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a b s t r a c t

Despite the fact that wind erosion seriously affects the sustainable use of land in a large part of the world,
validated wind erosion model that predicts windblown mass transport on a regional scale is lacking. The
objectives of this research were to modify revised wind erosion equation (RWEQ) to estimate soil loss at a
field scale in a way that it could operate at a regional scale, to calibrate the model using ground data
collected from a field scale representing different land uses in Khanasser valley, Syria, and to estimate
the total sediment fluxes (kg m�1) and soil losses (kg m�2) for farming fields.

We implemented a modified version of RWEQ that represents wind erosion as a transient process,
using time steps of 6 h. Beside this a number of adaptations including estimation of mass flux over the
field boundaries, and the routing of sediment have been done. Originally, RWEQ was created and cali-
brated for application at the scale in USA. Due to the adaptations imparted to the original RWEQ and
the different environmental condition in Syria of application areas, an intensive calibration process
was required before applying the model to estimate the net soil loss from the experimental fields.

The results of this test showed that the modified version of RWEQ provided acceptable predictions for
the average mass flux from the measurement plot with a linear regression coefficient of R2 of 0.57 and
0.83 for the (d) test for the 20 wind events at the six tested plots.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Wind erosion is an important problem in arid and semi-arid re-
gions (Buschiazzo and Zobeck, 2008; Stroosnijder, 2007). Wind
erosion significantly decreases soil productivity (Sterk et al.,
1996; Visser and Sterk, 2007) and has negative effects on human
health due to the harmful effects of dust particles on the respira-
tory system (Copeland et al., 2009; De Longueville et al., 2009).
When conditions favorable for wind erosion are present, the pro-
cess may result in large scale environmental disasters like the Dust
Bowl in the USA in the 1930s, which affected more than 40 million
hectares of lands (Cook et al., 2008). The amount of soil loss by
wind erosion is mainly determined by meteorological conditions,
vegetation cover, land management and soil properties (Leenders
et al., 2005; Sterk and Spaan, 1997).
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Minimizing soil loss is essential to reduce land degradation and
to optimize crop yields. Thus, in regions that are vulnerable to
wind erosion, prediction of soil loss at the regional scale is an
important step in designing land use plans (Feng and Sharratt,
2007; Papadimitriou and Mairota, 1996). Despite this critical need
for regional scale prediction of wind erosion, a limited number of
regional scale models exist. In addition, most existing regional
scale wind erosion models have not been calibrated and validated
against the data of ground observations collected at a regional
scale (Shao and Leslie, 1997; Zobeck et al., 2000). Therefore, regio-
nal scale wind erosion models and field sampling schemes are
needed specifically at the regional scale. Clearly, there is a need
for models that can run with data available at the regional scale.
Regional data generally consist of maps or remotely sensed infor-
mation of land use, vegetation cover and soil type with resolution
above 100 m. Thus, regional scale models should have size units
comparable to an arable field (100–10,000 m2) with model equa-
tions for each unit that can be solved using limited attribute infor-
mation. Such models could then predict soil loss for each arable
field (i.e., model unit), taking into account properties of the field it-
self and the spatial configuration of neighboring fields. Regional
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scale modelling cannot be supported by real-time observations of
mass transport or soil loss as it is infeasible to design and maintain
sampling schemes that monitor wind erosion at the regional scale
with models that are properly calibrated. To do so, field sampling
schemes specifically directed towards calibration of (components
of) regional scale models are required.

To cope with these challenges, we describe a methodology
which combines modelling and field sampling efforts together.
Thusly, the objectives of this research are (1) to adjust an existing
wind erosion model capable to predict soil loss at the scale of a
field such that it could perform at a regional scale, using limited in-
put data, (2) to calibrate the model against observations from a
field monitoring scheme particularly designed for calibration of re-
gional scale models with a size of model units comparable to arable
fields and (3) to calculate total sediment fluxes (kg m�2) (loss or
deposition) for arable fields. In this modelling work, the existing
RWEQ model (Fryrear et al., 1998) was used as a starting point
as it needs limited input data compared to mechanistic wind
erosion models such as wind erosion prediction system (WEPS)
(Hagen, 2004). The RWEQ model was adjusted to prepare the mod-
el for simulation at the regional scale. RWEQ was translated into
PCRaster to enable simulation of spatial variation in vegetation
cover and eroding boundaries. Furthermore, the model was modi-
fied to take advantage of standard meteorological time series data
by using transient temporal simulations. Also, net wind erosion
over arable fields was calculated, which is essential for regional
scale modelling. Key model parameters were found by an extensive
brute force calibration technique using a new data set collected at
six arable fields in the Khanasser region, Syria.

