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ABSTRACT

Relations between wind speed, sediment ¯ux and dune morphology were measured

for two reversing dunes situated in the south-western part of the Silver Peak dune®eld

in Clayton Valley, west-central Nevada. The larger dune was 120 m in length with a

height of 12á5 m and the smaller dune 80 m long and 6 m high. Both dunes were sharp

crested, aligned approximately E±W perpendicular to the dominant wind direction,

and had slightly concave stoss pro®les. Twenty-seven rotating cup anemometers were

placed (0á3 m elevation) along N±S transects on each of the dunes. At each

anemometer site a passive wedge-shaped sediment trap was used to measure sediment

¯ux. Ampli®cation of wind speed was observed towards the crest on the stoss side of

both dunes with speed-up factors (ucrest/ubase) ranging from 1á50±3á19, with a

corresponding increase in sediment ¯ux by 1±2 orders of magnitude. In general, the

ratio of crest ¯ux to base ¯ux (qc/qb) increased with increasing incident basal wind

speed on both dunes. Direct measurements of the stoss slope variation in sediment

¯ux relative to the dune crest are in good agreement with Owen's transport model.

Friction speed (u*) was approximated from near surface (0á3 m) point wind speed.

Although not all assumptions of the Owen model are upheld, the modi®ed model

performance is suf®ciently robust to predict short-term variation in stoss sediment

¯ux on the study dunes.

Improved models that adequately account for variation in sediment ¯ux under

changing air ¯ow and transport conditions are necessary for the prediction of long-

term evolution of dunes. In this regard, further progress in model development will

require increased understanding of the spatial and temporal variability of air¯ow and

the short term response of sediment ¯ux to these ¯ow conditions.

INTRODUCTION

The morphology of desert sand dunes is deter-
mined by interactions between the bedform,
air¯ow and sediment ¯ux. Dunes cause ¯ow
convergence in the atmospheric boundary layer
so that the imbalance in pressure force is mani-
fested in ¯ow acceleration and rising boundary
shear stress (s0) along the stoss slope towards the
crest. On the lee side, ¯ow expansion and

increasing pressure can lead to a variety of
secondary ¯ow patterns. Changes in wind friction
speed (u*) give rise to variations in sediment
transport rates through time and space that result
in erosion or deposition of sediment through the
principle of sediment continuity (Middleton &
Southard, 1984). Patterns of erosion and deposi-
tion ultimately determine dune morphology.

In this paper, we examine these interactions
using ®eld studies of two-dimensional air¯ow
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and sediment transport on reversing dunes with
different slope angles and aspect ratios at Silver
Peak, Nevada. Based on previous work (Frank &
Kocurek, 1996; Lancaster et al., 1996), we aban-
doned wind pro®le measurements in favour of
spatially detailed wind speed measurements at a
single height (z � 0�3 m) within the inner boun-
dary layer. Friction speed was obtained from a
logarithmic model of the wind speed pro®le
which incorporated Owen's (1964) modi®cation
for roughness effects associated with mass trans-
port. Direct measurements of along-slope varia-
tion in q are used to evaluate the extension of
several sediment ¯ux models (Kawamura, 1951;
Owen, 1964; Lettau & Lettau, 1978) to inclined
surfaces.

STUDY SITES

Two study dunes (hereafter referred to by their
respective heights as D6 and D13) were selected
to represent a range of dune height (h) and slope
angle (h) (Fig. 1). Both dunes were near-symmet-
rical, E±W trending reversing ridges situated in
the south-western part of the Silver Peak dune-
®eld in Clayton Valley, west-central Nevada. D6
was 80 m long and 6á12 m high with a sharp
crest aligned transverse to the prevailing north
and south winds. A 3á7 m high dune of similar
shape was located 80 m to the north of D6, while
a 4á1 m high reversing ridge lay 140 m to the
south. During the period of study on D6 (May,
1994), the winds reversed direction from north-
erly to southerly on several occasions so that the
orientation and height of the lee face changed.
Maximum lee face height was 1á5 m, orientated
to the south. In comparison, the sharply de®ned
crestline of D13 was 12á5 m above the interdune
which separated it from a 5 m high rounded-
crest reversing dune 140 m to the north. Dune
length was 120 m. Winds during the period of
study on D13 (early June, 1995) were from the
north, resulting in a south-facing slip face 2á5 m
high. Both dunes had a slightly concave pro®le
and consisted of a plinth area with slopes of

5±8° steepening toward the crest to 9±14á5°. D13
was steeper than D6, with an aspect ratio of 0á22
as compared to 0á11. The dunes were composed
of moderately sorted medium sands �mean
size � 300±500 lm� with particle density of
2540 kgm)3 and a shape factor averaging 0á77
�circle � 1; line � 0�.

