
Introduction

Wind erosion is a common phenomenon in arid and
semiarid regions, which are extensive and comprise
about one-third of the world’s area (Lal 1990; Sterk and
Raats 1996). It is also active on planets, such as Mars
and Venus, and satellite, such as Titan (Greeley and

Iversen 1985). The wind erosion gives rise to soil deg-
radation through the loss of fertile topsoil, damages
crops by abrasion and burial in sand, reduces atmo-
spheric visibility by the transport of sediments in the air,
and creates problematic dune formation by deposition.
The problems become even worse as the climate be-
comes drier and more loose surface soil is exposed to the
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Abstract Wind erosion causes severe
environmental problems, such as
aeolian desertification and dust
storms, in arid and semiarid regions.
Reliable prediction of the height
profile of the wind-eroded sediment
flux is crucial for estimation of
transport rates, verification of com-
puter models, understanding of
particle-modified wind flows, and
control of drifting sand. This study
defined the basic height profile for
the flux of wind-eroded sediment
and the coefficients that characterize
its equation. Nine grain-size popu-
lations of natural sand at different
wind velocities were tested in a wind
tunnel to measure the flux of sedi-
ment at different heights. The
resulting flux profiles resemble a golf
club with a small back-turn where
the flux increases with increasing
height within 20 mm above the sur-
face. If the small back-turns are ne-
glected, the flux profiles can be
expressed by an exponential-decay
function qrðzÞ ¼ ae�bzr ; where qr(z)
is the dimensionless relative flux of
sediment at height z, which follows

the exponential-decay law proposed
by previous researchers for aeolian
saltation. Three coefficients (a creep
proportion, a relative decay rate,
and an average saltation height) are
proposed to characterize the height
profile. Coefficients a and b in the
above equation represent the creep
proportion and relative decay rate as
a function of height, respectively.
Coefficient a varies widely, depend-
ing on grain size and wind velocity,
but averages 0.09. It is suggested
that the grain size and wind velocity
must be specified when discussing
creep proportion. Coefficients a and
b are nearly linearly correlated and
decrease as grain size and wind
velocity increase. The average salta-
tion height (the average height sedi-
ment particles can reach) was a
function of grain size and wind
velocity, and was well correlated
with coefficients a and b.
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wind as a result of increasing quantity of adverse human
disturbance, such as land reclamation and over-grazing.
This is demonstrated by the more frequent dust storms
that occur in desertified arid and semi-arid zones.

Sediment movement with the wind has generally
been described as being composed of three separate
phases: creep, saltation, and suspension (Bagnold
1941; Pye and Tsoar 1990). During creep, a thin sur-
face layer moves by rolling or sliding of particles due
to shear stresses or particle impacts, but these particles
do not leave the surface. Above the surface-creep zone,
particles move by means of saltation. Saltating parti-
cles are lifted from the surface by the wind or by
impacts from other particles, but are too heavy to be
suspended in the air stream and fall back to the soil
surface. Finally, in suspension, the lightest particles are
suspended in the air stream and move along with it.
According to the estimates of Chepil (1945), the pro-
portions of particles in each of the three components
range from 5 to 25% for surface creep, from 50 to
75% for saltation, and from 3 to 40% for suspension.
It has been suggested that the diameters of the
transported particles vary approximately from 500 to
2,000 lm for creep, vary from 50 to 1,000 lm for
saltation, and are smaller than 100 lm for suspension
(Hudson 1973; Shao 2000). The overlaps in these
proportions and diameters indicate that certain parti-
cles may be moved by different transport modes,
depending on the wind’s force (i.e. speed). In blowing
sediment, particles usually move in a mixture of all the
three modes, depending on the factors that control
movement for each combination of particle size and
wind speed. Consequently, the movement of sediment
particles with the wind is stochastic, with sediment
particles following different trajectories and producing
variation as a function of height in the horizontal flux.
This flux is the product of the concentration of sedi-
ment particles in the air and the horizontal velocities
of those particles (Anderson and Haff 1988; Liu and
Dong 2004; Zheng et al. 2004).

Reliable prediction of height profiles within the flux
of sediment is crucial for the estimation of transport
rates, verification of computer models, and under-
standing of particle-modified wind flows and the vertical
intensity of aeolian abrasion (Butterfield 1999). It is also
the basis for controlling drifting sand because the
problems caused by blown sand are related not only to
the quantity transported, but also to the vertical distri-
bution of the transported sediment (Wu 2003). There-
fore, considerable efforts, including wind tunnel tests,
field observations, numerical simulations, and theoreti-
cal analyses, have been devoted to characterizing the
variation of flux of blown sediment as a function of
height since Bagnold’s (1936) pioneering work. In
addition to the qualitative descriptions in early studies
(e.g. Bagnold 1936; Chepil 1945), various theoretical and

empirical equations have been developed in subsequent
studies by using various methods to characterize the
height profile of the flux of aeolian sediment (e.g. Ni
et al. 2002).

