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Change in the aerodynamic roughness height by saltating grains:
Experimental assessment, test of theory, and operational

parameterization
Dale A. Gillette
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Administration, Research Triangle Park, North Carolina

Béatrice Marticorena and Gilles Bergametti

Laboratoire Interuniversitaire des Systémes Atmosphériques, Universités Paris, Créteil, France

Abstract. Data from an experiment at Owens Lake provided an opportunity to verify the
validity of Raupach’s formula that predicts the apparent roughness height at equilibrium
with saltation during wind erosion episodes. In addition to that verification, a
simplification of Raupach’s formula is presented which allows the computation of the wind
friction velocity affected by saltating sand grains without the need to measure the
threshold wind friction velocity and to do iterative calculations. This method estimates the
increase of the wind friction velocity Au ., above the nonsaltating wind friction velocity
caused by the saltating grains: Au, = 0.3 [U — U,]* where U and U, are the wind
speed and the threshold wind speed, respectively, at 10 m.

1. Introduction

When particles in a broad size-range are transported by the
wind, they have ballistic trajectories, including saltation, in
which the particles proceed mainly in a series of leaps. During
saltation the soil grains interact with the air and transfer a part
of the wind momentum to the ground. This phenomenon leads
to an apparent increase of aerodynamic roughness height of
the surface z, (the Owen effect). Owen’s [1964] theory de-
scribes the modification of the wind velocity profile as a posi-
tive feedback to soil wind erosion by increasing the wind shear
stress. Since increase in potential wind erosion is indirectly
expressed as an increase of zy,,, it is very important to account
for it realistically. Recently, Raupach [1991] incorporated the
theory of Owen [1964] to provide an expression to compute the
aerodynamic roughness height of smooth or rough surfaces
when a saltation layer is developed. Although some observa-
tional studies have presented data consistent with the Raupach
formula, up to now there has not been a rigorous test of it.
Wind tunnel studies were criticized by Raupach [1991] as hav-
ing insufficient heights to develop equilibrium saltation layers
and thus cannot be used to test the Raupach formula. Outdoor
measurements by Rassmussen and Mikkellsen [1991] described
the aerodynamic roughness height of beach surfaces during
wind erosion but, unfortunately, without measurements of z,,
for the initial noneroding surfaces. Outdoor studies of wind
erosion at Owen Lake [Gillette et al., 1996] have shown statis-
tically significant increases of aerodynamic roughness height
caused by airborne sand but have provided too few data to test
the Raupach formula. A later study done on another part of
Owen Lake [Gillette et al., 1997] presented data taken from
three towers for more than a year. Because the data were from
three simultaneously operating towers, each on an erodible
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surface having a different surface roughness, and were of suf-
ficient volume so that conditions near neutral stratification and
constant wind direction could be maintained, the study could
be used to test the Raupach formula.

The Raupach formula is not very easy to use because it
requires knowledge of the threshold wind friction velocity and
involves iterative computation. Thus a second purpose of this
paper was to simplify the application of the Raupach formula.
This simplification follows from and is an extension of the
approach used by Marticorena et al. [1997a]. Part of their wind
erosion model concerned the increase of the aerodynamic
roughness height after the threshold of wind erosion had been
exceeded. Specifically, these authors used a third-degree poly-
nomial to fit friction velocities computed from Raupach’s for-
mula for wind speeds at 10 m above the surface and a range of
aerodynamic roughness heights. For our calculation, we use a
relationship between aerodynamic roughness height and
threshold friction velocity. This approach is further developed
by changing the form of the fitted polynomial and specifying
values for constants of a polynomial approximation to the
Raupach formula. Finally, we propose a formulation to com-
pute the friction velocity during saltation that needs only the
wind velocity and the initial roughness height of the surface as
input parameters. The limitations of its use are discussed.

2. Raupach Formula

As mentioned above, Raupach [1991] incorporated the the-
ory of Owen [1964] to provide an expression for the aerody-
namic roughness height when saltation occurred on smooth or
rough surfaces, z ;- The expression for z,,, is equal to aero-
dynamic roughness height for wind speed below the threshold
of particle movement, i.e., for nonsaltating conditions, zoys,
and is roughly equal to Owen’s aerodynamic roughness height
for saltation on smooth surfaces. The main advantage of Rau-
pach’s formula is that it extends Owens approach provides
values for the aerodynamic roughness height for rough sur-
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faces that have particles moving in saltation and rationally
approaches the limit of small .. The Raupach formula pro-
vides z,;, for a wider range of potentially eroding surfaces
than Owen’s theory does.

