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Abstract

The Wind Erosion Prediction System (WEPS) is a process-based model that simulates daily weather and field conditions along
with hourly wind speeds and erosion. Its physical basis should allow model application to regions outside the US for which it was
originally developed. The objective of this study was to compare results from measured wind erosion with simulated soil losses as
a first example of WEPS use in Germany. Another objective was to introduce methods and techniques for quantifying wind erosion
in preparation for model comparison studies to be undertaken within the Global Change and Terrestrial Ecosystems Soil Erosion
Network. Comparisons between the measured and simulated erosion were based on single erosion events and outputs from the
erosion submodel of WEPS. Multiple runs of the model were performed with varying roughness parameters to set the simulated
threshold wind speed equal to that measured during the first erosion event after a tillage operation. This initial data set was used,
depending on the rainfall or erosion, as the basis for the gradually changing roughness, crust cover and the fraction of erodible
material on crust for all the following erosion events. Thus, the accuracy of the simulation depends much more on the relationship
between erosion events, than on a good agreement for one single event. The results showed excellent agreement between measure
and simulated erosiorR¢ > 0.9). This is mainly attributed to the good agreement with the four largest erosion events in which
transport exceeded 100 kg/m width. Excluding these evétsas reduced to about 0.6 for all other erosion events. Spatial and
temporal variability of the soil transport were also reasonably simulated.

O 2003 Elsevier Ltd. All rights reserved.

Keywords: Wind erosion; Wind Erosion Prediction System; Model validation

1. Introduction The low resistance is caused by seedbed preparations
and planting operations. The problem is further intensi-
Wind erosion is a serious problem in parts of north- fied by bare or very sparse residue cover on soil surfaces,
eastern Germany. These regions are characterized bys well as by the absence of shelterbelt leaves. Therefore,
sandy soils, low precipitation, and a transition to dry especially in spring, wind erosion occurs on fields of
continental climatic conditions. The parent material was sugar beets, corn and other summer crops. The farmers
deposited in the last glacial period. The soils show a generally work together on co-operative farms composed
wide spectrum of characteristics concerning their sub- of large fields and use a high degree of mechanization.
strates and hydrological features. In the immediate postThe main reasons for the increase in wind erosion risk
glacial period large areas were covered with sandy aeol-in northeastern parts of Germany are caused by human
ian deposits. Based on textural characteristics, today,activity resulting in Frielinghaus, 1998
about 30% of farmland in the region is susceptible to
wind erosion Frielinghaus and Schmidt, 1993
The highest climatic erosivity, in March and April, — Increases in the field sizes and the removal of shel-
coincide with the lowest soil resistance to wind erosion. terbelts,
— Decreases in the ground water table and,
— Increases in the proportion of row crops like sugar
* Corresponding author. beets and corn
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The dominant particle transport mode on the sandy
soils is saltation. This damages plants by abrasion or
burying, and fills ditches. It aso impedes public trans-
portation by reducing visibility and depositing material
on roads. As an example of its severity, a soil mass dis-
charge of about 1 ton/m width was measured in a single
erosion event. Moreover, the critical field length to reach
the saltation transport capacity was between 30 and 70
m (Schaefer et a., 1989; Funk, 1995). These results
emphasize the importance of maintaining a permanent
soil cover on the sandy soils in northeastern Germany.

Beginning with a German project to develop a wind
erosion model, measurements of wind erosion have been
carried out since 1991 (Kuntze and Beinhauer, 1989;
Kruse, 1994). To facilitate model development, an ero-
sion plot was installed and equipped with sediment traps
and a meteorologica station, to measure the wind ero-
sion processes with high spatial and temporal resolution.
Recently, a process-based Wind Erosion Prediction Sys-
tem (WEPS) model, under development in the US,
became available for testing (Hagen et al., 1995). Hence,
the objective of this study was to compare the results
from wind erosion measurements with model-simulated
soil losses as a first step in WEPS use in Germany. A
second objective was to introduce methods and tech-
niques for quantifying wind erosion in preparation for
model comparison studies to be undertaken within the
Globa Change and Terrestrial Ecosystems Soil Ero-
sion Network.