Theoretical attempts had been performed to define
the vertical distribution of the flux of wind-eroded sed-
iment before conducting actual measurements. The mass
of suspended flux was found to decay with height fol-
lowing a power function defined by turbulence diffusion
theory (Liu 1960; Takeuchi 1980). Kawamura (1948,
1951) performed the first theoretical attempt to define
the vertical flux profile of saltating particles. He assumed
that saltating particles leave the surface vertically, and
that the vertical component of a particle’s velocity as it
leaves the randomly oriented surface obeys Maxwell’s
law of statistical distribution. He therefore proposed
that the vertical profile of the flux of saltating particles
could be given by the following equation:

qðzÞ ¼ N0
aU
g

� �
eðz=ph0Þ ð1Þ

where q(z) is the mass flux at height z, N0 is the number
of particles leaving the surface per unit area in a unit
time, a is a constant equal to 3pld (where l is the vis-
cosity coefficient of the air and d is the particle diame-
ter), h0 is the average maximum height of a particles’
trajectory, and U is the wind velocity, g is acceleration
due to gravitation. A similar method was used in sub-
sequent research, but different results were obtained
because researchers adopted different assumptions and
distribution functions for the lift-off velocity of particles
(Anderson and Hallet 1986; Zheng et al. 2004). As a
result of differences in these assumptions and functions,
most researchers have resorted to experimental studies
designed to support the development of empirical
equations.

Several researchers (e.g. Znamenskii 1958; Wu and
Ling 1965) have used simple indices to characterize the
vertical profile of the flux of wind-eroded sediment in
their early experimental studies. Based on the measured
flux of sediment at different heights within 100 mm
above the surface in a wind tunnel, Znamenskii (1958)
proposed a sediment flux profile index (the Znamenskii’s
index):

S ¼ qmax

�q
ð2Þ

where S is the Znamenskii’s index, qmax is the mass flux
in the 0- to 10-mm layer, and �q is the mean mass flux
within 100 mm above the surface (with measurements
taken in 10-mm increments). He found that S was a
function of the total sand transport rate and wind speed.
Similarly, Wu and Ling (1965) proposed another sedi-
ment flux profile index (the Wu–Ling index) based on
their field measurements:
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k ¼ q10�100
q0�10

ð3Þ

where k is the Wu–Ling index, q10–100 is the mass flux
between 10 and 100 mm above the surface, and q0–10 is
the mass flux within 10 mm above the surface. They
related k to its sedimentological significance and sug-
gested that wind erosion occurs when k > 1, deposition
occurs when k < 1, and erosion balance deposition
when k = 1.

Most researchers have characterized the vertical
profile of flux of wind-eroded sediment by developing an
empirical relationship between the flux of sediment and
height based on measured results. This has been
achieved by means of many wind tunnel tests (e.g.
Williams 1964; White, 1982; Gerety and Slingerland
1983; Greeley et al. 1983; Sørensen 1985; Anderson and
Hallet 1986; Dong et al. 2003), and field observations
(e.g. Sharp 1964; Wu and Ling 1965; Nickling 1978,
1983; Takeuchi 1980; Rasmussen et al. 1985; Fryrear
1987; Vories and Fryrear 1991; Fryrear and Saleh 1993;
Greeley et al. 1996). Many results have supported the
use of an exponential-decay function expressed as fol-
lows:

qðzÞ ¼ q0e�bz ð4Þ

where q(z) and q0 are the mass flux at height z above the
bed and at the bed surface (z = 0), respectively. The
parameter b has a different significance for different
authors (Nalpanis 1985; Nalpanis et al. 1993; Dong et al.
2003). However, the exponential-decay function has
been questioned by some researchers (Dong and Liu
1997), who believed that the available measurement
techniques made it difficult to obtain accurate results,
especially in the near-surface layer (Rasmussen and
Mikkelsen 1998; Goossens et al. 2000; Dong et al.
2004a).

Some researchers (e.g. Zingg 1953; Chepil and
Woodruff 1957; Rasmussen and Mikkelsen 1998; Ni
et al. 2002) have instead proposed power functions or
modified power functions. For example, the fitting of 43
sets of wind tunnel data for five sand grain sizes in the
0.200- to 0.715-mm range led Zingg (1953) to propose
the following function:

qðzÞ ¼ b
zþ c

� �1
n

ð5Þ

where b and c are coefficients that may be constants for a
single experiment, and n is the exponent of the power
function. In wind tunnel tests, Ni et al. (2002) found that
except for measurements within the lowest compartment
of the tray array used to collect suspended particles, the
vertical distribution of mass flux was well represented by
an equation of the following form:

qðzÞ ¼ a
1

z
� 1

H

� �n

ð6Þ

where a is a coefficient, H is the maximum height of the
saltation layer, and n is the exponent.

Other researchers (e.g. Zobeck and Fryrear 1986;
Fryrear 1987; Vories and Fryrear 1991; Stout and Zo-
beck 1996; Sterk and Raats 1996; Hasi 1997; Butterfield
1999) suggested a combined mass-flux model that com-
bines a power function or modified power function with
an exponential function to describe the vertical distri-
bution of horizontal mass fluxes between the soil surface
and a given height. For example, Sterk and Raats (1996)
proposed:

qðzÞ ¼ a
1þ z

a

� ��b

þ ceð�z=bÞ ð7Þ

where coefficients a, b, c, and b can be defined using
empirical data. The first term at the right is considered
to describe the suspension mass flux, whereas the second
term is considered to represent the saltation flux,
including creep (Fryrear and Saleh 1993).