2. Materials and methods

2.1. Study area

The Khanasser valley is situated between the Al Hass and Shbe-
ith mountains (Fig. 1), southeast of Aleppo city, Syria. At an altitude
Fig. 1. The location of Khanasser valley, and th
of 350 m above sea level, the valley is rather flat. Annual rainfall
ranges from 150 to 250 mm and the rainy season starts in October
and ends in May (Masri et al., 2003). Wind in the dry season (from
June to September) travels from south to west with exceptional
large wind events from other directions. During the dry season,
the daily average wind speed (at 2 m height) is high and may ex-
ceed 10 m s�1 (Masri et al., 2003). Monthly average wind speed
in the valley varies from 3.5 m s�1 in the south up to 4.4 m s�1 in
the north (Bruggeman et al., 2008).

Calcisols, Gypsisols, Leptisols, and Cambisols are the main soil
types in the valley (Masri et al., 2003). These soils are well-drained
and have clay-loam to sandy-loam texture. The intensive agricul-
tural and livestock activities and poor management of limited nat-
ural resources are dominant problems in the valley. These land use
conditions resulted in a significant increase in the land degradation
in the valley (ICARDA, 2005).

Wind erosion is one of the most dominant land degradation
problems threatening not only the agricultural and livestock
activities but also the settlements in the valley (Thomas and
Turkelboom, 2008). According to the annual rainfall, Syria can be
divided into five stability zones. In stability zone 4, the annual rain-
fall is 200–250 mm and the main land use is dry farming (mainly
cereals). In stability zone 5, the annual rainfall is less than
200 mm and the land use varies from pastures to rangelands where
cultivation activities are currently prohibited. This research is car-
ried out in stability zones 4 and 5 in Khanasser valley. In zone 4,
the agricultural fields were divided equally among farmers in a
way that all fields have access to the small number of roads which
are oriented north–south. As a result of this division the fields are
50–80 m in width and 2000–4000 m in length in the east–west
direction. The plough direction follows the field direction (east–
west) in order to reduce the cost and time of ploughing activities.
The research was carried out using a ‘‘portable’’ plot approach, to
allow for a number of different locations to be handled with a rel-
atively small set of equipments. For this research data from six
measurement plots were used (Table 1). No special treatments
e stability zones in Syria (ICARDA, 2005).



Table 1
Description of the wind erosion measurement plots with their zones, crops, soil textures and land uses in the Khanasser valley, Syria.

Name of plot Zone Crop Soila Land use

Serdah A 4 Wheat Clay-loam Harvested field with partially grazing; standing silhouette
Serdah C 4 Camion Clay-loam Harvested field with Intensive grazing, no standing silhouette
Mugherat A 4 Wheat with Atriplex Sandy-loam Harvested field with Intensive grazing, no standing silhouette, shrubs of Atriplex
Mugherat NA 4 Wheat Sandy-loam Harvested field with Intensive grazing, no standing silhouette
Um Mial 4 Barley Clay-loam Harvested field with Intensive grazing, no standing silhouette
Adami Gazelle 5 Atriplex reserve Silt-loam Reserve area with Atriplex with partial grazing

a Soil type was determined with the Soil Texture Calculator (NRCS, 2010).
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on the surface of the measurement plots were applied before or
during the measurement periods. Furthermore, most plots did
not obtain a non-eroding boundary. Consequently, sediment could
freely blow into and out of the plot without obstructions.

Between June and September 2009, measurements on vegeta-
tion characteristics, soil parameters, climate and wind-blown mass
fluxes were taken to evaluate wind erosion for a period of three
weeks per field. After each three periods the research set up was
broken down and transferred to the next plot. At each site the wind
profile was measured using five anemometers gauging wind
speeds at 0.40, 1, 1.88, 3.00 and 4.00 m heights. A wind vane re-
corded wind direction (degrees) as well. A saltiphone (Spaan and
van den Abeele, 1991) was used to determine the onset of wind-
blown mass transport and the total duration of saltation. Further-
more, the temperature, relative humidity and soil moisture were
measured. All sensors were connected to a CR1000 data logger,
which stored sensor outputs at 5 min intervals. Information on so-
lar radiation was obtained from measurements performed by
ICARDA over long periods (Bruggeman et al., 2008).

