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Abstract: Wind erosion is a major contributor to land degradation and desertification. Ac-
cording to the Global Assessment of Human Induced Soil Degradation, the dryland territories
of Mongolia are significantly affected by wind erosion. We used the wind erosion equation
model in an ArcGIS environment to evaluate wind erosion across Mongolia. The individual
factors of the wind erosion equation were parameterized using the following datasets: (a)
monthly climatic data from 45 meteorological stations; (b) 16-day composites of MODIS
Normalized Difference Vegetation Index data; (c) a SRTM DEM with a 90 m spatial resolution;
and (d) the soil map of Mongolia. The results revealed the significant influence of aridity on
wind erosion. The desert and semi-desert ecosystems were more vulnerable to wind erosion,
hence more affected. The map of wind erosion revealed three major wind erosion regions
where the maximum soil loss of 15-27 t/(hm?.a) was observed. In general, the wind erosion
potentials for the entire country of Mongolia are 15-27 t/(hm%*a) in the deserts and
semi-deserts, 10-15 t/(hm?a) in the dry steppes and 5-10 t/(hm?a) in the steppe regions.

Keywords: climatic factors; geographic information systems; Normalized Difference Vegetation Index; roughness;
soil wind erosion; wind erosion equation

1 Introduction

Dust storms are a severe form of wind erosion and are a common occurrence in dryland re-
gions. A number of factors can increase dryland ecosystem’s resiliency to wind erosion (Lal,
1990; Fernandez-Bernal, De La Rosa, 2009). Vegetation can obstruct and accumulate sand
and dust, thus reducing the wind velocity. A layer of gravel, commonly called ‘desert pave-
ment’, can protect the topsoil layer. However, recent changes in climate and land use have
intensified the transportation of soil particles by wind in dryland regions, thus accelerating
soil erosion.

The results of the Global Assessment of Human Induced Soil Degradation research pro-
ject suggested that about 548 million ha of the world’s land mass are affected to some degree
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by wind erosion (Oldeman, 1992). Of the total area affected by wind erosion, 95% was as-
sessed as slightly or moderately degraded. It can therefore be concluded that at the time of
this assessment, approximately 27.4x10° ha of land worldwide were heavily degraded by
wind erosion. Wind erosion processes contributed to 30% of the total soil degradation in the
Asian continent, of this 30%, 2.22x10° ha were contributed by wind erosion (Oldeman,
1992).

The rate and extent of wind erosion over Mongolia has been assessed using an ex-
pert-based method. According to these results, about 30% of the total territory of Mongolia
was considered to be affected by wind erosion, of which the Gobi Desert was considered to
be most heavily affected (Oldeman, 1992; Middleton and Thomas, 1998). Using meteoro-
logical observations coupled with [iDAR an overall increase in wind erosion has been ob-
served throughout Mongolia (Natsagdorj et al., 2003). However, the amount of soil that has
eroded within any given defined area in Mongolia has yet to be quantified.

Field and laboratory research to identify the factors affecting wind erosion started in the
1930s when wind was considered to be the leading factor in erosion (Fryrear et al., 2001).
As it is impossible to determine all the factors contributing to wind erosion during a single
event, a series of experiments is needed to assess each factor separately. Several physical
models have been developed for this purpose. The first wind erosion assessment model, the
Universal Wind Erosion Equation, was developed by the United States Department of Agri-
culture in 1961 and was later updated and published as the Wind Erosion Equation (WEQ)
(USDA, 1961; Woodruff, Siddoway, 1965). The WEQ was the only empirical model avail-
able for over 30 years until the Revised Wind Erosion Equation (RWEQ) was published in
1998 (Fryrear et al., 1998). These models were mainly used on agricultural areas and a wind
erosion assessment spatial model, capable of covering large territories, was not available
until the year 2000.

The first spatial model, the Wind Erosion Assessment Model, was developed in Australia.
It was designed to assess climatic and terrain surface factors from satellite data, but did not
account for soil moisture levels or surface roughness, two important components in empiri-
cal models (Leys et al., 2001). To analyse the extent of soil degradation on a regional scale
using geographical information system (GIS) and satellite data, the RWEQ is used instead
(Zobeck et al., 2000). As some of the satellite-based data contains several different values,
the input data can be simplified into single complex indicator.

The aim of this research was to calculate the soil loss due to wind erosion across the en-
tire territory of Mongolia and to identify regions that may be particularly prone to wind ero-
sion. We also explored the ability of GIS and remote sensing techniques to assess and map
wind erosion. We relied on the general concept of the WEQ model because some input data
for the RWEQ (e.g. land use, the height of vegetation and the soil roughness using the chain
method) were not available for the entire territory of Mongolia.

