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Aeolian Sand Transport ol

Quantitative Measurements of
Aeolian Sand Transport.
By Hans Kuhlman.

In Geografisk Tidsskrift, volume 56 (Kuohlman 1957) it was re-
ported that in 1954 and 1955 quantitative determinations had been
carried out of the acolian sand transport on Skallingen, north-west
of Esbjerg; the numerical values were not given on that occasion,
however, they are indicaled below. As far as the description of the
field of research and the measuring methods are concerned, I refer
to the above-mentioned publication, which also contains illustrations
of the sand-traps used for the measurements, the results of which
are given below, The traps were partly collecting tubes, partly a gul-
Iy-shaped screen of cloth.

In my first article I tried to decribe the actual coastal region by
classifying it schematically into 6 surface types, whose extent in
these aeolian localities is shown (1957 a and b). For each surface
type, indicated by OT and a number, the aerodynamic roughness
parameter {zmcf. equation 3) was determined, and the sand-con-
tent was thoroughly deseribed. The expediency of classifying the
surface by means of types is a natural consequence af the formulae
for aeolian sand transport found by R. A. Bagnold (1954), whose
work is based on the modern science of hydraulics and aerodyna-
mics, which can be studied in the following papers: Martin Jensen
1954, 0. . Sutton 1955 and A. Sundborg 1955 and 1956. The relevant
point in that science is the connexion between surface, turbulence
and boundary layer.

Formulae for sand transport.

Let me start by defining the concept of sand: I interpret this term
as a sedimentary mass whose grain diameters may be described by
a distribution curve with its modal values situated in the interval
from 2 to 1/16 mm. {Wentworth’s classification).
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On the western shore and in the dunes of Skallingen the predo-
minant sediment is sand with a representative grain size of 0.2 mm.
and sporadically with a variant of nearly 0.5 mm. When this sand
is moved by the wind the process is mainly one of grain saltation
or creeping (cf. Kuhlman 1957 b). If the aecolian movement of the
grains takes place by saltation and surface creep the following equa-
tion, according to R. A. Bagnold, is applicable to the optimum trans-
port:

q=>b, V.’ ? in the C. G.5. system 1
di p 2

where hu—El D'g

(q indicates the maximum mass of sand which per unit of time pas-

ses a plane of unit width at a right angle to the wind direction. C is
an empirical constant which changes according to the structure and

P

the material of the surface. *- is the ratio between the density of the

air and the gravity acceleration. d; = the grain diameter of the existing
sand or the mean grain size. D = the standard grain diameter.
V.'=V,, the drag-velocity, .

measured on the surface covered by the sand movement, V, = =
where 7, is the drag in the surface per unit of area, and p repre-
sents the density of the air.

Equation 1 is based on the conditions 1) that the moisture of
the sand is insignificant or of no influence; 2) that the movement
takes place on an almost horizontal plane; 3) that the variation of
the wind velocity according to the height may be described by the
»logarithmic profile¢ or derivations thereof (cf. equation 3). If
v(z) represents the wind velocity at the height z the following ge-
neral formula may be applied to the logarithmic wind prefile:

1
v(z) = ™ V.. log, :z?o for z =z, 3

ka is Karmdin’s universal constant. z  is the acrodynamic rough-
ness parameter. In equation 3, and consequently in equation 1, it
is assumed that the wind is turbulent and that the air has an al-
most adiabatic temperature gradient, A. Sundborg 1955 has de-
monstrated that the temperature conditions above the surface are
of essential importance to the transport capacity of the wind. The
measurements which I have carried out and which are reported
here are, strictly speaking, only valid under the above-mentioned
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conditions; however, in Denmark these conditions are very often
satisfied thanks to the climate characterized by the common eyv-
clones.

It is diffieult to accept equation 1, Bagnold's formula, without
reservation, because the definition has been given for all wind for-
ces. There is no sand transport at very low wind-speeds; however,
for any given grain size, there is a minimum wind foree called the
impact threshold, which is capable of keeping the sand moving.
It is a trifle less than the wind force which starts the movement.
It will be natural if with decreasing wind the value of the sand
transport converges to zero at a wind force equal to the impact thres-
hold; if so, equation T must be re-written as follows:

q = b, ‘1*$'3—I{0 1
where K, =Db, Vﬂz D
V. is the lowest drag-velocity capable of sustaining the sand trans-
port. 1 have used equation 4 as a working hypothesis.

As V_ is not directly connected with any notion and is but rarely
measured via a determination of v+, (though it was done by 4. W.
Zingg 1953) it is useful to change equation 4 by means of equa-
tion 3, so that the “wind foree™ is expressed by the velocity at a cho-
sen standard height, z:

I = hr \-’3 (?} — I{f G
I . 3
where by = C l/%‘E(L) 7
s log, 2
zﬂ
K¢ = by 1-'13(2} 8

vi(z) is the lowest wind velocity (at the height 2) capable of sustain-
ing the sand movement. Equation 6 expresses the optimum trans-
port capacity of the wind over firm and less firm surfaces, types b
and 4, cf. Bagnold 1954 pp. 83 and 172.

As the sand transport over an incoherent, bare sand surface neces-
sitales a modification of equation 3, as proved by Bagnold (1954)
and Zingg (1953), the modified sand-transport equation for this
surface, type G, musl be as follows:

q,= by (v(z) — V)’ — K, 9
~ , ]
where by = C l/ﬂl ) E(__.iff___) 10
D a =
Iogf_" k-r

K; = by (vy(») — V)’ 11
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V, is the velocity at k', which is the height of the focus of the velo-
city profiles above the surface of type 6 covered by the sand move-
ment. The size v,(z) is expressed, according to Bagnold and W. S.
Chepil, by the following equation:
e .

v(2) = ;] A ]/ 1--11—[? g d, - log, ;u 12
A is a constant (LU8, when d;, = 0.25 mm. according to Bagnold. W. S.
Chepil indicates A as a constant for d; > 0.1 mm. ¢ = the density
of the sand, p = the density of the air, g = the acceleralion due to
gravity.