2. Materials and methods
2.1. Wind erosion measurements

Wind erosion was studied for 3 years on a 2.25 ha
(150 m in square) experimental plot located about 50 km
east of Berlin (52°39" N, 14°11' E). The average annual
precipitation is 472 mm and the potential evapotranspir-
ation is 590 mm. There is a climatic water deficit from
March to September. The annual average wind speed is
4.4 m/s with the highest monthly average reaching 5.0
m/s in March. The landscape around the plot is flat and
shelterbelts in the prevailing wind direction are about
800 m away. Crops grown on the field surrounding the
plot during the 3 years of observation were carrots, corn
and rye. The plot was maintained in the condition of a
seedbed for the entire time. Four tillage operations in
1992 and five in 1993 were necessary to control weeds
and to establish a fresh erodible surface after measured
erosion events.

The soil is an Arenic Gleysol (FAO, 1998) with 88%
sand, 6% silt and 6% clay in the topsoil (Table 1). Soil
formation was influenced in the past by a ground water
table at a depth of about 0.6 m. Wind erosion increased

in the 1970s after the ground water table was lowered
to more than 2 m.

Two methods were used to measure soil loss. The first
used quantification of soil transport in the field, and the
second used quantification of the deposits at the field
boundary. These methods were compared three times
during the course of the experiment.

Soil transport was measured with two sampler
designs. Four SUSTRAS (SUspension Sediment TRAp,
Fig. 1) were placed in the center of the field with inlet
heights at 0.05, 0.15, 0.25 and 0.45 m above the soil
surface. The SUSTRA was developed in a German Wind
Erosion Research Project (Kuntze and Beinhauer, 1989)
and has been used on severa sitesin Germany. The inlet
flow velocity of the SUSTRA is adjustable by varying
a glot on the backside of the vertical tube. The inlet flow
rate is a compromise between achieving an isokinetic
inlet flow and efficiently trapping the finest material.
Based on the grain-size distribution of the experimental
field, the SUSTRA was adjusted to provide maximum
trapping efficiency for particles of the medium-to-fine
sand fraction. Tota efficiency was about 80% and, con-
trary to the name, the SUSTRA is more effective for
collecting saltation-size than suspension-size particles.
Weight of trapped sediment, along with wind speed and
direction, were stored as 10-min averages in a data log-
ger.

Meteorological data were recorded simultaneously to
the measurements by the SUSTRA sediment traps with:

— wind speed at 10, 4, 1 and 0.5 m height

air humidity

air temperature at 3 and 1 m height

soil temperature at 0.1 and 0.2 m depth

soil surface moisture (by Infrared-reflection).

In addition to the SUSTRA samplers, 16 smple BOS-
TRA (BOttle Sediment TRAp, Fig. 2) samplers were
arranged in agrid at 25 m intervals to measure the spatial
distribution of the horizontal fluxes (Fig. 3).

The sediment trapped in the BOSTRA samplers was
evaluated for each erosion event. These samplers are
easily constructed and inexpensive, so they can be used
in large numbers. The consistent form of the measured
vertical sediment profiles allowed a reduction in the
number of bottles from seven at the beginning of the
measurement period to four per trap. The average
efficiency of the BOSTRA is about 50% (Janssen, 1991;
Sterk, 1993).

The theoretical assumption is that the total transport
can be divided into saltation and suspension portions.
This leads to the equation below, that describes the pro-
file for the layer 0...z,, as saltation and all above the
height z., as suspension.

