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Abstract: Wind erosion is one of the most serious problems in the Sistan region, located in the East of Iran and near
the border of Afghanistan. During the dry and hot seasons, strong winds locally called the “Sadobist Roozeh”,
which means “120 windy days” blow from Northern and Northwestern directions to the Southeast. This wind
entrains and transports dust and sand from the dry beds of ephemeral lakes, affecting the Sistan region in Iran,
southern Afghanistan and northern Pakistan. In order to investigate the land surface sensitivity to aeolian transport,
74 graduated pins were embedded randomly in the ephemeral Baringak Lake bed and the aeolian transport rates
were measured for three events in 2013 individually as well as for the total study period. The spatial and temporal
variation of the aeolian transport was also mapped using GIS and geostatistical methods for these events and for the
total duration of 103 days. The resulting variograms revealed a high spatial dependence of the different events and
showed that geostatistical techniques are a valid tool for the mapping of aeolian sediment transport. The average
transport rate in terms of the detected drift height on the dry lake bed was 1.93 ¢cm or 31 kg/m? between the 5™ of

August and the 17" of November in 2013.
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1 Introduction

Wind erosion is one of the main land degradation pro-
cesses, affecting more than one third of the global land
surface (Oldeman 1992, Opp 1998, Weinan & Fryrear
1996) and also about 19.7 million hectares in Iran
(Ahmadi 1998). The sources of dust and sand storms are
usually extensive and the land rehabilitation is extremely
costly and time consuming. Thus, the identification of
areas with a high sensitivity to wind erosion into the dust
and sand sources and their properties is a valuable tool
for the selection of prioritized degradation areas for land
management measures (Herrmann et al. 1999). The land
cover vulnerabilities and wind erosion rates have been
studied with different methods on different spatial and
temporal scales (Belnap & Gillette 1998, Chepil 1945,
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Lancaster & Baas 1998, Li et al. 2005, Ravi et al. 2010,
Reich et al. 1999, Wolfe & Nickling 1993). While Groll
etal. (2013) and Opp etal. (2016) have analyzed the
spatial and temporal differentiation of acolian deposi-
tion with the help of deposition samplers around the Aral
Kum in Central Asia. Hudson (1993) provided a review
of the field measurement of soil erosion and runoff and
explained the advantages and disadvantages of these
methods as an instrument for getting a first approxima-
tion of the amount of erosion in a given situation. One
of these reconnaissance methods is the widely used
point or pin method (Casagli etal. 1999, Hadley &
Lusby 1967, Haigh 1977, Hooke 1980, Takei et al. 1981,
Wolman 1959), which is a very simple and cost effec-
tive method, requiring hardly any maintenance or staff
training. Thus it allows for an extensive and long-term
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spatial measurement of acolian transport processes. In
recent years the method has been refined, eg. in the form
of photo-electronic erosion pins (Bertrand 2010, Horn &
Lane 2006, Lawler 2001, McDermott & Sherman 2009).
Combining the spatial array of erosion pins with prob-
ability theory based on geostatistical methods of inter-
polation (Burrough 1986, Hengl 2009, Oliver et al 1989,
Robinson & Metternicht 2006, Shi et al. 2003) allows the
creation of reliable and detailed water and wind erosion
rate maps, which can be important decision support tools
for the land use management. Several studies have suc-
cessfully used geostatistical approaches for mapping the
spatial and temporal variation of the sediment transport
rate (Chappell et al. 2003a, 2003b, Poortinga et al. 2015,
Sterk & Stein 1997, Visser et al. 2004, Uzun et al. 2017),
while so far there is no an indication of the application of
such as combined approach in Iran.