Vegetation characteristics (surface coverage, height), soil prop-
erties (texture, organic matter and calcium carbonate) and soil sur-
face roughness (ridge spacing, ridge height) were determined at
the start of the experiments for each plot. Due to the dry conditions
and absence of management activities, it was assumed that values
of these parameters did not change during the sampling period.
Soil properties were obtained by soil analysis of eight soil samples
for each plot in the laboratories of ICARDA. Thus, by analyzing
eight soil samples from each plot, the values of soil texture, OM
and CaCO3 were obtained using the hydrometer method, the meth-
od of Walkley and Black (Walkley and Black., 1934) and the acid
neutralization method, respectively. The roughness and the vege-
tation characteristics were collected through direct field observa-
tions. Each plot (60 � 60 ) was divided into 144 parcels with
(5 � 5 m) area for each parcel. At each parcel five observations
were recorded for the vegetation height, vegetation cover and res-
Fig. 2. A sample of a measurement plot with positions of 16 MWAC catchers.
idues, the random roughness using the chain method (Saleh, 1993)
and the oriented roughness.

For the measurement of wind-blown sediment fluxes 16 MWAC
catchers were set-up in a regular grid on a 60 � 60 m plot (Fig. 2).
This set up of catchers provided a transect of mass fluxes regard-
less of the wind direction. Furthermore, changes in the flux at
the borders of fields were measured in this way because the small
size of the plot allowed observation of sediments that blown in or
out the plot. Sediments were collected four times at Serdah C and
Um Mial and three times at the other plots because of the restric-
tion of the measurement time. The sediment was collected mainly
on weekly-based with some exceptions due to some logistical is-
sues during the start of the research. The total mass transport
(kg m�1) was calculated through sampling the horizontal mass
fluxes at five heights (0.10, 0.30, 0.50, 0.75 and 1.00 m). Then, the
approach of Sterk and Raats (1996) was applied to build up a flux
profile by height.

2.2. The revised wind erosion equation

The RWEQ model was developed by Fryrear et al. (1998) in or-
der to estimate soil loss from agricultural fields in the USA. The
RWEQ model not only is the best applicable methodology for the
prediction of wind erosion at a field scale, but also provides infor-
mation on erosion rates within the field (Fryrear et al., 1998). This
paper only reports the key processes and equations of the RWEQ
models, and for a complete description of all model equations
the reader is referred to (Fryrear et al., 1998). The RWEQ model
makes estimates of sediment eroded and transported by wind be-
tween the soil surface and a height of 2 m for specified periods
based on a single-event. The temporal interval used in RWEQ is
1–15 days. The simulation area is a homogeneous circular or rect-
angular field bounded by a non-eroding boundary. The model cal-
culates aeolian mass transport (Q(z); kg m�1) at downwind
distance (Z, m) in the field from the balance between wind erosiv-
ity and soil erodibility with:

QðzÞ ¼ Qmax � ð1� e
Z
Sð Þ

2

Þ ð1Þ

With, Qmax (kg m�1); the maximum transport capacity and S (m);
the critical field length defined as the distance at which the 63%
of maximum transport capacity is reached. The erosivity of the
wind is expressed in the weather factor (WF, kg m�1), which is cal-
culated based on weather related input parameters. The erodibility
of the soil is expressed in a crusting factor (CF), erodible fraction
(EF), a combined crop factor (COG) and a single roughness factor
(Ktot) (Fig. 3). The erodibility and erosivity are combined in the cal-
culation of maximum transport capacity (Qmax) and the critical field
length (S), which are, respectively calculated as:

Qmax ¼ 109 � ðWF � EF � SCF � Ktot � COGÞ ð2Þ

S ¼ 150:71 � ðWF � EF � SCF � Ktot � COGÞ�0:3711 ð3Þ

The average soil loss (SL; kg m�2) at a specific point (Z, m) in the
field can be computed with:



Fig. 3. Illustration of calculation steps for soil loss SL and mass transport Q(x) in RWEQ. Ut, threshold velocity at 2 m height; U2, wind speed at 2 m; Wf, wind factor; ETp ,
potential relative evapotranspiration; Rd, number of rainfall/irrigation days; R&I, rainfall and irrigation; SD, snow depth; SW, soil moisture; WF, weather factor; OM, content of
organic matter; Si, content of silt; Cl, content of clay; Sa, content of sand; CaCO3, calcium carbonate;CF, crust factor; EF, erodible fraction; SLRf, flat residue; SLRs, standing
residue; SLRc, crop cover; COG, combined crop factors; RR, random roughness; OR, orientated roughness and Ktot, single soil roughness factor. The highlighted boxes with white
letters include the parameters that were calibrated.
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SL ¼
2 � Z
S2 Q max � e�ð

Z
SÞ

2 ð4Þ

where Z: is the distance from non-erodible border.
2.3. Translation of RWEQ into PCRaster

A major advantage of using RWEQ is that the model is relatively
simple and requires a limited amount of input data, which makes
the model relatively easy to be scaled up. In the development of
RWEQ, the relation between soil loss and field length was deter-
mined for homogenous circular or rectangular fields. With the ob-
tained relationship, soil loss from any field shape or size can be
evaluated. The model inputs related to vegetation cover and soil
roughness vary in temporal scale from daily to bi-weekly averages.
Furthermore, the USA climate generator CLIGEN is used to simulate
rainfall, wind speed, temperature and evaporation.

