layer) is dominated
by turbulent motions. The turbulent sensible and latent
heat fluxes can be calculated with the Monin-Obukhov
similarity theory. According to this theory, the mean
gradients of wind v = (u, v), potential temperature 8,
and specific humidity g in the surface layer are related
to the corresponding fluxes as

kz dlvl _

0 dm(£) (5a)
kz 96
0oz on(£) (5b)
k2 g _ 5
7oz o), (5¢)

TABLE 3. Characteristics of the assumptions and measurements used for the SEB calculation.
An asterisk () indicates that the variable is measured locally.

Site 2 Site 3 Site 4 Site 5
Number of days 37 41 41 26
Snow-ice density p (kg m™3) 850 400 400 400
Zom, Zohs Zog (MM) 0.007 0.084 0.550 0.750
¢ 0.8 0.9 0.9 0.9
B8 (m™ 2.5 17.1 17.1 17.1
K, (W m™ K™Y 1.73 0.25 0.25 0.25
Leor (W m™) 10 20 20 20
Gy (W m™) -2 -2 -2 -2
Initial snow~ice temperature ~8°C * from site 3 from site 3
Integration depth H, (m) 3.2 0.8 0.8 0.8
RH values * *® RH site 3 + 3.5% RH site 3 + 7.5%
L | values * * from site 3 from site 3
S values * ® from site 3 *
Height WSP (m) 2.12 2.12 2.09 2.09
Height 7, (m) 0.82 0.70 1.88 1.88
Height RH (m) 0.82 0.70 1.88 1.88
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where « is the von Karman constant (=0.4) and z the
height above the surface. The characteristic scales of
velocity, potential temperature, and specific humidity
are given by u,, 0,, and g, , respectively, and are related
to the variances ', v', w', §', and ¢’ as
w = (@ + o)1,

Upls = =W, Uygy = —Wgq'. (6)

In (Sa)-(5c), £ is the nondimensional length scale z/

Lo, in which L, is the Obukhov length scale defined

as :
Lo = ta

" k(8 To)(Bx + 0.62T0gy)

)

where g is the acceleration of gravity and T a reference
temperature. The nondimensional stability functions
¢, and ¢y, in (5a)-(5¢) for momentum m and heat
and moisture 4 are taken from the literature. For un-
stable conditions (£ < 0), expressions given by Dyer
(1974) and Hogstrom (1988) are used:

d’m(f) = (l - 'Ymg)—”“
u(5) = (1= i)™, (8)

with v, = 20 and v, = 15. The stability corrections
under stable conditions (¢ > 0) are far less certain,
especially under very stable conditions. Here, the
expressions given in Duynkerke (1991) are used, which
are very similar to those proposed by Hogstrom (1988)
for moderately stable cases (§ < 1):

m(£) = 1 + Xof(1 + Xp/a)*™

®n(£) = 1 + X1 + X4/ )™, (9)

with X,,, = 5, X;, = 7.5, and a = 0.8. It should be stressed
that the values of X, and X, are far from certain. King
(1990) shows that for the stable boundary layer over-
lying the ice shelf near Halley in the polar winter, the
surface-layer similarity functions (9) cannot generally
be applied except possibly for the lowest meters. In
contrast to the midlatitudes, where expressions like (9)
are derived, the background stability in the Antarctic
winter is very large, which reduces the boundary layer
depth (<100 m). Therefore, the turbulent length scales
are severely reduced and the scaling assumptions im-
plicitly included in (9) lose their validity. In summer,
however, the very large background stability is replaced
by a moderately stable boundary layer. Daytime mixing
reduces its stability, which permits larger turbulent
length scales throughout the nocturnal stable boundary
layer (Sorbjan et al. 1986). Thus, it is expected that
scaling functions like (9) are applicable to higher levels
during the Antarctic summer. Figure 8 shows examples
of the average potential temperature profile for the pe-
riod 14-19 January. In accordance with Sorbjan et al.
(1986) and Kodama et al. (1989), typical depths of
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FIG. 8. Mean vertical profile of potential temperature at 3 and
15 h for the period 14-19 January. This period was characterized by
fair weather, that is, light winds and low cloud amounts.

the nocturnal stable boundary layer and the near-neu-
tral mixed layer in daytime are 200-500 m. The over-
lying atmosphere is moderately stable with a potential
temperature gradient of 2.6 K km™'.

In the atmospheric surface layer, the fluxes, and
therefore the characteristic scales uy, 0, and g,, are
assumed to be constant with height. Then, the flux
profile relations (5a)-(5¢) can be integrated analyti-

‘cally between two heights. The fluxes of sensible heat

H = —p,c,quy 04 and latent heat LE = — p, L u,q, fol-
low from measurements of wind speed, potential tem-
perature, and specific humidity at two heights in the
surface layer (p, = 1.15 kg m™3 is the density of air at
1250 m MSL, ¢,, = 1004 J kg ' K', the specific heat
capacity of air at constant pressure, and L; = 2.842
X 109 J kg™', the latent heat for sublimation). Note,
however, that wind speed, temperature, and humidity
do not have to be measured at the same heights.

Although the Monin—~Obukhov theory can be ap-
plied to derive fluxes from measurements at two heights
in the atmosphere, this will sometimes lead to large
errors in the fluxes. As an example, the dependence of
the sensible heat flux on potential temperature and
wind speed differences between 2 and 6 m is given in
Fig. 9. It is clear that especially in the unstable surface
layer the flux increases rapidly with increasing Af. In
fact, uncertainties in A8 of the order of 0.3°C, which
is normally the maximum accuracy one can expect,
will lead to variations in the sensible heat flux of 100
W m™2 or more. Similar arguments can be given with
respect to the latent heat flux. Since errors of such
magnitude are clearly unacceptable, the turbulent
fluxes are calculated by applying (5a)~(5¢) between a
level in the atmosphere and the surface. Temperature
and humidity differences between this height and the
surface will certainly be large enough to keep the errors
in the turbulent fluxes relatively small. At the surface,
the wind speed is zero and it is assumed that the surface
air is saturated with respect to ice.
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speed and potential temperature difference between 6 and 2 m (Af). A value of 7, = —10°C was
used and Ag was taken as 0. Note that for unstable conditions (A8 < 0), H is almost only dependent
on Af.