The Sistan plain is located in the Eastern of Iran, near
the border to Afghanistan. It is an alluvial plain in the
lower reaches of the Hirmand River and is dominated by
a group of six ephemeral lakes called “Hamoun Lakes”
and characterized by a very strong wind during the hot
season. This wind, locally called “Sadobist Roozeh” or
“120 windy days” is formed by a Siberian air stream
flowing from Northern and Northwestern direction from
the Hindu-Kush mountain range into the Sistan plain
lowland between mid-May and mid-September (Aliza-
deh-Choobari et al. 2014). The water level of the six
Hamoun Lakes varies largely and in times of prolonged
droughts the lakes desiccate and dry up. When a strong
wind blows during the hot and dry season it can easily
mobilize the sediments of the dry lake beds, turning the
Hamoun Lakes into important sources of dust and sand
storms in the Southwest Asia (Goudie & Middleton 2006,
Middleton 1986). A particular long drought began in
1999 and the number of dusty days has rapidly increased
since that year (Miri et al. 2010), negatively affecting not
only the Sistan region but also Southern Afghanistan and
Northern Pakistan.

In this study, the collected data of the aeolian sedi-
ment transport rate for the Sistan Baringak Lake have
been analyzed using a geostatistics approach in order to
understand the temporal and spatial dust variation during
a four months period in 2013. The main objective of the
study was to identify areas sensitive to the aeolian trans-
port as a scientific base for the selection of prioritized
areas for erosion mitigation measures.

2 Research Area

The Hamoun lakes are located in the Zabol county of
the Sistan and Baluchistan Province (30.2° N-31.5° N;

61.0° E-62.2° E; the average elevation of the lakes and
surrounding areas is around 425 m a. s. 1.) in Southeastern
part of Iran, the second largest of the 31 provinces in the
country (Busche et al. 1990). Sistan plain borders to the
Nimruz and Farah Provinces in Western Afghanistan and
is close to the Chagai district in the Baluchistan Province
in Western Pakistan. The total area of the Zabol, Nimruz,
Farah and Chagai administrative units is 150,000 km?,
inhabited by approximately one million people.

According to TAVO, the study area is characterized by
Quaternary surface and subsurface deposits with Areno-
sols, Solonchaks, Fluvisols, and salt flats and mud flats
of the kavires as well (Busche et al. 1990). The lakes cor-
respond with discontinuous groundwater aquifers with
essentially high salinity. The annual precipitation in this
region is 100 mm or less (Denk & Miiller 1990), 105 mm
just near the Afghan border, and 56 mm in the lower Ira-
nian parts of the plain. The annual mean air temperature is
relatively high with 21.6 °C. The summers are hot and dry
with average temperatures of up to 35 °C and the winters
are mild (8 °C) with an average monthly precipitation of
20 mm. This classifies the Sistan plain as a hot desert cli-
mate (BWh) after Képpen-Geiger (Peel et al. 2007).

The central element of the Sistan plain is a complex
of six lakes (Fig. 1), which are in Persian called Ham-
oun Lakes, describing their ephemeral character. The
Lakes of Hirmand, Chonge Sork, Baringak and some
part of the Sabari and Puzak Lakes are located in Iran
while the other parts of the Sabari and Puzak Lakes as
well as the Gowd-e-Zareh Lake are located in Afghani-
stan (Table 1). The total area of the lakes is 7,763.6 km?,
41.5% of which is located in Iran and 58.5% in Afghani-
stan (Vekerdy et al. 2006). The lake system is supplied
by the Hirmand (or Helmand) River, which originates
in the Kabul mountains in Afghanistan and flows into
Iran. Crossing the borderline between Afghanistan and
Iran several river beds of a past inland delta, which fallen
dry, can be identified. Its water is mainly used for irriga-
tion farming in the Afghan part of the catchment. Dur-
ing the last 20 years, six dams have been constructed in
the upper reaches, mainly for the irrigation water man-
agement, and as a result less water reaches the Hamoun
Lakes. In combination with a severe drought, starting
in 1999, the aeolian dust transport in the Sistan region
has significantly increased in recent years (Rashki et al.
2013, Sharifikia 2013, Vekerdy et al. 2006). The very low
density of herbaceous and semi-woody salt swamps and
the large areas totally without any vegetation accelerate
deflation processes in the windiest area of Iran.

The field measurement area selected for this study
is the Hamoun-e-Baringak (31.2° N; 61.35° E), which
is located between the Sabari and Puzak Lakes near the
Iran-Afghanistan border. It is a shallow lake with an area
0f 221.6 km? (Table 1). Water from the Hamoun-e-Puzak
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Fig. 1. Location of the Hamouns (ephemeral lakes) in the Sistan plain.

