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Figure 4. Schematic of idealized boundary-layer development across a
beach system for onshore wind flow. Equilibrium boundary layers (KB.L.)
are expected offshore and inland. whereas complicated sequences of in­
ternal boundary layers (LB.L.) are found over the surf zone and the beach
in response to surface roughness changes. In this case, the beach is de­
picted as having a greater roughness length than the water, although
this need not be the case. Vertical wind-speed profiles at the water-land
transition are likely complicated and not accurately described by a log­
linear model.

O~__"'"

E Vegetated dune

D Wet runnel

o Lake

T2

Anemometer tower

Sand trap

surface. Slightly above this near-surface layer, the flow con­
ditions are imposed from the surf-zone boundary layer. And
above this, the wind field retains the characteristics of the
open-water boundary layer that have been advected down­
wi~d. Thus, the likelihood of the wind-speed profile above the
berm being described by a single log-linear model is remote,
unless measurements have been restricted to the innermost
boundary layer. The existence of such composite profiles at
water-land transitions argues against the characterization of
wind profiles over beaches on the basis of single anemometer
deployments at standard meteorological elevations (usually 2
m or 10 m).

Sediment Flux: Results and Discussion

Sediment traps were deployed at Long Point in many dif­
ferent configurations depending on wind-approach angle.
Alongshore arrays were preferred because the beach was nar­
row. The most intense transport events were associated with
oblique wind approaches from the south-west. Figure 5 shows
transport rates measured by the vertical-V traps for four runs
taken on May 25. Measured fluxes are expressed as percent­
ages of a "standard" predicted flux calculated using the model
of LETTAU and LETTAU (1977) and shear velocities derived
from T4 profiles for each measurement run. This normaliza­
tion procedure removes "between-run" variability in overall
transport intensity so that differences in spatial trapping pat­
terns among runs can be more readily discerned. The predic­
tive relationship proposed by LETTAU and LETTAU (1977)
was used because it includes threshold shear velocity explic­
itly and because the calculations are simple. Any other trans­
port model would have served equally well as the "standard"
for the purposes of Figure 5 -spatial patterns would be sim­
ilar, although the mean value of the ratio of measured to
predicted fluxes would have differed. Shear velocities in the
predictions were estimated from complete wind-speed pro­
files (i.e., all four anemometers) rather than attempting to
make arbitrary decisions about internal boundary-layer

Figure 5. Sediment transport rates measured by vertical-V traps on
May 25 at 0900 h, 1130 h, 1245 h, and 1510 h. The bar graphs show
measured sediment fluxes as a percentage of predicted fluxes using the
equation of LETTAU and LETTAU (1977) with average beach statistics (d
= 0.25 rnm; u., = 0.23 m S.' '; C = 4.2) and with shear velocity estimates
derived from T4. Vertical hal'S in the legend show the spatial means av­
eraged across all traps so that the relative magnitude of each of the four
runs can be compared.Wind approach was generally from west-southwest,
and Table I provides additional details. Note that traps VI and V6 were
moved to different positions at around noon: position "a" corresponds to
the 0900 hand 1130 h runs, whereas position "b" corresponds to the 1245
hand 1510 h runs, both of which are shown on the same bar graph.

thicknesses at different locations. Profiles from T4 were used
exclusively because they were thought to be most represen­
tative of the transport system. This tower was at the leading
edge of the trapping zone, and it is believed that transport
rates at any point on a beach are a function of upwind con­
ditions rather than local wind conditions at the trap.

Despite generally smaller trapping rates on the western
portion of the site, the most striking feature of Figure 5 is
the absence of pattern. In several cases, downwind traps (e.g.,

V12) measured lesser fluxes than those directly upwind ie.g.,
VIa and Vl I). On average, the magnitude of the measured
fluxes was only about 18% to 54% of the predicted fluxes (Fig­
ure 5; Table 1), and this disparity would have been greater
had the larger estimates of shear velocity from T5 and T6
been incorporated in the predictive equations. Nevertheless,
at certain locations ie.g., V7 and Vl l.), the measured fluxes
exceeded the predicted values, whereas at other essentially
shore-parallel locations te.g., V5), this ratio was always less
than 40%. This spatial variability is also apparent from the
large values of the spatial coefficient of variability for the
trapped fluxes (standard deviation divided by the mean of the
spatially-distributed data for a single trapping run) which is
of the order of 70% (Table 1),

