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Abstract. Vertical profiles of wind speed, temperature and humidity were used to estimate the
roughness lengths for momentum (z0), heat (zx) and moisture (zg) over smooth ice and snow
surfaces. The profile-measurements were performed in the vicinity of a blue ice field in Queen Maud
Land, East Antarctica. The values of zg overice (~ 3- 10~° m) seem to be the smallest ever obtained
over permanent, natural surfaces. The settling of snow on the ice and the loss of momentum at saltating
snow particles serve as momentum dissipating processes during snow-drift events, expressed as a
strong dependence of zp on ..

The scalar roughness lengths and surface temperature can be evaluated from the temperature and
humidity profile measurements if the ratio zx /zq is specified. This new method circumvents the
difficult measurement of surface temperature. The scalar roughness lengths seem to be approximately
equal to zp for a large range of low roughness Reynolds numbers, despite the frequent occurrence of
drifting snow. Possible reasons for this agreement with theory of non-saltating flow are discussed.

1. Introduction

The transfer coefficients for momentum, heat and moisture are needed to evaluate
the turbulent fluxes of momentum, heat and moisture. Over Antarctica, the fluxes
of sensible and latent heat play an important role in the surface energy and mass
balance. The sensible heat flux is interrelated with the katabatic wind system: neg-
ative buoyancy at the surface forces the katabatic winds while the strength of the
inversion depends inter alia on the wind speed. The importance of sublimation on
the surface mass balance of Antarctica is a matter of great interest: in a modelling
study of the surface mass balance, Fortuin and Oerlemans (1992) found the subli-
mation rate to be a major component of the surface mass balance, especially near
the coast. Relatively high sublimation rates are also found in local experimental
studies in the near-coastal region (e.g., Wendler et al., 1988; Bintanja and Van den
Broeke, 1995). On a local scale, the sublimation rate can be extremely large, which
can result in a negative surface mass balance. These regions are generally known
as blue ice areas.

Recently, Bintanja and Van den Broeke (1995) showed that the momentum
roughness at neutral stability of bare ice is more than two orders of magnitude
smaller than that of snow. Obviously, this can be attributed to the different mech-
anisms of momentum dissipation under rough and smooth flow conditions. From
theoretical considerations (e.g., Hinze, 1975), it is known that momentum is dis-
sipated by the turbulent form drag at the surface elements in rough flow and by
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viscous shear stress in smooth flow. Very close to the surface. the transport of
scalars (heat, moisture) is governed by viscous diffusion, independent of the type
of flow. According to Andreas (1987), the values of the momentum and scalar
roughness lengths should be within one order of magnitude of each other under
smooth flow conditions.

Very few observational studies on the transfer coefficients over snow and ice
surfaces exist to date, e.g., Liljequist (1957), Hicks and Martin (1972), Joffre
(1982), Kondo and Yamazawa (1986) and King and Anderson (1994). In this
paper, we present the transfer coefficients for momentum, heat and moisture over
smooth ice and snow surfaces at low roughness Reynolds number.

2. Imstrumentation and Field Location

The measurements were performed in the western part of Queen Maud Land,
Antarctica (Figure 1) in the austral summer 1992/93. The Scharffenbergbotnen
valley, which is part of the Heimefrontfjella, contains a 2 x 5 km? large blue ice
area. The base camp was the Swedish research station Svea (74°35" S, 11°13’
W), and the expedition was hosted by SWEDARP (Swedish Antarctic Research
Programme). The main meteorological goals of the field experiments were: (1) to
evaluate the surface energy and mass balance differences between the blue ice area
and the adjacent snow fields; and (2) to study the summertime variability of the
boundary-layer flow.

Seven meteorological stations were placed in a small area around Svea. In
this study, we focus on measurements made at sites 2, 3, 4, 5 and 6 (Figure 1,
lower panel). An overview of the different sites is given in Table 1. A dense
net of measuring sites was chosen to capture spatial variations in meteorological
conditions and surface characteristics of a few kilometers. For the limited number of
sensors available, meteorological quantities could only be measured at two heights
(2 and 6 m) at cach site. As a result, the curvature of the vertical profiles cannot be
inferred, and standard log-linear profiles have necessarily been assumed. This also
implies that high sensor accuracy is required for an accurate determination of the
vertical gradients.

The wind speed measurements were performed with Aanderaa 2740 sensors
while temperature and relative humidity were measured with ventilated Rotronic
YA-100 sensors. At sites 4, 5 and 6, temperature was measured with ventilated
Aanderaa 2775 sensors. All temperature and humidity sensors were sufficiently
shielded from radiation. The sensors were calibrated before the expedition and
tested again in the field during the two days before the actual experiment started.
All sensors were sampled every two minutes, from which hourly mean values were
computed, which are used in the present analyses. More details on the measure-
ments can be found in Bintanja et al. (1993) and Bintanja and Van den Broeke
(1995).
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Fig. 1. Map of the Scharffenbergbotnen valiey in the Heimefrontfjella, Queen Maud Land, Antarctica.
In the lower panel the locations of the measuring sites are given.