INFLUENCE OF TERRAIN ON NEAR-
SURFACE WINDS

Recent studies (e.g. Wiggs, 1993; Frank & Ko-
curek, 1996; Lancaster et al., 1996) have high-
lighted the problem of derivation of friction speed
(u*) from wind pro®le measurements on dune
stoss slopes. For example, several of these re-
searchers have calculated a decrease in u* up the
stoss slope despite measured increases in sedi-
ment ¯ux (q) and wind speed (uz). This suggests
that the wind pro®les measured in these studies
did not lie within the inner part of the boundary
layer responsible for the transport of sediment.

Air ¯ow over dunes can be represented in a
similar way to ¯ow over low hills, using analyt-
ical models of turbulent ¯ow such as those
described in Jackson & Hunt (1975) and Hunt
et al. (1988), the linear mixed spectral ®nite
difference model (MSFD) of Beljaars et al. (1987),
and its non-linear extension (NLMSFD) (Xu &
Taylor, 1992).

A generalized presentation of Taylor & Gent's
(1974) analytical model of the variation in surface
pressure and surface shear stress over a `standard'
hill (height 500 z0, length 104 z0) is shown in
Fig. 2b. Although more sophisticated models now
exist, the essential qualitative features remain
unchanged from this early work. As the air¯ow
approaches the hill, it ®rst induces a rise in
pressure on the stoss face because of a stagnation
effect. Acceleration over the top of the hill leads
to a very low pressure at the crest prior to
recovery on the lee face. The variation in surface
shear stress is the inverse of the pressure
variation with distance. In comparison to inci-
dent values, shear stress magnitude is depressed

Fig. 1. Surveyed pro®les of the two
study dunes, D6 and D13. Vertical
exaggeration factor is 2.
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slightly on the lower stoss slope. From a point
which has an elevation roughly half the hill
height, surface shear stress increases dramatically.
On gently sloping hills, Jackson & Hunt (1975)
suggest that the surface shear stress is doubled at
the hill crest.

Models of wind ¯ow over hills frequently
divide the boundary layer depth (d) into outer
and inner regions (Fig. 2a). Within the inner
region, the wind speed pro®le is approximately
logarithmic. Following Jackson & Hunt (1975),
the inner layer thickness (l) can be computed
from:

l=L ln�l=z0� � 2j2 �1�

where L is a horizontal length scale, in this case
the distance from the dune crest to the point
where the elevation is half its maximum (Hunt,
1980). Von Karman's constant is represented as j,
and the roughness length as z0. The inner
boundary layer thickness for D13 and D6 com-
puted from Eq. (1) was 1á16 m and 0á94 m, res-

pectively, with z0 � 0�00008 m, L(D13) � 28 m
and L(D6) � 22 m as determined from direct
measurement. This inner portion of the boundary
layer can be subdivided into two further sub-
layers: the shear stress layer and an inner surface
layer of thickness ls � �lz0�0�5 (Hunt et al., 1988).
It is only within the inner surface layer that shear
stress is strictly constant and in equilibrium with
the underlying bed roughness. The thickness of
this layer (ls) is � 1 cm for the Silver Peak study
dunes.

In hill ¯ow models, such as those cited above,
the surface is assumed to be immobile and
spatially homogeneous. Where the surface is
comprised of loose, transportable grains, the ¯ow
within the inner stress layer will only be in
equilibrium with the surface conditions if the bed
remains immobile (i.e z0 remains constant). Owen
(1964), on theoretical grounds, has demonstrated
that the transport of sediment in saltation causes
an effective increase in the surface roughness that
varies proportionally with mass transport, which
is in turn a function of the friction speed (u*)

Fig. 2. (a) The boundary layer over a
low hill (after Jackson & Hunt,
1975). (b) Analytical model of vari-
ations in surface shear stress and
pressure over a `standard' hill (after
Taylor & Gent, 1974). (c) Hill mor-
phology with length and height ex-
pressed in dimensionless form.
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above the saltation threshold (u*t). He suggests
that the dependency of z0 on mass ¯ux can be
estimated from:

�u2
�=2 g� � z0 �2�

Consequently, modelling of ¯ow over dunes must
account for the changes in surface roughness
attributed to sediment transport which will vary
up-slope as u* changes.