Zsal Zup
Q = Qsal + qus = J qml(z)dz + f qsus(z)dz (l)

0 Zsal
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Table 1
Soil properties in the upper 30 cm of the measuring field

(a) Fractions

(b) Contents

>600 600-200 200-100 100-60 60-20 206 62 <2 Totad Nitrogen  Phosphorus Potassum Magnesium  pH
pum pm pm pm pm pm pm pm carbon (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)
0 0 % % % ) () % (myl00g)
37 27.3 41.2 15.1 32 2.3 15 57 950 93 125 21 37 7.1
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Fig. 1. Suspension Sediment Trap (SUSTRA), sketch of the design.
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Fig. 2. Bottle Sediment Trap (BOSTRA).

In reality these modes of transport cannot be divided
so sharply. In this study, saltation transport g.,(2) was
computed with an equation from Williams (1964)

Oxa(2) = 0sa(20)€2°=IN(0a(2)/ 0si(20)) = bz %)

where g.(2,) is saltation transport immediately at the
surface, by, is slope of the profile in a height versus In

150 m

xy (0;0) X

Fig. 3. Experimental plot with the positions of the used sediment
traps.

0s(2) diagram, which is negative, and z is height above
the soil surface.

Following Anderson et al. (1991), the vertical profile
of suspension is calculated with

) = qs“S(Zl)(zzl) m‘:"”swis((zzl)) = bdn, 3

where g4,4(2) is the suspension transport at the height z,
by is the slope of the suspension profile.

A significant problem in calculating the horizonta
sediment flux profiles is estimating the border between
transport modes, because they generally occur together
in the first 1 m above ground. The measured profiles
corresponded to the suspension profile very well, but the
downward integration of the suspension equation results
in an overestimation of the transport close to the surface.
Therefore, the border between transport equations selec-
ted for use in the anaysis is very important and influ-
ences the results substantially.

Based on wind tunnel tests, where the transport at the
surface was measured, the transition height between sus-
pension and satation was set to 25 mm with gy =
Ous & this height. Owen (1964) indicates the maximum
height of saltation trajectories with less than u2/2g, so
that the assumed transition height is in this order of mag-
nitude. Nevertheless, there is uncertainty about the cal-
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culated soil transport below 25 mm, because it amounted
to about 60% of the total profile discharge. For that rea-
son, all deposits at the field boundary and the measured
soil transport of all erosion events from the correspond-
ing wind direction were compared several times. There
was a good agreement between both, and hence, the
selected approach was confirmed (Funk, 1995). The
horizontal flux for al traps was integrated up to a height
of 1 m and for a 1 m width.

Fraction of total loss that was of suspension-size was
estimated by setting the friction velocity (u,) equal to
the fall velocity (ug) of single grains (Greeley and Iver-
son, 1987). All particles with fall velocities smaller than
u, were assumed to be suspension loss. Particle size was
derived from the grain-size distribution curve of the sur-
face soil. The friction velocity was derived from the
wind profile, and the fall velocity was calculated using
an approximation equation of Zanke (1982) for natural
sediments, which is valid for al Reynolds numbers
smaller than 2x10°

Ue = 1$V<w/1 + 0.01D*3—1) ()

where v is the kinematic viscosity (m?/s), p’ is relative
density, sediment and fluid (ps—pg)/ pr (dimensionless),
disgrain diameter (m), D* isthe sedimentological grain
diameter (p'g/v?)*3d.

Sediment from the BOSTRA samplers was evaluated
in the same way and used to map the spatial distribution
of sediment transport for each erosion event based on a
surface mapping system. The total soil loss was esti-
mated by summing up the transport rates of the leeward
field boundaries.