TABLEI

Characteristics of the five measuring sites in the period 1 January to 10 February 1993. Profiles of
wind speed (U'), temperature (1) and relative humidity (R H ) were measured

Site  Surface type  Number of measuring  Profile 2 m temperature 6 m wind speed
days o) (ms™h

2 ice 37 U,T,RH —8.3 49

3 snow 41 U, T,RH -9.8 42

4 snow 41 u,T —10.8 52

5 snow 27 U, T —11.4 5.8

6 ice 41 U, T —10.1 3.9
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The measurements were performed during January—February 1993, during
which the weather was rather variable. Midlatitude cyclonic systems occasion-
ally entered the region, causing fierce easterly winds, drifting and blowing snow
and overcast conditions. In between, calm clear-sky conditions prevailed. Table 1
gives mean temperatures and wind speeds at the various sites. The wind-exposed
sites 4 and 5 experienced relatively high winds and low temperatures, whereas the
wind-shielded sites 2, 3 and 6 were warmer and less windy. Nearly all observations
used in this analysis are associated with strong, easterly winds. A description of
the various mesoscale and local flow types occurring in this region is presented by
Van den Broeke and Bintanja (1995).

3. Theory

Various observations have revealed that, within the surface layer, the turbulent
fluxes of sensible and latent heat can be described by the Monin—Obukhov similarity
theory. Under a wide range of meteorological conditions, this theory successfully
explains the variation of the vertical profiles by changes in the typical scales,
provided that the requirements of stationarity and horizontal homogeneity are met.
The characteristic turbulent scales of velocity (u.), potential temperature (f,.) and
specific humidity (g,) are generally taken as:

H LE
'u-*:\/i 6. = — o =-— , 1)
p PCpUs pLyus

where T is the surface stress, p is the air density, ¢, is the specific heat at constant
pressure, L, is the latent heat for sublimation and H and L £ are the surface fluxes
of sensible and latent heat, respectively. Above the interfacial sublayer, whose
depth is approximately 30v /u.. (v is the molecular viscosity) over smooth surfaces
(Hinze, 1973), the mean vertical profiles of wind speed (u), potential temperature
(#) and specific humidity (¢) are related to the appropriate scales by:

y .
—? — om0 X g0, B840, @)

9, 0z g. 0z

in which & (= 0.4) is the Von Kdrmdn constant, z is height above the surface, ¢,, and
¢y, are the stability correction functions for momentum (72) and heat and moisture
(h). { = z/ L isthe non-dimensional stability parameter with L the Obukhov length
scale

w2

L= * 3
k(g/80)(8x + 0.62604.) 3

where § is a reference temperature. The quantity g/8g is often referred to as the
buoyancy parameter. Since the characteristic scales u.., 6, and g, are independent
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of z, Equations (2) can be integrated between two heights 21 and z; (2; < 2;). This
yields expressions for the vertical profiles in the surface layer:

Su
/@;;i = ln(22/2’1) - %um(Cz) + ?/Jm(CI)a (4a)
&6
hg = In(2z2/21) — %r(C2) + ¥al(1), (4b)
f;g—q =1In(z/21) — Yn((C2) + ¥Yu(Ch), (4e)

where du, 66 and é¢ are the differences in wind speed, potential temperature and
specific humidity between z and z1.1,,({) and ¥ (() are the integrated diabatic
correction functions. If these equations are applied between a specific height in the
surface layer and the surface, 21 in Equations (4a—4c) has to be replaced by the
surface roughness lengths 2o, zz and zg, respectively.

For the stability functions ¢,, and ¢ under unstable conditions ({ < 0), we use
the expressions given by Dyer (1974) and Hogstrom (1988):

ém(o = (1 - 7mC)_1/4
&r(¢) = (1 — ()17 ()

with v, = 20 and v, = 15. For stable conditions (¢ > 0), we use the expressions
given by Duynkerke (1991) which are very similar to those proposed by H5gstrom
(1988) for moderately stable cases:

Gm(C) = 14 BnC(1+ Bml/a)*!
or(C) = 1+ B1C(1 + BuC/a)*! (6)

with 8., = 5, 8, = 7.5 and @ = 0.8. The specific form of expressions (5) and
(6) and the empirical determination of the constants has received considerable
attention. Since we shall mainly use measurements made during moderately stable
conditions, the constants /3, and 35 are important parameters in our analyses. From
turbulence measurements made in the stable surface layer over the Antarctic ice
shelf near Halley, King (1990) confirmed the values of 3,, and 85, used here. From
turbulence measurements over glacier ice, Munro (1989) obtained 3,, = 4.5.
From the measured wind speeds, the surface roughness length (zg) can be
calculated as the height at which the downward extrapolated log-linear wind speed
profile (4a) reaches its surface value, i.e., © = 0. Note that since zg in smooth flow
is smaller than the depth of the viscous sublayer, the extrapolation proceeds into a
region where the logarithmic profile is not valid. The surface drag in wall-bounded
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shear flows is generally dependent on the roughness Reynolds number (Re), which
is defined as:

20 Ux

Re = )]

v

In accordance with Andreas (1987), the aerodynamic roughness is used in
this formulation, although strictly speaking, the ‘real’ surface roughness, which is
dependent only on the geometry and distribution of the roughness elements, should
be used. However, for practical purposes, the definition (7) with zy suffices to
characterise the flow. Three different flow regimes can be distinguished, dependent
on the value of Re: smooth flow (Re < 0.135), transitional flow (0.135 < Re <
2.5) and rough flow (Re > 2.5). According to Hinze (1975), in smooth flow the
roughness elements are entirely submerged in the viscous sublayer, which means
that the surface drag is due entirely to viscous shear stress. In fully rough flow, the
surface elements protrude through the viscous sublayer into the inertial sublayer.
Then, the momentum dissipation is governed by turbulent friction at the roughness
elements (form drag). In the transitional regime, neither the dissipation by viscous
stresses nor dissipation by turbulence can be neglected entirely.

4. Data Selection

Strictly, Monin—Obukhov similarity theory can only be applied to ‘ideal’ measure-
ments, i.e., measurements performed at locations with long unobstructed upstream
fetches during stationary conditions. The ‘fetch’ — requirement concerns the fact
that surface-layer profiles are influenced by only one surface type, i.e., no internal
boundary layers. At sites 4 and 5, where winds blow mainly from easterly direc-
tions, we expect this requirement to be met. However, since sites 2, 3 and 6 are
surrounded by mountain ridges, it is not clear whether or not they were located
sufficiently far from upstream obstacles. According to Garratt (1992), a rough esti-
mate for the depth of the internal boundary layer (h:) is Ay ~ 0.1z, where z is the
distance to the upstream roughness change. However, the depth of the layer that
is only influenced by the local surface stress (1) is ~; ~ 0.1h;. Thus, regarding
sites 2, 3 and 6, where the distance to the upstream rock outcrops is approximately
400-800 m, hq is of the same order as 2 (the highest level of measurement).
Therefore, it is questionable whether the surface layer below 6 m is fully adjusted
to the local surface type at these sites.

The requirement of stationarity is discussed by Joffre (1982). From consider-
ing characteristic time scales of turbulence, she concludes that deviations from
equilibrium are due mainly to temperature variations rather than to variations in
wind speed. In other words, the time scale at which buoyant production/destruction
processes (1) vary is generally smaller than the time scale of variation of turbulent
shear production (7). This means that periods with large temperature variations
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particularly have to be excluded when only (quasi-) stationary conditions are to be
considered. Therefore, in (quasi-) stationary conditions, turbulence is in equilibri-
um with its production/destruction processes when Ty > Tp > T}, where T} is a
rough measure of the typical time scale of turbulence: T; ~ z/u,. = 20 s for z =
6mand u, = 0.3ms 1.

According to Joffre (1982), an effective way to eliminate non-equilibrium peri-
ods is to look for values of the roughness lengths that strongly depart from their
mean trend. Here, we have eliminated profiles that yielded roughness lengths (zg,
2y, 2¢) smaller than 108 m. This seemingly ad-hoc requirement is based on the
fact that roughness lengths smaller than 10~% m are considered to have no physical
meaning, since they probably result from non-steady periods. This requirement
also ensures that erroneous profiles due to measuring uncertainties, especially at
low winds, will be excluded from the analyses. Thus, most of the daytime data
under unstable conditions (light winds) are removed. The remaining data mostly
comprise periods with high wind speeds and large amounts of clouds. These peri-
ods were characterised by a small diurnal temperature cycle, which suggests that
the requirement of stationarity may be fulfilled.

As can be inferred from Figures 2 and 3, the erroneous profiles which produce
values of zy smaller than 10~® m are represented by a long, horizontal tail at small
u, (not shown) in the zy — u. plot. Obviously, this is due to the fact that errors
in 4, (by errors in wind speed) at small u, produce large errors in zg, which can
be easily understood from the log-linear profile (4a). Wind speed errors at large
u. produce only small errors in zg, which makes an upper limit to the roughness
lengths unnecessary. The results of Joffre (1982) (her Figure 5) seem to confirm
this reasoning.

During periods with weak large-scale forcing, shallow nocturnal katabatic flows
developed, especially along the local slopes inside the valley. This resulted in wind
speed maxima at heights lower than 6 m. These periods are neglected in the present
analysis for practical purposes, although it may be possible that the shear stress is
maintained by substantial changes in wind direction at the height of the wind speed
maximum.