The predicted up-slope changes in pressure,
surface shear stress and bed roughness have
signi®cant rami®cations for sediment transport
on dunes. On a given stoss slope where the wind
is suf®ciently strong that the boundary layer is
fully saturated with grains, a doubling of shear
stress would indicate an increase in sediment
transport at the crest by a factor of 2á8 relative to
the base (i.e. q µ u*

3). In lighter winds where the
lower portions of the slope are not fully mobile,
this factor may be orders of magnitude higher.
Also, the very presence of grains in the lower
atmosphere causes an apparent increase in sur-
face roughness which alters the near surface wind
pro®le. This then alters the surface shear stress
and in return sediment entrainment. These feed-
back mechanisms make modelling of sediment
transport extremely complex. Because surface
shear stress can not be measured directly, it must
be estimated from the near surface wind pro®le
that changes up the dune. A method for approx-
imating changes in up-slope surface shear stress,
based on near surface wind speeds (z � 0�3 m), is
presented in this paper and compared to direct
measurements of the sediment ¯ux along the
stoss slopes of the two study dunes.

INSTRUMENTATION AND METHODS

Rotating cup anemometers (R.M. Young, Wind
Sentry model) were placed as close to the surface
as possible (z � 0�3 m) without interference, and
well within the inner boundary layer, at 4 m
horizontal intervals along straight N±S transects
orientated perpendicular to the alignment of the
dune crests (Fig. 3). The smaller dune (D6) was
instrumented in May 1994 and the larger one
(D13) in June 1995. Three wind direction vanes
were placed also at z � 0�3 m on each slope
(north and south orientations); one near the dune
crest, one midslope and one at the dune toe.
During periods when there was transport of
sediment on the dune surface, wind speed was
sampled every second and averaged over a one
minute period.

A passive, wedge shaped sediment trap (Nick-
ling & McKenna Neuman, 1997) was installed at
each anemometer site. In order to reduce ¯ow
interference, the position of these traps alternated
to the east and west of the anemometer transect
by 1á5±2 m. The base of each trap was dropped
into an oversized section of PVC tubing (diameter
0á10 m, length 0á20 m) which was buried in the
dune surface to provide a ®xed trap position. The
trap intake nozzle was aligned perpendicular to
the orientation of the local ripple crests on the
dune surface, and approximately parallel to the
local air¯ow. An entrance lip prevented scour
around the trap nozzle while the sand surface was
stabilized by light wetting within 0á2 m of the trap
sides and rear. The collection period (typically
10±20 min) ended when the traps at the crest
were ®lled to capacity (» 1200 g). All runs began

Fig. 3. View of typical array of ane-
mometers and sand traps on a study
dune (D13, north slope).
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with the removal of a sponge bung from the trap
nozzle and ended with its replacement. Each trap
was then lifted from the in-ground cowling. The
plastic bag containing the captured sand was
removed, reserved for later weighing, and re-
placed with a new bag for the next run.

RESULTS

Air¯ow over the study dunes

Figure 4 shows examples of the stoss-side wind
speed ampli®cation toward the crest on each of
the two dunes. One minute averages of wind
speed at the dune crests ranged between 6á4 and
15á4 ms)1. The speed-up ratio (uc/ub) generally
fell within the range 1á5±2 (Table 1), depending on
the morphology of the reversing dune crest at the
time of sampling. These values are very similar to
those measured elsewhere (Lancaster, 1995). The
highest speed-up factor (3á19) describes a situa-
tion in which the wind direction switched directly
from north to south so that the dune morphology
was out of equilibrium with the new ¯ow direc-
tion. Reworking of a former slipface as a stoss
slope is associated with very steep gradients, and
therefore, large speed-up within several meters of
the crests of these reversing dunes.

