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1. INTRODUCTION

The thermodynamic processes within a snow-
pack respond to the turbulent fluxes of heat,
moisture, and momentum at the surface of the
snow. Energy budget studies or atmospheric
models with snow as the lower boundary almost
always estimate these fluxes of momentum (t) and
sensible (Hs) and latent (H,) heat from a bulk flux
algorithm (e.g., Brun et al. 1989; Jordan et al.
1999; Bintanja 2000):

© = pCp U7, (1a)
Hs = pc,Cy U, (05-6,), (1b)
H. = pL, Cg U, (QS—Qr). (1c)

Here, p is the air density; c,, the specific heat of air
at constant pressure; L,, the latent heat of subli-
mation (if the surface is snow); U, ©,, and Q,
respectively, the wind speed, potential tempera-
ture, and specific humidity at reference height r;
®,, the potential temperature at the surface; and
Q:s, the specific humidity at the surface.

The crux of the bulk flux algorithm is evaluat-
ing the transfer coefficients for momentum, sensi-
ble heat, and latent heat appropriate at reference
height r—respectively, Cp,, Cy, and Cg in (1).
These generally derive from Monin-Obukhov
similarity theory and formally are (e.g., Garratt
1992, p. 52ff.; Andreas 1998)
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Here, k (= 0.40) is the von Karméan constant, and
vy, and v, are empirical functions of the stability
parameter r/L, where L is the Obukhov length. For
v, and yy, we use Paulson’s (1970) formulation
for unstable stratification (i.e., r/L < 0) and Holtslag
and De Bruin’'s (1988) for stable stratification (i.e.,
r/L > 0) (Jordan et al. 1999; Andreas 2002). Our
measurements of and parameterizations for the
roughness lengths for wind speed, temperature,
and humidity over snow—z,, z1, and zq in (2)—are
the subject of this paper.

Temperate snowpacks or continental sur-
faces sometimes do not satisfy the conditions of
Monin-Obukhov similarity theory, however. Often
the surface is not planar or horizontal. The diurnal
cycle creates nonstationarity. The atmospheric
flow may be disturbed by vegetation, topography,
or structures and is, therefore, not horizontally
homogeneous. Experimental evaluations of true
Zo, Z7, and zq values in such conditions are conse-
quently difficult.

Snow-covered sea ice, in contrast, provides a
nearly ideal environment for measuring zo, zt, and



zq. The surface is planar, horizontal, and at sea
level. The diurnal signal is often weak or nonexis-
tent because of the low sun angle or the absence
of the sun for long periods and because of the
high reflectivity and high emissivity of the surface.
Finally, sites in the central Arctic or Antarctic ice
pack are uncomplicated by topography.

Values of z,, zt, and zg measured at such
sea ice sites could be considered prototypical for
all snow-covered surfaces and should yield
parameterizations for the fundamental processes
that control turbulent exchange over snow. At
more complex sites, these fundamental processes
should still operate. Although the local complexity
of the site may require adjusting the roughness
lengths, these canonical values of z,, zy, and zq
should still be the right order of magnitude.

Here we use thousands of hours of eddy-
correlation measurements made over snow-
covered sea ice to evaluate such prototypical
values of zy, zr, and zo. We then develop a new
parameterization for zo as a function of the friction
velocity u. [= (t/p)"?]. Meanwhile, the z; and zq
values seem well represented by Andreas’s (1987)
theoretical model.

2. MEASUREMENTS

We use two large data sets for these
analyses. One comes from Ice Station Weddell
(ISW), which drifted through the western Weddell
Sea from early February until early June 1992
(Gordon and Lukin 1992; ISW Group 1993;
Andreas and Claffey 1995). The other comes from
SHEBA (the experiment to study the Surface Heat
Budget of the Arctic Ocean; Uttal et al. 2002),
which was an ice camp deployed around the
Canadian icebreaker Des Groseilliers that drifted
in the Beaufort Gyre from early October 1997 until
early October 1998.