Table 1. Area, average depth and location of the six Sistan Plain lakes (UNEP 2006).

31°0'0"N

30°0'0"N

Sistan Plain Hamouns | Average depth (m) Area (km?) Area in Iran (%) Area in Afghanistan (%)
Baringak 1 221.6 100 -

Chonge Sorkh 1 59.8 100 -

Hamoun Hirmand 2 2,388.8 100 -
Hamoun-e-Puzak 2-3 1,514.4 52 94.8
Hamoun-e-Saberi 3 1,161.5 41 59
Gowd-e-Zareh 10 2,417.5 - 100
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flows into the Hamoun Saberi via the Baringak Lake
during heavy flood events. The Hamoun-e-Baringak is
a playa filled with quaternary lacustrine silts and clays,
covered by Holocene fluvial sands, silts and clays (Whit-
ney 2006). The west part of lake forms from lacustrine
sediments and fluvial sediments in east area. The domi-
nant soils are Entisols or Aridisols (Aqusalids and Tor-
riorthents). The soil texture (based on 48 soil samples)
is composed of 24% sand, 43% silt and 33% clay. The
topsoil bulk density is 1.6 gr/cm?, the average electric
conductivity is 62 ds/m, and the average pH is 9.

3 Material and methods

For this study a combination of meteorological data,
field measurements and geostatistical methods have been
used to find spatial and temporal variation of the aeolian
sediment transport in the ephemeral Baringak Lake. For
the meteorological information, data from the Zabol sta-
tion were adopted. This station is located 25 km south
of the Baringak study area (31°02’ N, 61°50" E, Fig. 1)
at an elevation of 480 m. Wind speed and wind direc-
tion data recorded at 10 m above ground level were pro-
vided in three-hour intervals for the period from 1994
to 2013 by the IRIMO (L.R. Iran Meteorological Orga-
nization). Based on this high temporal resolution data,
seasonal wind roses were created in 36 sectors using the
frequency of different wind speeds as a percentage of the
total winds (Fig. 4). In addition to this long-term analy-
sis, the maximum daily wind speed data for the year 2013
was also plotted against the time (Fig. 5).

In order to monitor the aeolian sand and dust trans-
port, a network of 74 graduated pins were embedded in
the soil of Baringak study area (Fig. 2). This study area
(20 x 7 km) had been selected based on the interpretation
of dust and sand storm satellite images (MODIS 2004)
and on-site experiences, showing that the land could be
a major sand and dust source in the region. The positions
of the pins were determined randomly and then recorded
with GPS (Fig. 3). All pins were embedded on the 5% of
August 2013 and the aeolian transport rates were mea-
sured on the 28" of August, the 15" of September and the
17t of November in 2013.

The collected field data have been used for the gen-
eration of variograms in order to analyze the spatial and
temporal dependencies of the aeolian transport rate. A
variogram is a function describing the degree of spa-
tial dependence of a random spatial random data field
or within a stochastic process, and it is a useful tool for
the interpretation of the causes of spatial variation (Web-
ster & Oliver 2001). The variogram indicates the degree
of similarity among the values of a variable when the

samples are separated by sequential distance increments
called lag distances, and what this distance is also spa-
tially orientated (Akhavan 2010). The variogram analy-
sis was carried out in GS+ (version 10) for each event
of sediment transport using a fitted model based on an
ordinary kriging method. The mass transport rates were
mapped using the geostatistical analysis extension in
ArcGIS (version 9.3).

The mean absolute error (MAE), relative mean abso-
lute error (RMAE), root-mean-square error (RMSE) were
used in a second step to assess cross validated models.
The best fitted model was selected for the three events
as well as for the whole duration, followed by an evalua-
tion of the spatial variations of the aeolian transport rate.
Ordinary kriging was used for the spatial interpolation
and the results have been cross-validated in order to eval-
uate the variogram performance.