Many factors, such as wind speed, particle size, and
the characteristics of the underlying surface, influence
the height profile of the flux of aeolian sediment (Zou
et al. 1981, 1986; Ma 1988; Yin 1989; Han et al. 1995;
Zou et al. 1995; Dong et al. 2004b). Addressing the
significances of these factors in descriptions of flux
profiles will provide more information about the drift of
blowing sediment. The objectives of the present study
were to use wind tunnel tests to investigate the flux
profile for sediment blowing over a loose sandy surface,
and to define the influence of wind velocity and particle
size on the flux profile.

Materials and experimental methods

To characterize the height profiles of the flux of wind-
eroded sediment, experiments were conducted in the
wind tunnel at the Shapotou Desert Experimental
Research Station, Key Laboratory of Desert and
Desertification, Chinese Academy of Sciences. This
blow-type non-circulating wind tunnel has a total
length of 37 m and is composed of a power section
(2.60 m long), expansion section (6.40 m long), sta-
bilization section (1.50 m long, where drag screens and
honeycombs are set to reduce large-scale eddying),
compression section (2.50 m long), working section
(21 m long), and diffusion section (3 m long). The
maximum cross-sectional area in the expansion section
is 2.4 · 1.2 m2. The 21-m-long working section has a
cross-sectional area of 1.2 · 1.2 m2. Wind speed can
be changed continuously from 2 to 30 m s)1. The

837



depth of the boundary layer can reach 0.4 to 0.5 m in
the working section.

Natural sand from the Tengger Desert was screened
into nine grain-size populations for the tests: 100 to 150,
150 to 200, 200 to 250, 250 to 400, 400 to 500, 500 to
560, 560 to 630, 630 to 800, and 800 to 1,000 lm. The
prepared sand samples were placed in a 4-m-long, 0.8-m-
wide, and 25-mm-deep tray, whose surface was placed
level with the wind tunnel floor, and then were exposed
to the required free-stream wind velocity (measured at
the centerline height of the wind tunnel, 0.6 m above the
tunnel floor, using a Pitot static probe) above the
threshold for initiation of sand movement. The length of
the sand tray was chosen to ensure a significant devel-
opment of the saltation cloud.

The horizontal flux of sediment at 10-mm intervals to
a total height of 0.60 m was measured using a WITSEG
sampler (for more details of the sampler, refer to Dong
et al. 2004a). In this experiment, the sampler was posi-
tioned 16 m downwind from the entrance of the working
section of the wind tunnel, 50 mm downwind from the
sand tray. The bottom of the lowest opening of the
sampler was set flush with the tunnel floor. Because it
took some time for the wind tunnel to reach a pre-set
free-stream wind velocity, an automatic sliding lid was
used to cover the sand tray until the required wind speed
had been reached; this prevented the sand from being
blown away prematurely. The wind tunnel was powered
off when about 20 mm of the top sediment in the tray
had been blown away. For each sample at each free-
stream wind velocity, three repetitions were performed
to obtain the mean values.

Results and discussion

Flux profiles

We focused mainly on the variation in the pattern of the
sediment mass flux as a function of height rather than
the actual magnitude of the flux. To do so, the measured
mass fluxes at different heights and the height itself were
normalized into dimensionless relative values using the
following transformation:

qrðzÞ ¼
qmðzÞ

Q
; zr ¼

z
Z

ð8Þ

where qr(z) is the dimensionless relative flux, which
represents the portion of the flux at height z divided
by the total flux, qm(z) is the measured flux of sedi-
ment at height z, zr is the dimensionless relative height
(i.e. the height of the measurement divided by the total
height), z is the actual height, Z is the maximum
measurement height of the sampler (equal to 0.6 m in
this study), and Q is the total flux of sediment, which

equals the sum of the measured flux of sediment at all
heights (Table 1).

Figure 1 shows the variation with height of the pro-
portion of total flux at different free-stream wind
velocities for different grain-size populations. In general,
the flux of sediment decreases rapidly with increasing
height. The curves are similar in all cases, with a shape
that resembles a golf club. The back-turn of the curves in
the lowest layer (below 20 mm) represents a section in
which flux increases with an increase in height. We are
not sure whether this phenomenon results from mea-
surement error or the inherent nature of the flux profile.
This feature of the curves has been ignored in most
previous studies. For example, Yin’s (1989) observations
over a gravel gobi surface showed a flux increment sec-
tion in the near-surface layer, and wind tunnel tests of
Dong et al. (2004b) verified the existence of a flux-
increment section in the near-surface layer over a gravel
surface. Based on this evidence, the phenomenon is
considered to be an inherent property of the flux profile
over a gravel surface because saltation is more intense
over a gravel surface, resulting in greater saltation
height. Recently, numerical simulations of Zheng et al.
(2004) revealed a stratified flux-profile pattern composed
of a linear increment layer, a saltation layer, and a
monotonic decrement layer. However, they did not
specify the kind of ground surface their conclusions
applied to. The reconstructed flux profiles of Dong et al.
(2006) for aeolian sediments in a wind tunnel based on
the particle-image velocimetry technique showed similar
back-turns in the lowest layer. It is possible that the flux
increases with increasing height in the lowest layer be-
cause the velocity of the saltating particles increases
rapidly with increasing height within that layer. How-
ever, direct measurement to verify the flux increment
section is difficult because it occurs very close to the
surface.