There are rational, albeit qualitative, explanations for the
observed variability in sediment flux. The physical conditions
on this beach at 1510 h on May 25 are shown visually in Plate
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variables are empi rica lly un certain as to thei r speci fica tion,
measurement, and spatio-temporal cha racter . Most models
th at paramet erize the aeo lia n transport sys te m in determin­
istic form eithe r ignore certain variables or treat them as
cons tants or param et ers (terms that assume fixed va lues for
an y single realization , but can cha nge from reali zation to re­
alizati on ) for sake of an alyti cal expedience. A few of the more
comm on mod els will be examined now.

Th e empirical mod els of BAGNOLD (1936 ; 1941 ) and ZINGG
(1953 ) hav e a similar st ru cture and a re of th e followin g func­
tional form ,

Table 1. Measured and predicted tra nsport rate variability Oil May 25 ,
1993. Sediment flux expressed as kg m - I s - f . "CV, " refers to spatial coef­
ficien t of variabili ty. "m / p" refers to the rati o of meas ured to predi cted flux,
where predicted flux is determi ned usillg L ETIAU and L ETIAlJ ( 1977) wit h
d = 0.25 mm, U ' I = 0.23 TIl s " C = 4.2. and wit h u . derived [rom T4
icin d -speed profiles.

Wind Sediment Flux

Time U", Angle u. Max Min Mean CVq Pred m/p
(rns I) (" I (ms- ' ) ( (}f, ) ( ~f )

9:00 8.6 66 0.38 50. \ 0.\ 20.8 71 38 8 (54)
11:30 7.2 n 0.31 7.7 0.005 2.7 78 14.7 (18 )
\ 2:45 8 8 81 0.4 1 47.2 7.0 25.4 5 \ 56.9 (45 )
\ 5:10 6.8 74 0.29 4.8 0.05 2.5 75 9.5 (26) q = ilK!, g, p, d , u. ) (1)

where A is another constan t with spec ific values given by
BAGNOLO (1941 ) and p, is sediment den sity. Th er efore th ese
latter model s for predicting sedime nt flux reduce to

where K2 is simila r in character to, but of differ ent value
from , K!. However , exami na t ion of BAGNOLO's (1941) expres­
sion for thresh old shea r velocity shows that

where CD is a dra g coefficien t that dep ends on th e geomet ry
of th e se ttling body and on the Reyn olds Number (STREETER
and WYLIE, 1979 ). Th er efore, OWEN'S(1964) transport model
ultimatel y redu ces to

which differs from equation (4) onl y in th e more explicit na­
ture of the empirica l constant, .1(,.,.

Thus, th er e seems to be general consens us about th e im­
portant terms required to param eterize th e aeolian sediment-

(5 )

(4)

(3)

(6)

(2)

u., = ITA, g, p, d, pJ

q = f\ K3 , g, p, d, p" u.)

q = f\K5 , g, p, d, p", u .)

q = f\~, g, p, d, u ., u ,,)

w, = f\K 4 , g, p, d, p" CD)

differing from the BAGNOLO (1941 ), ZINGG (1953 ), and Hsu
(1973) models only in the explicit inclusion of sedime nt den­
sity. Note, how ever , that in deri vin g his model , BAGNOLO
(1936 ) discussed the imp ortance of sediment den sity and of
threshold velocity , both of which a re implicitl y subsumed in
his express ion because of as sumptions mad e in its derivation .

An al ternative formulation was proposed by OWEN (1964)
who incorporated th e settling velocity of the sediment, w" as
a surrogate for grain diamet er and threshold shear velocity.
Nev ertheless , th e functional dep endency is simila r to equa­
tion (4) becau se a gen er al expression for settling velocity is

wher e q is sediment flux or transport rate , g is gr avita tio na l
acce lera t ion, p is fluid (ai r) den sity , d is gr ain diameter , u. is
she a r velocity (a bove the saltation layer), and K! is an em­
piri call y-determined constan t or grouping of constants that
varies from mod el to model and on a case-by-case basis de­
pending on environmental conditions. Hs u 's (1973 ) model
has a different st ructure, but it includes th e same terms. KA­
WAM URA (1951), LETTAU and LETTAU (1977 ), NAKAS HIMA,
(1979 ), and WHITE (1979 ) explicit ly introdu ce th e th reshold
shea r velocity (u.,) into th eir models so that th e functi onal
relation becom es