The above described procedure of data selection significantly decreases the
number of profiles, i.e., a reduction of 91.5, 77.2, 47.1, 59.2 and 65.1% at sites 2,
3, 4,5 and 6, respectively. The large reduction at sites 2 and 3 is due mainly to the
frequent occurrence of wind speed maxima at low elevation. The number of hourly
mean profiles that remains for analysis is 81, 246, 559, 274 and 352 at sites 2, 3, 4,
5 and 6, respectively.
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Fig. 2. Dependence of the roughness length zg on friction velocity ». for sites 2 and 3. The curve
represents the theoretical zg — w. relation for non-saltating, aerodynamically smooth flows (Equation
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5. Momentum Transfer

In rough, non-saltating flows, the value of zy depends only on the geometry and
abundance of the roughness elements. Wind tunnel measurements have shown that,
in smooth flow, the logarithmic wind profile (4a) is valid with (Hinze, 1975):

2~ 0.135 2, (8)

U

in which the proportionality factor 0.135 has heen determined empirically. Thus,
zp 1s determined only by the flow characteristics. Figure 2 shows the dependence of
zp on u, for sites 2 and 3. Comparing the bulk of the points at both sites, it appears
that low values of zy at site 2 compared to site 3 are associated with larger values
of u.. at site 2, a tendency which is in qualitative agreement with Equation (8). This
is in sharp contrast with the form of the zy — w. relation at one specific site, which
obviously disagrees with Equation (8). The small values of zg indicate that the flow
at both sites is in the smooth regime (Re < 0.135) for most of the time, especially
at site 2. There, the extremely low values of z( can be attributed to the presence of a
smooth ice surface. At site 3, most measurements fall within the transitional regime
(0.135 < Re < 2.5). From visual observation at site 3, it appeared that the snow
surface is rather flat, with only very small surface elements, which results in the
relatively low values of zy for a snow surface. From Figure 3, in which the 2y — u,
relation is plotted for site 4 (snow surface), it can be concluded that outside the
valley, zp is much larger than at site 3 and that 2 is virtually independent of u, (for
u, > 0.2 m s~'), especially under near-neutral conditions. At the wind-exposed
sites 4 and 3, fierce, persistent winds cause sastrugi formation at which momentum
easily dissipates (form drag), although these surface elements are often oriented in
the direction of the strongest winds. Consequently, outside the valley, rough flow
(Re > 2.5) prevails.

As stated earlier, a positive correlation between zy and . is apparent at sites
2 and 3, in contrast to what might be expected from Equation (8) under smooth
flow conditions (Figure 2). It is suggested that this deviation from standard theory
is due to processes associated with drifting snow. Above a certain threshold value
of u,, snow particles are lifted from the surface and start to drift. Owen (1964)
demonstrated that in flows with uniform saltating particles, z is proportional to
u2. Chamberlain (1983) showed that Charnock’s (1955) relation

u

q=ar, ©)
g

is applicable for saltating flows over water, sand and snow surfaces with « approx-
imately equal to 0.016. Snow particles are accelerated and extract kinetic energy
from the air flow, especially close to the surface. The particle momentum is dis-
sipated at the surface when it is deposited again, increasing the shear stress close



98 RICHARD BINTANJA AND MICHIEL R. VAN DEN BROEKE

to the surface. Also, friction between the saltating particles exerts an influence on
the dissipation. Equation (9) is plotted in Figure 3 as the solid line. Data at site
4 do not seem to disagree with Equation (9), especially at near-neutral stability
(z/L < 0.02), although the scatter is too great to confirm it (the same holds for
data from site 5). Thus, it cannot be entirely ruled out that Equation (9) is applicable
for saltating flows over rough Antarctic snow surfaces. Joffre (1982) also found
only qualitative agreement between her data and Equation (9) at large wind speeds.
Inoue (1989a, 1989b) found a clear relationship between zy and wind direction
on the sastrugi-covered snow fields in the escarpment region near Mizuho Station.
However, his data did not reveal a significant dependence of zy on u., in accordance
with our data from sites 4 and 5. On the other hand, wind profile measurements
over a snow surface at Maudheim in the Antarctic coastal region (Liljequist, 1957)
indicate that zy is very strongly dependent on wind speed (a 100-fold increase of
zo when wind speed increased from 13 to 24 m s~ 1. He attributed this behaviour
to the increased frictional surface drag due to drifting snow.