2 Materials and methods

2.1 Study area

Mongolia is a landlocked country in northern Asia, bounded by Russia to the north and
China to the west, south and east. Mongolia’s climate changes from extra-arid to arid, dry,
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sub-humid and humid along a north—-south gradient. In general, the climate is characterized
as extra-continental, with large seasonal and diurnal fluctuations in temperature and a clearly
defined seasonal pattern of precipitation. The mean annual temperature varies between re-
gions. In the mountainous regions it is approximately —4°C; the montane valleys and low
depressions observe mean annual temperatures as low as a range from —6 to —8°C. In the
southern regions the mean annual temperature fluctuates between 0-2°C and 6-8°C. The
total precipitation is low across the whole country, but also shows a strong latitudinal varia-
tion. The northern mountainous regions receive about 300-400 mm of precipitation each
year, whereas the southern semi-desert and desert regions receive 50-150 mm. The annual
evaporation in the high mountain belt region is <500 mm; 550-700 mm in the forest steppe,
650-750 mm in the steppe and 800-1000 mm in the desert steppe regions. Mongolia re-
ceives 230-260 days of sunshine each year, with an annual sunshine duration between 2600
and 3300 hours.

Mongolia’s steppe and desert steppe regions experience significant winds, which often
produce dust storms. The annual average wind velocity in these areas is 4-6 m/s. The Altai,
Khangai, Khovsgol and Khentii mountains and mountain valleys observe wind velocities of
1-2 m/s and speeds of 2-3 m/s in the remaining areas. Data from observation stations sug-
gest that about one-quarter of the country experiences wind velocities >4.0 m/s. The desert
steppe, semi-desert and desert regions account for about 41.3% of the Mongolia’s territory
and are characterized by loose and fragile soils, with high winds causing sand and dust
storms. The number of days with sand and dust storms is 30-100 days-yr ", increasing to 120
days in the southern parts of the Mongol Els (Mongol Sands). Meteorological observational
data indicate that there are about 300-600 hours of sand and dust storms per year.

Kastanozem soils cover about 40% of the country. The other major types of soil are cam-
bisols and chernozems. The southern dryland areas consist of various types of calcisols
(Dorjgotov, 2009). The vegetation types include forest, forest steppe, steppe, desert steppe
and desert plant communities. According to the land cover map, the desert steppes cover
30.39% of the total land area, and the steppes 19.32%, semi-deserts 14.05%, dry steppes
13.18%, forest 7.77%, high mountain meadow steppe 4.77% and desert 3.52% of the total
land area.

2.2 Wind erosion equation

The WEQ (Woodruff, Siddoway, 1965) is an empirically based model with the following
functional expression:

E=fILK,C,L,V) (1)
where E is the estimated average annual soil loss (t/(hm?-a)); I is the soil erodibility index
(t/(hm*.a)); K is the surface roughness factor; C is the climatic factor; L is the unsheltered
distance or the distance for which the wind blows undisturbed (m); 7 is the vegetation fac-
tor.

These factors were initially derived from wind tunnel research and were determined by
the correlation of 11 primary parameters. The soil erodibility factor (/) is a measure of the
potential soil loss from a wide, bare, smooth, unsheltered and non-crusted surface and can be
adjusted to account for the presence of hills, knoll topography and the mechanical stability
of the soil. The surface roughness factor (K) adjusts the soil erodibility for the surface
roughness of the soil other than that caused by clods or vegetation. The climatic factor (C)
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includes the effect of wind velocity and soil moisture, which is proportional to the PE index
(Thornthwaite, 1931). The field length factor (L) is the distance across a field along the pre-
vailing direction of wind erosion. The vegetation factor () adjusts the soil loss given by
other factors to account for any vegetative material on the soil surface.

2.3 Data

The following sections describe how the individual WEQ factors were estimated from the
available data on climate and how the satellite images were processed with a DEM. The
factor of unsheltered distance or the distance for undisturbed wind flow was not taken into
consideration on the assumption that there was no barrier to hinder the wind force in this
study area. The terrain roughness was used as a surrogate for the surface roughness factor as
the current research focus is at the regional level.