The curves in Fig. 1 also show that the flux de-
creases more rapidly as wind velocity decreases. This is
qualitatively in agreement with previously reported re-
sults (Znamenskii 1958; Wu and Ling 1965; Chen et al.
1996). Znamenskii’s (1958) wind tunnel results showed
that within the 100 mm nearest to the surface, the
proportion of the total sediment decreased with
increasing wind speed within the 0- to 10-mm layer,
was independent of wind speed within the 10- to 40-mm
layer, and increased with increasing wind speed in the
layers above 40 mm. These results suggest that blown
sediment is transported higher as the wind speed in-
creases, similar to Bagnold’s (1941) conclusion. The
field observations of Wu and Ling (1965) in shifting
dune fields in Xinjiang (China) indicated that an in-
crease in the wind speed decreases the relative pro-
portion of the sediment flow in the lower layers, but
increases the proportion in the higher layers. The wind
tunnel tests and field observations of dune sands of
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Chen et al. (1996) in China’s Taklimakan Desert
demonstrated that as the wind speed increased, the
higher flow layers experienced the most rapid increase
in their mass flux rate.

The difference between the flux profile curves at
different wind velocities narrows as grain size increases.
The curves nearly merge, and the back-turns in the
lowest layer nearly disappear, for the 630- to 800-lm

Table 1 Correlation between
normalized flux (flux at a given
height divided by total flux) and
normalized height (actual
height divided by maximum
measurement height)

d represents the particle
diameter, U is the free-stream
wind velocity, Q is the total flux
of sediment, and r2 is the
correlation coefficient at
P = 0.05. The fitted function
was qr(z) = ae-bzr, where qr(z)
is the dimensionless relative flux
(the proportion of the total
flux at height z), zr is the
dimensionless relative height, a
and b are regression coefficients

Serial no. d (lm) U (m s)1) Q (kg m)1 s)1) a b r2

01 100–150 8 0.023 0.2948 14.23 0.91
02 10 0.050 0.2120 10.54 0.92
03 12 0.114 0.1883 9.54 0.92
04 14 0.247 0.2028 10.45 0.95
05 16 0.442 0.1957 10.24 0.95
06 18 0.701 0.1722 9.00 0.89
07 20 1.077 0.1714 9.20 0.96
08 22 1.567 0.1533 8.29 0.95
09 150–200 8 0.028 0.2195 11.28 0.98
10 10 0.055 0.1660 8.75 0.98
11 12 0.126 0.1398 7.48 0.98
12 14 0.265 0.1382 7.47 0.98
13 16 0.438 0.1323 7.14 0.97
14 18 0.641 0.1250 6.77 0.96
15 20 0.934 0.1133 6.10 0.92
16 22 1.317 0.1095 5.87 0.92
17 200–250 10 0.050 0.1064 5.69 0.97
18 12 0.116 0.0877 4.93 0.98
19 14 0.221 0.0841 4.67 0.98
20 16 0.361 0.0831 4.67 0.99
21 18 0.512 0.0755 4.20 0.99
22 20 0.741 0.0750 4.19 0.98
23 22 1.074 0.0711 3.94 0.97
24 250–400 10 0.047 0.0846 4.57 0.97
25 12 0.091 0.0723 3.96 0.98
26 14 0.171 0.0684 3.79 0.98
27 16 0.293 0.0647 3.59 0.98
28 18 0.433 0.0633 3.53 0.98
29 20 0.664 0.0624 3.50 0.99
30 22 1.022 0.0574 3.18 0.98
31 400–500 10 0.040 0.0768 4.15 0.96
32 12 0.086 0.0654 3.61 0.98
33 14 0.152 0.0621 3.44 0.99
34 16 0.250 0.0588 3.26 0.98
35 18 0.383 0.0533 2.93 0.98
36 20 0.547 0.0499 2.71 0.97
37 22 0.709 0.0481 2.59 0.98
38 500–560 12 0.067 0.0563 3.05 0.97
39 14 0.117 0.0527 2.86 0.98
40 16 0.191 0.0481 2.59 0.97
41 18 0.307 0.0489 2.61 0.99
42 20 0.425 0.0436 2.30 0.98
43 22 0.593 0.0440 2.29 0.99
44 560–630 12 0.046 0.0487 2.52 0.97
45 14 0.097 0.0480 2.53 0.99
46 16 0.161 0.0437 2.30 0.97
47 18 0.269 0.0419 2.19 0.98
48 20 0.410 0.0407 2.10 0.98
49 22 0.473 0.0373 1.85 0.98
50 630–800 14 0.041 0.0372 1.83 0.95
51 16 0.122 0.0410 2.11 0.97
52 18 0.188 0.0418 2.17 0.98
53 20 0.294 0.0418 2.19 0.98
54 22 0.374 0.0421 2.21 0.99
55 800–1,000 16 0.038 0.0384 1.93 0.98
56 18 0.149 0.0388 1.96 0.99
57 20 0.208 0.0387 1.96 0.99
58 22 0.310 0.0385 1.95 0.99
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and 800- to 1,000-lm grain-size populations. This means
that as the total sediment transport increases, the flux of
sediment increases, with a relatively more constant
proportion between heights for the 630- to 800-lm and
800- to 1,000-lm populations, whereas a relatively larger
proportion is transported at greater heights for the
smaller grain-size populations. The smaller the grain
size, the greater the proportion that is added to greater
heights above the surface as total transport increases,
suggesting that the vertical movement of smaller parti-
cles is more sensitive than that of the larger particles to
changes in wind speed.