On Ice Station Weddell, we used a three-axis
ATI sonic anemometer/thermometer and an AIR
Lyman-a. hygrometer mounted on a tower at a
height of 4.65 m to make eddy-correlation meas-
urements of t, Hs, and H_ in (1) (Andreas et al.
2004). We also had additional meteorological
instruments for measuring the average quantities
on the right sides of (1). These instruments ran
almost continuously for over 2200 hours; we aver-
aged their data into hourly values.

During SHEBA, our Atmospheric Surface
Flux Group (ASFG) maintained five sites that
measured t and Hs by eddy correlation (Andreas
et al. 1999, 2003; Persson et al. 2002). The main

site was our 20-m ASFG tower, which was instru-
mented at five heights between 2 and 18 m with
ATl sonic anemometer/thermometers. Near the
9-m level on this tower, we also had an Ophir fast-
responding hygrometer, which, when combined
with the nearby sonic, yielded our sole SHEBA
measurement of H,.

At the other four SHEBA sites, we deployed
portable automated mesonet (PAM) stations—
these are the flux-PAM stations from NCAR’s
instrument pool (Militzer et al. 1995). These PAM
stations featured either ATI or Gill sonic ane-
mometer/thermometers mounted at heights
between 2 and 4 m above the surface. We named
our first four PAM sites Atlanta, Baltimore, Cleve-
land, and Florida after the teams playing in the
Major League Baseball Championship Series in
the fall of 1997 while we were building the SHEBA
ice camp. The Atlanta, Baltimore, and Florida sites
lasted for the entire experiment. A pressure ridge
engulfed the Cleveland PAM station in late Janu-
ary 1998, and the station was offline for several
months for refurbishing. We redeployed it at a site
called Seattle in spring 1998 and, later in the
summer, moved it to Maui.

Our main SHEBA tower and three of the PAM
stations therefore ran almost continuously for
about 8000 hours. The Cleveland/Seattle/Maui
station had a shorter record. We again averaged
the flux data and the associated mean meteoro-
logical quantities in (1) hourly. But here we focus
on just the winter SHEBA period, when the sea ice
was show covered and the snow was dry enough
to drift and blow (Andreas et al. 2003). We define
“winter” at SHEBA as running from the start of the
experiment in October 1997 through 14 May 1998.
Winter resumed on 15 September 1998 and con-
tinued through the end of the deployment.

Since at ISW and SHEBA we directly meas-
ured all the terms in (1) except Cpy, Cuy, and Cg,
we can calculate these for each hour of good data.
On rearranging (2), we can then use these
measured coefficients to calculate z,, zy, and zo.
That is,

z, = rexp{—[kCE,%’2 + (r/L)]} ., (3a)

z; = rexp{—[kClD’r2 Cit + vy, (r/L)}} . (3b)

zg = rexp{—[kch’r2 Cer + vy, (r/L)}}. (3c)



We, of course, screened the data we used in
these calculations to ensure quality. For example,
we excluded from the analysis small values of r,
Hs, and H,, which do not have good signal-to-
noise ratios when measured by eddy correlation.
We generally measured ©g radiatively and evalu-
ated Qs as the saturation value at ®s. Because
measuring these surface values over snow is diffi-
cult, we also excluded hours when |©-@;| or
|Qs —Q/| were small because of the large uncer-
tainty in the resulting Cy, and Cg, values. Finally,
we excluded z,, z7, and zq values computed to be
larger than 0.1 m and zy and zq values computed
to be smaller than 7x10®m, the nominal value
for the mean free path of an air molecule. These
constraints on z,, z7, and zg, however, did not
eliminate many values.

3. THE ROUGHNESS LENGTH z,

To provide you with an appreciation for the
range of zo and u. values in our data sets, Fig. 1
shows over 2500 measurements of z, from our
main SHEBA tower. Although that tower had
sonics at five levels, we averaged all good esti-
mates of z, for any hour to obtain only one tower
value per hour. (We do the same later with the z;
data.) The two features to notice in Fig. 1 are the
wide scatter in z, values and their tendency to
increase with u., the friction velocity.