For the application of the RWEQ in this research, it is necessary
for the model should take into account incoming and outgoing sed-
iment fluxes at the edge of a field, use measured input data for
climate parameters and take into account the presence of a
non-homogeneous vegetation cover. Furthermore, for the applica-
tion of the RWEQ at a regional scale the model should be able to
simulate mass transport over units with varying vegetation cover
and patterns. In its current state the RWEQ does not have the
required flexibility and therefore, it was decided to rewrite the
RWEQ into the dynamic modelling language of PCRaster
(Karssenberg and De Jong, 2005). PCRaster is an environmental
modelling language embedded in a Geographical Information
System, providing spatial and temporal functions that can be used
to construct transient models.
Apart from the translation of the RWEQ to PCRaster, additional
adaptations to the model included (1) simulation of transport over
the field boundaries and (2) the time step, which allowed to use
the model inputs and outputs in a time series format. Thus, at
every time step, the model calculated the mass transport depend-
ing on weather inputs. As the assumption of the presence of a non-
eroding boundary was invalid for the simulation area, it was
decided to use the large scale land use map to determine the actual
position of an upwind non-eroding boundary and adjust the simu-
lation area such that it included the actual non-eroding boundary.
To be able to account for the large variations in wind speed and
wind direction within a day during the field measurements, a sim-
ulation time step of 6 h was used, dividing a day in four periods,
starting at 1–6, 6–1, 12–18 and 18–24 h. The weather factor (WF)
was simulated for each time step separately. Average wind direc-
tion for each time step is used to calculate the distance of each grid
cell to the upwind border of the plot. With these model adjust-
ments, the model is made capable of calculating and showing mass
transport related to the temporary climate variables and spatial
field characteristics.

Table 2 shows the range of values to the main inputs of the
model for one plot as an example to show the magnitude of the in-
put values of the model.
2.4. Model calibration

Because the RWEQ was developed and calibrated for application
at field scale in the USA (Van Pelt et al., 2004), and since this re-
search attempted to significantly adjust it to apply at fields in Syria,
the RWEQ in PCRaster required a thorough calibration. As weather,
soil, vegetation and roughness are the main factors of the RWEQ



Table 2
The range of values of main input parameters of RWEQ in PCRaster for the Serdah C measurement plot.

Factors Input parameters Parameter values

Weather factor (temporal variable)a Wind speed (m s�1) 3.00–7.00
Wind direction (�) 137–252
Temperature (�C) 23–38
Solar radiation (Cal/cm2) 155.00

Soil and erodible factor (spatial variable) Content of organic matter (%) 1.25–1.55
Content of clay (%) 15–26
Content of sand (%) 45–65
Soil moisture (%) 1.0–4.0

Roughness and crust factor (spatial variable) Plough ridge spacing (cm) 35–40
Plough ridge height (cm) 8–10
Soil roughness (chain method) 1.2–3.5

Vegetation/residues factor (spatial variable) Covered surface (%) 7–13
Height of vegetation or silhouette (cm) 2–5

a The presented input parameters for the weather factor are the wind events 4–11 and 11–18 August, 2009.

Fig. 4. The relationship between the percentage of vegetation cover, residues and
rocks and the threshold wind velocity.
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model (Fig. 3), it was decided to use one parameter from each of
these factors in the calibration process. Therefore, six calibration
parameters, involved in the determination of the critical field
length (S, m), the threshold wind velocity (Ut, m s�1), the erodible
fraction (EF), the crop canopy (SLRC) and the soil roughness factor
(Ktot), were used in this calibration.

For the critical field length (S) the two fixed parameter values
used in the original RWEQ model (Fryrear et al., 1998) were re-
placed by calibration parameters, and S was calculated as:

S ¼ lSa � ðWF � EF � SCF � Ktot � COGÞ�lSb ð5Þ

where lSa and lSb are the parameters of calibration for the critical
field length equation. The threshold wind velocity (Ut m s�1) is used
in the calculation of the wind value (Wf). Although in the original
RWEQ this threshold is considered a constant value, field observa-
tions proved that the threshold velocity was related to the percent-
age of vegetation cover (Fig. 4). The relation given by Eq. 6 was
therefore used in the calculation of the threshold velocity in our
model

Ut ¼ 0:13 � RE þ lUt
ð6Þ

where RE is the percentage of the soil surface covered with vegeta-
tion and lUt is a calibration parameter for the threshold velocity.