If we neglect the back-turn in the flux profile very
near the surface (because the flux increment layer is very
thin compared with the total measurement height, at
around 3% of the total), regression analyses reveal that
for all grain-size populations and wind speeds, the
dimensionless relative flux of sediment follows an
exponential-decay function with respect to height:

qrðzÞ ¼ ae�bzr ð9Þ

where a and b are regression coefficients. Mathemati-
cally, a represents the proportion of the flux at the sur-
face (z = 0), and thus represents the creep proportion; b
defines the slope of the straight lines for ln[qr(z)] – zr and
thus represents the relative decay rate of the dimen-
sionless relative flux as a function of height. The coeffi-
cients a and b are listed in Table 1, in which the
correlation coefficients between the relative flux of sed-
iment and height are generally good or excellent. In
more than 90% of the cases, the squared correlation
coefficient (r2) is greater than 0.95.

Combining Eqs. (8) and (9) produces the following
equation:

qðzÞ ¼ q0e�b0z ð10Þ

where q0(z) = aQ is the flux of sediment at the surface
(z = 0; i.e. the creep flux), and b¢ = b/Z. Eq. (10) is
similar to Eq. (1) and has the same form as Eq. (4).
Thus, the flux of wind-eroded sediment decays expo-
nentially with height.
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Fig. 1 The variation with height of the dimensionless flux of
sediment for different grain-size populations and wind velocities
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Creep proportion and relative decay rate

The height profile for the flux of wind-eroded sediment
that we developed [Eqs. (9) and (10)] contains two
important coefficients: a and b, which represent
(respectively) the creep proportion and the relative decay
rate. If these two coefficients are known, the flux profile
can be reconstructed. This section discusses these two
coefficients.

The creep proportion is important in estimating the
total sediment transport. Because this flux is difficult to
measure, the total sediment transport is usually esti-
mated by measuring the saltating and suspended fluxes
and assuming the creep proportion. To develop his sand
transport equation, Bagnold (1941) proposed a creep
proportion of 0.25 in his classic work. However,
according to Chepil (1945), creep proportions vary from
0.05 to 0.25. In our tests, the flux of sediment above the
sampler’s measurement height was assumed to be neg-
ligible because the maximum flux percentage (for the
800- to 1,000-lm grain-size population at 22 m s)1 free-
stream wind velocity) in the top flow layer (0.6 m above
the surface) amounted to only 0.58% of the total. The
total flux measured within the 0.6-m layer can thus be
used to represent the total flux of sediment, and the
creep proportion discussed in this section can be re-
garded as the proportion of the total flux of sediment
accounted for by creep. Figure 2 shows that this pro-
portion varies widely, ranging from about 0.04 to 0.29,
depending on wind speed and grain size. This range is
slightly wider than the range estimated by Chepil (1945),
but very different from the single value of 0.25 proposed
by Bagnold (1941). Thus, it is clear that we must specify
the grain size and wind velocity when discussing the
creep proportion. The overall average for the creep
proportion was about 0.09, but this value generally de-
creased with the increasing grain size, suggesting that

relatively more smaller grains are transported in the air
than by the creep. The average creep proportions for the
100–150, 150–200, 200–250, 250–400, 400–500, 500–560,
560–630, 630–800, and 800–1,000 lm grain-size popu-
lations are 0.200, 0.140, 0.083, 0.068, 0.059, 0.049, 0.043,
0.041, and 0.039, respectively. The creep proportion
tends to decrease with increasing wind speed, except for
the 630- to 800-lm and 800- to 1,000-lm grain-size
populations, for which the creep proportion remains
nearly constant as wind velocity changes; this suggests
that more grains are transported at higher levels as the
wind velocity increases. The smaller the grain size,
obviously more the creep proportion decreases with
increasing wind velocity, which suggests that the vertical
movement of smaller grains is more sensitive to changes
in wind velocity. The creep proportion for the 560- to
630-lm grain-size population decreased from 0.049 at
12 m s)1 wind velocity to 0.037 at 22 m s)1 wind
velocity (i.e. a relatively small decrease), whereas that for
the 100- to 150-lm size population decreased from 0.29
at 8 m s)1 wind velocity to 0.15 at 22 m s)1 wind
velocity (i.e. a relatively large decrease of nearly 50%).

Eq. (9) can be rewritten as follows:

lnðqrðzÞÞ ¼ a0 � bzr ð11Þ

where a¢ = ln(a), and b is the slope of the straight lines
for ln[qr(z)] – z, and this coefficient defines the relative
decay rate function for the flux of sediment as a function
of height. Figure 3 shows that coefficient b in Eq. (9)
decreases with increasing grain size and increasing wind
speed, with a trend similar to that for coefficient a (the
creep proportion). To some extent, the creep proportion
and the relative decay rate reflect two aspects of the
same phenomenon, because transport of more grains at
greater heights decreases both the creep proportion and
the relative decay rate. In fact, a and b are almost line-
arly related to each other, with a high correlation coef-
ficient (Fig. 4).

