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ABSTRACT

During the experiment to study the Surface Heat Budget of the Arctic Ocean (SHEBA), our
multiple micrometeorological sites yielded over 10,000 hours of turbulent surface flux
measurements during the polar winter. These measurements are relevant to the Eastern Snow
Conference because polar sea ice is an ideal site for observing the fundamental processes that
control turbulent exchange between the atmosphere and snow-covered surfaces. Each SHEBA
site was on a horizontal surface (i.e., snow-covered sea ice) that was uniform and had no
topographic variations for hundreds of kilometers in all directions. Consequently, density-driven
flows that can confound measurements over land surfaces did not occur. Moreover, diurnal
forcing was often weak or nonexistent; mesoscale and synoptic-scale disturbances with 1-4 day
time scales were the primary mode of temporal variability. Consequently, our measurements were
often in quasi-stationary conditions.

We describe our eddy-covariance measurements of the surface fluxes of momentum and
sensible and latent heat and how we develop parameterizations for these fluxes. Our approach
relies on Monin-Obukhov similarity theory, which, in turn, requires that we evaluate the
roughness lengths for wind speed (z), temperature (zr), and humidity (z,). Here, we show only
result for z,, which we find to be independent of the friction velocity u, in the regime (i.e., for
u, >0.3m/s) where drifting and blowing snow has commonly been invoked to explain why z,
tended to increase with u, in previous data sets. We attribute this increase in z, with u_ to
fictitious correlation and show that, when measured z, is plotted against the friction velocity
computed from our bulk flux algorithm, which has much less built-in correlation with z,, z, is
constant at about 0.23 mm in the drifting and blowing snow regime.
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INTRODUCTION

Snow-covered, polar sea ice is a nearly ideal surface over which to study the fundamentals of
turbulent exchange between the atmosphere and a snow cover. It provides the following
advantages for anyone hoping to understand the complexities of turbulent surface exchange:

® Polar sea ice in winter has the simplest geography and geometry of any surface on the planet;
The surface is planar and at sea level;

® The surface is horizontal and, thus, does not induce density flows (e.g., katabatic winds) that
are common on glaciers and over mountain snow packs;

® The surface is uniform and homogeneous for hundreds of kilometers in all directions;

® During late autumn, winter, and early spring, the polar regions experience little or no diurnal
forcing, which leads to nonstationarity in atmospheric time series collected at lower latitudes.

As a consequence, turbulence parameterizations formulated from data collected over snow-
covered sea ice constitute a baseline from which to develop parameterizations over more complex
snow-covered surfaces: for example, mountain glaciers, patchy snow, and snow fields surrounded
by higher topography or mixed vegetation.

Here we use turbulence data collected over snow-covered sea ice during SHEBA, the
experiment to study the Surface Heat Budget of the Arctic Ocean, to develop a bulk turbulent flux
algorithm for predicting the turbulent surface fluxes over a snow cover. The SHEBA experiment
took place in and around an ice camp deployed on floating sea ice in the Beaufort Gyre (Uttal et
al., 2002) and ran from October 1997 until October 1998. The data reported here come from
winter conditions during SHEBA—when the sea ice was compact and snow-covered and the snow
was cold and dry enough to drift and blow under wind forcing. To emphasize the simplicity of the
terrain, Figure 1 shows a view of the surface that we worked over during winter.

BULK FLUX ALGORITHM

Energy budget studies or atmospheric models with snow as the lower boundary almost always
estimate the surface fluxes of momentum (t) and sensible (Hs) and latent (HL) heat from a bulk
flux algorithm (e.g., Brun et al., 1989; Jordan et al., 1999; Bintanja, 2000; Lehning et al., 2002;
Briegleb et al., 2004). In our algorithm, the relevant flux predictions take the form
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T=-puw = pul = pC, S, (la)
H, = pc,wb = pc,C,S,(0,-0,), (1b)

H, =pL,wq=pL,C.S(Q-Q,). (Ic)

In these, u, w, 0, and q are turbulent fluctuations in longitudinal wind speed, vertical wind
speed, temperature, and specific humidity; the overbar indicates a time average. Also, p is the air
density; c,, the specific heat of air at constant pressure; L., the latent heat of sublimation; S,, the
average effective wind speed at reference height r; ®; and Q,, the average potential temperature
and specific humidity at r; and ®, and Q,, the temperature and specific humidity at the snow
surface. We evaluate Qg as the saturation value at ®,. Equation (la) also defines the friction
velocity, u,.