2.4 Wind erosion climatic factors

When estimating wind erosion, climatic factors such as wind velocity and the surface mois-
ture condition should be taken into consideration (Chepil ez al., 1962; Woodruff, Armbrust,
1968; Lyles, 1983). For this purpose, we used the following equation proposed by Chepil et

al. (1962):
386-u°
ey @

where C is the climatic factor; u is the mean wind velocity (m/s); PE is the Thornthwaite
potential evaporation index. PE can be determined by the following equation:

10/9
PE=3.16~Z[ h j 3)
7;+22

where P; is the monthly mean precipitation (mm); 7; is the monthly mean temperature (°C).
To calculate the climatic factor, the main input parameters for Egs. (2) and (3) were ob-

tained from 45 meteorological stations distributed across Mongolia. We then used the plate

spline algorithm in conjunction with an DEM and station point data to interpolate a climatic

factor surface map.

2.5 Soil erodibility factor

The soil erodibility factor is determined under laboratory conditions by the percentage of
non-erodible surface soil aggregates >0.84 mm in diameter in a soil sample obtained from a
given surface unit (Chepil, 1942; Laflen et al., 1991). To calculate the soil erodibility factor,
we obtained data on the content of silt and clay particles in the various types of soil from the
Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/IRC, 2008). Information on
the content of organic matter and calcium carbonate were obtained from the soil laboratory
database at the Institute of Geography, Mongolian Academy of Sciences. The following
governing equation was used to calculate the soil erodibility for different types of soil:

0.315, +0.175, + 0.33%— 2.590M —0.95CaCO,

I=

100 @
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where S is the sand content (%), S; is the silt content (%), CL is the clay content (%), OM is
the organic matter content (%); CaCOs is the percentage of calcium carbonate in the soil
sample.

2.6 Surface roughness

Surface roughness is an important factor affecting wind dynamics. Surface roughness is
usually understood as an elevation at which the mean wind velocity is close to zero. The
value of the surface roughness depends on the undulation of the landscape, the presence and
density of soil clods and the height of the vegetation, among other factors (Zingg and
Woodruff, 1951). According to Fryear (1994), the surface roughness and soil wind erosion
are negatively correlated, with surface roughness suppressing the flow of sand and dust. Al-
though this factor is therefore necessary for the assessment of wind erosion, it is both diffi-
cult and time consuming to assess surface roughness location at a site and its surrounding
landscape.

In this research we relied on the available remote sensing data to calculate terrain features.
As the WEQ defines roughness as a factor limiting the erosive effect of wind, we considered
terrain roughness as a possible indicator for the country-wide assessment of this factor. The
elevation difference in the height of the correlated data points was calculated from the
SRTM DEM and used to define a terrain roughness for a moving window of 1 km.

2.7 \egetation cover factors

Wind erosion is sensitive to surface vegetation cover because vegetation affects the
near-surface wind velocity. In areas dominated by annual plants, droughts can result in bare
ground exposed to wind erosion. Vegetation parameters such as height and foliage cover
(leaf area) are therefore essential for assessing wind erosion (Wischmeier and Smith, 1978).

Plant height has a more significant effect on wind erosion than on water erosion. However,
information on plant height and density is spatially restricted in Mongolia. Following similar
research conducted by Raupach, (1994), McVicar et al. (1996), and Rui et al. (2013), we
used remotely sensed Normalized Difference Vegetation Index (NDVI) and Leaf Area Index
(LALI) data.

The NDVI data were derived from MODIS satellite records of red and near-infrared
radiation. A composite of 16-day images from April to November 2010 were used in this
study. As the MODIS LAI product is undetermined vegetation for semi-desert and desert
regions, the following linear equation associated with the NDVI was used:

LAI =2.745- NDVI —-0.201 (5)
where LAI is the leaf area index, NDVI is the normalized difference vegetation index ob-

tained from data sets for MODIS Terra Vegetation Indices 16-Day L3 Global 250 m.
3 Results
3.1 Climatic factors

Climatic factors are essential in the WEQ model. The relevant climatic factors include the
wind regime, rainfall, temperature and humidity, with the wind velocity being the primary
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factor. Considering all other factors, if higher wind velocities are observed, then greater ero-
sion will occur. The temperature and precipitation regimes define the susceptibility to wind
erosion. Humid areas have a greater soil moisture content and therefore a lower vulnerability
to wind erosion than drier climates. It is challenging to simultaneously account for wind ve-
locity, precipitation and temperature regimes in the interpretation of such a complex process
as wind erosion. A number of studies have attempted to explain climatic factors using gen-
eral climatology and atmospheric physics methods. We calculated the climatic driver of

wind erosion using Eqns. 2 and 86°E 93°F 100°E 107°E 14 121°F

3, as proposed by Chepil (1962),
using the monthly and annual
data for precipitation, tempera- £. 1Z
ture and wind speed in 2010. ~ =
Our results showed that the
maximum value of the climatic |, . "~"~
factor for Mongolia is between ., | por High: 39.5 (=] Country boundary

. . & . ow: 0.1 [ Aimag boundary | Z
20 and 39 in the semi- desert & a9
and desert regions; the mini- | L2k "% Momoctations
mum value is between 0.1 and 93°E 100°E 107°E 114°E

0.8 in the northern-forested re-
gions (Figure 1).