2.2. Wind Erosion Prediction System (WEPS)

The Wind Erosion Prediction System (WEPS) is a
process-based, daily time step model that simulates
weather and field conditions (Hagen et al., 1995). Calcu-
lations for single events were made with the WEPS ero-
sion submodel. If the surface conditions are susceptible
and wind speed is above the threshold, erosion is com-
puted on a subhourly basis (Hagen et a., 1995). There
are severa steps in the simulation procedure. First, the
erosion submodel determines the static threshold friction
velocity at which the erosion begins for each cell. The
threshold is calculated based on surface conditions of:
random and oriented roughness; flat biomass, crust, and
rock cover; cover of loose, erodible aggregates on the
crust; aggregate size distribution and density of
uncrusted surface; and surface wetness. Soil loss and
deposition are then calculated for subhourly periods,
when friction velocity exceeds the static friction velocity
threshold. To aid in the evaluation of off-site impacts,
the soil loss is subdivided into components and reported
as saltation/creep, total suspension, and fine particulate

matter (PM-10) for each grid cell (Hagen et al., 1995;
Hagen, 1997).

Constant input data included the dimensions of the
simulated area, soil texture, and derived properties, such
as aggregate size distribution and aggregate stahility.
Event-based inputs were soil surface conditions, such as
roughness, crust cover, and measured 30-min average
wind speeds, as well as the average wind direction for
the day. Some weak events were analyzed together, if
the duration was only a few hours per day and the days
followed one another.

Unfortunately, not al necessary input parameters
involving field surface conditions were measured, and
therefore, some had to be estimated. The following pro-
tocol was used to estimate missing input parameters:

1. For thefirst erosion event after atillage operation, the
roughness parameters (random roughness and ridge
height) were varied to set the simulated threshold
wind speed equal to the measured threshold;

2. Inputs for the first erosion event after a tillage oper-
ation always got the highest roughness values and a
non-crusted surface;

3. Erosion events after the first event always got inputs
of decreasing roughness values (or at least the same),
increasing crust cover fraction and a decreasing frac-
tion of loose, erodible material depending on rainfall
and erosion between the single events.

The surface crust cover fraction (SF,,) was calculated
based on cumulative rainfall in mm since the last tillage
(CUMP) using an equation of Zobeck and Popham
(1992, in WEPS: Technical description)

SF., = 0.36 + 0.0024 CUMP (5)

The gradual change of surface conditions was continued
until the next tillage operation. These assumptions
appear reasonable to describe several erosion events in
succession. The accuracy of the simulation depends
much more on the relationships between events than on
a good fit to one single event. Ridge width and ridge
spacing were kept constant at 100 and 150 mm, respect-
ively, because the influence of these parameters was not
so critical.

Output from the stand-alone erosion model include the
total loss on the field, the average loss per square meter
and the mass crossing each field boundary. Total loss
was subdivided into saltation/creep, suspension and
PM10 proportions and obtained in a grid of 20 x 20
m as loss per sguare meter. The simulated soil loss per
square meter was transformed into the discharge per
meter width by accumulating it in transport direction and
multiplying by the grid cell length of 7.5 m. Measured
and simulated soil losses were compared at the centre
point of the plot where both kinds of sediment traps
were located.
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3. Results and discussion

In al, 49 erosion events were measured during the
3 years of observation. Of these, 21 were selected and
compared with simulated soil losses by WEPS. The
dates, the measured and simulated soil transport
(discharge) in the centre of the plot, as well as the input
random roughness, ridge height, and crust fraction para-
meter are given in Table 2. In addition, the dates of the
last tillage operation and the cumulative precipitation
before the erosion event are listed. The results show
excellent agreement between the measured and simu-
lated soil losses with coefficient of determinations R?
=0.98 for the SUSTRA and R? = 0.93 for the BOSTRA
(Figs. 4 and 5).

However, the apparent agreement between measured
and simulated values must be discussed more fully,
especialy since the roughness parameters were esti-
mated. The good agreements were mainly caused by the
four largest erosion events (horizontal discharge >
100 kg/m). Three of them were aso the first erosion
events after tillage, so that they were most influenced by
the subjectively fitted input data. Excluding these events,
R2? for dl other (moderate to weak) events was reduced
to 0.50 for the SUSTRA and 0.68 for the BOSTRA.
Although not as strange, these are in reasonable agree-
ment.