Probably the most important effect of erosion and deposition of snow is that
it effectively alters the surface characteristics, i.e., snow surface elements can be
formed or eroded and bare ice can become (partially) snow-covered. To get a
better view of the different 2y — u. relationships at the various sites, the best fits
of the equation zy = Au? for sites 2, 3 and 6 are presented in Figure 4 together
with Charnock’s (1955) relation which represents sites 4 and 5. Only values of .
larger than a threshold value were used to ascertain that drifting snow occurred.
Obviously, the zy — u. relationships at sites 2 and 6, both on blue ice, are very
similar. Sites 2, 3 and 6 all show a strong increase of zy with increasing ..
The increase seems to be far too large to be explained entirely by pure snow-
drift processes (momentum dissipation associated with saltating particles) since
the loss of momentum over bare ice and smooth snow is probably much smaller
than over snow (smaller particle-surface friction over ice). The mean snow-drift
transport rates and particle speeds over ice are thus probably larger than over snow
(Schmidt, 1982). A more obvious reason for the strong dependency of zg on u.. at
sites 2 and 6 is that bare ice becomes partially covered by snow during snow-drift
events. Occasional lulls allow temporary snow deposition on the ice, thus forming
an aerodynamically rougher surface. It is observed that a 50% snow cover is not
uncommon during snow drift events. This can be inferred also from Figure Sa, in
which the variation of the daily mean albedo (used here as a rough measure of the
amount of snow on bare ice) during the measuring period is shown. Evidently, the
surface albedo increases significantly due to snow deposition on bare ice during
snow drift events, indicating that considerable portions of the blue ice surface can
occasionally become covered by snow. These are the periods with strong winds,
during which most of the data points at the top-left corner of Figure 2 were obtained.
This can be inferred from Figure 5b, in which the albedo is given as a function
of In(zg) for daytime measurements at site 2. Although the scatter is large, there
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Fig. 4. The best fits zo = AuZ for sites 2, 3 and 6. Coefficients are given in Table II. Charnock’s
(1955) relation for saltating flow is also shown (Equation (9)), which represents sites 4 and 5.

seems to be a tendency for an increase in 2y with increasing albedo (and hence,
with snow cover on ice).

By calculating roughness lengths of a partially snow-covered frozen lake, Tabler
(1980) showed that zg increases by two orders of magnitude when snow coverage
increases from 0 to 75%. From Figure 5b we can crudely estimate that for a snow
cover increase from 0 to 30%, 2 increases by one order of magnitude (it is assumed
that snow coverage is linearly dependent on albedo with albedo values of 0.54 and
0.81 representing 0 and 100% snow coverage, respectively). If snow is present on
ice, Tabler (1980) showed that Charnock’s relation (Equation (9)) is valid, which
further contributes to the strong zy — u. relationship over ice.

Atsite 3, the increase of zp with u, is even larger than on ice (Figure 4). Probably,
this may also be caused by changing surface conditions, i.e., a smooth surface at
light winds and higher roughness elements at high winds. The coefficients of best
fits for sites 2, 3 and 6 are given in Table II. Note that the values of B are much
larger than 2. A thorough description of the influence of snow-drift processes on
the zp — u, relationship is given by Schmidt (1982). In conclusion of this section,
we state that the momentum transfer over smooth surfaces (sites 2, 3 and 6) differs
significantly from that over rough surfaces (sites 4 and 5). This is caused not only
by the well-known differences in momentum dissipation in non-saltating flows, but
is also associated with snow-drift processes, which cause zg to be a strong function
of u., especially over smooth surfaces.
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TABLE I

Coefficients of the best fits of
2y = Auf for sites 2, 3 and 6 as dis-
played in Figure 4. Threshold values
of #+ have been chosen as being the
approximate starting velocity for drift-
ing snow

Site  w.(ms™") log(d) B

2 >0.20 -3.2 4.9
3 >0.20 —2.0 44
6 >0.15 -3.2 4.1

6. Heat and Moisture Transfer

Unlike momentum, the scalar transports are governed solely by molecular diffusion
processes close to the surface. There is no ‘scalar’ analogy for the turbulent dissi-
pation of momentum at roughness elements in rough flow. Therefore, the Reynolds
analogy is only valid under smooth flow conditions (small Re). The important
parameters for heat and water vapour transport are the Prandtl (Pr = v/ K}) and
Schmidt (Sc =/ K ;) numbers, respectively, in which K, and K, are the molecular
diffusion coefficients for heat and water vapour.

With one level in the atmosphere and the other at the surface, the log-linear
relationships (4b) and (4c) relate 6, to z and ¢, to zg, respectively. Subtracting
(4c) from (4b) yields an expression for the ratio zz / 2Q:

]
oz /) = - . (10)

-1

in which we have used the fact that the stability corrections for heat and water
vapour are commonly taken to be equal. The differences in potential temperature
(660) and specific humidity (6¢) are taken between 2 m and the surface. Moreover,
the surface air over ice and snow is assumed to be saturated (with respect to
ice). As a result, the specific humidity at the surface depends only on the surface
temperature (¢,). Since 6. and g. are determined by the measured vertical profiles
between 6 and 2 m, Equation (10) is a relation between 4, and B;IIQ. Specifying
one of these quantities determines the other. Brutsaert (1975) and Andreas (1987)
showed that zg and zg do not differ by more than one order of magnitude from one
another for a wide range of Reynolds numbers. This is confirmed by experimental
studies of Garratt and Hicks (1973) and King and Anderson (1994). In general,
the difference between the scalar roughness lengths will be considerably smaller
than the difference between a scalar roughness length and the roughness length for
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momentum. This means that Pr and Sc are nearly equal under normal atmospheric
conditions (according to Andreas (1987), Pr=0.71 and Sc = 0.63 for temperatures
below 0 °C). Thus, through lack of further knowledge, a logical step seems to be to
take zp equal to zg, i.e. B;IIQ = 0. Then, for each profile, 6, can be easily solved
using the Newton-Raphson iterative method from the relation:

02 - 05 - 9 — QSat(es)

. . ) D

where gs,1(0;) is the saturated specific humidity at the surface temperature and 6,
and ¢, are the potential temperature and specific humidity at 2 m. The value of zy
is then evaluated with Equation (4b) (or (4c)).