We considered that an analysis of which climatic variable more significantly defined wind
erosion in different natural settings would be an interesting topic for further research on
wind erosion in Mongolia. To investigate this, we used a simple Pearson correlation (r)
analysis. We found that different climatic factors affected different regions. Aridity was par-
ticularly important in the Gobi and desert regions, whereas the wind velocity was more im-
portant in the steppe and forest regions (Table 1).

Figure 1 Geographical distribution of the climatic factor in Mongolia

Table 1  Correlation analysis of wind erosion climatic factors in different regions

Gobi region Steppe Forest
Wind velocity -0.00392 0.473368 0.395919**
Total precipitation 0.495978 -0.15961 -0.40169
Mean temperature 0.21528 0.206479 —-0.90791**
Annual PE —0.93119** —0.92748** -0.19763**

**, P<0.001, n=45.

In terms of vulnerability to wind erosion, three distinct regions can be defined. These are
the southern Altai region, the Central Gobi region and the Lake Valley region (Figure 1).
These three regions are the most affected by climatic drivers of wind erosion.

3.2 Soil erodibility factor

We found a total of seven soil groups with different erodibility factors (Table 2). Based on
these results, we objectively evaluated the susceptibility of the representative soils to soil
erosion and defined four groups of soils (from not susceptible to most susceptible). More
than 60% of Mongolian soils fall into the strong and extremely strong groups based on this
erodibility factor (Figure 2). The areas of soils with a light degree of susceptibility are 32.4%
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and soils with moderate erodibility oc-
cupy about 8% of the territory. It was

rate assessment

Table 2 Soil erodibility (K) factor by affected area and

concluded that cambisol, calcisol and Soil group Soil erodibility ~ Affected  Wind erosion
kastanozem soils were the soils most factor area (%)  impact rate
susceptible to erosion. ! 149 324 Light
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3.3 Surface roughness 3 1.98 35

4 2.13 15.9
Wind streams occurring throughout 5 245 196 Strong
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topography has a significant effect on

the airflow and wind streams in circulation throughout the territory and, consequently, also
affects the wind direction and the distribution of wind velocity. For this reason, the wind

velocity is higher in the southern half of M
wind velocity is relatively low as a resul

ongolia, whereas in the mountainous regions the
t of the sheltering effect of the terrain. At the

meso-scale, the increase in wind velocity within the mountain valleys and in the valleys be-
tween the mountains and depressions is a result of the reduction in obstructions. The local
changes in wind direction and the change in wind velocity with terrain roughness were as-
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Figure 3 Terrain roughness map for Mongolia
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3.4 Vegetation cover factors

The impact of vegetation cover factors on wind erosion was calculated from the total amount
of soil particles transported offsite through creep, saltation, and suspension. Previous studies
have found that 60%-70% of soil subjected to erosion was transported through creep and
saltation (USDA, 1961; Woodruff and Siddoway, 1965; Fryrear et al., 1998). The LAI was
therefore chosen as a key component of wind erosion in this study. We found that the se-
lected index varied between 0 and 3 (Figure 4). The highest values were found in the forest
and forest steppe regions of northern Mongolia. Although the spatial distribution of the LAI
is generally equal to or coincides

. . ) 86°E 93°E 100°E 107°E  114°E 121°E
with the NDVI, it has comparatively : : . - '
smaller values in terrains other than oz o
forested areas. Therefore the impact % S0
of vegetation cover on wind erosion
is relatively small in Mongolia. In
other words, in areas other than the
forest region, most of the vegetation g :3
and plants are sparsely distributed

and have a limited leaf area. 93°E 100°E 107°E 114°E
Figure 4 Leaf area index map for Mongolia

3.5 Wind erosion in Mongolia

The wind erosion map for Mongolia was produced by multiplying all the individual factor
maps discussed in the preceding sections. The resulting map shows that wind erosion is pre-
sent in all regions of the country. The modelled results show that the rate of wind erosion in
Mongolia varies between 2.7 and 27.5 t/(hm?a) (Figure 5). The maximum amount of soil
transported by wind is 15-27 t/(hm?a), most of which occurs in the desert and semi-desert
regions. Geographically, there are three different regions of high wind erosion concentrated

86°E 93°E 100°E 107°E LI4°E 121°E

Z
<+ -
Winde rosion rate,
Z |t(hm2-a) > oz
Q7w High:27.5 * Capital city B
[ ® Aimag center
[ Country boundary
0 200 km [ ] Aimag boundary
I [ ILake
93°E 100°E 107°E 114°E

Figure 5 Wind erosion map for Mongolia
in the southernmost part of the country. These are mainly flat, elongated and elevated plains
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separated by mountain ranges with a relative height of 1000-1500 m. These regions coincide
with the southernmost Altai Gobi, northern desert and southern desert physiographic re-
gions.