The crux of any bulk flux algorithm is evaluating the transfer coefficients for momentum,
sensible heat, and latent heat appropriate for 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. 52ft.; Andreas, 1998)

o = K -, (2a)
[In(r/z,) =, (r/L)]
c. = k* (2b)
" [In(r/zy) = w,, (r/L) |[In(r/z; ) =y, (r/L)]
o (20)

Cp = [ln(r/zo)—\ym(r/L)][ln(r/zQ)_Wh(r/L)] .

Here, k (=0.40) is the von Karmén constant, and ,, and w;, are empirical functions of the
Obukhov length,

3
L--L L 3)
kg|—  061T —
wl + ————wq
1+0.61Q

Here, g is the acceleration of gravity, and T and 6 are surface-layer averages of the temperature
and specific humidity. Because (1) and (2) are coupled through L, equations (1)—(3) must be
solved iteratively.

For y,, and yy, in (2), we use Paulson’s (1970) functions in unstable stratification. In stable
stratification, which is the more common regime over sea ice in winter, we use the new functions
reported by Grachev et al. (2007). These functions are based on our SHEBA data set and include
proper treatment of a heretofore unrecognized scaling regime in very stable stratification. The z,
zr, and zg in (2) are the roughness lengths, respectively, for wind speed, temperature, and
humidity. Developing a new parameterization for z, is the main subjects of this paper.

During SHEBA, we measured all the turbulent and mean meteorological quantities in (1) at
multiple sites. In particular, we measured the momentum and sensible heat fluxes with sonic
anemometer/thermometers (one is visible in Figure 1). We combined a fast-responding humidity
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sensor with the sonic at one site to measure the latent heat flux. Persson et al. (2002), Grachev et
al. (2005, 2007), and Andreas et al. (2006) provide further details of our SHEBA measurements.

In effect, from these measurements and as a consequence of (1), we also measured Cp,, Cy,, and
Cp; at multiple sites. For the purposes of this paper, we thus computed z, from (2a):

7y = rexp{-[kCy + v, (r/L) ]} . 4)

The main SHEBA camp was our primary site. Here we had our 20-m Atmospheric Surface
Flux Group (ASFG) tower, which was instrumented at five levels with identical sonic
anemometer/thermometers and temperature and humidity sensors. At the 8-m level on this tower,
near the sonic at that level, we had the one SHEBA-wide fast-responding humidity sensor for
measuring the latent heat flux.

We also usually maintained four remote sites that were 0.4 to 10 km from the main SHEBA
camp. We instrumented these sites with Flux-PAM (for portable automated mesonet) stations
from the facilities pool at the National Center for Atmospheric Research (Andreas et al., 1999).
These stations each had a sonic anemometer/thermometer and sensors for measuring average air
temperature and humidity. We named the first four PAM sites that we deployed after the teams
that were playing in the Major League Baseball League Championship Series in October 1997,
while we were building the SHEBA camp: Atlanta, Baltimore, Cleveland, and Florida. Cleveland
was eventually engulfed in a pressure ridge and redeployed subsequently to two new sites named
Seattle and Maui. The Atlanta, Baltimore, and Florida sites, however, lasted for the entire
SHEBA experiment.

THE ROUGHNESS LENGTH z,

Figure 2 shows z, values computed from (4) using data from our ASFG tower and plotted
against friction velocity. The yellow markers are the individual hourly values to show the typical
scatter in such measurements. The black circles are bin averages of these hourly data; the error
bars are +2 standard deviations in the bin means.