If v((z) is placed equal to V; and z to k', equation 12 must be
satisfied by the point (V,, k), cf. Bagnold 1954 p. 105; further, from
Zingg 1953 p. 121, we know about the point (V,, k') that:

V, = 20 d, 13
k' = 10 d, 14

when d,; is indicated in mm. and V; in miles per hour.

It will be seen from the above that all the elements of formula 4
have been or may be transformed into known or easily measured
values. p, g, ka and ¢ may be considered as commonly known values.
D and C are found in Bagnold. For six different surface types on
Skallingen I have measured q, z, z, d, and v(z). As for C, D, d;
and z,, which describe the structure and the materials of the surface,
they may vary greatly within short distances, whereas the elements

] .
Ig_ and v(z) (z has been chosen as a constant), which represent cer-

tain properties of the flowing air, are but little variable within a limi-
ted experimental period, The elements of equation 4 which I parti-
cularly wanted to measure is the correlation between the wind velocity
and the sand transport and the influence which the other parame-

ters have on this correlation.

The moisture in the sand,

In a formula for aeolian sand transport it would be reasonable to
introduce a parameter to express the moisture cohesion between the
sand grains; or, in a more general sense, one could say that it was
desired to introduce a parameter indicating the influence of rain
and humidity on the masses of the sand transport. However, this
would be difficult. After the discovery of the existence of sporadic,
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constantly dry layers of sand (Kuhlman 1957 a) it became evident
that the water content of the surface had such a complicated varia-
tion that the moisture of the sand was very difficult to express re-
presentatively. 2—5 % humidily (per cent. of the dry weight) was
common at the surface; but the humidity often oscillated between
0 and 15 % from one place to another in the course of short periods.

The blown sand, i. e. the sand captured by the traps, had a much
smaller humidity variation, the moisture content not exceeding 1 % ;
however, surprisingly often the sand was sticky when the water
content was a few per thousand. Although the water content of the
blown sand can be expressed fairly representatively and doubtless
does not exceed a certain maximum value for a given wind force, it
is still doubtful whether a measured moisture content has any con-
siderable relation to the size of the sand transport; for instance, a
dry, pebbly locality in the neighbouring area may receive too little
sand to saturate the wind. Further, the moisture in the blown sand
is often subjected to marked changes in the course of a short time,
so that a measured water content is valid only for a very limited
time interval.

On account of these circumstances 1 have found it more useful
to associate the concept of rhumidity« with the weather within a
certain period than with the sand. [ have chosen a period which I
have called »wete and measured within this period the maximum
size of the aeolian sand transport, whereas I have not examined
the frequency of the measured values.

The choise of the experimental periods proved to be favourable,
as July-August 1954 was extraordinarily rainy — almost each day
the sand was moistened by the numerous showers — whereas July-
August 1955 was unusually dry, as previously described (Kuhlman
1957 a). These two summers represent a »wete and a »dry« weather
period, respectively. My measurements of the transport capacity of
the wind during the two periods are compared below with formulae
for sand transport, without factors for the moisture cohesion. It may
be said that the validity of formulae 6 and 9 has been examined in
the dunes of Skallingen for a wet summer and a dry summer, On
this basis the sand transport of each surface type will be dealt with
in the following.

Transported sand masses.
Surface type 5 (OT 5). OT 5 was a firm, moist sand surface with a
roughness parameter (z_ ) of 0.002 em. The moisture content varied
from 1 to 10 %; 2—5 % was common. In 1955 this type was some-
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Fig. 1. The aeolian sand transport over firm, meist sand, OT 5, with wind
velocities between 0 and 10 m./sec. at a height of 1 m, in the dry summer 1955
on Skallingen. The straight line is 70¢; of the theorelical transport, caleulated
from ecquation 15 in the text. The dots indicate the measured sand transport,
for which the figures are given in table 1. The abscissa, which indicates the
wind wvelocity, is placed along an axis which is 3-powerly divided; in order
to illustrate this, the corresponding lincar scale is placed immediately below,
The ordinate indicates the transported sand masses in grammes.

Fig, 1. Den woliske sandtransport over fast, fugtigt sand, OT 5, for vind mellem

O og 10 mfsec. 1 1 m’s hejde { den forre sommer 1855 pd Skallingen. Den retle

linie er T0%% of den teoretiske transport, der er udregnet fra ligning 15 { feksten.

Prikkerne markerer den mdffe sandflugt, som ses oplegnet { tabel 1. Abscissen,

som angiver vindhastigheden, er afsat ud ad en akse, der er S3-pofentiall inddelt;

for at fydeliggere delle er den tilherende linemre skala anbragt fige wnder.
Ordinaten angiver § gram de transporierede sandmasser,

times firm and almost dry as a consequence of salt-crusts in the
sand, Over OT 5 the sand grains moved exclusively in long jumps,
with the effect that the inertia of the grains was so great that they
were able to leap far into the gully-shaped cloth screen. Collecting
tubes which had been bored down into the surface measured only
the bombardment per unit of surface. The eapturing capacity of the
traps was arrived at by a visual estimate, which should be rendered
probable by the measuring material. The immediate impression re-
ceived on seeing the screen being filled in a moment with half-moist
sand was that the screen was a rather effective instrument in this
locality. The screen together with a collecting tube seemed to cap-
ture about three-fourths of the transported mass.
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Table 1.
Moisture content of
Date Wind Sand transport blown sand
Dalo Vinden Sandtransport Fugtighed | flyvesandet
= 100 cimn. OT 5. 'y net dry weight
1955 m. sec, g.em. . g larveegl
Hf; 3.8 0.0
Ml 1.4 3.9
), 5.5 32.7
ifg 3.9 60.9
0/ 6.2 15.3 -+
0/ 6.5 17.2 +
2g 6.9 116. 04
” » 69.5
" 7.0 116.
=, » 88.5
0 7.3 141. +
2/ 8.1 68, 0.7
2 83 203, +
/g 8.5 304, 0.7
B " 240. +
" 8.9 335. -+
2y 2.1 340. 0.4
. 9.3 260.
»” 10,0 463, 0.7