Th e problem of predicting aeolian sedime nt flux across
bea ches is ind eterminate (without unique solution ) because
th e number of unknown variables nece ssary to describ e the
physical sys tem exceed s , by more than one , the number of
convent iona lly-es tablished equa tions linking th e variables­
there are too many degrees of freedom . The empir ica l roots
of this condition derive from the fact th at: (i ) th e natural sys­
tem is exceedingly compl ex; (ii) it is not immediately appar­
ent which fundamental variabl es are most rele vant to a par­
ticular case study; (iii) the st ructure s of the fun cti onal rel a­
tions linking th e relevant variables a re not kn own nor uni­
versally agreed upon; and (iv) man y of th e fundamental

INDETERMINACY AND ITS IMPLICATIONS

Fundamentals

2. Sediments transported off th e berm were trapped by the
15-20 m-wide runnel of wet , cohesive sand immediately land­
ward of the berm. The western-most traps (upper-righ t of
Plate 2a ) were located in th e landward exte ns ion of this wet­
sand runnel, and th ey trapped small amounts of sedime nt
wh en th e wind direction was onshore. During the 1510 h ru n ,
wind direction was highly oblique (a pproxima te ly 81°) ca us­
ing the wind field to traverse pa tches of dry sand pri or to
en tering the traps. As a result, large sediment fluxe s were
measured in the west ern portion of th e beach at th is tim e.
Many of th e traps on th e ea stern portion were located in
zone s fronted by patches of dry sa nd throughout th e ent ire
day regardless of wind-approach angl e, and therefore these
traps me asured sediment fluxes that wer e persistently large.
On e exception was the trap besid e T6 (V6a) which exp eri­
en ced a marked reduction in sedimen t flux later in th e day,
probably because a vegeta tion patch to the west of the trap
blocked sediment-lade n flow into the t ra p when th e wind ­
a pproac h angle wa s large.

These qualitative specula t ions a nd observations are not
particularly profound, although they help to explain th e ob­
served complexities in th e transport system . Further, they
illu strate the uncertainty as sociated with implementation of
si mple sediment-flux models without consideration of how
variable th e conditions a t th e exper ime ntal site are and how
closely they conform to the assumptions underlying th ese
models. It is within this fram ework that the principle of in­
det erminacy becomes relevant.
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Plate 2. Beach surface conditions for the 1510 h run on May 25 when wind-approach angle was 81°. (a) Westward view showing extensive, linear patches
of dry and wet sand, and several traps (upper right of photo) upwind of a wet runnel-like feature. (b) Eastward view showing most traps fronted by
narrow zones of dry sand.

flux problem, although disagreement over the final form of a
specific relation persists. Dimensional analysis on the vari­
ables in equation (6) provides some insight into the nature of
such a relation. Application of Rayleigh's Method (MAsSEY,

1971) leads to the following functional relation,

(7)

where <p indicates a general functional dependency on the
non-dimensional groupings contained in the brackets. It is
noteworthy that the dimensional grouping involving U*3 and
the non-dimensional grouping involving u*in equation (7) are
commonly incorporated into most conventional models of ae­
olian sediment flux. The dimensional grouping in U*3 appears
in the models of BAGNOLD (1941), ZINGG (1953), OWEN

(1964), and WHITE (1979), and in a slightly different guise in

Journal of Coastal Research, Vol. 12, No.3, 1996



64R Bauer et al.

which suggests that the aeolian sediment-flux problem, at its
most fundamental level, is well posed mathematically. Prac­
tically, however, the problem has been oversimplified to the
point where the predictive expression is no longer useful.
Equation (8) is valid only if g, p, d, and p, can be prescribed
or measured and held constant for any realization. Further,
it must be presumed that K" a complicated empirical func­
tion, incorporates all additional influences such as turbulent
fluctuations, beach slope, binding salts, pore moisture, grain
packing, grain shape, grain size mixtures, vegetation, and
surface bedforms (for summary discussions, see SHERMAN
and HOTTA, 1990; or NICKLING and DAVIDSON-ARNOTT,
1990), and that these effects are quantifiable and constant
for any realization. If any of these assumptions are invalid,
additional equations must be formulated that describe the
behavior of these variables in terms of shear velocity, without
introducing additional variables. It is improbable that all

the models of KAWAA1URA (1951) and LETTAU and LETTAU
(1977). The non-dimensional grouping in u is a Froude num­
ber and it appears in the models of Hst: (1973) and NAKASH­
IMA (1979). Hsu (1987b) argues that both groupings have
theoretical foundations in the turbulent energy equation, al­
though a transport model that combines them has not been
proposed-such a parameterization seems desirable and wor­
thy of future investigation.