Depending on the threshold velocity and the wind speed at 2 m
height the wind value (m/s)3 is calculated as (Fryrear et al., 1998):
W ¼
XN

i¼1

U2ðU2 � UtÞ2 ð7Þ

where U2 is the wind speed at 2 m height, Ut is the threshold veloc-
ity and N is the number of wind speed observations (i) in a time per-
iod of 1–15 days in the original version of the RWEQ and 6 h in our
adapted version.

The wind factor (Wf, (m/s)3) was calculated as (Fryrear et al.,
1998):

W f ¼
W

500
� Nd ð8Þ

where W is the wind value (m/s)3, Nd is the number of days in the
period of measurements (15 days in the original version of the
RWEQ and 0.25 day in our adapted version)

The soil erodible fraction (EF) depends on the soil texture, the
content of organic matter and the calcium carbonate (CaCO3) and
by including the calibration parameter lEF, EF is calculated as
(Fryrear et al., 1998):

EF ¼
lEF þ 0:31SA þ 0:17Si þ 0:33 SA

CL
� 2:59OM � 0:95CaCO3

100
ð9Þ

In Eq. 9, SA is the content of sand (%), Si is the content of silt (%), CL is
the content of clay (%), OM is the organic matter (%) and CaCO3 is
percentage of the calcium carbonate of the soil samples (%).

The crop canopy factor (SLRc) is calculated as a function of the
soil that is covered with a crop canopy (CC), and incorporating
the calibration parameter lslrc, SLRc is calculated as follows (Fryrear
et al., 1998):

SLRc ¼ e�lSlrc c0:7366
cð Þ ð10Þ

The soil roughness factor is estimated by:

Ktot ¼ eð1:86�Krmod�2:41�K0:934
rmod�lKtot

�CrrÞ ð11Þ

In which Krmod is the modified roughness factor, lKtot
, is the calibra-

tion parameter for the roughness factor and Crr is the measured
chain roughness (Saleh, 1993).

The model was calibrated against data from all events and plots
together. We followed this approach in order to find a single set of
parameters that is applicable under a wide range of land use, soil
type, and weather conditions. This is essential for application of
the model at the regional scale because the range of environmental
conditions will be large, and further calibration at the regional
scale will not be feasible. We used a brute force technique for cal-
ibration. This technique calibrates the model by providing it a wide
range of parameter inputs, running it for each parameter set, and
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selecting the model run that has a minimum value of the objective
function. Here we use the mean square error as objective function,
as described below. For each calibration parameter, we selected
five different values falling within a range that can be considered
physically possible. Then, the calibration was done for all sets of
possible combinations of parameter values, resulting in approxi-
mately 15 � 103 number of calibration runs. This procedure was
iterated a number of times, each time narrowing the range of
acceptable parameter values. In the first calibration step, the
ranges around the original values used in the RWEQ manual
(Fryrear et al., 1998) were used. Then, to reduce the search space
the ranges were reduced. The objective function was calculated
as follows. First, MSEi was calculated as:

MSEi ¼
Xn¼16

n¼1

Q observed; i � Q predicted; i

� �2

16

where Qobserved is the measured mass flux of catcher, Qpredicted is the
predicted total mass flux by the model and the number of 16 is the
total number of catchers used in one measurement plot.

Second, the value of MSEtot for all events was determined as:

MSEtot ¼
Xi¼j

i¼1

1 . . . jðMSEiÞ ð12Þ

where MSEi is the mean square error of plot i, with i = 1,2 ,.. ,j, with j
the number of plots and events.
2.5. Statistical analysis

The d test (Willmott, 1981), which was also employed by Feng
and Sharratt (2007) for testing the (WEPS) model was used to eval-
uate the model performance. The d value is calculated as:

d ¼ 1�
Pn

i¼1ðQ pi
� Q oi

Þ2Pn
i¼1ðjQpi

� Q oMj þ jQ oi
� QoMjÞ2

" #
ð13Þ

where Qp is the predicted value, Qo is the observed or measured va-
lue, n is the number of observation, QoM is the mean measured value
and d ranges from 0 to 1.
Table 3
The average of mass fluxes (Qaverage).measured at an event base from six measurement pl

Site Date Dur (hh: min) WS (ms�1) W

Serdah A 9–30 July 7:48 8.77 1
30 July–6 August 9:25 6.86 3
6-13 August 1:37 7.02 1