Ice Station Weddell

For mobile surfaces such as sand and snow,
an argument based on the conservation of
mechanical energy suggests that z, should scale
with u?/g, where g is the acceleration of gravity
(Owen 1964; Chamberlain 1983; Pomeroy and
Gray 1990). Presumably, this mechanism should
operate only above the threshold at which salta-
tion begins. From our observations of drifting snow
on Ice Station Weddell (Fig. 2), we estimate this
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Figure 1. Hourly values of the roughness length for
wind speed, z,, as a function of the friction
velocity, u., measured during winter at the
SHEBA Atmospheric Surface Flux Group tower.
The line is (4) with A = 1.
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Figure 2. Observations of drifting and blowing snow on Ice Station
Weddell for various u. bins. The u. values are hourly averages based
on eddy-correlation measurements; the number above each histogram
bar is the number of observations in that u. bin.



threshold value of u. to be about 0.3ms™. That
is, this figure shows that the fraction of the time for
which drifting and blowing snow was observed
increases dramatically once u. reaches 0.3ms™.

In light of this saltation mechanism, Jordan et
al. (2001) and Andreas et al. (2003, 2004) pro-
posed a formulation for zy in terms of u. that
includes a saltation regime and an aerodynami-
cally smooth regime (Smith 1988), the latter like
Fairall et al (1996, 2003) employed in the COARE
air-sea bulk flux algorithm. Our current algorithm is

0.135v
LT

. (4
0.035u? u*—0.18)2 @
+ ——<1+ Aexp|-| —————
g 0.10

where v is the kinematic viscosity of air, and z;, is
in meters when u, is in ms™. The left-most term
on the right side of (4) models the aerodynamically
smooth regime. The 1 in curly brackets, when
multiplied by 0.035u?/g, models the saltation
regime for u. values above about 0.3ms™. The
exponential term in (4), we believe, reflects the
“fundamental” roughness of the surface because A
is a dimensionless coefficient that varies among
sites.

Figure 3 shows all of our SHEBA z, values
averaged in u. bins that are typically 2cms™
wide. The points in this plot represent over
9400 hours of data. Except for Cleveland and
Maui, which had shorter lifetimes, each point in
Fig. 3 typically represents about 100 hours of data
for the given u. bin.
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Figure 3. Bin-averaged values of zo from our main
SHEBA tower and from five SHEBA flux-PAM
sites. The line is (4) with A= 1.

The line in Fig. 3 is (4) with A=1. For u.
values above 0.08ms™, this line is roughly within
half an order of magnitude of all of our bin-
averaged SHEBA 2z, values. The SHEBA data,
however, fall far below (4) at small u.. We frankly
have no good explanation for this behavior. Labo-
ratory data repeatedly confirm that z, scales with
v/u. when u, is small, and the data that Fairall et
al. (2003) reported for the open ocean likewise
suggest that z, increases at small u,, as (4) pre-
dicts. Further, we can think of no physical reason
for zo to be as small as 10°-10"" over snow-
covered sea ice. Our best explanation is that our
measurements or analysis are not correct when
u. is small. For instance, the stability correc-
tions—represented by vy, and wy in (3a)—may not
be accurate in the very stable stratification usually
associated with small u, values over polar sea
ice. Or perhaps in this very stable stratification, the
boundary layer is so shallow that an eddy-
correlation measurement of t several meters
above the surface is much smaller than the true
surface flux.

Figure 4 shows comparable bin-averaged z,
values from Ice Station Weddell. Besides the
eddy-correlation measurements on ISW that we
already described, the figure also includes z,
values that Andreas and Claffey (1995) obtained
from wind speed profiles measured on ISW. The
Zo values in Fig. 4 represent 197 hours of profile
measurements and over 700 hours of eddy-
correlation measurements.
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Figure 4. Bin-averaged values of z, from both
eddy-correlation and wind speed profile
measurements on Ice Station Weddell. The error
bars are +2 standard deviations of the mean z,
values. The line is (4) with A = 5.