4 Results and discussion

41  Wind data analysis and wind erosion
events

The seasonal wind roses (Fig. 4) revealed prevailing
winds blowing from northern and north-western direc-
tions throughout the year. The wind speed was character-
ized by strong day-to-day fluctuations of up to 20 m/s
(Fig. 5). On average the highest speed winds were regis-
tered in spring and summer (6.75 m/s and 9.53 m/s) and
were related to the “120 windy days”. During autumn
and winter, on the other hand, the average wind velocities
were much smaller (3.96 m/s and 3.81 m/s). The long-
term (1995-2013) average wind speed was 11.96 m/s and
the recorded maximum had been detected on June 13t in
2004 with 29 m/s.

Overall, the wind speed in the Sistan region is rela-
tively high with 69 days (1,687 hours; 19% of all days)
exceeding 10 m/s in 2013. Within the study period from
the 5t of August to the 17t of November in 2013, this
wind speed had been exceeded on 40 days (38% of the
days).

The wind characteristics for the three measurement
periods are given in Table 2. The highest wind speeds
(up to 20 m/s, with an average of 10.3 m/s for all hours
with a wind speed >7 m/s) were detected during the first
period (05.08.2013-28.08.2013), which is still part of
the “120 windy days”. This first period was also charac-
terized by the highest percentage of hours with an aver-
age wind speed of >7 m/s (61.3%). Over the course of
the study period the maximum wind speed dropped con-
siderably from 20 m/s to 15—-17 m/s and the percentage
of hours with a wind speed of >7 m/s steadily decreased
from 61.3% to 48.6% during the second period and to



Aeolian sediment transport in the ephemeral Baringak Lake (Sistan Plain, Iran) 319

61°30'0"E 61°40'30"E

31°20'0"N

4

Y =
=

AR

31°10'0"N

.
=

. Studyarea
(O Country border 3
Sand dune ‘

$% sand Corridor

It o

VAR

ER

31°0'0"N

Fig. 2. NDVI for the Sistan Region derived from Landsat-8 ETM + images for the year 2013 and the
locations of the installed erosion pins in the Hamoun-e-Baringak and study area, hachure parts
show sand corridors.
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Fig. 5. Maximum daily wind speed at the Zabol meteorological station in 2013. The thicker black line sec-
tion shows the duration of the “120 windy days”; the black vertical line marks the embedding of the pins and
the dashed vertical lines indicate the dates of the transport rate measurements.

Table 2. General characteristics of wind erosion events between August and October 2013 in the Sistan region, based on

data from the Zabol meteorological station.

No. | Event and Date Maximum wind Average wind Wind duration Dominant wind
speed (m/s) speed of all >7 m/s direction
hours >7 m/s (m/s) (hours and %
of the duration)
1 |05.08.2013-28.08.2013 20 10.3 353 (61.3%) NNW
2 129.08.2013-15.09.2013 15 9.6 210 (48.6%) NNW
3 | 16.09.2013-17.11.2013 17 9.3 383 (25.3%) NNW
4 | Total duration 20 9.7 946 (37.5%) NNW

25.3% during the third period. This emphasizes the
meteorological magnitude of the “120 windy days” and
its potential for dust and sand mobilization. Throughout
the whole period the dominant wind came from NNW,
therefore the wind regime can be considered unimodal
for this study, which increases the accuracy of the pin
measurements.

4.2 Aeolian sediment transport

The meteorological data showed that the Sadobist roozeh
wind (120 wind days) period during the summer months
has a much higher potential for the dust and sand mobi-
lization and long-distance transport than the autumn and
winter seasons. This is also confirmed by the sediment
erosion data gathered with the erosion pins. Several sedi-
ment transport metrics are provided in Table 3. During
the first period (August 2013) both the variability and the

mean erosion rate (0—64 kg/m? and 17.94 kg/m? on aver-
age) recorded in the Baringak study area have been much
higher than during the following two periods.

The average erosion measured by the pins was 1.12
cm during the first period (Table 3) which equals an
erosion rate of 0.53 mm/d. During the second and third
period the recorded erosion rates were much lower (0.32
and 0.03 mm/d respectively). During the total duration of
103 days, 1.93 cm of soil was eroded from the Baringak
lake bed (30.86 kg/m?). Based on this erosion rate it can
be estimated that 6.84 million tons of lake bed sediments
have been eroded from the 221.2 km? large Baringak
Lake between August and November of 2013.