From a practical point of view, this method provides a way to estimate the
scalar roughness lengths without measuring ¢,. This is an important advantage,
since surface temperature measurements are usually associated with large errors
and uncertainties, which negatively influence the accuracy of the calculated scalar
roughness lengths. However, the method described here requires precise profile
measurements of temperature and humidity, since they determine to a large extent
the value of zg7, as can be inferred from Figure 6. This figure shows the relationship
between zy and the turbulent scales 8, and g, as calculated with Equations (10)
and (4b). All other quantities needed to calculate 6, and 2z (e.g. 02, g2, u.) are kept
fixed at their site 2 mean values except g, and 8, (Figure 6a and 6b, respectively),
which have been varied over the range representative of site 2 conditions. Notice
that when 8, is varied, g. is kept fixed at its mean site 2 value and vice versa.
Thus, for given values of 6, (or g.), 8, and zg are evaluated (from Equation (10),
the surface temperature is evaluated, which is inserted in Equation (4b) to yield
ZI7).

Obviously, the dependence of 2z on . or ¢. becomes stronger as ¢, or ¢, (and
hence the gradients) approach zero. Therefore, estimates of 2y are most accurate
for large (absolute) values of #, and g,. Furthermore, the exact value of B;IIQ
is far less important than the values of 4. or ¢., as indicated in Figure 6 by the
small deviation of the two dotted curves that represent zp /29 = 10 (upper) and
zp [ 2 = 0.1 (lower) from the line representing zp /2 = 1. Since profiles of both
temperature and of humidity are needed, the above described method for evaluating
the scalar roughness lengths can be applied only to measurements performed at
sites 2 and 3.

In order to obtain insight into how well the procedure works, calculated surface
temperatures are compared with measurements (Figure 7). It must be noted that the
surface temperature measurements, performed with a downward-facing infrared-
sensor and aresistance thermometer placed at the surface, were rather experimental.
Therefore, surface temperatures were measured only during some selected periods,
which enables direct comparison for only a limited amount of data. The overall
agreement between measured and calculated surface temperatures seems to be
reasonably good at both sites, although individual differences can amountto 2.5 °C.
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Fig. 6. Dependence of zx on (a) moisture scale ¢« and (b) temperature scale §. for mean site 2
conditions. The full line represents the theoretical dependence for zx/zq = 1 (B;Q = (). The

dotted curves are obtained for zz/2g = 10 (upper) and 2z /zg = 0.1 (lower). All other quantities
(e.g., 2, ¢2 and u.) are kept fixed at their site 2 mean values.

Obviously, the scatter can be attributed to uncertainties in the (surface) temperature
and humidity measurements. From Figure 7 we conclude that the approach used
here seems to be able to produce correct surface temperatures, and, therefore,
correct scalar roughness lengths.
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Fig. 7. Comparison of calculated and measured surface temperatures at sites 2 and 3. Also shown is
the 1:1 line.

The dependence of B (= (1/k) In(20/zx)) on the roughness Reynolds num-
beris shown in Figure 8 for sites 2 and 3, together with the theoretical relationship of
Andreas (1987). His calculations for smooth flow were based on a surface-renewal
model: small eddies continuously enter the interfacial sublayer, transferring heat
and moisture by an advection-diffusion process. By matching the interfacial sub-
layer and surface-layer profiles, he arrived at B}‘{1 = —3.9 and Bél = —4.0.
The same approach was used by Brutsaert (1982), although he assumed the scalar
transfer to be governed by molecular diffusion only, which led to B; = —2.7and
Bél = —3.5. Therefore, the scalar transfer coefficients will be somewhat larger
than the transfer coefficient for momentum in smooth, non-saltating flows. Most
measurements fall within the smooth/transitional regime, where Bﬁl is approx-
imately equal to zero. In this region, the data agree roughly with the theoretical
values of Bﬁl, although there seems to be a slight overestimation at the interme-
diate Reynolds numbers. This may be partly explained by the assumption of Pr
= Sc = 1 in Equations (5) and (6), which leads to B;II = 0. For larger Reynolds
numbers, the higher values of BI}I of Andreas (1987) roughly agree with our data,
although the number of measurements is too small to draw firm conclusions. At
least, the results indicate that over smooth ice and snow surfaces, the interfacial
transfer coefficients for momentum and heat and moisture do not differ by more
than one order of magnitude.
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Fig. 8. Dependence of B; on the roughness Reynolds number for sites 2 and 3. Vertical bars

represent the standard deviation around the means of values of B;_,l for log(Re) classes of 1. The
numbers near the data points represent the number of profiles within each class. The curve represents
the theoretical relationship of Andreas (1987).