For conditions of no erosion we may express the change of
wind speed with height [Kaimal and Finnigan, 1994] as

u, z
U(z) = T In (—)

Zons

M

where U(z) is wind speed at height z, u . is friction velocity, k
is von Karman’s constant (0.4), and z,ys is aerodynamic
roughness height for nonsaltating conditions.

For conditions when wind erosion is occurring, the aerody-
namic roughness height during saltation z,,, is given by the
Raupach formula as

271-R
Zosalt — [A Eik‘:| ZR (2)
al 2 g ONS
where A is a constant of the order of 1, and R = u,/u, where
U, is the threshold friction velocity for wind erosion, and g is
the acceleration of gravity. Thus three quantities are required
for the evaluation of the Raupach formula: u.,, 4, and zq .

3. Experimental Data

The data obtained by Gillette et al. [1997] consisted of fric-
tion velocities versus wind speed at 1 m height obtained on an
erodible part of Owens (dry) Lake near the town of Keeler,
California. The experimental surface was loose and sandy. The
experimental sites and both upwind and downwind areas were
flat and unvegetated for several kilometers. Three meteoro-
logical towers were spaced at distances of more than 1 km from
each other. Although the surfaces at the tower sites were flat,
differences in thickness of loose, sandy material overlying hard
crusts and transport/drifting of loose material resulted in dif-
ferent aerodynamic roughness heights from one tower to an-
other and, at different times, at the same tower. The changes
of aerodynamic roughness height caused by differing surface
roughnesses for wind direction differences were minimized by
restricting the data to the wind direction 326° = 15° (10 epi-
sodes) or 146 = 15° (1 episode). Wind speed was measured at
1, 2, and 4 m for 20-min periods. Air temperatures were mea-
sured at 1 and 4 m. Richardson number Ri for the 20-min
means were estimated using the wind and temperature data.
More details on the experiment, including the size distribution
of the lake-floor sediment, are given by Gillette et al. [1997].

To minimize stratification effects (as illustrated by Frank
and Kocurek [1994], we chose wind speed for close-to-neutral
conditions (—0.03 < Ri < 0.03). For negative Ri we esti-
mate that the largest increase of friction velocity above that for
neutral conditions using the corrections used by Gillette et al.
[1997] would be about 10%. For stable conditions the friction
velocity would be reduced by as much as 17%. The overall
mean 80% confidence interval for the three sites is 13.5%.

The threshold friction velocities for wind erosion were eval-
uated by Gillette et al. [1997] as the lowest observed friction
velocity at which particle movements (as detected by Sensit
instrument response) were measured. Measured threshold fric-
tion velocities in 1993 for the three observational sites have a
range from 39 to 48 cm s~ *. Since this range is quite limited, we
used a constant value of 42 cm s~! for the overall threshold
friction velocities.
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Apparent aerodynamic roughness height z, was computed
for the data for each 20 min in (1) with z,, substituted for z .
Aerodynamic roughness heights z,,¢ for noneroding condi-
tions were averages of the z, values for nonsaltating condi-
tions. To be sure we excluded cases where saltation occurred,
we selected an upper limit for u, equal to 38 cm s~* which was
below the lowest threshold velocity. We set the lower limit for
u, to be 20 cm s~ ! because low gradients for low wind speeds
led to unacceptable errors in friction velocity estimations. For
the three sites, arithmetic mean aerodynamic roughness
heights were calculated to be 0.01 (+0.009), 0.01 (%0.009), and
0.025 (£0.01) cm for sites 5010, 5011, and 5012, respectively.
These roughness heights were in relative qualitative agreement
with observations of the surface.