Average saltation height

The average saltation height is often used to characterize
aeolian saltation clouds, but different methods have
been used to define this height. Usually, the height at
which 50% of the total flux of sediment from the top of
the surface is defined as the average saltation height
(Zingg 1953; Wu 2003). Zingg (1953) found that the
average saltation height was determined by the grain size
and ‘‘wind stress’’, which is proportional to wind speed,
and proposed the following empirical relationship:

za ¼ 7:7d3=2s1=4 ð12Þ

where za is the average saltation height (in inches), d is
the sand’s grain size (in mm), and s is the shear stress on
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Fig. 2 The proportion of total flux accounted for by creep for
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the ground surface (lb in.)2). Equation (12) indicates
that the greater the grain size and wind velocity, the
greater the average saltation height.

Equation (13) is used here to define the average sal-
tation height on a more mathematically sound basis:

za ¼
R1
0 qðzÞzdzR1
0 qðzÞdz

; or zm ¼
R1
0 qrðzÞzrdzrR1
0 qrðzÞdzr

ð13Þ

where zm is the dimensionless relative average saltation
height (i.e. the actual height expressed as a proportion of
the total range of heights being studied). The average
saltation heights obtained using Zingg’s method and Eq.
(13) are very well correlated (Fig. 5), but the latter
method produces a greater average saltation height
(30% greater on average). Figure 6 shows the dimen-

sionless average saltation height calculated using Eq.
(13). The average saltation height generally increases
with increasing grain size. To develop a relationship
between average saltation height and grain size for each
grain-size population, the mean values of the average
saltation height for all wind speeds were obtained using
the combined data in Fig. 6. The mean average saltation
heights for the 100–150, 150–200, 200–250, 250–400,
400–500, 500–560, 560–630, 630–800, and 800–1,000 lm
grain-size populations were 0.10, 0.14, 0.21, 0.24, 0.27,
0.30, 0.33, 0.34, and 0.35, respectively. The relationship
between mean average saltation height and the midpoint
of the grain-size population can be expressed by:

zm ¼ 0:38þ 0:13 lnðdmÞ; r2 ¼ 0:98 ð14Þ

where dm is the midpoint of the grain-size population (in
mm). Except for the 630- to 800-lm and 800- to 1,000-
lm grain-size populations, the average saltation height
increases with increasing wind velocity. The average
saltation height shows the opposite trend compared to
the creep proportion and relative decay rate with respect
to grain size and wind velocity because increasing the
average saltation height means that grains are trans-
ported to greater heights, thereby decreasing the creep
proportion and the relative decay rate.

Figure 7 shows that the coefficients a and b are both
closely related to the average saltation height, with a
high correlation coefficient in both cases. The resulting
regression equations are as follows:

a ¼ 0:022

zm
� 0:023; r2 ¼ 0:999 ð15aÞ

b ¼ 5:54ffiffiffiffiffi
zm
p � 7:49; r2 ¼ 0:997 ð15bÞ
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Based on this analysis, the average saltation height
is clearly an important variable in characterizing the
height profiles of the flux of wind-eroded sediment.
This conclusion is similar to those of Kawamura (1948)
and Nalpanis (1985), who suggested that the flux of
sediment followed an exponential-decay curve with
respect to height and related the proportionality coef-
ficient before height z to the maximum height or other
characteristic height of saltation.

Conclusions

In this study, a height profile for the flux of wind-
eroded sediment has been developed based on detailed

wind tunnel tests of different grain-size populations at
different wind speeds. The resulting flux profiles on the
ln[qr(z)] – zr plots have the shape of golf club, with
small back-turns at the lowest level (within 20 mm
above the surface) for which the flux increases with
increasing height. If these back-turns are neglected, the
flux profiles can be expressed as exponential-decay
functions, in agreement with the exponential-decay law
proposed by many previous researchers for the drift of
wind-eroded sediment. However, the results indicate
that the relative decay rate differs for different size
populations and wind speeds. In general, the flux de-
creases more rapidly as the grain size and wind velocity
decreases. The vertical movement of smaller grains is
more sensitive to changes in wind velocity than is the
case for larger grains. Given that the transport fraction
in the top flow layer (0.6 m) in our tests was so small
(less than 0.58% of the total transport), sand transport
above 0.6 m could be neglected and the exponential-
decay law should be a good descriptor of the flux
profile of wind-eroded sediments in which saltation is
the primary mode of grain movement. Whether the
exponential-decay function remains valid for fine
materials, such as dust, that move primarily in sus-
pension needs further study.

The exponential-decay function for the flux of wind-
eroded sediment has two coefficients. Coefficient a rep-
resents the creep proportion and coefficient b defines the
relative decay rate of the flux of sediment as a function
of height. These coefficients, which reflect two aspects of
the same phenomenon, are almost linearly correlated, as
both define the relative proportion of the flux that is
transported at different heights. The creep proportion
varies widely as a function of grain size and wind
velocity, with a range of 0.04 to 0.29 and an overall
average of 0.09. This is close to the range estimated by
Chepil (1945), but very different from Bagnold’s fixed
estimate of 0.25, which has been widely applied in
developing aeolian transport models. It is suggested that
the grain size and wind velocity must be specified when
discussing the creep proportion.

The average saltation height has also been used to
characterize the height profile of the flux of wind-eroded
sediment. This height is strongly correlated with both
coefficients (a and b) in the exponential-decay function
for flux. The average saltation height is a function of
grain size and wind velocity. In summary, the height
profile of the flux of wind-eroded sediment can be
characterized by three coefficients: the creep proportion,
relative decay rate, and average saltation height.