Equation 6 is presumed to be applicable to the sand transport over
OT 5. 1 shall first deal with the measurements from the dry summer
1955, as it is most probable that Bagnold's theories held true in
that period. In equation 6 the following values are presumed: C =
3.5, D = 0.025 cm, (Bagnold), d; = 0.020 em. (Kuhlman 1957 b),
g—z 1.25 107", ka = 0.4 and log, §°= 2.3 logy, %2 v,(100) is cal-
culated from equation 12 for A = 0.08, ¢ = 2.65, p = 1.22. 107%, and
g = 982; that gives v (100) = 4.5 m.fsec. When these values are app-
lied and when wvyq, is measured in m./sec., equation 6 gives:

qors = 0.715 "'?nu — 65 gramme/width of em./hour 15
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Fig. 2. The sand transport on surface type 5 during the wet weather period

in 1934 with wind velocities less than' 13.0 m./sec. at standard height, The two

straight lines a and b are ¥ and % respectively of the optimum theoretical

transport, equation 16, The dots indicate the measured sand transport. The
co-ordinatles are the same as in fig. 1.

Fig. 2. Sandflugten over averfladetppe 53 § den fugtige vejrperiode 1 195% for

vindhastigheder mindre end 13,0 m/sec. { standardhojde. De to refte linier a og b

er henholdswis % og M of den optimale, teoretiske iransport, Iigning 16.
Prikkerne viser den milte sandflugi. Koordinaterne som i fig. 1.

In fig. 1, on the basis of equation 15 I have drawn the correlation
between 70 9% ¢ and the wind velocity (at the standard height 100
cm, for the interval 0—10 m./sec.); the wind velocity is plotted along
the abscissa axis, which has been 3-powerly divided in order to give
the graphic picture the appearance of a straight line.

In table 1 are indicated the measured transported sand masses
and the corresponding wind velocities at a height of 1 m. The moist-
ure of the blown sand is also indicated; - signifies a very small
water content in the sand. The values of table 1 have been plotted
into fig. 1, the constructed curve of which seems to be an acceptable
trend line for the measured values. It is difficult to decide which
trend line is the most reasonable, when one wishes to examine
whether nature is capable of producing the theoretically optimum
sand transport. The scattering of the points of the diagram is no
doubt attributable to other causes besides the normal distribution
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Table 2.
Moisture content %y net dry weight
Date Wind Sand transport Fugtighed %y torveegt
Data Vinden Sandtransport
= 100 en. OT 5. Blown sand Surface
1954 . /sec, g e fh, Fiyvesandet Overflade
81/, 6.0 2 2
i LES 5 L1
L3 L] 16 2
s G.1 0.4 f 3
1w G.6 84 3
- 6.8 G 3
" o 104 3
BIr 6.8 28 2
n L 33 L1
" Ll :.lj ?
- o 2 2
” L1 H-I i
. - 105 1 .
16 fg 6.8 5
7 T 104 f
13, 7.0 57 f 14
/s 7.4 58 2
18/7 ,, 86 5
18fy 7.6 121 f 5
" 7.9 234 o »
13/ . 264 " 14
/s 8.1 188 ]
" ] 235 #
5 . 264 i
18, 8.5 164 1
T T 179 =
L) Ll 138 n
L 0.5 215 n
13 ¥ 304 n
” " 307 »
v 7 373 t a3
N ™ 428 t ”
Bifs 9.7 77 f -
o 0.8 282 .
" » 310 2
16§ 124 348 f 1
» " 4496 t 11
- . a2l t »
1 129 401 0.6 »
- = 417 0.5 T
" " 470 " E3)
0y 15.0 0.9 1.1 3
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law; still, T feel justified in establishing as a fact that the funda-
mental in the g-function (equation 15) has been realized, although
a reduction of the absolute, anticipated values is seen.

This reduction is undoubtedly due to defects of the traps and to
a humidity cohesion between the particles; it must be presumed
that in the velocity interval mentioned here the influence of the lat-
ter factor is particularly noticeable at lower wind velocities.

During the »wete weather period, July-August 1954, the sand
transport over the moist, firm surface was measured indirectly by
means of collecting tubes alone; they were placed in spots of dry
sand which received sand from OT 5. In these there was a heavy
sedimentation; at the same time the jumps of the grains were sub-
dued, so that, as the sand transport was now close to the ground, the
tubes were effective traps. The quantity of sand caught by the tubes
was considered identical with the quantity transported over OT 5.

The theoretical transport was calculated as for the observations of
1953, except for the modification that d; was equalled to 0.025 ¢m,,
because the humidity seemed to coarsen the blown sand (Kuhlman
1957 b); consequently, the result of equation 12 was that v (100)
became 5.0 m./sec. Equation 6 would then give for vyq, indicated in
m.'sec.:

qots = 0.80 1'?.;,.} — 100 gramme/cm./hour 16

In fig. 2, by means of equation 16, have been drawn two straight
lines signifving the theoretical correlation between (}fy and 3/,) q

and the wind velocity.
In table 2 are shown the measured values of the transport capa-

city of the wind over OT 5 during the wet period; f signifies un-
known degree of humidity, and t signifies dry sand. It will be seen
that the results of the measurements vary greatly; however, on
plotting the values into fig. 2 it appears that for the greater part
the transport quantities observed are situated between 1/, and #/, ¢
for the velocity interval shown in this figure: 0—I13 m.fsec. Many
measurements are close to 75 % of the theoretical optimum. Further,
the fundamental in the sand-transport formula is again confirmed
by the fact that at increasing wind velocity the mass transport grows
rapidly. Even if the registered sand transport did not prove to have
the expected dimensions — the eause of which may have been hu-
midity as well as defects of the traps — it was astonishingly big;
contributing to his large transport was the same mechanism as
that which is a condition for the existence of the hvgrophobie layers
of sand.
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As a summary of the above it may be said that both in the dry
and in the wet weather period the acolian sand transport in surface
type 3 was astonishingly high, the drift seemingly being describable
by a formula of the same type as equation 6. It must be pointed out
that although equation 6 is undoubtedly useful when the sand trans-
port takes place, the movement is probably less frequent in wet
periods than in dry periods at the same wind foree. At any rate,
as will be seen from table 2, a wind of 15—16 m./sec. was scarcely
able to move the sand because af the accompanying rain.