The use of surface values means that it is essential
to know the surface roughness lengths for momentum
{(zom), heat (zg,), and moisture (zg,). These are defined
as the height where the downward extrapolated loga-
rithmic profiles of wind speed, potential temperature,
and specific humidity reach their surface values. This
procedure is easy for wind speed since its surface value
is equal to zero. Table 3 lists the aecrodynamic rough-
ness lengths at each site, derived from 2- and 6-m
measurements under adiabatic conditions (|z/ Lol
< 0.03) and assuming a logarithmic wind profile. Going
from site 2 to 5, there is an increase in roughness length
of two orders of magnitude. The momentum roughness
length of blue ice (site 2) is of the order of the diffusion
roughness length »/u, ~ 107° m (v is the molecular
diffusion coefhicient) (Brutsaert 1982), which indicates
that the airflow over blue ice is in the aerodynamically
smooth regime. A similar small value for the momen-
tum roughness length (0.024 mm) was found on the
BIA on the western side of the valley (site 6), which
is an indication of the fact that the distances to up-
stream rock outcrops are probably large enough for the
growth of a constant-flux layer deeper than 6 m, which
is entirely determined by the stress at the ice surface
(the value of z,,, at sites 2 and 6 can be regarded as
characteristic for blue-ice surfaces). Blue ice probably
has the smoothest (permanent ) surface found in nature.
Values of zg,, over snow surfaces at site 3, 4, and 5 are
comparable with those found in the literature (e.g.,
Fujii and Kusunoki 1982; Kondo and Yamazawa
1986; Wendler et al. 1988; King 1990). The increase
of zy., toward site 5 can easily be explained by the in-
crease in the geometrical roughness due to the presence
of larger surface elements (sastrugis) outside the valley.

Generally, zo,, will depend on u, over smooth surfaces
(sites 2 and 3), as was found in experimental studies
(Brutsaert 1982). Since mainly measurements with
large wind speeds (hence large u, ) were used to deter-
mine zo,,, its value will be a low estimate at sites 2 and
3. On the other hand, Wendler ( 1989) concluded from
wind profiles during drifting snow that z,,, increases
with wind speed. In the present study, zo,, is assumed
to be constant in time since any dependence of zy,, on
u, will be submerged in the large scatter that is inevi-
tably present using wind speed profiles over relatively
smooth surfaces. For the present purpose, this seems
to be a reasonable approach given all the uncertainties.
The values of zy, and z, are even more difficult to
obtain. Very near the surface, the scalar transport is
determined only by molecular diffusion, whereas over
rough surfaces, momentum is transferred by means of
pressure forces (form drag). According to Brutsaert
(1982}, theoretical and experimental studies show that
over smooth surfaces the scalar roughness lengths are
of the order of the momentum roughness length. How-
ever, over rough surfaces, zo;, and zo, will be significantly
smaller than zy,,. Since local values of zo, and zg, could
not be derived from measurements, it is assumed that
they equal z,,, which is thus probably correct for
smooth surfaces (sites 2 and 3). Over rough snow sur-
faces (sites 4 and S), however, this may induce an
overestimation of the turbulent fluxes.

[ Numerical procedure, assumptions, and tuning

At the upper boundary of the snow-ice pack, the
exact formulation of (1) is valid, which is therefore
applied to the uppermost model layer:
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(S+L+H+LE+G,=0, (10)

where G, is the conductive heat flux just below the
surface. The total surface energy flux into the snow/
ice (G) consists of a conductive and a radiative part
(positive upward):

i}
iy

G =Go= Gy =K g

— (1= {)S.

z=0

(11)

The longwave radiative flux and the turbulent fluxes
influence only the top few millimeters of the snow/ice
and are therefore present only in (10) and not in (2).
In the numerical procedure, where the surface is rep-
resented by the uppermost model layer, G is the flux
between the two uppermost model layers. The con-
ductive heat flux at the lower boundary (G_g,) is as-
sumed to be constant in time and the radiative flux at
z = —H, is negligible for values of H, as depicted in
Table 3.

At each site, the model is forced with local hourly
mean values of the shortwave radiation fluxes and the
incoming longwave radiative flux (Table 3) for the en-
tire 41-day measuring period from 1 January to 10
February. For the evaluation of the turbulent fluxes,
wind speed, temperature, and relative humidity mea-
surements from one level are used. Equation (2) is
solved numerically on an equidistant vertical grid (grid
distance 5 mm) on which the space derivative is dis-
cretized with central differences. At site 3, the measured
snow temperatures were used to initialize the model.
Since the ice temperatures at site 2 were not measured,
an isothermal initial temperature profile T}y, of —8°C
was assumed. With an initial snow-ice temperature
distribution, the associated longwave, turbulent, and
conductive fluxes can be calculated. With all surface-
air and subsurface energy fluxes known, the “new”
(sub)surface temperature distribution is calculated
from (2) and (10) for the next time step, after which
the associated fluxes can again be calculated. Thus,
with this methodology, subsequent values of all the
SEB terms and the (sub)surface temperature distri-
bution can be calculated for the entire period of mea-
surements. The applied time step is 7.5 s, which means
that all hourly input values are interpolated. When gaps
in the input data occur, the SEB is not calculated. Note
the great importance of the simulated surface temper-
ature since it determines all surface fluxes except S,
G,, and LV,

Humidity was not measured at sites 4 and 5. For-
tunately, the measurements of summer 1988 described
by Jonsson (1992) make it possible to crudely estimate
the humidity at sites 4 and 5. In summer 1988, the
- average humidity outside the valley was approximately
7.5% higher than inside the valley. It is therefore as-
sumed that with a correction of +7.5% the site 3 hu-
midity values can be applied to site 5. Similarly, at site
4 a correction of +3.5% is assumed. It was realized,
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however, that the humidity differences are not neces-
sarily constant over the entire measuring period. The
radiative fluxes from site 3 can be applied to sites 4
and 5 without causing large errors since 1) the spatial
variation of cloud amount over the measuring region
is observed to be very small, 2) shading of shortwave
radiation by the mountains surrounding site 3 is neg-
ligible when daily means are considered, and 3) in-
creased downward longwave radiation through heated
rock surfaces is also negligible at site 3.

Another potential error can arise from erosion and/
or deposition of snow that caused the ice at site 2 to
be partially snow covered during some periods. Since
accumulation is not included in the model, this will
cause errors in the simulated surface temperatures and,
accordingly, in the turbulent and longwave radiative
fluxes. However, since accumulation was small and
only temporary, the associated errors are expected to
be small when average fluxes over the entire measuring
period are considered.