Acknowledgments We gratefully acknowledge funding from the
National Science Fund for Distinguished Young Scholars of
the Natural Science Foundation of China (40225003), and the
Knowledge Innovation Project of the Chinese Academy of Science
(KZCX3-SW-341).

4 6 8 10 12 14 16 18 20 22
0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

0.36
D

im
en

si
on

le
ss

 m
ea

n 
sa

lta
tio

n 
he

ig
ht

, z
m

 

Free-stream wind velocity, U (m s-1) 

 d=100-150µm 
 d=150-200µm 
 d=200-250µm 
 d=250-400µm 
 d=400-500µm 
 d=500-560µm
 d=560-630µm 
 d=630-800µm 
 d=800-1000µm

Fig. 6 The average saltation height obtained using Eq. (13) for
different grain-size populations as a function of wind velocity

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0.01

0.1

1

10

100

C
oe

ff
ic

ie
nt

 a
 a

nd
 c

oe
ff

ic
ie

nt
 b

 

Dimensionless mean saltation height, zm 

 a=0.022/zm-0.023,  r2=0.999

 b=5.54/zm
1/2-7.49,   r2=0.997

Fig. 7 The variation in average saltation height as a function of
coefficients a and b

843



References

Anderson RS, Haff PK (1988) Simulation
of aeolian saltation. Science 241:820–
823

Anderson RS, Hallet B (1986) Sediment
transport by wind: toward a general
model. Geol Soc Am Bull 97:523–535

Bagnold RA (1936) The movement of des-
ert sand. Proc R Soc Lond A 157:594–
620

Bagnold RA (1941) The physics of blown
sand and desert dunes. Willliam Mor-
row, New York

Butterfield GR (1999) Near-bed mass flux
profiles in aeolian sand transport, high-
resolution measurements in a wind
tunnel. Earth Surf Process Landf
24:393–412

Chen W, Yang Z, Zhang J, Han Z (1996)
Vertical distribution of wind-blown
sand flux in the surface layer, Taklima-
kan Desert, Central Asia. Phys Geogr
17:193–218

Chepil WS (1945) Dynamics of wind ero-
sion: nature of movement of soil by
wind. Soil Science 60:305–320

Chepil WS, Woodruff NP (1957) Sedimen-
tary characteristics of dust storms: II.
Visibility and dust concentration.
American Journal of Science
255(2):104–114

Dong F, Liu D (1997) Intellection about
the vertical profiles of particle concen-
tration and mass flux in the blown sand
layer (in Chinese). Mech Pract 19(6):42–
44

Dong Z, Liu X, Wang H, Zhao A, Wang X
(2003) The flux profile of a blowing
sand cloud: a wind tunnel investigation.
Geomorphology 49(3–4):219–230

Dong Z, Sun H, Zhao A (2004a) WITSEG
sampler: a segmented sand sampler for
wind tunnel test. Geomorphology 59(1–
4):119–129

Dong Z, Wang H, Liu X, Wang X (2004b)
A wind tunnel investigation of the
influence of fetch length on the flux
profile of a sand cloud blowing over a
gravel surface. Earth Surf Processes
Landf 29(13):1613–1626

Dong Z, Qian G, Luo W, Wang H (2006)
Reconstructing the height profile of
aeolian saltating flux in a wind tunnel
by PIV technique. J Geophys Res (in
press)

Fryrear DW (1987) Aerosol measurements
from 31 dust storms. In: Ariman T,
Veziroglu TN (eds) Particulate and
multiphase flows: contamination analy-
sis and control. Hemisphere, New York,
pp 407–415

Fryrear DW, Saleh A (1993) Field wind
erosion: vertical distribution. Soil Sci
155:294–300

Gerety KM, Slingerland R (1983) Nature of
saltation population in wind tunnel
experiments with heterogeneous size-
density sands. In: Brookfield ME, Ahl-
brand TS (eds) Eolian sediments and
progresses: developments in sedimen-
tology. Elsevier, Amsterdam, pp 115–
131

Goossens D, Offer ZY, London G (2000)
Wind tunnel and field calibration of five
sand traps. Geomorphology 35:233–252

Greeley R, Iversen JI (1985) Wind as a
geological process. Cambridge Univer-
sity Press, Cambridge, 333 pp

Greeley R, Williams SHMarshall JR (1983)
Velocities of wind-blown particles in
saltation: preliminary laboratory and
field measurements. In: Brookfield ME,
Ahlbrandt TS (eds) Eolian sediments
and progresses: developments in sedi-
mentology. Elsevier, Amsterdam, pp
133–148

Greeley R, Blumberg DG, Williams SH
(1996) Field measurements of the flux
and speed of wind-blown sand. Sedi-
mentology 43:41–52

Han Z, Zhou Y, Li X, Dong Z (1995) Sand
drift problems in Yanjin Region of
northern Henan Province. J Desert Res
(in chinese) 15(4):378–384

Hasi E (1997) Preliminary study on the
vertical distributions of wind dust over
Bashang Plateau, Hebei Province. J
Desert Res 17(1):9–14

Hudson N (1973) Soil conservation. Bats-
ford and Educational Ltd., London

Kawamura R (1948) Sand movement
caused by wind (in Japanese). Kagaku
18(11):24–30

Kawamura R (1951) Study on sand move-
ment by wind, Report 5. Institute of
Science and Technology, Tokyo, pp 95–
112

Lal R (1990) Soil erosion in the tropics:
principles and management. McGraw-
Hill, New York