4. Testing the Raupach Formula

The above values for u., zgns, and u,, were used to cal-
culate z,g,, in (2) to compare with the z, values calculated
from the experiment for u, > u,,. Figure 1 shows a compar-
ison of the measured z,, and the computed z,, values when
the 4 parameter of (2) is set to 0.38, which was the best fit to
the data. Since Raupach had originally predicted the value of
A to be 0.2 to 0.3, we claim consistency with the Raupach
formula. The slope of the regression is close to 1 (0.97), sug-
gesting good agreement between measured and computed
aerodynamic roughness heights for a range of z, between 0.01
and 0.3 cm. The dispersion is relatively low and 2 is 0.824 for
278 pairs of data. Although the standard deviations for the
zons measured at sites 5010 and 5011 are of the same order as
the mean value (that is, the z, ¢ have wide confidence inter-
vals), the Owen effect (increase of aerodynamic roughness
height with saltation) is seen in the order-of-magnitude change
from dust-free conditions (zgg,, =~ 0.25-0.3 cm for the site
where zg g is 0.025 and z,,, = 0.1-0.15 cm for the two sites
for which the z,, is 0.01 cm).

5. Influence of Saltation on Wind Velocity
Profile

Because of the variation of the saltation roughness height
with the wind friction velocity, one should expect an influence
of the sand movement on the wind velocity profile. Below the
threshold, in neutral conditions, the wind velocity vertical pro-
file is logarithmic (equation (1)), and thus for a given initial
roughness height, the wind friction velocity is proportional to
the wind velocity at a given height:

uyys = KU(2) 3)

with
K = k/In (z/zys)

This wind friction velocity (u ) is referred as “nonsaltat-
ing,” denoting that it is determined by the nonerodible rough-
ness elements present on the surface. When the erosion
threshold is reached, the roughness height of the surface varies
as a function of the wind friction velocity; the relation between
u, and U(z) becomes more complex. Equation (3) can be
rewritten for saltation wind friction velocity u ., (the friction
velocity corresponding to the wind profile above the saltation
layer, including the influence of the increase of the overall
roughness height caused by the saltation layer):
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Figure 1. Saltation roughness heights z,,,, computed using Raupach’s formula (Equation (2)) versus the
apparent roughness height z, measured for wind friction velocity at three sites at Owens Lake (California).
Ussan = kU(2)[In (2) = In (zog)] ™" 4) Usgr = @y + a,U + a,U% + asU° (%)

Equations (3) and (4) indicate that one would expect a wind
velocity (vertical) profile above the erosion threshold that is
different from the one below.

Plots of u . versus U(z) are convenient tools to detect and to
illustrate the influence of saltation because the experimental
determination is more precise for friction velocities than for
aerodynamic roughness heights. Figures 2a—2¢ show the mea-
sured wind friction velocities versus the measured wind veloc-
ities at 1-m height for each site. We plotted lines in the figures
corresponding to velocities that could be obtained from a log-
arithmic profile with no saltation (equation (3)) using the mea-
sured zgns. We also plotted the curve corresponding to (4).

All three sites for u, > u,, show an increase of the wind
friction velocity with saltation compared to the u, computed
with the log profile with no saltation. This increase of u ., due
to saltation is significant because it is greater than 15% when
the wind erosion threshold is exceeded by 25%. If we wish to
find a value of u ., from knowledge of wind speed at a given
height, (2) (Raupach’s formula) and (4) give u ., on both
sides of the equation. To avoid use of an iterative approach for
finding u 4,,, we need a way to easily compute the increase,
Au, of the wind friction velocity induced by saltation com-
pared with that with no saltation.

6. Quantification of Wind Friction Velocity
Increase Due to Saltation

6.1. Analytical Expression of Au,,

Marticorena et al. [1997b] have used third-degree polynomi-
als to fit the wind friction velocities computed from Raupach’s
formula (equation (2)) above the erosion threshold for wind
speed at 10 m above the surface [U(10)] and a range of initial
roughness heights

where a,, a,, a,, and a, are constants for a given initial
roughness height.

By comparison with experimental data, Gillette et al. [1997]
found that this expression can be further simplified because the
zeroth- and third-order terms do not play a significant role in
the results. Above the erosion threshold the saltation wind
friction velocity can be written in the form

U sgsalt = bIU + b2U2 (6)

where b, and b, are constants.