As a general rule, wind speed on the north
slopes of D6 and D13 (Fig. 4a,c) increased by only
a small amount (< 1á5 ms)1) for 0 £ d/D £ 0á8,
where d is the horizontal distance from the dune
base, and D is the horizontal length of the stoss
slope. In the upper 20% of the stoss slope
(0á8 £ d/D £ 1), u0á3 rose sharply with distance
by 4±6 ms)1. A more consistent and gradual
increase in u0á3 generally was observed on the
south facing stoss slope of D6 (Fig. 4b). The
stagnation effect is evident in the comparatively
small increase in wind speed on the lowest
portions of all three stoss slopes. This effect
may have been in¯uenced also by pressure
disturbances associated with the presence of the
upwind transverse ridges.

Near surface return ¯ow in opposition to the
direction of the main windward ¯ow was com-
mon along the slip face of all dunes. The
fractional drop in wind speed beyond the brink
of D13 was greater than on D6, with u0á3 returning
to windward levels within 15±20 m of the crest,
as compared to only 2±4 m for D6. This was likely
a result of the higher aspect ratio of D13 which
forced a greater degree of ¯ow separation in the
manner suggested by Sweet & Kocurek (1990).

Relations between sediment ¯ux and wind
speed

A positive relation is observed between sediment
¯ux (q) and wind speed (u0á3) as shown in Fig. 5,
based on data from six sampling runs for D13, ®ve
runs for D6-N and three runs for D6-S. Wind
speed generally exceeded 9 ms)1 in the 1995 data
set for D13, which corresponded to a single large
magnitude event. In the previous year, there was

Fig. 4. Typical variation in wind speed at 0á3 m on the
stoss slope of D6: (a) north winds (b) south winds, and
on D13: (c) north winds.
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a greater range in wind speed magnitude
(4±16 ms)1) collected over a number of days on
D6. Nonetheless, there is a clear continuum
between the data sets which collectively indicate
that q is strongly correlated with wind speed
ampli®cation on stoss slopes. As a strictly empir-
ical guideline, the power function q � u0á3

n

where n � 5�6 does appear to describe the data
set well �r2 � 0�91� for u0á3 > 6 ms)1. However,
physical reasoning does not justify the use of a
single value for the exponent n, as it is widely
recognized that the in¯uence of the transport

stage u*t/u* on q is very signi®cant near the
threshold of motion, but can be neglected at high
wind speeds so that q µ u*

3. The south slope of
D6 appears to have had a lower threshold for grain
motion (ut » 4 ms)1) than the north slope
(ut » 6 ms)1). This could be attributed to the
reworking of relatively ®ne and loosely packed
grainfall deposits formed under a preceding north
wind event.

Unfortunately, direct measurement of q is
impractical to carry out on a long-term basis,
and thereby cannot represent the full range of
temporal variability in dune dynamics. Modelling
of sediment ¯ux±wind ®eld relations, therefore, is
necessary for development of dune form±sedi-
ment transport relations.

For the purpose of evaluating the extension of
conventional horizontal-bed sediment transport
models to inclined surfaces, estimates of u* were
calculated iteratively from juz=u� � ln�2gz=u2

��
� C, assuming the wind pro®le in the inner
boundary layer of the dunes is logarithmic, as
suggested by the model of Hunt (1980). In this
speci®c expression, which Owen (1964) intro-
duced as a variation on the Prandtl equation, the
roughness associated with mass transport is ac-
commodated in the term (u*

2/2 g) � z0. A value of
6á2 was determined for the empirical coef®cient C
from wind pro®les measured within 2 m of an
open, level surface near the D6 site. This value is
lower than C � 9�7 which Owen (1964) established
from his wind tunnel studies. Rasmussen et al.
(1996) also found in sloping wind tunnel studies
that this coef®cient is not constant as Owen

Table 1. Speed-up factor given as the ratio of wind
speed at the dune crest (uc) to that at the base of the
dune (ub).

Run Speedup Factor

N S

D6 1á5
1á81

3á03
3á19

1á91
2á08
2á09

D13 1á96
1á56
1á56
1á83
1á78
1á79
1á95

Fig. 5. Relation between measured
sediment ¯ux (q) and wind speed
(u0á3).
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suggested, but demonstrates some dependency on
grain size and friction speed. Slope angle, how-
ever, was not found to affect the value of C.