The snow—ice density was measured at site 3 and
site 2, respectively, and is assumed to be constant
throughout the period. Accumulation and ablation
caused variations in the sensor heights of only a few
centimeters during the measuring period and can
therefore be neglected.

The model is tuned with the correction to the in-
coming longwave radiation (L) and the solar ex-
tinction coefficients ¢ and 3. At site 3, simulated snow
temperatures should closely match the observed snow
temperatures. At sites 2 and 3, observed surface tem-
peratures were accurate enough on some days to use
as reference for the model.

A complete list of the values used and the assump-
tions made to overcome the lack of measurements is
presented in Table 3. Note that due to the lack of mea-
surements the period of calculations at sites 2 and 5
was shorter than 41 days. Although all assumptions
will introduce errors into the calculated SEB, especially
at sites 4 and 5, it is not expected that results will deviate
significantly from the true SEB. The sensitivity of the
individual terms to the assumptions made and to mea-
suring uncertainties will be estimated in section 6f.

6. Results
a. Surface energy balance

The daily mean SEB values for the entire period at
sites 2 and 3 are presented in Fig. 10. The net radiation
R, the largest positive flux in the first part, seems to
decrease toward the end of the measuring period.
Moreover, it varies considerably within this period,
mainly due to changes in cloudiness. At site 3, the other
positive term is the sensible heat flux H. Generally, in
summer R is the largest positive term, whereas in winter
only H heats the surface. At both sites, R becomes
smaller toward the end of the period, which can be an
indication of the fact that the short, peaked summer
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F1G. 10. Daily mean values of the energy balance terms at (a) site 2 and (b) site 3. The net
radiative flux is indicated by black areas, sensible heat flux by white areas, latent heat flux by
hatched areas, and the total subsurface energy flux by gray areas.

period is ending. (At site 3, H becomes even larger
than R toward the end.) Most of the heat is used for
sublimation (LE) at both sites. The total subsurface
energy flux G is very small at site 3 and somewhat
larger at site 2, which indicates that the ice gains more
heat than snow during summer. The variability of the
fluxes is large and clearly connected with different
weather types. This will be explored in more detail in
section 6e.

The mean daily cycle of the SEB terms for all sites
is shown in Fig. 11. The daily cycle of all components
is determined mainly by the net shortwave radiation
S. The most dominant difference between ice and snow
is the larger value of .S for ice in daytime. The shading
by mountains surrounding site 2 is apparent in the
early morning. The diurnal variation in the net long-
wave radiation L is dominated by variations in the
emitted longwave radiation and thus in the surface
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FIG. 11. Mean diurnal cycle of (a) net shortwave radiation, (b) net longwave radiation, (c) net radiation, (d) sensible heat flux,
(e) latent heat flux, and (f) total subsurface energy flux at sites 2, 3, 4, and 5 for 1 January-10 February 1993.

temperature. Maximum heat loss due to L occurs
around 18 h, 6 h after S is at its maximum. This can
be attributed to the difference in phase between the
diurnal cycle of incoming and emitted infrared radia-
tion: L' peaks at 13 h (snow) and at 14 h (ice), whereas
L' is maximum at 10 h and minimum around 20 h,
in qualitative agreement with results of Wendler et al.

(1988). As a result, the net longwave radiation lags S
by some hours, the phase lag being largest over ice. At
night, R is negative and the surface air layer is stably
stratified, as is indicated by a positive value of H. Day-
time heating of the surface causes unstable conditions
(negative H), lasting 13 h over ice and 3-6 h over
snow. The latent heat flux is negative throughout the
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day, indicating heat loss through sublimation. In the
afternoon, the value of LE is comparable to L, es-
pecially at sites 2 and 5. The total energy flux into the
snow/ice closely follows the diurnal behavior of R.
Obviously, G closely follows the diurnal variation in
S while G, peaks a few hours earlier, as can be easily
understood from the temperature evolution in the top
layers of the snow/ice (see appendix B). The differ-
ences between the diurnal cycle of G as presented here
and estimates from other studies are discussed in ap-
pendix B. The difference in amplitude of G between
ice and snow reflects differences in their respective ra-
diative ({ and B) and conductive (K;) characteristics.
At site 2 in daytime, most of the energy is used to heat
the ice. There, G is even larger (negative) than L. The
diurnal heating of the ice expands deeper than for snow.
At night, over ice there is a balance between G ( mainly
upward heat conduction) and L, which keeps the sur-
face temperature relatively high. Hence, the stratifi-
cation of the lower atmosphere remains moderately
stable in contrast to snow surfaces over which the air
can become very stably stratified. This is reflected by
the differences in H at night. Thus, the high temper-
atures over ice { Fig. 5¢) can be understood qualitatively
from the diurnal cycle of the SEB. At site 5, the noc-
turnal balance is mainly between H and L, which is
very typical for the Antarctic slopes with its inversion
winds, in accordance with the results of Wendler et al.
(1988).

The spatial variation in the turbulent fluxes from
site 2 to § is very interesting. Figure 12 shows the fric-
tion velocity u,, the temperature scale 8, and the flux
Richardson number Ri,, which is defined as (Stull
1988)

. &\ [ 0T
Ri, (av)(wﬂu)[(uw)az] , (12)
in which 911/9z is taken from (5a). The term 8, is the
virtual potential temperature. The sensible heat flux
increases going from site 2 to 5. Over snow, the increase
is largely due to higher wind speeds (and hence u,)
outside the valley, especially at night. The fact that
unstable conditions prevail for some time in the after-
noon has important implications for the surface wind
field, as described by Kodama et al. (1989). They
showed that the change in the wind regime in the af-
ternoon is closely connected to the SEB, as described
in section 4. The difference in the H of ice and snow
can be attributed mainly to variations in 6, . At night,
the sensible heat flux is small over ice and strongly
positive over snow, especially at sites 4 and 5. This
causes the forcing of the inversion winds to be strongest
at site 5 and nearly zero at site 2. The diurnal variation
of Riy, which is a measure of stability, is connected to
the daily cycle of u, and 0, . At night and in the early
morning, Ri,is close to zero at site 5 through the large
shear production. In daytime, the large values of 6,
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for 1 January~10 February 1993.

cause low values of Riyat site 2, where the most unstable
conditions therefore occur.

The latent heat flux is negative everywhere, indicat-
ing an upward moisture flux. It reaches its maximum
values (upward) in the afternoon. A major part of the
sublimation (73%-80% ) takes place when R is positive.
From this it can be understood that most of the annual
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sublimation takes place in the short summer, during
unstable conditions in daytime (Budd 1967; Fujii and
Kusunoki 1982; Clow et al. 1988).