The reasonable agreement of our values of B;lrl with theory of non-saltating
flows is remarkable, given the strong correlation between zp and u.. due to snow-
drift processes. However, it is argued that zy and 2z will also increase due to
drifting snow. Since the temperature of drifting snow is lower than that of the air
(in stable conditions), the sensible heat flux will cool the air surrounding a snow
particle. Since snow-drift rates are a maximum close to the surface, the temperature
gradient in the surface layer is increased, and, consequently, zz becomes larger.
Similar arguments can be given with respect to the moisture gradient. Schmidt
(1986) stated that significant sublimation rates occur within the drifting-snow layer.
As a result, the moisture gradient increases, and so does zg. These relationships
can be inferred also from Figure 6. Although changes in the roughness lengths z,
zg and zg due to snow-drift processes are thus in the same direction, they do not
necessarily have to be of equal magnitude. In this light, the agreement displayed
in Figure 8 can also be judged as rather fortuitous, especially at larger Reynolds
number. Otherwise, snow-drift processes apparently change all roughness lengths
by approximately the same amount.

Up to date, not many experimental estimates of Blr}1 have been given under
atmospheric smooth-flow conditions. This results from the fact that very few perma-
nent natural smooth surfaces comparable to Antarctic blue ice areas exist. Further,
potentially smooth areas are located mainly in the polar regions, which results in
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Fig. 9. The dependence of B; on the roughness Reynolds number as determined in this and other
studies. Values plotted are KY (Kondo and Yamazawa, 1986), M (Munro, 1989), KA (King and
Anderson, 1993) and BB (this study). For KY and M, the indicated areas represent the bulk of their
data points. KA do not give values of B;II as a function of Re, and, therefore, the circle represents a

mean value. The area BB represents the values of B; within the standard deviation from the mean
for sites 2 and 3.

high expedition costs and difficult measuring conditions. Results known to date at
low Re over ice or snow surfaces are schematically illustrated in Figure 9. There
seems to be a large scatter in the available data, indicating that the difficulties
involved in estimating B;II are large, which are believed to result largely from
uncertainties in surface temperature measurements. Munro (1989) suggested that
differences between theory and his experimental results are due to an uncertainty in
measuring height, as his data do confirm the shape of Andreas’ (1987) theoretical
curve. King and Anderson (1994) imputed their departures in the B;f values to a
near-surface divergence of long-wave radiation which could influence the temper-
ature profile. We conclude that more measurements over natural smooth surfaces
are needed to investigate the momentum, heat and moisture transfer processes
at low Reynolds numbers in the atmosphere. Particularly, their relationship with
snow-drift processes deserves more attention.

7. Near-Neutral Bulk Transfer Coefficients

In this section, we shall ignore the dependence of the roughness lengths on particular
variables and treat them as if they are constant in order to compare our values
with those from other studies. Mean bulk transfer coefficients are presented here,
since, generally, atmospheric models use bulk transfer formulations to represent the
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surface turbulent exchange processes. The bulk transfer coefficients formomentum,
heat and moisture (C'p, C'y and Cg, respectively) are given by:

U\ 2 U O Use e
o (Ur> » CH ur(er - 03)’ CQ UT(QT - Qs)j (12)

where subscript r refers to a reference (measuring) height. C'y and C'g are also
referred to as the Stanton and Dalton numbers, respectively. In neutral conditions,
they can be written as:

Zp -2

Cp = i (m —) (13)
20

CH — CII)/Z(BH + C—l/Z)—l C I/Z(BQ + C 1/2)—-—1 (14)

For each site, we have selected near-neutral profiles using the criterion |z/L| <
0.02. From the remaining data, regressions of u? against uZ and u.f. against
ug(fs — 05) have been made to evaluate the 6 m drag coefficient and Stanton
number. As can be seen from Figure 10, where the u2 — uZ regression is shown for
site 6, data with relatively low scatter remain. As shown in Section 5, the apparent
relation between zy and u. caused by snow-drift processes induces a dependence
of Cp on u. (or ue), an issue addressed by several authors (e.g., Joffre, 1982).
However, this dependence is neglected here. From Equations (13) and (14), 2,
zg (= zg) and the bulk exchange coefficients (10 m) are calculated for each site
(Table III). Obviously, the results confirm the findings of the previous sections:
large drag coefficients at the wind-exposed sites 4 and 5, where sastrugis dominate
the shape of the surface, and smaller drag coefficients at the wind-shielded sites
2, 3 and 6. Inside the valley, the Stanton number and drag coefficient are of equal
magnitude, in accordance with results described in the previous section. In order to
compare these values, Table I'V lists near-neutral 10 m values of Cp, C' and C
from other studies. Our values over snow roughly agree with the other estimates
over snow surfaces. The small values of C'p over ice are in perfect agreement with
those of Tabler (1980), although our ‘ice’-value is presumably representative for
an ice surface covered by patches of snow, as discussed in Section 5. No other
estimates of the transfer coefficients over smooth ice surfaces have been found
in the literature, There are large discrepancies between the (very few) estimates
of Cy and C'g. However, one must keep in mind that comparison of near-neutral
transfer coefficients from different locations has meaning only if differences in
flow conditions (Reynolds numbers) and in local snow-drift processes are taken
into account.