The general relation offered by equation (7) can be simpli­
fied when considering terrestrial aeolian systems because
some of the terms assume constant values. Gravitational ac­
celeration and air density, for example, usually take on fixed
values for any single realization. However, aside from shear
velocity, which drives the relation, it is not immediately ap­
parent whether the remaining terms (grain diameter and
sediment density) should be considered parameters or vari­
ables. For the controlled conditions of wind-tunnel experi­
ments, it is reasonable to consider these terms to be param­
eters (i.e., fixed). The field situation is more complex. Grain
characteristics may vary spatially, as between dune and in­
terdune areas in desert regions. Temporal evolution of the
sediment surface during transport events is common, either
through winnowing of fines and resultant coarsening of the
surface ie.g.. BAGNOLD, 1937) or through deflation of surface
layers and progressive exposure of underlying materials of
different grain size characteristics. Saltating and suspended
sediments often have size distributions and mineralogies that
differ from those residing on the surface (e.g., BAUER, 1991),
especially when mixtures of silicates, heavy minerals, and
shell hash comprise the beach sediments te.g., NORDSTROM
et al., this volume). Thus, for a truly general parameterization
of the problem, it is necessary to consider sediment charac­
teristics as variables, and the resulting functional relation
will have four unknowns. A closed problem with unique so­
lutions therefore requires three equations in these four un­
knowns, and such equations are not presently available.

For sake of expediency, it is conventional to consider grain
diameter and sediment density as parameters or constants
rather than variables. The functional dependency expressed
by equations (11, (4), and (6) then reduces to

Alternative Frameworks

The preceding section has suggested that the conventional
parameterization of aeolian sediment transport, even in its
simplest guise embodied by equation (81, is indeterminate

(9)u. (z)u, = ~ln -
K Zo

It is important to remember, however, that such derivations
of u are strictly valid only for the constant-flux portion of I,he
atmospheric boundary layer where shear stress is essentially
constant with height (a condition that allows the integration
that leads to equation (9)). In other regions of the boundary
layer, such as the convectively well-mixed layer, or under
non-neutral atmospheric conditions, the character of T and
its association with u, may not be straight forward. Under
these circumstances, shear velocity may no longer be the
most important scaling parameter, and the presumed link
between the velocity field (measured) and the stress field (es­
timated ) via u. = iT/p!' may be inappropriate for large por­
tions of the boundary layer (GARRATT, 1992, p. 1091.

In order to use equation (9) to derive estimates of u. one
must ensure that: (i) the flow is steady and uniform; (ii) the
wind-speed profile in the bottom boundary layer is log-linear;
and (iii) the measurement scheme has adequately sampled the
log-layer, which is usually only the lower 20';' ofthe boundary
layer (MIDDLETON and SOUTHARD, 1984). The latter is a par­
ticularly stringent requirement for beach systems because
there are no easy means of assessing the relevant vertical
length scales in complex flow fields with several developing
internal boundary layers (Fig. 4). One can never be certain a
priori that the log-layer closest to the bottom is of substantial
thickness, nor that instruments have been deployed in that
log-layer. Most generally, the velocity field varies in both space
and time, and the vertical profile may not be log-linear tc].
Figures 2 and 3; BAUER et al., 1992; NORDSTROM et al., this
volume) except in small regions close to the bed.

these restrictive conditions can be satisfied for field situa­
tions, and therefore the definition of indeterminacy offered
by LEOPOLD and LANW1EIN 1196:3) seems particularly apro­
pos.