Serdah C 16–28 July 2:36 6.86 1
28 July–4 August 2:00 7.86 1
4–11 August 1:34 6.97 5
11–18 August 0:21 6.89 3

Mugherat A 13–20 August 1:58 5.64 1
20–27 August 3:50 5.83 2
27August–3 September 11:50 6.23 1

Mugherat NAa 3–10 September 13:45 6.57 1
10–18 September 2:20 5.42 1
18–25 September 2:30 5.61 9

Um Mial 16–28 July 18:10 4.86 8
28–4 August 1.43 4.59 6
4–11 August 2:06 6.99 3
11–19 August 0:58 6.95 2

Adami Gazelle 9–16 September 17:0 6.88 4
16–23 September 8:50 6.24 2
23–30 September 21:3 5.25 6

a Duration; WS, average wind speed during each wind event; WD, average wind dire
Q0average the average of mass flux (g cm�1 day�1).
3. Results and discussion

3.1. General results of field measurements

The characteristics of the wind events for given time (which
was 1 week for most events) and the measured mass fluxes for
each event are given in Table 3.

The averages of wind speeds and wind directions varied among
the plots and events. The maximum of average wind speed over all
events was recorded at the Serdah A measurement plot for the
event of 9–30 July. Despite the fact that the main wind direction
was WSW for most events, there was an important number of
events for which the wind direction was different. For example,
at the Adami Gazelle plot ESE and SSW were the main wind direc-
tions during the measurement periods. The results of the measured
mass flux are not parallel with the wind speed. That is because to-
tal mass flux from a field depends not only on weather character-
istics but also on vegetation cover, soil properties and soil
roughness. Thus, at the Serdah A while the average of wind speed
for the event of 9–30 July was 8.77 m s�1 which was the highest
average speed among all events, the measured mass flux for this
event was 1.05 kg m�1 which was relatively low compared to high-
er mass fluxes measured at few other events. On the other hand,
the average wind speed during the event of 28–4 August at Um
Mial was 4.59 m s�1 representing the minimum average wind
speed among all events that resulted in 1.6 kg m�1 for mass flux,
which was relatively higher value comparing with those of other
events.

3.2. Results of model calibration

Table 4 shows the original model parameter values, the range
used for each parameter, the results of the calibration process
and the MSEtot.

The resulted parameters were used in the adjusted model to
calculate the spatial mass transport and soil loss over simulated
units. Fig. 5 shows an example for the model prediction of the spa-
tial mass (kg m�1) flux for four wind events over the Um Mial mea-
surement plot.

Fig. 5 clearly depicts that the estimated spatial mass fluxes dur-
ing the four wind events have similar patterns although the values
ots.

ind factor (m/s)3 WD (�) Qaverage (kg m�1) Q0average (g cm�1 day�1)

14.81 WSW 1.05 0.500
86.39 WSW 0.67 0.957
2.32 WSW 1.21 1.729

77.49 WSW 1.88 1.567
32.59 WSW 1.04 1.486
3.03 WNW 0.74 1.057
0.72 WSW 1.04 1.486

6.95 SSW 0.50 0.714
5.41 SSW 8.60 12.286
02.76 SSW 10.54 15.057

26.36 SSW 3.47 4.957
3.89 NNE 3.57 5.100
.12 ESE 2.33 3.329

3.06 WSW 4.75 3.958
5.70 WSW 1.60 2.286
1.51 WSW 0.59 0.843
3.73 WSW 1.12 1.600

2.30 ESE 3.49 4.986
6.55 ESE 3.59 5.129
.15 SSW 0.69 0.986

ction during each wind event; Qaverage, the average of total mass flux (kg m�1) and



Table 4
The results of calibration together with the original parameters (Fryrear et al., 1998)
and their ranges from the 20 events totally observed in six plots.

Parameters Original values Range tested Calibration results MSEtot

lSa 150.71 100–350 300 208.3
lSb 0.3711 0.03–0.17 0.03
lUt – 3–4.2 3
lEF 29.09 4–14 6
lSLRC 5.614 1.2–2.7 1.7
lKtot

0.124 0.03–0.11 0.03
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of mass fluxes varied from one event to another. The similarity in
the patterns of spatial mass fluxes resulted from the dominant
Fig. 5. Spatial distribution of the predicted total mass flux (kg m�1) by the model

Table 5
The average mass transport calculated by the model for the six measurement plots.