In order to compute exact estimates of u* from
u0á3, the shear stress at 0á3 m would have to be the
same as that within the 1 cm thick inner surface
layer on these dunes. As neither this assumption
nor the validity of Owen's roughness expression
was tested directly in this ®eld study, the
absolute values reported for u* are not de®nitive.
However, they do provide useful insight on the
relative differences in friction speed along the
stoss slopes studied.

Threshold friction speed (u*t0, horizontal sur-
face) was determined from examination of trans-
port data. As the base of each dune occasionally
was not active, it was possible to establish the point
along the instrumented transect at which transport
started, u0á3 at this location indicating u*t0. From
examination of all data runs, u*t0 was estimated at
0á28 ms)1 for D6-N and D13, and 0á21 ms)1 for D6-
S. These thresholds were adjusted to account for
the in¯uence of slope angle (h) using the relation
suggested by Iversen & Rasmussen (1994)

u2
�t

u2
�t0
� sin h

tan a
� cos h �3�

where a is the angle of repose in the absence of
inter-particle force (taken here as 34°). The
maximum correction factor on D13 was 1á26 and
1á16 on D6.

Figure 6 shows the estimated in¯uence of the
transport stage ratio (u*/u*t) on the dimension-
less sediment ¯ux (qg/qu*

3) for the three stoss

slopes studied at the Silver Peak dune ®eld. As
expected, the dimensionless ¯ux drops to very
low values as the transport stage approaches
unity. The saltation layer was rarely saturated
with grains, which by Maegley's (1976) de®nition
occurs when u* » 3u*t. With the stronger winds
in 1995 as compared to 1994, it appears that
threshold had relatively little in¯uence on the
dimensionless ¯ux measurements for D13 as
compared to those for D6.

The considerable scatter in the plot in Fig. 6
may be attributed to a number of factors relating to
the collection of the ¯ux data, apart from the
uncertainty regarding friction speed. Fluctuating
collection ef®ciency associated with varied trap
alignment into the airstream (Nickling & McKenna
Neuman, 1997) was unavoidable. Organization of
the mobile sediment into discrete sand streamers
presented additional under-sampling problems
for the array of narrow, vertical sediment traps
installed in this study. Time averaging
(8 < Dt < 20 min) of ¯ux data introduces further
measurement bias, given that wind gusting con-
tributes most of the material caught in a trap. This
bias was particularly evident for traps located low
on a given slope, where the mean friction speed
was often below threshold but the traps were
never found empty of sediment. Scouring around
the ori®ces of traps near the dune crests was
sometimes observed at very high windspeeds,
which also contributed to under-collection.

Therefore, it is obvious that when various
physically based sediment ¯ux relations are
superimposed on the plot in Fig. 6, the values of

Fig. 6. Relations between transport
stage and dimensionless sediment
¯ux. Symbols refer to measurements
from the Silver Peak dunes. Per-
centages of the typical values cited
for the empirical coef®cient (C¢) in
Table 2 are listed in the legend for
each of the transport equations
overlain on the plot.
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the empirical coef®cients reported from wind
tunnel simulation (Table 2) must be reduced
signi®cantly to overlie the data set. Given that the
trap ef®ciency was likely well below 100%
during sampling in this study, most transport
models will appear to over predict q. Even when
the empirical coef®cients in the models of
Kawamura (1951), and Lettau & Lettau (1978)
are dropped to 60% of their usual reported range,
these relations fall just along the upper boundary
of the data set. Owen's (1964) model seems to
perform best, outlining the trend of the highest
dimensionless ¯uxes with an unaltered empirical
coef®cient (i.e. C0 � 1�8, essentially a trap ef®-
ciency of 100% is assumed). However, extremely
low values in the data set appear to represent a
collection ef®ciency of only 30% as indicated by
Owen's relation.

The ¯aw in this argument is that a lower than
expected dimensionless ¯ux could also be attrib-
uted to overestimation of the actual friction
speed, which becomes even more in¯uential
when u* is cubed. There is some evidence for
this effect in the data for D13-N wherein the
dimensionless ¯ux appears to drop slightly as
u*/u*t increases beyond 2á5. This drop is not
observed if constant roughness along the stoss
slope is assumed, suggesting that Owen's rough-
ness term (u*

2/2 g) may overestimate the effect of
saltation on boundary layer shear stress in this
example. However, the same trend is not apparent
in the D6-S data, which is well described by
Owen's transport relation with an assumed mod-
erate-high trap ef®ciency throughout the entire
range of wind speed.