Surface type 6 (OT 6). Dry and incoherent sand without vegetation
was found at the lowest part of the dune and at the innermost
part of the foreshore at such places as were named surface type 3
in the measurements of the wind velocity profiles; however, this
characterization is only an approximation to a common denomina-
tor for a mosaic of scattered tussocks of marram-grass and inter-
jacent areas of sand. The sand transport in OT 3 was a local oe-
currence and had no direct relation to the wind profile measured on
the whole of the surface. The loeal sand-transport areas in OT 3
had to be characterized as OT 6. The sand was often modelled in
wind ripples on account of the regular length of the leaps of the
grains and the large size of the bed-load transport. In this surface
the collecting tubes seemed to be of some use by capturing a small
part of the sand in saltation and almost all the creeping material,
which according to Bagneld amounts to a fourth of the total trans-
port. Around the cloth screen there was so much eddy and lee that
the sand grains moving by small bounds lacked the inertia to jump
into the trap which, therefore, was almost useless,

The theoretical sand transport over OT 6 may presumably be
expressed by equation 9, which will be compared only with the
1955 measurements, because the numerical material for the wet
period is too imperfect to be published.

The values of V, and k' were not found experimentally, but were
calculated by means of the equations 12, 13 and 14, Zingg's rela-
tions (equations 13 and 14) for d; = 0.2 mm. give: k' = 0.2 em. and
V; = 1.79 m./sec. This point (V,, k') almost salisfies equation 12, the
absecissa-deviation being only — 0.1 m./sec. Bagnold's work (1954
p. 69) seems to indicate that if the mean grain size remains constant,
while the range of the distribution of the grain sizes is augmented,
Vi and k™ will increase, Taking into consideration the research work
of both authors, I have chosen V, = 2.0 m./sec. and k” = 0.26 ¢m,
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Fig. 3. The theoretical sand transport (the line, % ) and the measured sand
transport (the dets} over an incoherent naked sand surface (OT 6) in the dry
weather period, The abscissa has been divided according to the 3rd power of
the difference between the measured wind velecity and Vi; the corresponding
linear scale is also indicated. The ordinate is the same as in fig, 1.

Fig. 3. Den teoretiske (linien % q) og den milte (prikkerne} sandiransport

over en los, nogen sandflode (OQT &) i den torre vejrperiode, Abscisseaksen er

inddelf efter 3. potensen af differensen mellem den mdlte vindhastighed og Vi,
den tilhorende linepre skala er ogsd anfert, Ordingten er som tHidligere.

If these values and those proviously used are inserted into equa-
tion 9, applied to the dry period, the following result is obtained,
when C = 1.5 and v(z) is measured in m./sec.:

Jors = 1.84 (vyg9 — 2.0)*—29 gm.fem./hour 17

By means of equation 17 the theoretical correlation of 1/4q with
(v190 — 2.0) is drawn as seen in fig. 3.

The measured transport capacity, the values of which have been
plotted into fig. 3, appears from table 3, where -} signifies very
small quantities. The sand was dry. The measured quantities are
close to the calculated values, if it is accepted that the collecting
tubes captured the creeping material. The inadequate measurements
from 1954 showed the same tendency.

Surface type 4 (OT 4). The sand transport over the semi-firm sur-
face, OT 4, may theoretically be expressed by equation 6, cf. Bag-
nold. The surface pebbles (pebbles of a size of 2—6 c¢m.) varied in
density with inter-pebble intervals of from 1.5 to 10 ¢m., though
2—4 em. was common. Judging from my measurements, this varia-
tion seemed not to have much influence on the roughness parameter



Table 3.

Ixate Wind Sand transport Date Wind Sand transport
Data Vinden Sandtransporf Dato Vinden Sundiranspor!
14955 z = 100 cm. OT 6 1955 z = 100 cm. ora
(1951) m./sec. gm.jem ih. (1854} m.fsec. gm.lem.h.
s 21 0.0 e 3.5 16.2
e 2.4 0.0 i a6 =
B 34 0.0 g 6.4 22.0
80/ 4.5 3.2 ] " 273

» " 3.5 Sy 7.1 76.8
Bz 4.9 -+ 2/ 7.8 89.3
(%) 5.3 ol W oa 7.9 85.5
(°/2) 5 5.4 2/g 8.0 104.
gy o4 4.7 =35 a1 166.

" " 5.7

(zy). Schlichting’s laboratory experiments with the flow over sphe-
rical segments also prove that it requires considerable alterations
in the density of roughness elements of this sort to bring about any
great changes in the roughness parameter. I found that z, = 0.01
cm. was a characteristic mean value for the varied and pebbly
beach in question. OT 4 is also complicated, in that it contains two
different sorts of sediments without smooth transitions. For this
reason it is improbable that in equation § v(z) can be deduced from
equation 12, which would give an impact threshold of 3.8 m./sec.
at a height of 1 m.; such a wind did not produce sand transport
over the pebbly beach. If the sand transport is not to come to a stand-
still, it is evidently necessary that the wind velocity at the height k’
above OT 4 is = V, for OT 6; this condition will be satisfied for
Vigo = 2.6 m./sec,, if z_ is reckoned as = 0.01 cm. and (V, k') =
(2.0 m./sec., 0.26 em.), if the conditions ruling in the dry period
alone are considered; therefore, 5.6 m./sec. at a height of 1 m, is
regarded as the impact threshold for OT 4.