Site Date Wind factor (m/s)3

Serdah A 9–30 July 114.81
30 July–6 August 386.39
6–13 August 12.32

Serdah C 16–28 July 177.49
28 July–4 August 132.59
4–11 August 53.03
11–18 August 30.72

Mugherat A 13–20 August 16.95
20–27 August 25.41
27 August–3 September 102.76

Mugherat NA 3–10 September 126.36
10–18 September 13.89
18–25 September 9.12

Um Mial 16–28 July 83.06
28–4 August 65.70
4–11 August 31.51
11–19 August 23.73

Adami Gazelle 9–16 September 42.30
16–23 September 26.55
23–30 September 6.15

a This unit g cm�1 day�1 was used to enable comparing the results of this research w
wind direction during the measurement period, which was WSW
(Table 3), while the differences between mass fluxes values
stemmed from the differences in wind speed for each event. The
average mass fluxes for each plot and each event are illustrated
in table 5.

Fig. 6 shows the relation between the model prediction of spa-
tial mass fluxes (using the calibration results) and the observed
mass fluxes for 20 wind events at six the measurement plots.

The correlation between measured and predicted mass fluxes
for Mugherat A and Serdah C is rather high comparing with other
plots. However, correlation between the measured and predicted
mass fluxes for the Serdah A and Mugherat NA measurement plots
were quite poor. Proper measurement of mass flux is hampered by
the occurrence of dust devils which result in an overestimation by
for all wind events of Um Mial measurement plot in Khanasser valley, Syria.

Q(x) average (kg m�1) Q0(x) average (g cm�1 day�1)a

Each event Average Each event Average

0.017 0.21646 0.008 0.31540
0.148 0.246
0.484 0.692

0.840 2.02918 0.700 2.77383
0.669 0.956
3.785 5.407
2.823 4.033

2.080 5.19967 2.971 7.42810
2.790 3.985
10.729 15.328

2.212 0.87094 3.160 1.24421
0.238 0.340
0.163 0.233

0.223 1.54977 0.186 1.964733
3.682 5.260
0.744 1.240
0.821 1.173

0.685 1.57922 0.97912 2.256
2.247 3.20968
1.805 2.57928

ith results of previous studies.



Fig. 6. Using the calibration results, the relation between the measured and predicted mass fluxes (kg m�1) of every measurement plot for the full measurement time.
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the measurements of the real flux. Here, we did not intend to mea-
sure dust devil because it is a rather small scale process and thus, it
was excluded in this research. This can be the cause of the poor
correlation between observed and modelled fluxes for the Serdah
A, which resulted in higher values of the measured mass flux than
that predicted by the model. In addition, for the Mugherat NA plot,
the poor correlation could have been due to the entrance of sheep
to the plot area during the measurement time which unexpectedly
accelerated the soil movement and consequently the measured
mass flux. As the Mugherat NA plot was close to the settlement,
it was difficult to protect the plot from grazing during the mea-
surement period.

The averages of measured and predicted mass fluxes over the
plot are shown in Fig. 7. The correlation between the measured
and predicted mass fluxes was acceptable due to the number of
processes and parameters employed in the model script. As it is



Fig. 7. Using the calibration results, the relation between the average values of the
measured and predicted mass fluxes by the model (kg m�1).

Fig. 8. The soil loss map of Um Mial plot and surrounding area for the wind event of
11–19 of August, 2009.

Table 6
The average soil loss (g m�2) calculated by the model for the six measurement plots.

Site Date Soil loss (g m�2)

Each event Average

Serdah A 9–30 July 0.380 0.565
30 July–6 August 1.270
6–13 August 0.045

Serdah C 16–28 July 11.920 6.402
28 Jul–4 August 8.920
4–11 August 2.620
11–18 August 2.150

Mugherat A 13–20 August 7.110 18.490
20–27 August 9.610
27 August–3 September 38.750

Mugherat NA 3–10 September 7.530 2.936
10–18 September 0.760
18–25 September 0.520

Um Mial 16–28 July 7.270 4.505
28-4 August 5.880
4–11 August 2.610
11–19 August 2.260

Adami Gazelle 9–16 September 0.740 5.63
16–23 September 13.540
23–30 September 2.610
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clearly shown in Fig. 7, the correlation between measured and pre-
dicted mass fluxes was improved after averaging over the plot. This
improvement of correlation when averaging the mass flux over the
plot can be related to the reduction of the value of the standard
deviation due to the decreasing of the number of points located
far from the correlation line. These results indicated that there is
the possibility of applying the average of model outputs (Bierkens
et al., 2000) for upscaling the model. Upscaling the model to a re-
gional scale was planned to be the next step of this research.