Spatial patterns of sediment ¯ux

Examples of the typical variation in sediment ¯ux
measured for different wind events, but at the
same sampling points, along surveyed transects of
D6 and D13 are presented in Figs 7 and 8. While
the increase in ¯ux (q) with distance (d/D) on
dune stoss slopes is suggestive of a relationship
between q and local bed elevation, as surmised by

some models of bedform development (e.g. Fred-
soe, 1986), the family of power functions shown
in Fig. 7 clearly indicates that no single, general
relation can adequately describe all possible
transport situations. In 1994, the sediment ¯ux
along »75% of the base-crest distance on D6 was
under 10% of that at the crest (Fig. 8a,b). In
comparison, the magnitude of the sediment

Table 2. Sediment ¯ux equations.

Source Expression C¢

Owen (1964) qg/qu*
3 � C¢(1)u*t

2/u*
2) 1á8 (3)

Kawamura (1951) qg/qu*
3 � C¢(1 + u*t

2/
u*

2)(1)u*t/u*)
2á3 (4)

Lettau and Lettau
(1978)

qg/qu*
3 � C¢(1)u*t/u*) 4á2 (5)

Fig. 7. Typical variation in sediment ¯ux on the stoss
slopes of D6: (a) north winds (b) south winds; and on
the stoss slope of D13: (c) north winds.
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transport rate relative to the crest (q/qc) was
marginally higher on D13 in 1995, varying be-
tween 10 and 35% for d/D < 0á75 (Fig. 8c). The
maximum ¯ux measured within the duration of
the study was 0á24 kgm)1s)1 at the crest of D13 in
Run 9 (Fig. 8c). An in¯ection point in each of the
¯ux vs. distance curves falls within 0á6 < d/D
< 0á8, whereupon the transport of sediment in-
creased sharply by 70±90% in the area of the
dune crest. As a general rule, the ratio of the ¯ux
at the stoss slope crest to that at the base (qc/qb)
decreased as the incident wind speed (measured
at the base of the slope) increased, indicating that

sediment transport on the dune became more
uniform when u*b/u*t >> 1.

Figure 8a±c reinforces the earlier observation
that the up-slope ampli®cation in u0á3, and
thereby friction speed u*, drives the spatial
variation in q. In each of the three sample runs
shown, the trend in u*

3 is normalized by that at
the dune crest, the transport stage is represented
as u*/u*t, and the product u*

3 (1)u*t
2/u*

2) in
Owen's transport equation provides the basis of a
model estimate for q/qc. The plots shown repre-
sent considerable variation in the threshold of
particle motion, distance of sediment transport

Fig. 8. Stoss slope variation in nor-
malized friction speed (u*

3/u*c
3)

and sediment ¯ux (q/qc); values are
plotted along the primary vertical
axis. The in¯uence of the transport
stage is represented by the solid line
as the ratio u*/u*t (secondary verti-
cal axis). The model estimate for
q/qc, based on Owen's (1964) trans-
port equation, is shown as the da-
shed line. Plots a±c indicate
separate sample runs: (a) D6-N, Run
2; (b) D6-S, Run 3; and (c) D13-N,
Run 9.
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and incident air ¯ow. These factors control the
change in sediment ¯ux with distance along the
stoss slope.

In the case of Fig. 8b, D6-S was the shortest
slope (D � 30 m) with the lowest incident wind
speed (ub » 4 ms)1). Threshold friction speed
played a key role in determining spatial varia-
tions in q. The lowest 1/3 of the south face of this
dune was only intermittently mobile (u*/u*t £ 1)
at the time of Run 3. Above and beyond this
point, friction speed and the transport stage factor
u*/u*t appear to have increased smoothly, reach-
ing magnitudes of 0á56 ms)1 and 3á2, respectively,
at the dune crest. The ratio of qc to the ¯ux at the
base (qb) was extraordinarily large at 550 as a
result of the intensive reworking of the former
slipface relative to the mostly stable dune base. In
terms of the general variation in q/qc with
distance, the agreement between the modelled
and measured values is reasonably good, with the
modelled dimensionless ¯ux slightly over esti-
mating the measured values. The apparent prev-
alence of the stagnation effect in u*

3/u*c
3 over the

distance d/D < 0á5 (x/L > 1) is also in good
agreement with Jackson and Hunt's (1975) pre-
dicted variation in the normalized shear stress
perturbation over a standard hill.