If the new impact threshold and C = 2.8 are used in equation 6,
olher parameters having the values previously employved, we have:

qors = 0.93 vigy — 163 gm./cm./hour 18

For the usual velocity interval, 1/2 and 1/4 q are shown in fig. 4.
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Fig. 4. The sand transport on the pebble-covered shore (OT 4) on Skallingen

in 1955, The lines indicate the theoretical transport, cqualion 18, The crosses

show the measured sand transport over scattered pebbles, and the dots indicate

measurements on pebbles of a “normal™ density (OT 4), The same co-ordinates
as in fig, 1.

Fig. §. Sandflugten over den smdstenede sandsérand (OT 4} pd Skallingen i

1955, Linierne betegner den teorefiske fransport, ligning 18. Krydsene viser den

midlte sandflugt over spredt liggende pebbles, mens prikkerne angiver mdlinger
over pebbles med normal” tethed (OT &), Koordinaterne som i fig. 1.

The measured aeolian transport is given in table 4, where -
signifies very small quantities, The sand was dry. Fig. 4 contains
the values from table 4; the crosses indicate the value of the sand
transport over scattered pebbles. The varying effectivity of the traps
is the reason why relatively larger masses are measured over scat-
tered pebbles than over densely situated pebbles, because in the lat-
ter case the collecting tubes are half concealed, whereas the gully-
shaped screen is very effeclive, c¢f. OT 5. What guaranty we have for
the validity of equation 18 is open to discussion, but there can hard-
ly be any doubt that the sand transport over OT 4 requires a greater
minimum drag-velocity (V_, ) than over OT 5 and 6 in order to
sustain the movement, cf. Bagnold 1954 pp. 167—174.

Surface types 1 and 2. On OT 1 the sand was almost hidden by the
tall, evenly distributed vegetation. The measurements of the wind
profiles showed that between the plants there was a stationary air
laver which had a thickness of some decimetres. No wonder, there-
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Table 4.
Dristance hetween
Date Wind Sand transport
Duto Vinden Sandtranspor! pebbles
Peblile-afstand
2= 100 cm., OT 4.
1955 ., Sec. g em b, o,
24/ 1 0.0 94
2, 1.9 0.0 1.
. 5.3 -+
5 5.4 +
&/ 5.8 -1~
A 6.0 -+
0 6.2 12.6 2—4
T 6.3 21.0 710
N 6.5 18.8 2—4
4y 0 2.4 "
By 6.8 + o
. 7.1 287 ”
2y, 7.3 30.9 .,
. 7.3 75.0 7—10
ay, 8.2 53.7 94
" » 105. "
g 8.3 0933 0
. 8.5 180, 7—10
23/; 8.6 221. .
2y 8.8 220. "
=q 8.9 262, "
, 9.0 248, ,
g »” 177, 2—4
2/ 9.3 144. -

fore, that is was impossible to prove any sand movement in the
»grey dune«¢ during the two experimental periods.

The swhite dune«, OT 2, often presented a mosaic of bare sand
and sand covered with vegetation, but large arcas of the dune sur-
face were evenly covered with straws of marram-grass (Ammo-
phila arenaria). The profile measurements of the wind velocities
proved that normally there was also a stable layer al air above the
sand at OT 2; at places, however, the wind would find its way to
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Table 5.
Date Wind Sand transport Date Wind Sand transport
Dato Vinden Sandtranspor! Dato Vinden Sandiransport
1955 z =100 cm. 0T 2 1955 z = 100 cm. 0T 2
1954 M. 5ec. gm./cm./h, 1954 m./5ec, g fem.h.
/=55 2.0 0.0 /. —5D 6.3 10.7
Sf—55 24 0.0 2fg—53 6.4 12.3
28/;—bb B o 3/, —55 6.8 173
'31;?_% 38 »* 131;'-'_54 " 14.
16/, —54 4.0 ”» /3 —55 7.3 309
%/g—05 4.2 + %/g—05 7.8 7.3
2/ —55 4.4 0.0 Tlg—0d 79 1.1
%}'7-—-5."] EH £ " " 6.4
2/g=—0D 4.7 1.1 2/;—55 86 51.9
13/g—55 ” 15.3 Yfg—aD 9.1 20.0
8f;—55 4.8 0.0 12/g—54 10.3 0.6
#3/;—bb 4.9 8.4 187 —54 11.9 0.3
[ —55 2.0 17.0 . » 29
1/;—54 5.2 6.9 nf—5o4 12.3 0.3
2fa—5D 53 0.0 " » 0.7
#—55 5.6 19.6 16/, — 54 125 37.
H;—55 58 0.0 - . 44.
13/, —54 59 6.5 1fe—54 127 2.9
» » 9.3 /g—o4 14.4 43.
13{4—055 6.0 70.9 " " 14.
Hf;—55 . 11.7 10/y—54 17.0 1.5
Wje—35 6.2 7.8

naked areas of sand, because there was a certain variation in the
density of the dune grass, At such places the sand transport could
proceed, but it was not easily comparable with the wind velocity at
standard height, as there is one sort of turbulence where the sand
is in movement, another at a height of 1 m. On the basis of the ap-
plied methodology it was impossible to verify a theoretical trans-
port. In a »white dune« it is easy to err in the placing of the sand
traps because localities with sedimentation may be mistaken for
places where a real transport takes place. Consequently, I tried as
far as possible to avoid such regions as received blown sand from
other surface types; hence the trasnport masses shown in table 5
solely describe the mobility of the dune sand in surface type 2.
Bearing in mind that the measured wind velocities do not have
the usual regular relation to the movement, it will be seen from
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table 5 that at all wind forees the sand transport is insignificant,
and that no regularity is perceplible. Conditions in the two periods
are almost the same. The following conelusion ean be established:
the measurements proved that the dune grasses protect the dune
sand very effeetively against aeolian activity, so that OT 2 and 1
may have considerable sedimentlation, whereas transport and cro-
sion must be insignificant phenomena.