4.3 Geostatistical analysis
In order to give the point data collected with the erosion
pins a spatial dimension, a geostatistical analysis of the
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Table 3. Summary statistics of the average transport rates in the Baringak study area.

Dates and events | No. of | Min-Max | Mean Transport | Median | Standard | Coefficient | Kurtosis | Skewness
pins Range kg/m? cm (kg/m?) | Deviation | of Variation
(kg/m?) (kg/m?) (%)
05.08.-25.08.2013 | 74 0-64 17.94 1.12 16 1.74 102 0.04 0.94
26.08-15.09.2013 | 74 0-32 10.64 0.67 1.5 98 —0.57 0.75
16.09.-17.11.2013 66 0-16 2.54 0.16 0 0.99 153 2.58 1.7
Total 74 0-80 30.86 1.93 32 1.48 71 —0.65 0.36

Table 4. Results of the cross variogram analysis and the fitted models for sediment transport for the three periods in 2013 at

the Baringak Lake.

Period Model MSE | Range Spatially Nugget Sill (C+Cq) C/(C+Cq)
dependent Variance Co
variance C
1.: 05.08.-25.08.2013 Spherical 1.33 1,698 7.17 0.16 7.33 0.97
2.:26.08.-15.09.2013 Gaussian 1.26 1,579 3.29 0.91 4.83 0.81
3.:16.09.-17.11.2013 Spherical 0.48 3,569 3.01 0.00 3.01 0.99
Total Spherical 0.67 4,830 395.30 94.00 489.30 0.81

erosion rate data was conducted. To reduce the skewness
of the sample distribution, the data from the first two
periods were transformed to square-root and for the third
period data a natural logarithmic transformation (with
zero values changed into 0.01 kg/m?) was performed,
since this increases the approximation of the sample dis-
tribution towards a Gaussian population.

The data set has been analyzed for spatial patterns
using variograms for each of the three periods and for
the total duration. The spherical and Gaussian models
showed the best fit for the sediment transport during the
different periods (Table 4) and thus were used for pro-
viding the needed spatial continuity. These models were
selected based on the high spatial structure of the input
data, and the good fit with the sill (C+Co) and nugget (Co)
points used for the kriging. The range and sill parameters
explain the structure of the spatial variation and estimate
the unsampled locations with the kriging method (Chap-
pell & Agnew 2001, Chappell & Oliver 1997). The spa-
tial interrelation of the erosion data was assessed by C/
(C+CO), which ranges 0—1 (where “1” stands for a suit-
able spatial interrelation and “0” stand for a weak spatial
interrelation and high nugget effect).

All three sediment transport periods were character-
ized by high C/(C+Cg) values as shown in Table 4. This
shows that this geostatistical approach is a suitable tool
for the estimation of the erodibility of land by aeolian
processes.

The highest spatial interrelationship (C/(C+Cgp)) was
found for the periods 3 (0.99) and 1 (0.97), while for
the period 2, as the transitional phase between the “120
windy days” and the winter season wind regime, showed

a weaker (0.81) spatial pattern of the sediment trans-
port data. This spatial variability is also apparent by the
much larger nugget value for period 2. The geostatistical
parameters calculated for the whole period from August
to November also showed a weaker spatial interrelation,
which emphasizes the importance of shorter time slices
for the analysis of spatial patterns.

The data points and the fitted models are displayed
in Figure 6. This clearly shows that the sediment trans-
port rates have changed between August and November
of2013.

The results of the variogram analysis show that the
sediment transport was characterized by a high spatial
dependence during the different periods. Therefore the
assessment of the aeolian transport by combining the
pin method with geostatistic models is acceptable in the
Sistan region with its unimodal wind direction scheme
during the Sadobist roozeh wind period. The high spatial
interrelation detected in this study (Table 4) is an indica-
tor for less homogeneous natural conditions with regards
to vegetation cover, soil crusting and land management.
Other studies found much smaller spatial dependencies
in a small cultivated field (60 % 40 m) in Niger (Sterk &
Stein 1997) and in three different geomorphic landscape
units (valley, dune and degraded plot) in Burkina Faso
(Visser et al. 2004).