Table 4 summarizes the period mean values of the
SEB terms. The mean shortwave radiation on ice is
approximately twice as large as over snow due to a
doubling of the absorption fraction (1 — «;). Note that
the albedo of snow is within the range of what is nor-
mally found. Shading by the surrounding mountains
at site 2 decreases the incoming shortwave radiation
by approximately 40 W m™2 and therefore S by 18
W m™2 in comparison with site 3. Variations in L are
due mainly to differences in the emitted longwave ra-
diation and hence T;. The mean sensible heat flux is
upward over ice and downward over snow. Thus, on
average, the air above ice is warmed whereas it is cooled
over snow. The mean sublimation rates are indeed
largest over ice, as can be understood from the large
moisture gradient induced by the high ice surface tem-
peratures. However, the spatial variations over snow
show that LE increases toward site 5 through the in-
creasing wind speed (g, is merely constant). At sites
4 and 5 the heat loss due to sublimation is approxi-
mately one-third of the heat gain through S. The sub-
surface energy flux G is negative upward, indicating
heating of the subsurface snow/ice layers. The mean
conductive heat flux G, is positive and therefore heats
the surface, while G| is obviously downward. The larger
value of G, over ice can be explained by the larger
value of K, which causes the deep penetration of the
annual temperature wave as compared to snow.

The relative importance of the surface fluxes can be
inferred from Fig. 13. The sum of the positive fluxes
are scaled to 100%. Clearly, going from site 2 to 5, R
decreases in importance as heat gain while A more or
less replaces it. The largest heat sink everywhere is LE.
At site 5, the turbulent fluxes balance each other with
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a small positive contribution of R. This qualitatively
resembles the SEB of an undisturbed snow field in
Adelie Land (Wendler et al. 1988) at 105 km from the
coast. There, the net radiation is also small compared
to the magnitude of the turbulent fluxes. It is therefore
concluded that the SEB at site 5 can be regarded as
representative for the intermediate slopes of Antarctica
In summer.

b. Subsurface temperatures

The subsurface temperatures as calculated by the
model can be compared to measured values. Figure 14

TABLE 4. Mean values of the SEB components and related variables for the entire measuring period.
An asterisk (x) indicates that the vaiue was not measured locally, see Table 3.

Site 2 Site 3 Site 4 Site 5
Incoming shortwave (W m™2) 291.9 330.2 330.2* 315.3
Reflected shortwave (W m™2) ~164.0 ~266.5 —266.5* —252.2
Net shortwave S (W m™2) 127.9 63.7 63.7* 63.1
Incoming longwave (W m™2) 199.7 203.0 203.0* 200.4*
Emitted iongwave (W m™) ~-285.2 —259.0 —-258.5 —258.9
Net longwave L (W m™?) —85.5 -56.0 —-55.5 ~58.5
Net radiation R (W m™2) 424 7.7 8.2 4.6
Albedo o 0.56 0.81 0.81* 0.80
Sensible heat flux H (W m™2) -7.2 8.7 13.4 18.5
Latent heat flux LE (W m™?) -28.7 ~15.1 ~20.4 —22.1
Conductive heat flux G, (W m™?) 19.1 5.1 5.2 5.3
Penetrated solar flux G, (W m~2) ~25.6 —6.4 —6.4 ~6.3
Total subsurface energy flux G (W m™) —6.5 -1.3 -1.2 ~1.0
Surface temperature (°C) -7.0 —-13.4 —134 -133
Friction velocity u, (m s™) 0.161 0.128 0.211 0.261
Temperature scale 8, (K) ~0.055 0.046 0.062 0.067
Moisture scale g, (107> kg kg™") -5.5 ~2.4 ~2.4 -2.3
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depth for 1 January-10 February 1993.

shows daily mean and mean diurnal variations of cal-
culated snow temperatures at site 3 together with the
deviation from the measured snow temperatures. Ex-
cept for two days, the daily mean differences remain
within 2°C at all depths. The maximum errors in the
daily mean temperature are —3.8°C (—5 cm) and 1.9°C
(—80 cm). The calculated temperature at —5 cm is too
high in daytime and too low at night, whereas the tem-
perature at —20 cm is too high throughout the day.
The snow temperature measurements show a slight
cooling in the upper 80 cm of the snowpack, equivalent
to a heat flux divergence of —0.2 W m ™2 over the entire
period. For the model this is —0.7 W m™2, correspond-
ing to downward heat fluxes of 1.3 W m™2 at the surface

(Table 4) and 2 W m~2 at —80 cm (Table 3). In reality,
at the end of the summer period the seasonal summer
temperature wave is slowly moving downward while
the surface layers are starting to cool. Therefore, the
constant lower boundary flux approximation cannot
be applied strictly for the whole period; as a result, the
calculated cooling rates in the uppermost 80 cm of
snow are slightly too high.

The ice temperature at site 2 at z = —20 cm is also
shown in Fig. 14 for comparison. As expected, the ice is
warmer than the snow, its daily amplitude larger, and its
phase lag with .S smaller. Paradoxically, the diurnal cycle
of the temperature at some depth is larger than over snow,
whereas the opposite applies to the surface temperature.
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and 9.3 m s7! at site 2 (7-9 February).

This is due to the fact that the surface can instantaneously
lose its heat through longwave radiation and turbulent
exchange. Beneath the surface, however, only the slow
conduction process can cool the layers, Thus, in ice the
large radiative heating of the subsurface layers is coun-
teracted only slowly by conduction, which causes the large
diurnal temperature variations.

A problem that has been encountered when the
model is applied over ice is that occasionally afternoon
temperatures above 0°C are calculated, especially near
the surface. Since surface melting was not observed at
site 2 throughout the measuring period, the model
somewhat overestimates near-surface heating rates.
Presumably, this can be attributed either to uncertain-
ties in the radiation measurements or to errors in cal-

culating the penetration of radiation and turbulent
fluxes. However, subsurface ice melting has been ob-
served in other BIAs, and therefore, this possibility
cannot be entirely ruled out here. Brandt and Warren
(1993) are able to calculate this so called “solid-state
greenhouse effect” in ice, although their heating rates
are clearly exaggerated due to the neglect of scattering
on air bubbles. The implication of the overestimated
surface temperatures at site 2 is that the turbulent fluxes
and the outgoing longwave radiation are somewhat
overestimated, especially in daytime.