The line in Fig. 4 is again (4) but with A =5.
That is, the “fundamental” roughness of the
surface at Ice Station Weddell seems to have
been larger than at SHEBA. In fact, Fig. 4 sug-
gests a local maximum in roughness in the vicinity
of u,=0.25ms™. Andreas and Claffey (1995) and
Andreas (1995) attribute this local maximum to
sastrugi that build during storm winds, when u, is
above the threshold for drifting and blowing snow.
When the storm passes and the winds decline,
they usually turn and thereby see a corrugated
surface that is aerodynamically rougher than if the
wind were blowing parallel to the sastrugi. In con-
trast, we never observed much sastrugi building
during SHEBA.

4, THE SCALAR ROUGHNESS LENGTHS
4.1 Background

Andreas (1987) developed a theoretical
model for z{/z, and zg/z, that is still the only pre-
diction for how zy and zo behave over snow-
covered surfaces. The main result from that model
is

2,12, = exp| b, + by(InR.) + b, (InR.)" |, (5)

where zg is the scalar roughness—either z or
zg—and R.=u.z,/v is the roughness Reynolds
number. Table 1 gives the coefficients by, b, and
b, in the model.

Table 1. Values of the coefficients to use in (5) for
estimating zt/zo and zq/z, in three aerodynamic
regions.

R.<0.135 0.135<R.<2.5 2.5<R, <1000
Smooth Transition Rough

Temperature (z1/zp)

bo 1.250 0.149 0.317

b, 0 —-0.550 —-0.565

b, 0 0 -0.183
Humidity (zo/zo)

bo 1.610 0.351 0.396

b, 0 -0.628 -0.512

b, 0 0 -0.180

In his review of scalar transfer over snow and
ice surfaces, Andreas (2002) compared z values
from several modestly sized data sets against the
predictions from (5) and found they generally
agreed. Andreas, however, found only one small
data set for likewise testing how (5) does at pre-
dicting zq. This comparison showed large differ-
ences between the zo measurements and the
prediction, presumably because the zq data were
not very good. Meanwhile, based on profile meas-
urements in Queen Maud Land, Antarctica,
Bintanja and Reijmer (2001) reported zr and zq
values over show that showed a very strong
dependence on u,—a dependence incompatible
with Andreas’s (1987) model, (5). We here bring to
bear on this discussion many new measurements
of zr and zo from SHEBA and from Ice Station
Weddell.

4.2 The Roughness Length z;

Common practice is to scale z with z, (e.g.,
Garratt and Hicks 1973). In fact, Andreas’s (1987)
theory predicts zt/zy and zq/z, rather than z; and
zo individually. Figure 5 shows how individual
estimates of z1/z, from (3a) and (3b) can vary. The
data in the figure do, nevertheless, tend to
corroborate (5).

As with Figs. 3 and 4, because of the scatter
in individual measurements of the roughness
length, we like to bin average. Figure 6 therefore
shows z1/z, values averaged in R, bins for five
SHEBA sites and for Ice Station Weddell. The
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Figure 5. Hourly values of z/zo measured on the
Atmospheric Surface Flux Group’s tower at
SHEBA and parameterized with the roughness
Reynolds number. The line is (5).
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Figure 6. Hourly values of z:/zo from our main
SHEBA tower, from the SHEBA flux-PAMs at
Atlanta, Baltimore, Florida, and Seattle, and from
Ice Station Weddell are averaged in R. bins. The
error bars are +2 standard deviations of the means
of z1/zy and R.. The points without error bars are
individual values. The line is (5).

points in this plot represent over 2200 hourly z¢
measurements.

One essential conclusion from this plot is
that, in general, z,=z,, while z;=2z,=2, is a
common assumption in snow models (e.g., Bryan
et al. 1996; Martin and Lejeune 1998). Another
conclusion from Fig. 6 is that Andreas’s (1987)
model, (5), does pretty well in representing the
z1/zy values, especially in the transition region,
0.135<R.<2.5, and in the aerodynamically rough
region, R.>2.5. The figure does, however,
suggest that the predictions from (5) may be low in
aerodynamically smooth flow, R,<0.135, and in
very rough flow, R.>200. The behavior of the
data for small R. may, however, again be a
consequence of measurement or analysis biases
in very stable stratification. We have not decided
yet whether the relatively large z{/zq values for
large R. are real or are a measurement artifact.