In the data fitting procedure, multiple runs were car-

Table 2

1000

A SUSTRA
x BOSTRA X R
....... Linear (SUSTRA)

900 -
800

:E‘, 700 Linear (BOSTRA)
o 600 4
i
£ 500
B8 400
b 1 SUSTRA  BOSTRA
g 300 1 % y=0,9298x  y=1,0188x
@ R?=0,9843 R?=0,9281

200 |

100

0 : . .
0 200 400 600 800 1000

measured SUSTRA/BOSTRA (kg/m)

Fig. 4. Measured versus predicted soil transport for all selected wind
erosion events in the center of the erosion plot.

ried out with varying input parameters, and the set of
parameters for the best fit between measured and simu-
|ated data was chosen. These parameters were then tested
to determine if they were reasonable. However, such
mani pulations were only made for the first erosion event
after atillage operation. All inputs for the following ero-
sion events were based on modifying these initial surface
conditions in response to weather and erosion.

The best fits to the threshold wind speeds for first ero-
sion events after tillage resulted in severa possible sol-

Measured and simulated transport rates and soil losses for selected erosion events and used roughness and crust parameters for calculation

Storm date SUSTRA® BOSTRA? WEPS? BOSTRAP? WEPS® Random Ridge Crust Fraction Last tillage Cumulated
(kg/m) (kg/m) (kg/m) (kg/m?) (kg/m?) roughness height fraction of LEM operation  prec.
(mm) (mm)

14/04/92 338 4.7 27.9 0.52 0.37 4.0 20 0 1 08/04/92 4.8
21/04/92 936.4 714.9 860 10.52 10.46 3.0 0 0 1 74
04/05/92 7.3 8.8 6.8 0.17 0.15 3.0 0 0.42 0.4 25.3
12/05/92 7.5 239 29 0.38 0.37 4.0 10 0 1 05/05/92 11.6
15/05/92 1.85 7.3 8.7 0.12 0.11 3.0 0 0.42 1 27.3
18/05/92 54.6 433 50.5 0.40 0.59 3.0 0 0.42 1 275
27/05/92 315 52.6 42 0.53 3.0 0 0.42 1 275
05/06/92 101.2 190.2 151 18 3.0 0 0 1 03/06/92 0.1
10/06/92 27.9 525 45 0.5 3.0 0 0.37 1 5.6
29/07/92 274.1 254.5 225 3.61 24 20 0 0.42 1 11/06/92  27.3
08/04/93 7.77 6.5 7.8 0.26 0.11 4.0 25 0 1 29/03/93  20.3
20/04/93 50.3 126.2 101 1.82 129 4.0 10 0 1 45
23/04/93 22.6 18.2 24.4 0.3 3.0 5 0.37 1 45
26/04/93 39.9 29.6 57.3 0.64 3.0 5 0.4 0.6 45
30/04/93 36.4 45.6 30.9 0.4 25 5 0.4 0.6 45
10/05/93 46.6 48.6 44.6 0.64 20 0 0.4 0.2 5.3
12/05/93 255 224 325 0.35 20 0 0.4 0.2 5.3
02/06/93 155 229 284 0.49 0.33 3.0 15 0.4 1 26/05/93 18.6
16/06/93 11.7 25.8 43.6 0.22 0.68 3.0 10 0.6 1 60.8
08/07/93 289.1 449.1 292 3.75 3.53 4.0 0 0 1 22/06/93 0
27/07/93 31.3 37.6 56.2 0.78 3.0 0 0.43 0.2 28.4

a Transport crossing the field centre (kg per m width).
b Soil loss (kg/m?).
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Fig. 5. Measured and predicted soil transport for all events in suc-
cession.