Additional complications with respect to equation (8), de­
spite its mathematical simplicity, arise because of empirical
uncertainty associated with u. and its relation to the flow
field. Shear velocity is often mistakingly interpreted as a uni­
versally applicable flow-field variable, when in fact, it is more
correctly interpreted as a "reference or scaling velocity" ie.g:
KAIMAL and FINNIGAN, 1994, p. 10) that assumes meaning
only through definition, via u . = (Tip)'. Because u. can not
be measured directly, it must be derived from measurable
attributes of the velocity field. Usually this involves quanti­
fication of the near-surface covariance terms in the averaged
equations of motion ii.e., Reynolds kinematic stresses I be­
cause u." = u'v' for simple flow systems. When fast-response
anemometry is not available, estimates of u. can be derived
from measurement of the mean velocity profile, specifically
the velocity gradient, through application of the general form
of the law-of-the-wall

(8)q=fiu.)
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where q = jlx,y,z,tl, T = ftx.y.z.t.: leaving additional wind and
sediment parameters unspecified. This makes explicit the
fact that sediment flux and shear stress are spatially and
temporally variable, and that sediment transport is function­
ally dependent on the complex distribution of shear stress.
Assuming that most of the important terms in the transport
problem have been included in equation (61, except that (i l
shear stress, T, is substituted for shear velocity, u. and (i i I

submerged particle density is substituted for sediment den­
sity, a dimensional analysis of tho problem produces the fol­
lowing functional relation,

and an oversimplification of a potentially complex sediment­
transport system. Recent research indicates that there may
be no unique relationship between shear velocity and sedi­
ment transport iWICCS, 1993; WILLIAMSet al., 1994; NORlJS­
TROM et al., this volume; GAHIeS et al., this volume). In our
experience, log-linear boundary layers are not common for
wind flow across beaches, even when topography is relatively
flat. Therefore we offer three alternative approaches to pa­
rameterizing the aeolian transport problem for beaches-the
first two pursue a conventional deterministic course, whereas
a third accepts indeterminacy and follows a statistically-ori­
ented approach.

Approach 1 involves finding a specific relation linking sed­
iment flux directly to the shear-stress field, rather than a
surrogate such as shear velocity which only approximates the
former under the simplest circumstances. The general func­
tional dependency can be expressed as follows

This relation is considerably different from conventional par­
ametr-rizntions of the aeolian sediment-flux problem. The di­
mensional grouping in equation 1111 includes a r ' C term,
which implies a velocity «xponont of 1 rather than :1, a" in
the conventional models. The non-dimensionul grouping" in­
clude a submerged dcnsitv ratio and a Shield" parameter.
The latter is not «xplicitlv incorporntod in aeolian transport
equntions even though it may 1)(' implicit to their deriv.u.ion.
The Shields pur.unou-r is mcntioned by .Inpnnese i nvest.iga­
tor" leg.. TSll('IIIY.·\. 19H71 and it has he-on widely applied to
sediment initiation and t.rnnsport ntion problems in fluvial
and marine r-nvironrm-nts Ic.g., ClLW, 19H4; KOI\L\H, 19761.

Note that fp. pi is approximately ('qual to P. f(lr aeolian
system". In order 1(11' a specific form of equation I III to 1)('

practically useful. a direct meuns of rm-asurinj; TI x.v.z.t ) must
be found. This is a technolouical chullenue that involve" bpt­
tel' design and deployment of "(re",, plate" or "hear sensors.
especiully in term" of their intrusiveness during nct.iv« trans­
port period". Most attention has focused on bottom "hear
stress, T", because of it" importance to the initiation of grain
motion. However. 1(1I' a fullv-dt-velopcd sultat.ion system it is
likely that the vertical distribut.inn of "hear stress will devi­
ate from the constant-flux condition. At present, measure­
mont ofthe st.rrss tensor. T, by direct means is a technological
hurdle that has not been overcome 1(11' field situation", al­
though some prOh>TPS" i" IJPing made INickling, per". comm.r,

"... stochastic statements ... carry with them the idea
of an irreducible uncertainty. As more is known about the
processes operating and as more is learned about the fac­
tors involved, the range of uncertainty will decrease, hut
it tun-er will he entirely remoced." (p 189) [underline add­
ed]

"A" a result [of indeterminacy I, a number of individual
cases will differ among themselves, although their av­
erage is reproducible in different samples. Any individual
case, then. cannot be forecast or specified except in a sta­
tistical scns«. The re-sult of an individual case is indeter­
minate." Ip 1891