Comparison of the sand transport over the different surface types.

A comparison of the sand transport over the different surfaces
and a general estimate of the variation of the transport capacity can
only be carried out if one compares such transport-masses as cor-
respond to »the same wind conditionss, i. e. the same wind-creat-
ing pressure-gradient, which in nature means identical drag-velo-
city (V). The wind velocily at standard height may vary from
one place to another even under »constant wind conditions«; there-
fore, an indication of the wind velocity without mentioning the tur-
bulence and the measuring height would be meaningless. Moreover,
V*is a rather unknown coneepl and, therefore, should be converted
into wind velocity at standard height over one particular, well-
known surface type.

In the preceding paragraph some formulae for the relation
between wind, surface structure and sand transport have been
rendered probable; these theoretical formulae, equations 15 to 18,
for the optimum aeolian sand transport may be illustrated by :
common diagram showing the correlation between the converted V
and q for each surface type, the parameters having the values pre-
viously used.

Fig. 5 shows the theoretical correlation between the sand trans-
port over the different surfaces and the wind velocity at a height of
1 m. above OT 3, applicable fo the velocity interval 0—13 m./sec.
For the construction of fig. 5 I have calculated, by means of equa-
tion 3 and its variations, the related wvelocities at standard height
for the different surfaces at the constant V_; in thisway it is pos-
sible to learn the wind foree which for other surfaces corresponds
to a given velocity over OT 5 and, consequently, to deduce from
eqquations 15—18 related transport quantities. These sand masses

—which blow over different surfaces at the same drag-velocily may
be deseribed as equivalent. If the sand transport area ecan be de-
scribed exclusively by surface types, and if the surfaces are situated
more or less at the same level, fig. 5 will express the variation in
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Fig. 5. The theorectical optimum equivalent transport of blown sand over
different surface types. The lines are the theoretical relations, the probability
of which appears from figures 1 to 4: equations 15 {o 18, The abscissa indicales
the veloeity {0—13 m.fsee.) at a height of 1 m. above surface type 5, which is
a reference surface for the equivalent transport masses. Otherwise, the co-
ordinates are the same as in fig. 1. Ordinate differences hetween the curves
show the theoretical optimum deposition and erosion; especially should be
noticed the transport of OT 4 as compared to that of the other types. The
probable transport over OT 2 is indicated by a dot-and-dash line.

Fig. 5. Den feoreliske, oplimale, whkeivalente transport af flyvesand over for-
skellige overfladetyper. Linterne er de i fig. 1 til § sandsynliggjorte leoretiske
relationer: ligning 15 til 18, Abscissen angiver hastigheden (0—13 m sec) |
1 m's hojde over overfladetype 5, som er referensoverflade for de whoivalente
transportmasser. Koordinalerne er iovrigl som § fig. 1. Ordinatforskelle mellem
kurverne wviser den teoreliske, optimale aflejring og erosion, man bemerker
iszer QT #'s transport § forhold 1l de andre typers, Den sandsynlige transport
over OT 2 er markeret med en stiblet linie.

the sand transport caused by the structural alterations of the ground.
In fig. 5 we can, for a given wind-force, read differences in the value
of the sand transport (gm./em./hour) at the passage of the trans-
port from one surface to another; the alterations read are quanti-
tative expressions for the optimum deposition and erosion.

The optimum theoretical transport of OT 5, which was especially
realized during the dry weather period (1955), is very great, as will
be seen from the figure. In the wet period a greater wind force is
required to start the movement than in the dry period; but during
the wet period the growth of the sand transport increases more
rapidly with the rising wind velocity; this is exclusively due to the
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coarsening of the blown sand (Kuhlman 1957 b); however, in wet
periods on Skallingen there will rarely be sufficient quantities of
coarse sand for saturating the wind at the high velocities. If the
moist sand area is less than 30 m. long the surface moisture seems
te be of little significance; for the optimum transport of the firm
surface, the sand of which arrives from elsewhere, has almost the
double quantity of that of OT 6 at all wind forees.

The transport over the pebbly beach (OT 4) which is equivalent to
that of OT 3 is always smaller than the latter; but its relalive pro-
portion to the transport of OT 5 increases with the wind foree. Over
OT 4 the sand transport requires a greater wind velocity in order
lo start the movement than over hoth OT 5 and 6 and, for a wind
of<C 8.0 m./sec. (z = 100 cm. z, = 0.002 em.) is less than the
transport of OT 6; however, at greater wind forces it increases by
a constantly growing percentage.

In dunes with some vegetation, surface types 1 and 2, sand trans-
port is practically impossible at all the wind veloeities indicated in
fig. 5.

In the weather situation on Skallingen in 1954 and 1955 there
were few important modifications of the wind force and, conse-
quently, of the sand transport; 5—=8 m./scc. at the slandard height
above OT 5 was common, whereas other velocities were less fre-
quent. Therefore it was evident on the spot that marked modifica-
tions of the transport capacity of the wind were mainly due to the
shape of the ground and to the structure of the surfaces, as indi-
cated in fig. 5.

Genesis of dunes.