8. Discussion and Conclusions

In this study, we have evaluated the transfer coefficients for momentum, heat and
moisture over Antarctic blue ice and snow using profile data. The measurements
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TABLE III

Near-neutral values of the roughness lengths for momentum (zo), heat ()
and moisture (z¢ ) and the associated 10 m bulk transfer coefficients.

Site  Numberof =z zg = 29 Cp Cyg =Cq
profiles (m) (m) (1073 (107

2 33 28 x107% 12x107% 070 0.66

3 105 30x 1077 29x107° 1.0 1.0

4 252 25 x 1074 14

5 191 7.5 %x 1074 1.8

6 80 37 x 107° 0.73

were performed at five sites, two on snow with large roughness elements (sastrugi),
one on a relatively flat snow surface and two on blue ice. Under near-neutral
conditions, the acrodynamic roughness length (2g) varied from 2.8 X 10~% m over
smooth blue ice to 7.5 x 10~* m over rough snow. The extremely low roughness
of ice cannot be understood from local momentum dissipation alone, since at
near-neutral conditions the ice was partially covered with snow.
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TABLEIV

10 m drag coefficieint (Cp), Stanton number (Cg) and Dalton number (Cg) (107°)
over ice and snow surfaces, as determined in other studies. Note that the value given by
Liljequist (1957) represents the drag coefficient for non-saltating flows. During drifting
snow conditions he reports an increase in roughness length of a maximum two orders of
magnitude (equal to an increase in drag coefficient of 2.3 x 1073),

Study Surface type Cp Cmg Cg
Liljequist (1957) Snow 1.2

Hicks and Martin (1972) SNow 1.2 0.9 25
Tabler (1980) frozen lake without snow 0.72

Tabler (1980) frozen lake >75% snow cover 1.9

Joffre (1982) sea ice with snow 1.5 1.0
Kondo and Yamazawa (1986)  snow 1.4 1.2 1.3
Inoue (1989b) snow 1.3

King and Anderson (1993) SNOw 1.2 28 2.8

Measurements from only two levels have been used in this analysis. It cannot
entirely be ruled out that the highest level of measurement (6 m) was influenced
by upwind rock outcrops, since, according to Garratt (1992), the internal boundary
layer deepens only slowly after a rough-to-smooth transition. As a result, the 6 m
wind speed may be underestimated, which reduces the vertical velocity gradient.
Thus, it is possible that zy over smooth surfaces (especially sites 2 and 6) is
somewhat underestimated in this study. Results from these sites should therefore
be interpreted as rough estimates.

The dissipation of momentum close to the surface is significantly influenced by
snow-drift processes, i.e., the variability of the surface elements by snow depo-
sition and erosion and the loss of momentum at saltating snow particles. This
causes a positive correlation between the momentum roughness length and the
turbulent friction velocity, especially over smooth surfaces. This is totally opposite
to what might be expected from wind tunnel experiments, which indicate that z is
proportional to u; ! under smooth flow conditions. Apparently, the dissipation of
turbulent energy by drifting snow particles is much larger than that of the viscous
shear stress.

The roughness lengths for heat and moisture were estimated using vertical
profiles of temperature and humidity. By specifying the ratio zr/zg, the surface
temperature and zy (=zg) can be calculated from the log-linear profiles. This
method circumvents surface temperature measurements, which are usually very
difficult to perform accurately. It appears that, under smooth flow conditions (i.e.,
small Reynolds number), zy and zy are of equal magnitude, in agreement with
theory and wind tunnel measurements that predict interfacial transfer coefficients
of momentum and scalars to be of the same order of magnitude. However, processes
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associated with drifting snow not only influence the wind speed profile, but also
the temperature or humidity profiles, and, therefore, the scalar roughness lengths.
Apparently, changes in zp, g and z¢g due to snow-drift processes are approximately
of equal magnitude so that the dependence of the ratio zo/ zg on roughness Reynolds
number roughly follows non-saltating interfacial transport theory.

Blue ice areas, some of the few permanent natural surfaces over which smooth
flow conditions prevail, can be used to study atmospheric transfer mechanisms
at low Reynolds numbers. Moreover, blue ice areas and their surrounding snow
surfaces enable study of different flow regimes on a relatively small spatial scale.
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