Approach 2 also begins with finding a formal relation based
on equation (10). However, instead of focusing on technolog­
ical means of measuring shear stress directly, an indirect as­
sessment of its character is made through consideration of
more easily measurable surrogates such as the velocity
field-that is, finding appropriate functions that satisfy
rtx.y.z.t.) = jt urx.y.z.t t). In essence, this implies addressing
the complete set of equations of motion for turbulent f1ows­
an undertaking that continues to challenge the best fluid dy­
namicists and applied mathematicians (e.g., NELKIN, 1992;
MIDOLETON and WILCOCK, 1994). Nevertheless, with appro­
priate simplifying assumptions and elementary turbulence
closure schemes, analytical and numerical solutions are
available ie.g.; AMERICAN SOCIETY OF CIVIL ENGINEERS,
1988; Xu and TAYLOR, 1992). Note that present parameter­
izations of sediment transport based on shear velocity, q =

flu, l, follow the most primitive path under this strategy, and
although this approach is analytically eloquent and expedi­
ent, it avoids some of the important physics. Finally, in order
to arrive at solutions to the sediment transport problem, the
velocity field, utx.y.z.t), has to be measured with sufficient
spatial and temporal resolution to satisfy the requirements
of the theoretical model. Normally, this would involve esti­
mates of the mean (ii., V, w ) and fluctuating components (u',

v'. w") of the velocity field in order to quantify the Reynolds
stresses associated with turbulent flows, and perhaps also
estimates of the mean and time-varying pressure terms. For
natural flow fields across complex topography, the data re­
quirements are stringent, leading to a trade-off between what
is practically feasible and what is scientifically desirable.
Further, there is recent speculation that Reynolds shear
stresses may not correlate well with sediment entrainment
and suspension events (e.g., McLEA."I et al .. 1994), especially
lor non-uniform conditions, because the covariance terms
that contribute positively to shear stress (momentum trans­
fer toward the bed) are not necessarily the most important
in lifting sediment from the bed.

Approach :3 involves a philosophical shift in our npproach

because it accepts indeterminacy as an irreducible component
of aeolian svsterns. We may never be able to generate a de­
terministic understanding of t.h« physics of sand-grain motion
to the degree necessary to predict sediment fluxes across nat­
ural beaches. Lr,:opt n.n and LANt;BEIN 1196:31 provide some
insight into the implications of indeterminacy in geomorphic
processes:

( 111

nOIq = [(T, ... l

Pll"d(I)(~ T )
p 'gdlp" pi
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Accepting indeterminacy implies accepting uncertainty. This
approach does not advocate giving up the pursuit for increas­
ingly refined models and measurements, especially those
carefully designed experiments directed toward elucidating
the importance of singular, isolated controls such as moisture
content or grain-size variation. Neither does it advocate elim­
inating u. from future analyses because this may prove to be
the most robust indicator of the transport potential of a flow
field. Rather, this approach encourages careful and re­
strained application of theory, introspection about ultimate
objectives, and consideration of alternative means of achiev­
ing those objectives.

Research strategies can be developed to deal explicitly with
uncertainty in geomorphic systems. One strategy is to mini­
mize uncertainty by working with, what we describe for con­
venience as, simplified system5 in which the degrees of freedom
in the problem are reduced by eliminating or holding con­
stant several of the problematic variables or parameters. On
beaches, for example, it is possible to select sections that are
flat, unvegetated, dry, and composed of unimodal, well-sorted
sediments. To a large extent, this is what most aeolian geo­
morphologists have done implicitly in the past, and for such
simplified systems the conventional models appear to provide
reasonable results. Wind-tunnel experiments represent one
extreme end-member in this empirical research strategy.
While such reductionist approaches can provide mechanistic
insights into isolated components of the problem, these in­
sights may accrue at the expense of holistic understanding.