¢. Surface temperatures

As stated in section 3, on some days the surface tem-
perature measurements at sites 2 and 3 were judged to
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be accurate enough to be compared to the modeled
surface temperatures. On these days, strong winds suf-
ficiently ventilated the instruments to eliminate pos-
sible radiation errors. Figure 15 shows the observed
and modeled surface temperatures on the selected days.
At site 3 they agree mostly in daytime, when the wind
speed is largest. At night, the differences can be con-
siderable, presumably due to lower wind speeds that
enhance the radiational errors. Over ice there seems to
be much better agreement, even at night. Differences
remain within 2°C, which is remarkably good consid-
ering the difficulties in the measurements and the pos-
sible inaccuracies in the modeling results described
above. Although the model is tuned to do so, the fact
that under these circumstances the model accurately
reproduces the daily cycle of the surface temperature
more than one month after initialization indicates that
the calculated SEB terms may be quite accurate as well.

d. Sublimation rates

Ablation measurements were carried out near site 2
where the largest sublimation rates were expected.
There, every 2-6 days a stake was measured that had
been drilled into the ice during an earlier expedition.
A stake near site 3 was also measured but less fre-
quently. During the measuring period, the mean abla-
tion at site 2 was 0.94 mm w.e. per day, which is less
than in earlier years (Jonsson 1992). The cumulative
measured mass balance and the cumulative calculated
sublimation rates for sites 2 and 3 are shown in Fig.
16. As expected, the ablation rate decreases somewhat
toward the end of the measuring period since the sub-
limation rates peak in the summer season (Fujii and
Kusunoki 1982; Jonsson 1992). The calculated values
seem to agree well with the measurements for site 2
although the total calculated sublimation rate is ap-
proximately 10% smaller than the total measured abla-
tion. At site 3, the mass balance over the measuring
period is almost zero, which suggests that site 3 is lo-
cated near the equilibrium line. The importance of
snowdrift processes in the surface mass balance over
snow can be inferred from the stake readings at site 3,
which indicate deposition of snow during the periods
3-8 January and 25 January-1 February and erosion
during the period 8-12 January.

Figure 17 shows the calculated ablation rates against
the measured ablation rates for each 2-6-day period
for site 2. The agreement seems reasonable although
significant deviation occurs for some periods. Presum-
ably, these deviations can be attributed mainly to un-
certainties in the stake measurements. As stated earlier,
surface melting is expected to be of minor importance,
although the calculated surface temperatures some-
times rise above 0°C in the afternoon. Ablation is
therefore expected to be due entirely to sublimation.
It is concluded that simulated and measured subli-
mation rates compare reasonably well at site 2, which
gives credit to the model-derived SEB terms.
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e. Surface energy balance terms for three
predominant weather regimes

To study the variability of the SEB during summer,
three weather regimes are distinguished that are ex-
pected to be connected to distinctly different SEB re-
gimes. With respect to temporal variations in latent
heat flux (LE), this will give insight into which weather
regime is associated with the highest sublimation rates
and therefore is most favorable for the maintenance of
BIAs. A clear distinction can be made, especially inside
the valley, and therefore the following criteria are ap-
plied to the conditions at site 3.

1) Predominantly weak westerly winds are present
throughout the day together with small amounts of
clouds (mainly altocumulus and cirrus). At night, the
weak large-scale flow allows the formation of shallow
katabatic layers ( 10-20-m depth) that enter the valley
down the local slopes.

2) Equal to type 1 except that between 9 and 12 h
the wind direction becomes easterly and the wind speed
increases rapidly. Adiabatically warmed air replaces the
cold stagnant air inside the valley in a front-passage-
like behavior. Probably, the entrainment at the top of
the basin becomes large due to vigorous mixing in day-
time. Momentum, warm and moist air then mixes
downward to the surface. In most cases, this phenom-
enon stops when the radiation balance becomes neg-
ative and, consequently, mixing is suppressed.

3) Strong easterly winds associated with an en-
hanced katabatic wind due to coastal cyclonic activity
occur. Large amounts of frontal clouds (mainly stratus,
altostratus, and nimbostratus) allow for some precip-
itation. The fierce winds cause drifting and blowing
Snow.

A total of 41 days (1 January-10 February) were
used. Two days could not be categorized in one of the
three regimes since during these days a transition took
place between two regimes. Table 5 lists some char-
acteristics of the three weather regimes for sites 3 and
5. Type 3 is characterized by relatively warm and moist
conditions, although the differences in mean temper-
ature and humidity are not large. Note the low direc-
tional constancy for type 1 inside the valley as opposed
to site 5. The variability of the surface wind regime is
largest inside the valley. The different conditions at site
5 for the three weather regimes presumably reflect the
regular (undisturbed) variability of the summertime
meteorological conditions of the Ritscherflya plateau.

The SEB terms for the three regimes for sites 2, 3,
and 5 are summarized in Tables 6-8 as deviations from
the mean values. The variations of the surface fluxes
can be explained largely from the variations in cloud-
iness and wind speed (Table 5). Type 1 is characterized
by high S and a much lower L, which reduces the net
radiation. The lower wind speeds result in smaller tur-
bulent fluxes. The snow layers at sites 3 and 5 are cooled
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F1G. 16. The cumulative calculated sublimation rate and measured
mass balance from stake readings for sites 2 and 3.

while the warming of the ice at site 2 is largely reduced.
The characteristics of type 2 are the larger net radiation
as compared with type 1 due to more (low) clouds and
higher surface temperatures together with larger tur-
bulent fluxes due to a larger wind speed. The surface
fluxes are largest for type 3; this can be attributed
to the large amount of clouds and the highest wind
speeds. '

The influence of cloudiness on the radiation balance
over high reflective surfaces has received much atten-
tion. The observation of an increasing net radiation
resulting from increasing cloudiness led to the term
“radiation paradox” (Ambach 1974; Wendler 1986).
It is caused by an increase in the net longwave radiation
with increasing cloudiness that is larger than the de-
crease in net shortwave radiation, as can be inferred
from Tables 6-8. However, other effects, such as wind
speed and precipitation that correlate with variations
in cloudiness will also influence the radiation balance.
To illustrate the radiation paradox over snow, the daily
mean net radiation R as a function of total cloud
amount N at site 3 is given in Fig. 18. Although the
scatter is large, it is clear that R increases with cloud-
iness, the linear regression on the data being R = —1.2
+ 25.0N. The increase of 25 W m™2 from clear sky to
overcast conditions is in good agreement with results
of Wendler (1986).
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The variation of H and LE between the various cir-
culation types deserves more attention. The specific
humidity profile in the surface layer is always strongly
unstable, indicating an upward moisture flux. Thus,
variations in LE at a specific location are determined
largely by differences in wind speed and to a lesser
extent by variations in stability and moisture gradient.
On the other hand, A depends critically on stability
and wind speed. When wind speed increases, u,, and
therefore H, will be larger. However, a higher wind
speed makes the stratification more neutral, decreasing
6, and H. As a result, variations in H are less pro-
nounced. This subtle balance hampers the under-
standing of the sign of change in A for each weather
regime. Clearly, the variations in H for the three cir-
culation types are smaller than in LE. Thus, the vari-
ability in the summertime SEB is restricted mainly to
R and LE, especially at sites 2 and 5.