utions composed of combinations of random roughness
(RR) and ridge height. To test the selected input data
sets, measurements of RR by Helming (1992) were used.
She measured RR values ranging from 4 to 10 mm for
all common seedbed preparations in Germany. Multiple
runs of the model were carried out and compared with
the best fit within this range of RR. An example is given
in Table 3, where all solutions for the event of 08/04/93
are summarized. This was the first event after a seedbed
preparation. Solutions range between random roughness
values of 4-10 mm with ridge heights of 25 mm and
zero, respectively. The best fit was achieved for RR of
4 mm and aridge height of 25 mm or RR = 10 mm and
no ridges. All other solutions are between RR of 8 and
10 mm. A solution with higher RR and low or no ridge
height seems to be most probable because differences in
ridge heights of 25 mm are in the range of the cloddiness
of arough surface. Similar RR values between 6 and 13
mm were obtained by a visual comparison of our
seedbed preparations with photos in the RWEQ hand-
book (Fryrear et a., 1998). Considering al this infor-
mation, the selected roughness parameters seem
acceptably close to the real possihilities.

The spatial variability of the measured and predicted
soil transport was compared using the data of the BOS-
TRA samplers along the field diagonal (Fig. 6), and on

Table 3
Sail loss (kg/m?) in dependence of random roughness (RR) and ridge
height (RH), erosion event at 08/04/93

RR RH

0 10 15 20 25
0 4.18 281 2.27 0.53 0.12
2 414 277 2.24 0.52 0.12
4 243 124 1.09 0.48 0.11
6 0.72 0.44 0.39 0.36 0.1
8 0.37 0.18 0.15 0.13 0.1
10 0.11 0.05 0.04 0.03 0.03

60

------- WEPS
50 A measured data
A__ A
£ 40
2
T
S 30 =
(7] o
[ =
s A
3 20 e
(7] .
10 =
A
0 - : T . T T
0 20 40 60 80 100 120 140

field length (m)

Fig. 6. Measured and simulated soil transport on the diagonal of the
erosion plot (R? = 0.92), example of the erosion event at 12/05/92.
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Fig. 7. Spatia variability of the measured (a) and simulated (b) soil
transport on the erosion plot, example of the erosion event at 12/05/92;
X, y-dimension=ground area of the erosion plot 150 x 150 m.
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Fig. 8. Temporal variation in wind speed, surface moisture and soil
transport of the erosion event at 08/04/93.

the entire plot (Fig. 7a). For comparison, the output
matrix table of the erosion submodel is aso illustrated
(Fig. 7b). There is good agreement between simulated
and measured for the increase of the total transport with
the field length, with an R? of 0.92. It can be concluded
that the basic transport principles, like the avalanching
process at the beginning and the saturation of the sal-
tation transport capacity after a short distance, are well
described for this soil.

On average, the suspension component of soil dis-
charge was 35% when estimated from the trapped sedi-
ment (<60 um diameter), 26% when calculated from the
friction velocity (u, = 0.54 m/s), and 46% when esti-
mated by the simulation model.

The temporal variations in soil transport within the
erosion event on 20 April 1993 are shown in Fig. 8.
Because soil surface moisture was not input into the
model, the model calculated soil loss in the first 3 h
before the actual event. Erosion in the field started after
the decrease of soil surface moisture below 1% by mass.
From that point, fluctuations in soil transport were corre-
lated to wind speed fluctuations and well-simulated by
WEPS.

4, Conclusions

Overall, the first comparison between measured and
simulated soil losses by WEPS in Germany shows
satisfying results. This includes the total soil loss for an
event, the spatia variations on the field, and the temporal
changes in transport capacity.

The estimation of al missing parameters was handled
carefully with respect to all available information, in
order to reduce the uncertainty and to minimize subjec-
tivity. Further, varying the model inputs and studying
the results has improved knowledge about essential para-
meters that need to be measured in the next field experi-
ments. It would be useful for model comparison pro-

grams to have general information about how to easily
calculate, derive or estimate missing input parameters.
Some specia cases, like changing surface moisture con-
ditions or spatia variations in erodibility, will be evalu-
ated in more detail in the next steps.
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