An alternative strategy is the sampled systems approach in
which uncertainty is dealt with by focusing explicitly on sys­
tem variability and by quantifying its character. Strategic
and efficient sampling designs should be constructed when­
ever possible ie.g., KRuMBEIN and GRAYBILL, 1965; PETER­
SON and CALVIN, 1986; SIZE, 1987; WOLCOTT and CHURCH,
1991) so that statistically robust estimates of means and var­
iances are produced. The objective is to reveal the existence
of and determine the strength of associations or patterns. Un­
til more is understood about aeolian systems, the practical
approach may be as crude as measuring as many relevant
parameters and variables across a broad range of spatial and
temporal scales as is feasible. On a beach, the relevant vari­
ables include grain size, sediment density, surface moisture,
crustal strength, vegetation cover, topographical slope, wind
speed, air temperature, and atmospheric stability land per­
haps other variables). These variables should be sampled
through time in as many locations as possible, although the
actual spatial and temporal sampling scales will ultimately
be dictated by the requirements of the research question. A
study of the sediment budget of a dune field. for example,
would require sampling over broader areas and longer time
frames than a study on the evolution of a single dune blow­
out. It is advisable to examine processes at scales both small­
er and larger than those of direct interest-the former pro­
viding detail, the latter providing context.

Long Point Revisited

Although the Long Point experiments were not designed to
address transport variability per se, the May 25 data set dis-

cussed earlier can be used to identify trends and patterns
that might not have been apparent within a deterministic
framework oriented exclusively to prediction. Figure 6 shows
time series of spatial means and spatial coefficients of vari­
ation for measured sediment flux (4; CV'I)' wind speed at 0.75
m above the sand surface IU,c,; CV,), and shear velocity es­
timated from the wind-speed profiles (u ; CV ), Such spatial­
ly-averaged values are not appropriate for use in predictive
models of sediment transport because these models are based
on assumptions of contemporaneous measurements of wind
speed and equilibrium sediment flux at one location. In the
Long Point case, the wind-speed measurements were taken
from the cross-shore array of towers (excluding 'Tl ) whereas
the sediment-flux measurements were derived from the
alongshore trap deployment. No attempts at refining the data
were made ii.e., all anemometers on each of the towers were
used to estimate shear velocity I.

It is apparent from Figure 6 that temporal trends in mean
(spatially averaged! sediment flux IFigure 6a I, mean Ispa­
tially averaged) wind speed (Figure (ih). and mean (spatially
averaged) shear velocity I Figure 6c) were similar on this day.
This implies that either U 7 ·, or u might be equally useful in
parameterizing aeolian sediment flux, q. Nevertheless, the
trends in the coefficients of variation were quite different.
The coefficient of variation for measured sediment flux, CV'I'
was between 50'1r and SO'/' and it appears to be negatively
correlated with mean transport rate-greater mean flux was
associated with smaller spatial variation. In contrast, Figure
6b shows that CV", for wind speed was essentially constant
and persistently small (less than lO'/r l. This is not surprising
given that the 0.75 m anemometers were usually within the
lower boundary layer, and in this zone, the spatial and tem­
poral dimensions of eddies tend to scalp with distance from
the bottom. Furthermore, the temporal coefficients of varia­
tion for the wind-speed time series (not shown in Figure 61
were less than 12'/' which suggests that the near-surface
wind field on May 25, in addition to being spatially uniform,
was also relatively steady. Thus. the pronounced spatial vari­
ability evident in transport rate (CV" of between 50'/' to 80'/,)
can not be explained on the basis of variability in the wind
field.

Figure 6c shows that the coefficient of variability for shear
velocity, CV, was quite large (between 45r;, and 6or/, I, and
that the temporal trends in CV were similar to those for CV".
This implies that there may have been a closer link between
q and u than for q and U7 -,. On this basis alone. it might be
surmised that CV is a useful statistic for explaining vari­
ability in sediment transport rate. Nevertheless, such corre­
spondence of' temporal trends should be interpreted cautious­
ly, as elaborated above, because it is an unsound dynamical
platform on whicb to huild a deterministic model. NORDS­
TROM et 01. (this volume), for example, found a better asso­
ciation between near-surface wind speed (rather than shear
velocity, as in this study) and sediment flux.

Consideration of spatial and temporal variability in the
transport system may provide additional insight into the in­
ternal mechanics of the system. Figure 6a, for example, in­
dicated that spatial variability in sediment flux decreased
proportionately with increasing mean transport rate. This
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". .. pr obab ilistic relationships may provide better
agreement with actu al conditions th an the direct phys i­
cal relationships which have pr eviously been use d. Th e
stochast ic sta tements , which may at times en large upon
physical rela t ions based on Newtonian laws of mech an­
ics , will differ from the latter in having an in here nt vari­
ance implicitly or expli citly stated . But th is probabi listic
or stochasti c statement may turn out to be the more im­
portant element an d lead to mor e specific understand ing
of processes tha n th e previous approxima tion which sup­
posed exact phys ical law s."