Liu C (1960) Transfer of sand in the surface
layer (in Chinese with English abstract).
Acta Meteorologica Sin 31:75–83

Liu X, Dong Z (2004) Experimental inves-
tigation of the concentration profile of a
blowing sand cloud. Geomorphology
60(3–4):371–381

Ma S (1988) Study on the structure of wind-
sand flow. J Desert Res 8(3):8–22

Nalpanis P (1985) Saltating and suspended
particles over flat and sloping surfaces:
II. Experiments and numerical simula-
tions. In: Barndorff-Nielsen OE, Møller
JT, Rasmussen KR, Willetts BB (eds)
Proceedings of international workshop
on the physics of blown sand. Aarhus
University, Denmark, pp 37–66

Nalpanis P, Hunt JCR, Barrett CF (1993)
Saltating particles over flat beds. J Fluid
Mech 251:661–685

Ni JR, Li ZS, Mendoza C (2002) Vertical
profiles of aeolian sand mass flux.
Geomorphology 49:205–218

Nickling WG (1978) Eolian sediment
transport during dust storms: Slims
River Valley, Yukon Territory. Can J
Earth Sci 15:1069–1084

Nickling WG (1983) Grain-size character-
istics of sediment transported during
dust storms. J Sediment Petrol 53:1011–
1024

Pye K, Tsoar H (1990) Aeolian sand and
sand dunes. Unwin Hyman Ltd., Lon-
don

Rasmussen KR, Mikkelsen HE (1998) On
the efficiency of vertical array aeolian
field traps. Sedimentology 45:789–800

Rasmussen KR, Sørensen M, Willetts BB
(1985) Measurements of saltation and
wind strength on beaches. In: Barn-
dorff-Nielsen OE, Møller JT, Rasmus-
sen KR, Willetts BB (eds) Proceedings
of international workshop on the
physics of blown sand. Aarhus Univer-
sity, Denmark, pp 301–325

Shao Y (2000) Physics and modeling of
wind erosion. Kluwer, Dordrecht

Sharp RP (1964) Wind-driven sand in
Coachella Valley, California. Geol Soc
Am Bull 75:785–830

Sørensen M (1985) Estimation of some
aeolian saltation transport parameters
from transport rate profiles. In: Barn-
dorff-Nielsen OE, Møller JT, Rasmus-
sen KR, Willetts BB (eds) Proceedings
of international workshop on the
physics of blown sand. Aarhus Univer-
sity, Denmark, pp 141–190

Sterk G, Raats PAC (1996) Comparison of
models describing the vertical distribu-
tion of wind-eroded sediment. J Soil Sci
Soc Am 60:1914–1919

Stout JE, Zobeck TM (1996) The Wolfforth
field experiment: a wind erosion study.
Soil Sci 161:616–632

Takeuchi M (1980) Vertical profile and
horizontal increase of drift-snow trans-
port. J Glaciol 26:492–498

Vories ED, Fryrear DW (1991) Vertical
distribution of wind-eroded soil over a
smooth, bare field. Transact ASAE
34:1763–1768

White BR (1982) Two-phase measurements
of saltating turbulent boundary layer
flow. I J Multiph Flow 8:459–473

Williams G (1964) Some aspects of aeolian
transport load. Sedimentology 3:257–
287

Wu Z (2003) Geomorphology of wind-drift
sands and their controlled engineering
(in Chinese). Science Press, Beijing

844



Wu Z, Ling Y (1965) A preliminary study
on blown sand movement and its con-
trol (in Chinese). Blown Sand Control
Res 7:7–14

Yin Y (1989) Study on sand drift in strong
wind region in gravel desert. J Desert
Res 9(4):27–36

Zheng X, He L, Wu J (2004) Vertical pro-
files of mass flux for windblown sand
movement at steady state. Journal of
Geophysical Research 109: B01106,
doi:10.1029/2003JB002656

Zingg AW (1953) Some characteristics of
aeolian sand movement by saltation
process. Edition du Centre National de
la Recherche Scientifique 7:197–208

Znamenskii AI (1958) Experimental inves-
tigation of wind erosion of sandland
and the control of drifting sand (Chi-
nese version translated from the Rus-
sian version by Yang Y in 1960).
Science Press, Beijing, 120 pp

Zobeck T, Fryrear DW (1986) Chemical
and physical characteristics of wind-
blown sediment. I. Quantities and
physical characteristics. Trans ASAE
29(4):1032–1036

Zou B, Cong Z, Liu S (1981) A preliminary
observation of the basic characteristics
of sand-carrying current and the effects
of the measures adopted in its preven-
tion and control. J Desert Res 1(1):33–
39

Zou G, Gao H, Dong G (1986) On mea-
surement and computation of sand flux
by wind within a desert area. J Desert
Res 6(2):8–15

Zou X, Dong G, Wang Z (1995) A study on
some characteristics of drifting sand
flux over gobi. J Desert Res 15(4):368–
373

845


	Characterizing the height profile of the flux�of wind-eroded sediment
	Abstract
	Introduction
	Materials and experimental methods
	Results and discussion
	Flux profiles
	Tab1
	Fig1
	Creep proportion and relative decay rate
	Average saltation height
	Fig2
	Fig3
	Fig4
	Fig5
	Conclusions
	Acknowledgments
	Fig6
	Fig7
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