3.3. Outputs of the calibrated RWEQ

3.3.1. Mass transport
Table 5 illustrates the average mass transport Q(x) (kg m�1) and

Q0(x) (g cm�1 day�1) calculated by the model (Eq. 1) for each wind
event and the mean values of mass transport at the six measurement
plots over the full measurement period (which was 3 weeks for most
of the plots). It is notable in that there are differences in the predicted
mass fluxes among plots and also among the events for each plot. It
can be seen that the highest average mass flux for three weeks was at
Mugheart A plot (5.19 kg m�1). The high wind speed recorded over
short time during the measurement periods was the principal cause.
For example, during the wind events of 27 August–3 September, for
one time step of 6 h the average wind speed was 8.97 m s�1, causing
a total mass flux around 5 kg m�1 over the simulated unit. The min-
imum average mass flux at the Serdah A measurement plot was
0.21 kg m�1, and was linked to the well vegetated surrounding area
and the high amount of residues on the soil surface. While compar-
ing the results of this research with those obtained by ICARDA 2003
in the Khanasser valley region (Masri et al., 2003), our results show a
higher mass flux. The mass transport in the region varied from 0.078
to 0.334 g cm�1 day�1 in the results of ICARDA while the measured
mass flux was between 0.59 and 10.54 g cm�1 day�1 in the current
study and the model predicted the mass transport was from 0.008
up to 15.32 g cm�1 day�1. The lower mass transport of the research
done by ICARDA was because they used a measurement period of
12 weeks when computing the mass flux at one plot. In the calcula-
tion of mass transport it is essential to use the event time with units
of kg m�1 or g cm�1 (Sterk and Raats, 1996). In the current research
the exact time of saltation was obtained through the use of a salti-
phone that recorded the saltation period correctly. Thus, only salti-
phone-recorded periods were used when calculating the mass
fluxes.

3.3.2. Soil loss
Using the calibrated model the soil loss from each measurement

plot was calculated. The spatial distribution of the net soil loss
(kg m�2) from the Um Mial measurement plot for the event of
11–19 August is given as an example of this calculation (Fig. 8).
Table 6 gives the average net soil loss from the six measurement
plot at 20 wind events.

The model results of net soil loss show that the values fluctuate
among the plots and among the wind events at each plot (Table 5).
Parallel to results of mass fluxes, the highest soil loss was predicted
at the plot of Mugherat A with a value of 18.490 g m�2 (Table 6) for
the average of three wind events. The minimum soil loss was pre-
dicted at the Serdah A measurement plot with a value of
0.565 g m�2. Moreover, among wind events, the minimum value
of soil loss was predicted for the event of 6–13 August at Serdah
A with value of 0.045 g m�2 and the maximum value was predicted
for the event of 27 August–3 September at Mugherat A with value
of 38.75 g m�2.
4. Conclusion

In this study, the RWEQ wind erosion model was adjusted and
calibrated against ground data collected from six simulated units
in stabilization zones 4 and 5 in Khanasser valley, Syria.
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The original RWEQ model was mainly created to estimate the
soil loss from agricultural filed in the USA. It considers the
simulated unit to be homogenous, and that it has clear no-eroded
borders and it uses the average of weather data over a period of 1–
15 days. These specific conditions do not exist in the area used for
this study. Moreover, the weather parameters change continually
in the region examined, thus, averaging over such a long period
may result in unrepresented parameters for weather characteris-
tics. Therefore, adjustments to the original RWEQ model were ap-
plied in the current study. The adjustments include the simulation
of sediment flux over the field boundaries and the time step which
was narrowed to 6 h. This allowed the adjusted model to calculate
the mass transport depending on weather inputs over these 6 h.

Mass fluxes were observed using 16 MWAC catchers on a grid
set-up on a 60 � 60 m plot.

The weather, soil, vegetation and roughness are the main fac-
tors of the RWEQ model, and because of that, one parameter from
each of these factors was calibrated using the extensive brute force
calibration technique. Six calibration parameters, which were in-
cluded in the determination of the critical field length (S, m), the
threshold wind velocity (Ut, m s�1), the erodible fraction (EF), the
crop canopy (SLRC) and the soil roughness factor (Ktot), were used
in this calibration.

With the calibrated model it is possible to calculate the mass
transport and the net soil loss from simulated area units. The mod-
el results were tested against ground data collected from the study
area. The results of this test showed that the coefficient of determi-
nation for the linear regression equation between measured and
predicted average mass fluxes by the model at the simulated units
at 20 wind events was (R2 = 0.57, d = 0.83). This correlation is
acceptable comparing with previous tests of the RWEQ model. Fi-
nally, we realize that for regional scale modelling it is important
to calculate total soil loss over a plot. This was the reason behind
aggregating model results over each simulated unit to calculate to-
tal soil loss using the RWEQ in PCRaster.
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