Dunes are accumulations of blown sand in high relief (ecf. 4.
Sechou); the local concentration of big sand masses forming a very
hilly surface is characteristic of dune areas. Large, flat areas of
blown sand are called sheets and coverings. The essential of the
dune concept is a concentration of sand on relatively small areas;
this local accumulation must be due to sporadic changes in the
transport capacity of the wind, i. e. ¢ in equation 4. Where different
surface types are contiguous there is a possibility, as shown in fig. 3,
of marked changes in the masses transported, which may give rise
to dune formation. Such changes in the sand transport must in
equation 4 find their expression by alterations of the elements b,
and K, while local, negative modifications of ( as a consequence
of the variation of V_ must take place when isclated ground ele-
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ments form a wind shelter. Consequently, a distinction may be
made between a dune creation which is generally conditioned by
surface types and a creation which is caused by isolated wind
shelters, It must be borne in mind that in normal terminology not
all depositions of blown sand are called dunes.

A dry spot of sand (OT 6) in OT 5 will have a smaller equivalent
transport than its surroundings, cf. the preceding paragraph, and,
therefore, will always accumulate sand: this mechanism is called
psammogenic dune formation (Capot-Rey ed. 1953), which is mere-
ly a sub-type of the genesis conditioned by surface types; the germ
of the latter is often a small wind-shelter, for instance from wreck-
age or from driftwood, or hollows in the surface. On Skallingen a
small area of dry sand in OT 4 with wind velocities greater than
8—9 m./sec. (OT 5) will also accumulate sand; but if the wind
force becomes inferior to this threshold the sand spot will have a
greater equivalent transport than its surroundings, and the sand
spot will therefore be scattered and destroyed. As will be seen, there
exists an interval of velocities, in this case about 4.5—9 m./sec., at
which the pebbly surface will »steale sand from adjacent naked
sand areas. This interval, which may be called the deposition wind
of OT 4, expands with increasing surface roughness, cf. Bagnold.

On the moist sand flat on Skallingen dunes of psammogenic
formation were very common; they were some metres broad, only
a few centimetres high and shaped like a shield. With a constant
wind they would have grown into coastal barchans, ¢f. 4. Schou
1954, p. 151. On the other hand, sand tongues and lee-side deposi-
tions around plants and other isclated objects on the stony beach
were most often unstable and less frequent. The pebbly beach would
to some extent accumulate sand in the form of a cover which by
and by modified the roughness, whereby renewed removal of the
sand became possible; therefore, there was a certain equilibrinm
between the structure of OT 4 and the wind common to a certain
period.

An effective and stable creation of dunes did not take place until
dune grasses formed a more coherent association as in the bank-dune
(OT 2), where all the supplied material was sedimented; this acti-
valed the growth of the grass so that the structure of the surface
was preserved. Isolated embryonal dunes around plants had very
difficult growth conditions, unless the surroundings consisted of
unmixed, moist sand, and the vegetation consisted of Ammophila
arenaria.
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From the observations made on Skallingen I think I am justi-
fied in concluding that in Denmark stable formation of dunes at
normal wind forces is almost exelusively due to an alternation be-
tween the different surface structures of large areas. What is par-
ticularly favourable to the ereation of dunes is an alternation be-
tween the surface types 2 and 6 (5), whereas an alternation between
surfaces as OT 4 and pure sand areas to a certain extent is de-
structive of dunes.

To the latter observation I may add as a digression that in this
may be one of the answers Lo Niels Nielsen's inquiry for dunes in
the interior of Iceland (Niels Nielsen 1933).

Danish dune landscapes.

On examining the morphology of the areas in Denmark which
are characterized by blown sand in the top soil (4. Schou 1949) it
will be seen that the only true dune topography is to be found at
such places where large well-sorted sand masses predominate. Pa-
rabolic dunes and bank-dunes are almost exclusively found in pro-
ximity to the marine foreland, whereas in the primarily glacio-mor-
phological landscape the blown sand for the greater part has the
form of coverings through which the original structure of the land-
scape is clearly perceptible; these conditions become particularly
evident from a study of the maps. The predominance of the sand
covers in regions where the aeolian morphology is of a moraine ori-
gin was pointed out by V. Milthers 1925,

In my opinion this can be explained by the fact that the sur-
faces existing during the development of the sand transport on a
ground of a marine character were fundamentally different from
those in the moraine country, where types such as OT 4 were gene-
ral and where well-sorted sand constituted a small part of the mas-
ses of sediment. In cases where the moraine landscape is character-
ized by sorted, glacio-fluviatile sand a configuration may be formed
similar to that which characterizes large parts of the dune areas
of the marine foreland, where surface types 2 and 6 reigned almost
supreme at the genesis; an example of this can be seen in the Rand-
bgl Heath to the west of Vejle.

In order further to illustrate the characteristic differences between
the various Danish landscapes bearing an aeolian stamp I shall
refer here to two areas with blown sand, within which there is a
distinct demarcation line between the above-mentioned two acolian
configurations: one is the area north of Fjerritslev in Jutland, the
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other is the region north of Frederiksvezerk in Zealand, A survey
of the history and of the economo-geographical development of these
areas shows the radical nature and extent of the morphological de-
marcation line. In both regions a coastal cliff from the Littorina Age
constitutes the dividing line.

SUMMARY

The usefulness of a mathematic expression for sand transport at
an adiabatic temperature gradient, equation 4, has been rendered
probable by measurements in a Danish dune region. It appeared
that the humidity of the weather and of the surface sand had an
astonishingly small influence on the size of the sand masses moved
by the wind. The humidity seemed in particular to affect the fre-
quency of the occurrence of sand transport.

I have pointed out the great significanee of the structure of the
surface to the actual mechanism in the creation of dunes, consider-
ing that a large and stable formation of dunes is conditioned by an
alternation between large areas with differences in vegetation and
materials. Relatively small quantities of sand in connection with
areas with many pebbles offer unfavourable conditions for a dur-
able formation of dunes; consequently, parabolic dunes are rare
in Denmark except on the marine foreland.

SAMMENFATNING

Kvantitative milinger af sandilug?.

P4 grundlag af forfatterens tidligere artikler i Geografisk Tidsskrift
1957 redeggres der i denne publikation for mélinger i 1954 og 1955 pd
Skallingen af de kvantitative relationer mellem sandflugt og vindforhold;
desuden omtales méalingernes betydning for forstielsen af klitmorfo-
logien.