The surface winds outside the valley are of katabatic
nature for type 1, although their strength is decreased.
This is consistent with the large value of H, indicating
that the forcing mechanism of inversion winds is still
present. The wind climate inside the valley shows ka-
tabatic characteristics for type 3 in which the turbulent
exchange remains high even at night. Sublimation rates

TABLE 5. Mean characteristics of the three weather regimes for sites 3 and S for the period 1 January-10 February.

: Specific
Wind speed Temperature Directional humidity
(ms)6m °CO)2m constancy 6 m (gkg™)2m
Number Cloud amount

Regime of days (tenths) Site 3 Site 5 Site 3 Site 5 Site 3 Site 5 Site 3
1 11 1.7 2.0 4.1 -10.8 —~12.1 0.39 0.86 1.05
2 11 1.9 40 6.5 -9.7 -~12.3 0.65 0.92 1.00
3 17 6.1 6.0 7.1 -9.7 —~11.3 0.87 0.93 1.14
Mean 41 3.6 43 6.1 -9.9 ~11.6 0.64 0.91 1.08
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TABLE 6. Change in SEB components (W m~2) with respect to the
mean values for site 2 for the three weather regimes. A positive change
indicates additional flux toward the surface.

BINTANJA AND VAN DEN BROEKE

921

TABLE 8. As in Table 6 except for site 5.

Regime 1 Regime 2 Regime 3

Regime 1 Regime 2 Regime 3 S 7.0 5.2 -8.5

L —21.1 -2.9 16.8

S 10.6 10.4 ~11.2 H -0.9 24 -1.0

L -30.4 —13.5 23.2 LE 12.1 —4.0 —=5.6

H 0.1 1.0 -0.6 G 2.9 -0.7 -1.7
LE 15.2 1.6 -8.9
G 4.5 0.5 -2.5

are largest for type 3, where the additional radiation is
transferred mainly into energy loss by LE, although
this is counteracted by the inland moisture advection,
reducing the vertical moisture gradient and therefore
the sublimation rate. The spatial variation of LE has
important implications for the mass balance. The fact
that variations in LE are larger over ice than over snow
indicates that the existence of the BIA has some feed-
back on the mass balance.

1. Influence of measuring errors and model
assumptions on the SEB

To quantify the model’s sensitivity to applied as-
sumptions and uncertainties in measured input values,
these parameters are varied around their applied stan-
dard values. The resulting changes in SEB components
are listed in Tables 9 (site 2) and 10 (site 5). The values
at site 3 are comparable to those at site 5. Only the
parameter changes are considered for which the SEB
components significantly differed from the standard
run. The most relevant ones will be discussed below.

Obviously, over snow the turbulent fluxes increase
(absolute) if the zy, and z,, are increased. Over ice the
turbulent fluxes cool the surface. An increase in zy,
and zy, will therefore lead to a lower surface temper-
ature. Accordingly, the increase in the turbulent fluxes
is suppressed and other fluxes (e.g., L) change as well.
According to Brutsaert (1982), zy, and z,, are some-
what larger than z,,, over smooth surfaces (sites 2 and
3) and smaller than z,,, over aerodynamically rough
surfaces (sites 4 and 5). Garratt and Hicks (1973)
summarize experimentally derived roughness lengths
and conclude that zp, and zy, do not deviate from z,,
by more than one order of magnitude for roughness
Reynolds number (Re = u,zp,,/») ranging from 10~

TABLE 7. As in Table 6 except for site 3.

Regime 1 Regime 2 Regime 3
S 6.6 6.6 ~8.5
L —-17.1 ~5.8 14.9
H -50 1.9 20
LE 111 -0.3 ~7.0
G 4.4 -2.4 -1.4

to 107 (which is the range under consideration). In-
creasing the scalar roughness lengths by a factor of 10
at site 2 and decreasing them by a factor of 10 at site
5 yields a maximum absolute increase (site 2) or de-
crease (site 5) in the turbulent fluxes of 4.5 W m™2.
(At site 2 this would mean that the calculated subli-
mation closely matches measured ablation.) The sur-
face temperatures will then be significantly lower, es-
pecially in the afternoon when changes in LE are at
their maximum.

Increasing the momentum roughness length z,,, by
one order of magnitude also yields larger (absolute)
turbulent fluxes. At site 2, where the mean H and LE
are both upward directed, the surface temperature de-
creases and hence L increases. The turbulent shear
production is most important at site 5, as can be in-
ferred from the relative large change in H and LE for
a tenfold increase in Zg,,.

Obviously, increasing the amount of radiation leads
to higher surface temperatures and therefore to an in-
crease in the longwave emitted radiation, the upward
turbulent fluxes and downward conductive heat flux.
A decrease in the parameter determining the penetra-
tion of shortwave radiation ({) leads to lower surface
temperatures. More radiative energy is then transferred
to deeper snow-ice layers (larger absolute ), thereby
raising subsurface temperatures, which then deviate
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FiG. 18. Daily mean values of net radiation as a function of total
cloud amount for site 3. The line is the linear regression to the data,
whose coefficients are given in the text.
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TABLE 9. Change in the mean surface energy fluxes (W m™2) and surface temperature (°C)
as a result of varying input parameters for site 2.
s L H LE G Ts
Zom = 0.07 mm 0.0 1.6 1.8 -3.7 0.3 -0.3
Zon = Zog = 0.07 mm 0.0 2.1 1.8 ~43 0.4 ~0.5
Lope = 15 W m™2 0.0 3.5 -18 ~1.3 —-04 0.4
S+ 2% 24 -0.7 -0.8 ~0.7 -0.2 0.2
=07 0.0 0.5 1.0 1.0 ~2.5 -0.1
Tiny = —4°C 0.0 -1.3 -1.6 -1.2 4.1 0.3
Atmospheric temperature + 0.2°C 0.0 -0.4 0.8 0.0 ~0.4 0.1
Relative humidity +2% 0.0 -0.2 -0.3 0.6 ~0.1 0.1
Wind speed + 0.2 ms™! 0.0 0.3 0.2 -0.6 0.1 -0.1

more from the measured values. Considering the im-
pact of a 0.1 decrease in { on the radiation balance of
the surface, the resulting increase in the other fluxes is
relatively small. The direct change in surface temper-
ature caused by a change in { is partially offset by in-
direct heating from subsurface layers adjacent to the
surface layer (where most of the additional radiative
energy is absorbed).