The sediment transport rates recorded in the Baringak
Lake showed a large range variability between the three
periods (1,579-3,566 m) and the range for the total dura-
tion was even greater (4,830 m). These ranges (and their
variance) are much larger than the 676 to 2,344 m ranges
(high spatial interrelation ratios) detected by Chappell
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Fig. 6. Aeolian sediment transport rate variograms (point data) and fitted models (lines) for the three peri-

ods and the total duration for the Baringak Lake.

Table 5. Validation of the kriging interpolation for the sediment transport rates.

Date and event No. of pins Mean Absolute Error (MAE) Root Mean Square Error (RMSE)
kg/m? % kg/m? %

1.: 05.08.-25.08.2013 74 585.7 9.98 11.5 64.23

2.:26.08.-15.09.2013 74 484.7 14.84 8.8 82.79

3.:16.09.-17.11.2013 66 79.9 8.97 2.3 90.22

Total 74 703.7 1.46 12.5 40.49

et al. (2003) based on a 40 sampler campaign covering
eight events in an Australian clay pan.

The results of the kriging interpolation of the sedi-
ment transport rate have been cross validated for all
three periods and the total duration (Table 5). This vali-
dation focusses on the prediction issue, which evaluates
the overall deviation of the predicted values from the
observed values. This overall deviation is calculated by
the mean absolute error (MAE) and the root-mean-square
error (RMSE). The MAE indicates the accuracy of the
fitted models and the resulting sediment transport maps.
The MAE results show that the rate was smallest for the
total study period (1.46%), while the much higher rate
for the second period (14.8%) represents transition time
between summer and winter wind regimes.

4.4 Mapping of the aeolian sediment
transport

The final results of the geostatistical analysis are the krig-
ing maps of the sediment transport rates for each of the
three periods as well as for the whole duration of this study
(Fig. 7). As seen in these maps, the largest transport rate
was detected during the first period, which was heavily

influenced by the “120 windy days” wind regime. During

this period, the highest sediment transport occurred in the
southeastern part of the study area, near the beginning of
the Gorgoori and Niyatak corridors. These corridors are
very active sand transport pathways from the Sistan plain
into Afghanistan. During the second period, the area of
the highest sediment transport activity shifted towards
the south and the northwest. Towards the end of the study
period the wind energy decreased and thus large areas of
the lake’s surface did not contribute significantly to the
aeolian sediment transport. For the whole study duration
from August to November two main centers of wind ero-
sion activity were identified — one in the southeast of the
Baringak lake and the other one in the northwest.

These results show the high spatial variability of the
wind erosion potential and emphasize the need for a high
resolution ground based research approach when spatial
decisions need to be made.

5 Conclusion

The application of the pin method for measuring the sedi-
ment transport rate and the mapping of the aeolian trans-
port rate using a geostatistics model resulted in detailed
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Fig. 7. Erosion pin locations and sediment transport rate (kg/m2) in the Baringak Lake for the three periods and the

total duration, estimated using ordinary kriging.

data about the temporal and spatial distribution of the
wind erosion activity in the Baringak Lake. The Hamoun
Baringak Lake plays a bold role for the aeolian mobili-
zation of sediments in the Sistan region because of the
hydrological droughts, frequently affecting the lake since
the construction of several dams in the upper Hirmand
River catchment in Afghanistan, its higher elevation
(about 1 meter) than Puzak and Saberi lakes and thus
shallow lake bed which is prone to falling dry early in the
year, and the gradual decline of the wetland vegetation
cover. The results show that the aeolian transport rate is
highly variable both in time and space during the three
time periods covered by this study. This study helped
to identify the main sources of the aeolian sediment

transport throughout the duration of measurements. Due
to the wide extent of the sources of dust and sand produc-
tion in Sistan, finding areas that are prone to wind erosion
is of paramount importance in prioritizing stabilization.
The two most active areas should now be prioritized for
land management measures in order to minimize the
aeolian dust and sand transport in the future. Plantation
native vegetation and conservation lands from over graz-
ing can be decrease land sensivity to wind erosion.

Furthermore the results show the great spatial and
temporal variability of the sediment fluxes — even in a
region characterized by a unimodal wind regime. This
highlights the importance of an in depth and high resolu-
tion research setup for any future studies.
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