This expression includes a term proportional to U, which is
similar in form to the log-profile wind friction velocity of (1).
Thus it seems that the saltation wind friction velocity can be
decomposed into two terms, one representing u . 55, the non-
saltating wind friction velocity, and the other representing the
additional effect produced by the saltating particles:

Uity = Usns + Dl y (7)

Assuming that b, = K, it follows that the increase of wind
friction velocity Au, must be proportional to U?. To ensure
that Au, is equal to 0 at the erosion threshold, this term must
be proportional to (U — U,) to some positive power, U, being
the wind velocity at the erosion threshold. So finally, we looked
for an expression of Au, as a function of (U — U,)>.

In the previous section, we showed that the wind friction
velocities computed with Raupach’s formula for the saltation
roughness height reproduce the experimental u .., versus U
relation quite well. Considering Raupach’s formula to be valid
over a wide range of roughness height, we can compute the
U x4y TOT various initial roughness heights and use these values
as a reference data set for fitting of Au..
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Figure 2. Wind friction velocity u . versus wind velocity at 1 m U (1 m) for three different sites of Owens
Lake: (a) site 5010, (b) 5011, (c) 5012). The dotted line is the saltation wind friction velocity computed using
Raupach’s formula for z,,, with the measured u ., and z,y; the dashed line is the wind friction velocity
computed from equation (3) for nonsaltating conditions. The threshold friction velocity u «, is indicated by the

solid horizontal line.

6.2. Parameterization of u,, and U,

To use Raupach’s formula for various initial z, ¢ values, we
must allow for the change in u,, resulting from changes in
aerodynamic roughness height. Indeed, Marticorena and Ber-
gametti [1995] showed that the threshold wind friction velocity
is strongly dependent on the roughness height. These authors

derived a drag partition scheme from an approach developed
by Arya [1975]. This scheme describes the partition of the wind
energy between the erodible surface and the nonerodible ele-
ments. Marticorena and Bergametti’s partition scheme ex-
presses the ratio of wind friction velocity u., for a smooth
erodible surface to the total wind friction velocity u ., or the
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Figure 2. (continued)

so-called “efficient fraction,” f . The purpose of this scheme is
to express the drag partition as a function of the roughness
height of the smooth erodible surface z,, and of the roughness
height induced by the nonerodible elements z:

)

U.s In ;

* Os
feff:Z: 1~ 107938 )]

w[03s[ 2]
Zos

The threshold wind friction velocity  «, is then expressed by
Uy, = u*ts/feff (9)

where u ., is the threshold wind friction velocity for a smooth
surface.

On the basis of experimental data, Marticorena et al. [1997b]
showed that this parameterization reproduces the measured
threshold well when using a constant value for z, and u ,,. The
value of z, corresponds to the roughness height measured on
the smoothest surface and is roughly 0.0005 cm. The value of
U 4 corresponds to the wind friction velocity of particles hav-

ing diameters between 60 and 120 wm and is 21.7 cm s~ 1.

Table 1. Measured Nonsaltating Roughness Heights and
Threshold Wind Friction Velocities for Three Sites at Owen
Lake and Corresponding Threshold Wind Friction Velocity
Computed Using Equation (9)

Uy, (cms™h) Ui, (cm s7T)

Site Zons, CM Measured Computed
5010 0.0098 42 38.27
5011 0.0097 42 38.17
5012 0.025 42-47 50.37

For the three sites described above, the difference between
the measured and the predicted value for the threshold wind
friction velocities is about 10% (see Table 1). Since the uncer-
tainty of the measured threshold is also about 10%, we are
satisfied with the agreement.

At the erosion threshold the wind profile is described by (3),
so that U, can be computed from u ., using the nonsaltating
roughness height in (1). On the basis of this parameterization
we defined 10 m height U, for roughness height ranging from
0.0005 to 0.1 cm and wind friction velocity u, shown in Table 2.