SUMMARY AND CONCLUS IONS

Cons iderable research effort has been devoted to predicting
aeolian sediment flux across beaches . Univer sally applicable
pred ictor rel ati onships have been only partly reali zed be­
ca use of, (1) th e theoretical cons t ra ints imposed by th e desire
to model these systems det erministically using shea r velocity
as th e sole flow-field va riable, and (2) the empirical unc er­
tai nt ies associate d with sh ea r-velocity es timates derived
from complex wind- speed pr ofiles commonly found on beach­
es. Simultaneous measurem ents of wind flow and sediment
tra ns port at Long Point underscore th e limitations of apply­
ing such conventiona l transport rel ations in beach environ­
ments wher e wind and sediment condit ions vary greatly over
space and tim e. Cha nges in surface roughness , beach slope,
a nd tem perature induce in te rn a l boundary-layer deve lop­
ment as th e wind field passes from open water , across the
surf zone, to the beach. Wind-sp eed profile s across beaches
likely comprise sever al transitional zones, th ereby making a
Jog-linear mod el ina ppropria te a nd determinati on of u, prob­
lemat ic. In addi tion , variations in bea ch-surface conditions,
such as moisture content, grain -s ize distribut ion , mineralog­
ical composit ion , and microt opography, can have pronounced
effects on local sedime nt transport rates, even under consis­
tent mean wind -field conditions te.g., GARES et al ., this vol­
um e). Thus, with in the context of existing equations, th e gen­
era l problem of predicting aeo lian sediment flux mu st be con­
sidered indete rmina te .

An alte rn a t ive, ye t compl ementary, approach to studyin g
aeolian transport across bea ches in volves accepting ind eter­
min acy and addressing its implications. Instea d of simplify­
ing conditi ons to the point where it is possible to apply ele­
mentary deterministi c models , th is approach advocates sa m­
pling th e range of va riabi lity within the system with th e in ­
tent of obtaining sta t ist ica lly robust es t ima tes of th e means
and variances of the relevan t va riabl es . a nd ultimately, es­
tim ates of thei r probab ility distributions. Insight into geo­
morphic process-response relationsh ips may accru e th at
might not be eviden t wit hin purely determ inistic frame­
works. As noted by LEOPOLD a nd LANGBEIN (1963, p. 191),
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t ha t small-scale , su rface patche s may lose their spa t ial iden ­
t it ies and control- t ha t is, the t ransport surface effect ively
becomes homogenized . Th e validity of these specula t ions and
their implications for transport pote ntial , beach erosi on, or
du ne evolution require inv esti gation .

may re flect a tendency for th e more extreme wind events ,
which transport cons iderably more sediment, to have a more
uniform tran sport distribution than th e high-frequency, low­
magn itude events. Th e latte r app ear to be more susceptib le
to un st eadiness effects ie.g ., BUTTERFIELD, 1993) a nd to spa ­
tial heterogeneiti es in surface moisture. Sever al studies ha ve
sh own that th e cri t ical entrai nment velocity for moist sa nds
is substan tially grea ter th an for dry sa nds (see discussion in
NAMlKAS an d SHERMAN, 1995). However, for ver y strong
wind s, the retentive effects of surface moisture may be over­
whelmed by rapid eva pora t ion rat es from th e upp er grain
layer s and by the dyn amics of salta tion imp acts. Thus, rela­
tively large spa tial differ ences in surface moisture content
may not exert th e same control on transport rate at large
wind speeds as a t sma ll win d speeds. Additiona lly, there is
greater sediment inerti a during extreme transport events , so

Figure 6. Temporal tr en ds in spat ially-av erage d sta tistics of the mea ­
sured sediment transport sys tem on May 25. Solid line s show the "mean"
of the variab le. whereas dashed lines show the "coefficient of varia t ion"
of th e variable. (a ) Sediment flux averaged across a ll vertic a l-V tr aps. (b)
Wind spee d measu red at 0.75 m above the surface averaged across all
land- based towers ti.e., excluding T l ). (c) Shear velocity estimat ed from
complete wind-speed profi les ave raged across all land -based tower s .
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