If the relative humidity at site 5 is decreased by 7.5%
(i.e., equal to site 3), the latent heat flux increases by
3.9 Wm™? (=~18%). This shows that the simulated
sublimation rates are not very sensitive to the exact
relative humidity at site 5.

The effect of changing the initial temperature profile
to —4°C in ice yields relatively small changes in the
SEB. It is only the value of G that increases significantly
due to a larger upward conductive flux, which implies
that the ice loses its ““extra” internal energy to the at-
mosphere. The mean surface temperature is only
slightly higher. .

The uncertainties in the SEB results due to measur-
ing inaccuracies in air temperature (+0.2°C), relative
humidity (+2%), and wind speed (0.2 ms™!) are
small (<1.2 W m™2) compared to SEB changes re-
sulting from the assumptions made. However, note that
if the turbulent fluxes are evaluated from gradients be-
tween two levels in the atmosphere, errors in H and
LE can become significantly larger. .

From this section it can be concluded that the SEB
as presented in section 6a will not be subject to major

changes due to measurement errors and/ or uncertain-
ties in the model assumptions. Therefore, the SEB re-
sults seem to be quite robust. It should be noted that
the parameters not treated here (e.g., K; and G_p,),
although not seriously influencing the SEB, can lead
to significant changes in the vertical and temporal dis-
tribution of the subsurface temperatures.

7. Discussion and conclusions

A detailed analysis of the variations in the SEB along
a straight line in the valley Scharffenbergbotnen in
which a large BIA 1is located is presented. In this man-
ner, differences between blue ice and snow could be
studied. A simple model was used to evaluate the terms
of the SEB that were not measured directly. A com-
parison of modeled and measured snow temperatures
(site 3), surface temperatures (sites 2 and 3), and sub-
limation rates (site 2) indicates that, after some tuning,
the model provides a fairly accurate simulation of the
SEB and subsurface temperatures.

At the three sites over snow, the SEB remains qual-
itatively constant, although large variations occur in
the magnitude of the individual fluxes. These variations
depend largely on the location: outside the valley the
SEB interacts with the large-scale surface wind field,
whereas inside the valley the surface flow seems to be
more or less decoupled from this large-scale flow re-
sulting in low wind speeds and, consequently, smaller
turbulent fluxes.

TABLE 10. As in Table 9 except for site 5.

N L H LE G Ts
Zom = 7.5 mm 0.0 -0.3 8.7 —8.5 0.1 0.1
Zow = Zog = 0.075 mm 0.0 -0.1 -4.2 4.4 —0.1 0.0
Leow =25 Wm™ 0.0 4.0 -2.7 -1.2 —0.2 0.2
S+ 2% 1.2 —0.3 -0.6 -0.3 —0.0 0.1
$=0.8 0.0 0.4 0.7 0.5 -1.6 -0.1
Atmospheric temperature + 0.2°C 0.0 —0.5 1.1 0.1 -0.7 0.1
Relative humidity ~ 7.5% 0.0 0.8 3.0 -39 0.1 -0.2
Relative humidity + 2% 0.0 -0.2 ~0.9 1.1 0.0 0.0
Wind speed + 0.2 ms™! 0.0 —0.1 0.9 -0.8 0.0 0.0
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The largest spatial differences in SEB occur between
btue ice and snow. The most important divergent
characteristics of blue ice as compared to snow are

¢ lower albedo (0.56 versus 0.80),

o larger thermal conductivity coefficient,

« smaller extinction coeflicient for penetrating solar
radiation, and

e lower roughness length of momentum.

These different characteristics lead to distinct differ-
ences between the SEB terms of blue ice and of snow.

e Larger absorption of shortwave radiation of ice in
daytime,

o Higher surface and subsurface temperatures of ice,
which causes more unstable conditions in daytime and
a larger heat loss by longwave radiation.

e Larger energy flux into the ice due to its larger
thermal conductivity and its smaller radiative extinc-
tion coefficient. At night, the energy flux in the ice is
directed upward and heats the surface layers.

* An average upward-directed sensible heat flux over
ice as compared to a downward one over snow. This
is due to more unstable conditions in daytime and less
stable conditions at night over ice. Thus, the forcing
mechanism of inversion winds (i.e., cooling of the sur-
face air layer) is present over snow and severely reduced
over ice.

e The latent heat flux is more negative over ice due
to more unstable conditions in daytime, indicating
greater mass loss through sublimation.

The SEB can effectively be characterized by the net
radiation and turbulent fluxes. Therefore, these are
plotted in Fig. 19 for the sites 2, 3, and 3, as well as
for snow surfaces at some other locations in the vicinity
of the escarpment region. The characteristic variability
in the summertime SEB is shown by the three dots that
indicate the values for the different weather regimes
described in section 6e. Snow surfaces show up in the
lower right corner of the plot: they are characterized
by relatively small fluxes, whereas over blue ice the
fluxes are much larger. It should be noted that the vari-
ability in the turbulent fluxes is due mainly to variations
in the latent heat flux. The SEB over snow seems to
be comparable to the SEB of the other locations plotted
in Fig. 19. As discussed earlier, the fluxes over blue ice
display a much larger variability. More SEB studies on
other BIAs are needed for comparison with the site 2
results.