Andreas (2002) and Andreas et al. (2004)
raised the issue that plots of z1/z, and zq/z, versus
R.=u.z,/v may suffer from fictitious correlation
because of the shared z,. Andreas (2002), in fact,
showed with one example that this built-in correla-
tion tends to make z1/z, decrease with increasing
R., as both the model and the data suggest in Fig.
6. To remove this fictitious correlation, we there-
fore plot in Fig. 7 values of z; alone averaged in
u. bins.

The line in Fig. 7 results from combining (4)
and (5), with A = 1in (4). This line does pretty well
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Figure 7. The same z; data from Fig. 6 are here
averaged in u. bins. The error bars are +2
standard deviations of the means of zr and u..
The line results from combining (5) with (4) and
using A=1in (4).

in representing the z; values, except again for very
small u., where we may have measurement or
analysis problems. The results in Fig. 7 are also
compatible with a constant zr value of about
1x10™*m. Figure 7, however, does not corrobo-
rate the finding by Bintanja and Reijmer (2001)
that zr increases as a high power of u, for u,
above a saltation threshold of about 0.3ms™.

4.3 The Roughness Length zq

Figure 8 shows about 160 bin-averaged zq/z,
values measured on our SHEBA ASFG tower and
on Ice Station Weddell. The values agree quite
well with Andreas’s (1987) model, (5), and provide
the first meaningful test of his theory for humidity
roughness. Once again, the disagreement
between measurements and the prediction for
small R. may result from either a measurement or
analysis problem. But this disagreement could
also point to a shortcoming in Andreas’s model.

As with z1/z,, plots of zg/zp versus R. can
suffer from fictitious correlation because of the
shared zo,. Therefore, Fig. 9 shows averaged
values of zg alone in u, bins. The line in this figure
again derives from (4) and (5), with A=5 in (4),
and splits the plotted averages. Nevertheless, the
data in Fig. 9 are not precise enough for us to
reject the hypothesis that zo over snow in the u.
range depicted is constant with a value that is,
nominally, 1x10™*m.
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Figure 8. Hourly values of zq/zo, from the SHEBA
ASFG tower and from Ice Station Weddell are
averaged in R. bins. The error bars are +2
standard deviations of the means of the z;/zy and
R. values in the bin; the numbers beside the
markers tell the number of values in each bin. The
line is (5).
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Figure 9. The same zy data in Fig. 8 are here
averaged in u. bins. The error bars are £2
standard deviations of the means of the zq and u.
values for the bin; the numbers beside the
markers tell the number of values in each bin. The
line results from combining (4) and (5), with A=5
in (4).

5. CONCLUSIONS

Our  turbulent flux and  associated
meteorological measurements during SHEBA and
on Ice Station Weddell provided thousands of new
measurements of the roughness lengths z,, z,
and zq for snow-covered surfaces. On the basis of
these data, we developed a new parameterization

for z,, equation (4), that acknowledges three
regimes: an aerodynamically smooth regime for
small u., where z, scales with v/u.; a drifting and
blowing snow regime for large u. , where z, scales
with u?/g; and an intermediate regime between
these two extremes, where the “fundamental”
roughness of the surface dictates z,. By adjusting
only one coefficient in this parameterization, we
were able to fit both the SHEBA and Ice Station
Weddell data for u, upto 0.7ms™.

Both the SHEBA and Ice Station Weddell z
and zg values tend to corroborate Andreas’s
(1987) theoretical model for z+/z; and zg/z,. But
we see that most of the variations in z{/zo and
Zglzo result from variations in zg. The zr and zq
values alone, in contrast, seem to be fairly con-
stant, with a common value of about 1x10™m.

Because snow-covered sea ice is such a
prototypical site for investigating the fundamental
behavior of turbulent exchange over snow, the z,,
z1, and zq values that we have reported should
constrain measurements and parameterizations
for these roughness lengths over snow at more
complex sites.
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