Plots like Figure 2 in which measured z, is plotted against measured u, almost always show z,
to increase with u_ (e.g., Pomeroy and Gray, 1990; Bintanja and Van den Broeke, 1995; Brunke et
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al., 2006). This effect has been attributed to the influence of drifting and blowing snow (e.g.,
Owen, 1964; Chamberlain, 1983; Pomeroy et al., 1983; Andreas et al., 2005). But we now believe
that the increase in measured z, with measured u, is a result of fictitious correlation: The
measured u, is embedded in Cp, in (4) and thus would appear prominently on both axes in plots of
measured z, versus measured u,.

To mitigate the effects of such fictitious correlation, we show in Figure 2 measured z, plotted
against the corresponding friction velocity computed from our bulk flux algorithm, denoted u. .
Figure 2 shows that, for such a plot, zy does not increase with u. ;. The curve in Figure 2 is thus

z, = 0.135L+ 2.30x107* tanh® (13u*,B) , ©)

U,

where z, is in meters when u,; is in m/s and v, the kinematic viscosity of air, is in m/s.

Figure 3 reiterates this conclusion by adding bin-averaged data from four PAM sites to the bin-
averaged ASFG tower data from Figure 2. Again, (5) represents the data well; none of the four
PAM sites show an increase in zo with u, in the region where polar snow is typically drifting
and blowing: for u,;>0.3m/s (Andreas et al. 2005).

The first term on the right side of (5) models aerodynamically smooth flow and produces the dip
in the curves in Figures 2 and 3 for 0<u.;<0.15m/s. Three of the five sites in Figure 3 follow
this scaling law. The Cleveland site, which produced a scanty data set and, thus, large error bars,
tends to be above this dip. The Florida site also does not follow this scaling law for reasons that
we do not yet understand.

u, COMPARISONS

To demonstrate the accuracy of (5) and our bulk flux algorithm, we show in Figure 4
comparisons of measured u, values and values modeled with our bulk flux algorithm (u. ;) for the
four SHEBA sites with the longest data records.
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Figure 4. Comparison of u_ values measured hourly and corresponding values modeled with our bulk flux
algorithm for our main ASFG tower and for three Flux-PAM sites: Atlanta, Baltimore, and Florida. In each panel,
the solid line is the 1:1 relation, and the dashed line is the best fit through the data.

In each panel in Figure 4, the best fitting line through the data deviates only slightly from the
1:1 line, which shows perfect agreement. The Florida panel is the most deviant; yet even at large
u,, the trend in the data is always within about 0.03 m/s of perfect agreement, All panels in Figure
4, however, hint that the bulk flux algorithm may underestimate u, for large u,. This bias is small,
though—typically about 0.02 m/s for the largest u_ values observed.

SUMMARY

Our premise has been that turbulence measurements over snow-covered polar sea ice, where
topography and atmospheric conditions are often quite simple in winter, can provide information
on the fundamental physics that controls turbulent exchange over snow-covered surfaces in more
complex terrain. From data collected during the year-long SHEBA experiment, we have thus
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developed a bulk flux algorithm to predict the turbulent fluxes of momentum and sensible and
latent heat from mean measured or modeled meteorological variables.

We have shown only our new parameterization for the momentum transfer, which essentially
reduces to predicting the roughness length z,. We will describe our parameterizations for the
sensible and latent heat fluxes elsewhere (also see Andreas et al., 2004).

Our new algorithm for predicting z, (5), does not show z, to increase with friction velocity in
the regime where drifting and blowing snow typically occurs—for u,>0.30m/s —presumably
because we have properly minimized the effects of fictitious correlation. Hence, according to our
data, over snow-covered sea ice, 7, is essentially constant at 0.23 mm for 0.15<u.,<0.65m/s,
the upper velocity limit of our data.

We tested this new z, algorithm in our full bulk flux algorithm and found it to do a very reliable
job of reproducing our measurements of u, (see Figure 4). We have developed FORTRAN code
for this bulk flux algorithm that we would be willing to share.
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