The horizontal extent of a BIA is determined by the
spatial mass balance gradient. An important element
of the surface mass balance on Antarctica is the mass
loss through sublimation. The factors that mainly con-
trol the spatial variability of the latent heat flux in the
vicinity of a BIA are the following.

e High surface temperatures of ice (mainly due to
its lower albedo compared to snow ), causing more un-
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FiG. 19. The summertime surface energy balance characterized by
the net radiation and the turbulent fluxes for sites 2, 3, and S. The
three dots are values for the three circulation types and indicate the
variability of the energy balance. Midsummer values for the snow
surfaces at Mizuho in 1980 (Ohata et al. 1985), Pionerskaya in 1958
(Schlatter 1972), and D-47 in 1985 (Wendler et al. 1988), all located
more or less near the intermediate slope of Antarctica, are given for
comparison.

stable conditions and a larger vertical moisture gra-
dient.

e Smaller aerodynamic roughness of ice causing
smaller sublimation rates. It is unclear whether the
scalar roughness lengths behave in the same way.

e Lower wind speeds inside the valley causing
smaller latent heat fluxes. However, this factor is in-
terrelated with the presence of more unstable condi-
tions over ice.

These differences result in sublimation rates that are
only 30% larger over ice (site 2) than over snow outside
the valley (site 5). Since the sublimation is largest in
summer, the annual mean spatial sublimation gradient
is expected to be of the same order of magnitude. Ob-
viously, the observed mass balance difference of ap-
proximately 34 cm w.e. between sites 2 and 5 cannot
be explained by the sublimation gradient alone. There-
fore, the accumulation gradient seems to be the most
important factor controlling the extent of BIAs. Since
the accumulation rate is determined mainly by the di-
vergence of drifting snow, the accumulation gradient
is likely to be determined largely by the distinct differ-
ences in wind climate in and outside the valley.,
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APPENDIX A

Determination of the Thermal Conductivity of Snow
from Subsurface Snow Temperature Measurements

At site 3, where snow temperatures were measured
at five levels (=35, —10, —20, —40, and —80 c¢cm), three
methods can be used to estimate the value of the ther-
mal conductivity K. The first two methods concern
the vertical variation of amplitude and phase lag of the
diurnal temperature cycle. If the absorption of radiation
below z = —5 cm is neglected and a sinusoidal tem-
perature diurnal cycle at 5-cm depth is assumed with
amplitude 4, and frequency «, the amplitude 4, and
phase lag F), at level z are easily calculated analytically
from Eq. (2) (Pal Ayra 1988):

z
A, = Ay exp(a)

F.=~ (A1)

Qi

with d = (2K,/ pc,w)'/2.

It is assumed here that K is constant with depth
since the snow density (= 400 kg m™>) appeared to
hardly vary with depth. Seven days were chosen during
which the diurnal temperature variation: at 5-cm depth
was approximately sinusoidal. From the regression
lines in Figs. Al and A2, the value of K can be cal-
culated. The measurements at —80 cm were not used
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F1G. Al. Variation of the amplitude of the diurnal cycle of snow
temperature at site 3 with depth. Also shown is the linear regression
to the data from which the snow thermal conductivity K, can be
calculated.
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FIG. A2. As in Fig. Al except for the phase lag.

since the daily cycle was hardly recognizable at that
depth. Errors in the measuring depths and snow density
are the main causes of the resulting error in Kj.

The third method is to relate the rate of energy
change of the snowpack to the conductive heat fluxes
at the top and bottom boundaries:

)dt.
bottom

T gt x, [ (2] -2
P f f ot dzdt = K, (62 dz
(A2)

The conductive heat fluxes are calculated from tem-
perature differences between 5 and 10 cm (top) and
40 and 80 cm (bottom). These necessary approxima-
tions lead to relatively large uncertainties in the value
obtained for K;. The highest accuracy is obtained by
integrating over the entire measuring period, since then
the change in energy storage is significant. In Table A1,
the derived K values are presented and compared with
those obtained from empirical fits in the literature. The
values obtained here seem to be somewhat lower than
the values listed in the literature. For the SEB calcu-
lations, a value of 0.25 W m™! K ™! is used for snow.

top

TABLE Al. Values for the thermal conductivity K, of snow -as
estimated from the amplitude, phase, and energy method, together
with some values from literature for a density of 400 + 20 kg m™>,

K, (Wm'K™"
Amplitude 0.23 £0.03
Phase 0.30 £ 0.03
Energy 0.23 £ 0.05
Paterson (1981) 0.33+0.03
Anderson* 0.42 £ 0.04
Yen* 0.40 = 0.04

* Empirical relation listed in Paterson (1981).
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FIG. Bl. Mean diurnal cycle of the total subsurface energy flux (G), conductive heat flux
(G4,), penetrating solar flux (G;), and the heat flux calculated from temperature differences between
—5and —10 cm (Gs_;p) and between —5 and —20 cm (G's.y) for 1 January-10 February 1993.
For the calculation of the fluxes Gs_ o and Gs_y, a value of K; = 0.25 W m™! K™! was used.

APPENDIX B

Comparison of the Calculated Surface Energy Flux
into the Snow with Other Methods

In Fig. B1, the mean diurnal cycle of the components
of the surface energy flux into the snow, G (total), G,
(penetrating solar radiation), and G, (conduction),
at site 3 are presented. Clearly, G; lags behind G, for
some hours, which can be understood from simple
theoretical calculations (Budd 1967). The penetrating
solar radiation G, is in phase with the net shortwave
radiation, whereas G, peaks earlier due to the fact that
in the morning the surface heats quickly while the ad-
jacent subsurface layers warm slowly. Thus, the total
subsurface energy flux at the surface reaches its mini-
mum (upward) before the shortwave radiation. The
phase lag between the diurnal cycle of the total sub-
surface energy flux at some depth and G increases with
increasing depth. If the mean heat storage in the snow
is small, the heat gain by radiation and conduction in
daytime can be counteracted only by an upward con-
ductive flux at night, which produces the asymmetric
behavior of G, (mean upward).

In related studies, temperature measurements from
two depths sufficiently far from the surface to prevent
radiational heating of the sensors are often used to
evaluate G (e.g., Wendler et al. 1988). Two examples
are depicted in Fig. Bl (Gs_1o and Gs_) using mea-
sured snow temperature differences between 5- and 10-
cm and 5- and 20-cm depths, respectively, and K

= 0.25 Wm™!' K™, Indeed, the expected time lag is
present. Very large vertical temperature variations in
the upper 20 cm of the snow deck result in strong ver-
tical gradients in G close to the surface. As a result, the
amplitude of the diurnal cycle of G's_;o and Gs_y is
small compared to G. Therefore, it is concluded that
this widely used approximation to estimate G is unable
to produce a realistic phase and amplitude of the diur-
nal cycle.
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