In the case of D13 (Fig. 8c), the incident
windspeed averaged 9á5 ms)1 at the base of this
50 m slope. The transport stage factor u*/u*t

increased from 2 to 3á2 along the incline, indicat-
ing that the saltation layer was well developed
and close to saturation over much of this dis-
tance. Estimated friction speed at the crest of the
dune reached 1á1 ms)1. Because of the relatively
uniform transport stage, qc exceeded qb by a factor
of 9 as compared to the two orders of magnitude
change observed for D6-S (Fig. 8b). In terms of up-
slope variation in q/qc, the agreement between the
modelled and sampled relations is also reason-
ably good with some bias toward under-estima-
tion, particularly on the lower portion of the
slope. In this example, the friction speed and ¯ux
curves lie very close to one another, indicating
the dominance of u*

3, and thereby, the lesser
in¯uence of the threshold condition.

Figure 8a shows that the 40 m slope on D6-N
(ub » 6 ms)1) represents a situation where the
observed ampli®cation in windspeed and sedi-
ment transport fell somewhere in between that
described for the other two stoss slopes. As
expected, there is greater separation between the
friction speed and ¯ux curves because of the
signi®cance of the transport stage factor. There
continues to be good agreement between the

variation in the dimensionless ¯ux and the model
estimates.

In working with ¯ux measurements in the
dimensionless form q/qc, the apparent model
success may be attributed in part to the elimina-
tion of the coef®cient C¢ (Table 2), so that while
there is a good match in relative terms, this is not
necessarily true in absolute terms. The suggested
relation between C¢ and trap collection ef®ciency
was addressed above. It is further possible that
this empirical coef®cient may incorporate a
number of incline-related transport processes
not directly accounted for. Nonetheless, it is the
spatial variation in transport which governs dune
form, and therefore, the model performance is
encouraging.

CONCLUSIONS

Our ®eld measurements of wind speed and
sediment ¯ux on the windward slopes of revers-
ing dunes show that ¯ow acceleration up the
dune gives rise to an increase in sediment
transport toward the crest, by 1±2 orders of
magnitude, so that the crest areas are most active.
Accelerating ¯ow and under-saturation of grains
in the saltation layer means that in all cases
erosion was occurring all along the windward
slopes, wherever threshold was exceeded, with
the amount of surface lowering increasing sharply
at d/D > 0á8 or x/L < 0á5. Over time in a unidi-
rectional wind this would lead to a ¯attening out
of the feature.

Dunes subjected to bi-directional wind regimes
(e.g. reversing dunes, star dunes, and many linear
dunes) tend to have sharp crestlines and a
triangular cross section, rather than the convex
form of the crest common to most transverse ¯ow
dunes (Tsoar, 1985). The triangular pro®le is the
result of the processes discussed above operating
from two directions such that, at a given season,
each pro®le will tend towards a convex form as it
adjusts to that wind direction and its spectrum of
wind velocities. The high rates of sediment ¯ux,
erosion and deposition observed in the crestal
areas of the study dunes are a re¯ection of the
process of adjustment to changing wind direc-
tions.

Field studies of dune dynamics are time con-
suming, expensive to carry out, and sample short
time periods on the scale of minutes. Models of
the behaviour of dunes under varied air ¯ow and
transport conditions are necessary therefore to be
able to predict the long term evolution of dunes.
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While a number of model assumptions are not
strictly upheld in the present ®eld application at
the Silver Peak dune site, transport model per-
formance, based on simple single level wind
speed measurement, seems suf®ciently robust to
mimic the gross variation in sediment ¯ux along
the three stoss slopes. Further progress in model
development will require additional information
on the temporal variability in air¯ow and sedi-
ment transport adjustment, as well as re®nements
in ¯ux monitoring technique.
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