6.3. Parameterization of Au,

For each initial roughness height, we have computed the
wind friction velocities using Raupach’s formula for the salta-

Table 2. Aerodynamic Roughness Height, Threshold
Friction Velocity, and Threshold Wind Velocity at 10 m

Zg, CM Uy, cm s~ U, ms™!
0.0005 21.70 7.87
0.00075 23.06 8.13
0.001 24.1 8.34
0.0025 28.34 9.14
0.005 32.63 9.96
0.0075 35.81 10.56
0.0085 36.92 10.78
0.01 38.47 11.07
0.02 46.84 12.67
0.03 53.68 13.97
0.04 59.87 15.16
0.05 65.77 16.28
0.06 71.52 17.38
0.07 7722 18.47
0.08 82.96 19.56
0.09 88.78 20.68
0.1 94.72 21.81
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Figure 3. Plot of the coefficient A’ (equation (11)) versus z,, s for a data set based on saltation wind friction
velocities computed by using Raupach’s formula for z,; and using a parameterization of ., as a function

of zons-

tion roughness height and the corresponding wind velocity at
10 m height. This data set corresponds to saltation wind friction
velocities up to Uy, = s, + 115 cm s~* by steps of 0.25 cm s~ L.

From these wind velocities and the initial roughness heights,
we computed the wind friction velocity corresponding to a
nonsaltating situation, assuming a logarithmic wind profile. On
the basis of this data set of u ., U(10 m), and u , 55 We have
computed Au .

Aty = Uy — Usns (10)
Then we fitted Au, as a function of (U — U,)*:
Au, =A'"(U-U)? (11)

Coefficients A" obtained from this fitting are plotted versus
the initial roughness height in Figure 3. We see that A’ de-
creases slowly from zoyg = 0.005 to 0.02 cm and then in-

10.00%

creases more rapidly from z,,s = 0.02 to 0.1 cm. The values
range from 0.282 to 0.333 which represents a maximal differ-
ence of 15%. Consequently, this coefficient can be considered
constant over the whole range of z, and equal to 0.3 without
large error.

Thus the increase of wind friction velocity caused by salta-
tion of soil particles can be simply described by (11) where 4’
is equal to 0.3. To evaluate the error for estimated Au ., we
compared the saltation wind friction velocity computed by
using Raupach formula to the wind friction velocity computed
from (7) and (11).

Figure 4 represents the mean relative error over the tested
range of wind friction velocity, in terms of the 10-m wind
velocity as a function of zyyg. This mean error decreases as
Zons increases. It is about 5% for the minimal value of zo g =
0.0005 cm and of 2% for z,5 ¢ = 0.01 cm. These values are
of the same order of magnitude as the difference between the

8.00% +

6.00% +

4.00% |

Mean error on the computed U*salt

2.00% +
0.00% t t t
0.0001 0.001 0.01 0.1 1
Z0ns (cm)

Figure 4. Plot of the mean errors of the computed saltation wind friction velocity using equation (12) where
the “correct value” is the iterative computation using Raupach’s formula.
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experimental data and the wind friction velocity computed with
the Raupach formula (Figure 2).

7. Conclusions

Data from an experiment at Owens Laké have provided an
opportunity to test the validity of the formula proposed by
Raupach [1991] to describe the change of the roughness height
during saltation episodes. The agreement between measured
and predicted values of the roughness height shows that the
Raupach formula reproduces the increase of friction velocity
due to saltating particles very well. ,

To use Raupach’s [1991] formula to calculate z,,, from
wind speed and nonsaltating aerodynamic roughness height,
one must (1) obtain information on the threshold wind friction
velocity and (2) do iterative calculations.

Our method for computing u .., is based on wind velocity at
10 m and initial roughness height. This method consists of
estimating the increase of the wind friction velocity Au.
caused by the saltating grains above the wind friction velocity
corresponding to nonsaltating conditions.

Ussa = Usys + 0.3(U —U)? (12)
with U, = u4,,/(Kf.s), K being expressed in (3) and feg in (8).

This expression gives results similar to the interactive com-
putation using Raupach’s formula of the saltation roughness
heighit z,. Because it provides a direct relation between the
saltation wind friction velocity and the parameters that can be
easily measured (the wind velocity and initial roughness height
in nonsaltating conditions), it is a convenient tool for modeling
Owen’s effect. In addition, this scheme and equations could be
used to evaluate regional acolian sediment transport potential,
if estimates of z, can be obtained (e.g., through orbital radar
data).
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