Tidligere er offentliggjort en beskrivelse og en typeinddeling (OT 1
til OT 6) af forsggsomridets overflader, hvis struktur har afggrende ind-
flydelse pA vinden og sandbevmegelsen, se ligningerne 1 til 14 og jfr.
Bagnold 1954.

Fra den generelle ligning 4 er for hver af de vigtigste overfladetyper
udledt en formel (6, 9, 15-18), som udtrykker den optimale, mocliske
sandtransport. Det ses, at ligning 4 kan omskrives, siledes at elemen-
terne bliver alment kendie — eller let mélelige — fysiske stgrrelser. De
vigtigste forudsztninger for anvendelsen af formlerne er, at luften ter-
misk er i omtrent neuatral lodret ligeveegt, og at vinden er turbulent.
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Der er i de teoretiske udtryk ikke anvendt parametre for fugtigheds-
koh:msionen mellem partiklerne, fordi sandets steerkt varierende fugtig-
hed vanskeligt lader sig angive repriesentativi. Dette sidste skyldes iseer
tilstedevierelsen af hygrofobiske sandlinser i overfladen (Kuhlman 1957
a.). Derimod er belegnelserne »fugtighed« og stgrhed« knyitet til vejr-
perioder, inden for hvilke det er milt, hvor store sandmasser vinden
reclt transporterede. Men det er ikke undersggt, hvor hyppigt sandflug-
ten forckom i somrene 1954 og 1955, der henholdsvis kan bensevnes »fug-
tige og stgre.

Ved brug af fig. 1 til 4 og tabellerne 1 til 5 kan man studere forholdet
mellem teori og de eksperimentelle data. Det var et alment traek, at det
principielle i g-funktionen (lign. 4) syntes at blive realiseret til trods
for fugtigt og regnfuldt vejr. De afvigelser, som ses i de absolutte mal,
kan rimeligvis stort set forklares ved mangler i milemetoderne, men no-
gen reservation bgr man nok have over for en fuldstzendig godkendelse
af resultaterne. Den gri klit (OT 1) viste slet ingen sandbevmgelse pd
grund af det jeevne, twette plantedsekkes beskyttende virkning, Den hvide
klit (OT 2) havde for alle vindstyrker en ubetydelig transport, i hvilken
ingen lovmessighed kunne spores. Derimod kunne begge klitoverflader
naturligvis have en stor sedimentation. Den stenbestrgede strand (OT 4)
krevede en relativ stor vindhastighed for at vedligeholde sandbevaegel-
sen, som imidlertid ved store hastigheder fik en hetydelig intensitet, Den
nggne, fugtige sandflade (OT 5) havde en chokerende kraftig sandflugt
hen over sig, idet overfladens fugtighed gjensynligt havde vanskeligt ved
at forplante sig til flyvesandet. Vindtrykkets bevaegende kraft var langt
mere virkningsfuld end fugtighedens bindende effekt. Man mgdte her
atter den hygrofobi, som dbenbart er et karakteristisk trek wved sand-
flugtsdynamikken i et humid klima. De lgse, tgrre sandarealer (OT 6
og 3) gav resultater, som man kunne forvente ud fra Bagnold's forsgg.

Hvis man godtager, at fig. 1 til 4 i det veesentlige verificerer de hypo-
tetiske formler for relationen mellem sandflugt, vind og overfladestruk-
tur, kan det vaere nyttigt at sammenligne den optimale sandflugt over de
forskellige overflader ved =ssamme vindforholde. Det er sket 1 fig. 5,
som angiver den teorefiske korrelation mellem sandtransporten over de
forskellige overfladetyper og vindhastigheden i 1 m’s hgjde over OT 3,
der er anvendt som referens-overflade. De sandmasser, som fyger over
forskellige overflader ved samme V_, kan betegnes som skvivalente. For-
skellene i mkvivalente masser, som kan afleses pi fig. 5, angiver kvan-
titativt den teoretisk optimale aflejring og crosion ved transportens pas-
sage fra sted il sted, sifremt overfladerne ligger i nogenlunde samme
plan. Swerlig interesse har det, at OT 4's transportkurve skerer OT 6's for
en hastighed pi ca. § sek. meter, malt i 1935 over referens-overfladen,

Vejrsituationen pa Skallingen var sjmldent skyld i store mndringer af
vindstyrken og dermed sandflugten, hvorimod betydelige svingninger i
transporlevnen var almindelige som fglge af terrsenets form og struktur,
saledes som det vises pa fig. 5, der yvderligere kan anvendes til at belyse
klitgencesen.

Ved klitter kan forstis koncentration af flyvesand pé relativt smé area-
lIer; denne lokale ophobning mé skyldes sporadiske =ndringer afl vin-
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dens transportevne. Man kan derfor skelne mellem en klitdannelse, som
er overfladetype-betinget, og en, som skyldes isolerede vindskygger, Store
og stabile klitter kan her i landet ved normale vindstyrker kun dannes i
omrider med en mosaik af overflade-typerne 1-2 og 6-5; mens en skif-
ten mellem overflader som OT 4 og nggne sandarealer almindeligvis er
meget ugunstig for klitdannelse, fordi stenede lokaliteter, sisom »afblaes-
ningsfladere, ved lave og middelstore vindstyrker stjeler sand fra em-
bryonalklitter,

I Danmark synes en moderoverflade af enorme maengder af sorteret
sand at vere ngdvendig for fremkomsten af voldklitter og parabelklitter,
som er sjeldne uden for det marine forland.

Til nermere belysning af overflade-strukturens betvdning for den xoli-
ske landskabsudvikling kan anbefales studier af egnene omkring Frede-
riksverk og Fjerritslev. Begge steder danner stenalderhavets kystlinie et
skarpt skel.
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