4 Discussion

Our quantified results of soil loss due to wind erosion showed that it is highly variable
within the territory of Mongolia and mainly pronounced in arid and semi-arid parts of the
country where its maximum can reach up to 27.5 t/(hm*a). The underlying cause of high
level of wind erosion in the southern part of the country is attributed to the distribution of
soil and vegetation which are prone to exogenous factors, e.g. drought, erosion etc. From the
individual factor assessment it can also be concluded that climate is the leading factor for
activation of wind erosion on a territory. Topography of the territory also has some influence
on wind erosion, which mainly acts as a corridor for main wind directions from the NW to
SE. It was observed that areas with a sloping plain and plain relief surrounded by mountains
are more affected by wind erosion. 1600

The erosion rate assessment for the 14¢0] I Yongqing Qi etal. (2010)
Mongolian Plateau reported by Qi e al. 12001 | Modelled
(2010) using **'Cs tracing techniques in 800
the field showed that 100-400 t/(hm*.a) 500
of soil is removed by. wind. We com- 203:_- e | .
pared these results with our modelled Tariat Bayannuur Sainshand
results (Figure 6). Our modelled results Figure 6 Comparison of modelled results with those of Qi
are close to the field results (df = 2, ¢ ¢ (2010)
t-stat —1.4, r = 0.97), although the modelled results are slightly higher. The difference be-
tween the results in Sainshand may be due to the surface roughness factor. The surface
roughness factor is low in this region, but the field-based assessments account for
small-scale features. In addition, the effect of vegetation in the model is a hypothetical value
taken from the derivation of a remotely sensed image. Overall the comparison shows that the
model has great potential in predicting wind erosion.

Asimilar picture has been described by Funk et al. (2011) and Yuan et al. (2008) in their
research on wind erosion using **'Cs tracing technique in the territory of Inner Mongolia.
The authors linked high level of wind erosion in Inner Mongolia (or transboundary territory
of China and Mongolia) to the conditions of vegetation cover and its dynamics over the past
decade, which were highly degraded due to overgrazing. Unlike the Inner Mongolian part,
the number of livestock in the southern parts of Mongolia is relatively low; however, it
doesn’t reject assumptions on relations of livestock grazing and soil wind erosion. Thus,
land use has to be considered as one factor for future research.

Zhou et al. (2015) indicated that over the territory of Inner Mongolia regions with erosion
at severe, intensive and mild levels during the period of 1985-2011 have increased. The au-
thors used GIS and remote sensing information to evaluate intensity of wind erosion and
revealed that regions occupied by barren land or sparse vegetation showed the most severe
erosion, followed by land occupied by open shrubbery.In addition, erosion rate is differed
with the content of CaCO;3; and the surface composition of sandy, loamy and clayey soils
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with particle sizes of 0—1 cm has been defined, which might also be a case for the wind ero-
sion situation in southern Mongolia.

5 Conclusions

The main purpose of this research was to make a quantitative assessment of wind erosion
over the territory of Mongolia by using a physical model. Such analyses are necessary to
develop a comprehensive assessment of land degradation and desertification in Mongolia.

By analysing the various factors individually, we concluded that each factor influenced
the wind erosion process differently depending in which natural zone it occurred. In general,
the wind erosion process is more pronounced in the semi-desert and desert regions. Some
90% of the land area in Mongolia is affected by wind erosion to some extent and the highest
erosion values (1520 t/(hm?-a)) are observed in the Gobi region, which occupies 30% of the
total territory. Wind erosion also occurs in the steppe and forest steppe regions with rela-
tively dense vegetation, from which it can be concluded that vegetation is not a limiting
factor for soil erosion by wind. The geographical distribution of wind erosion leads us to
conclude that there are three major regions where the rate and possible effects of wind ero-
sion are critical. Special focus in further research should be paid to the southernmost Altai
Gobi, northern desert and southern desert physiographic regions.

A comparative analysis of our modelled results with the field results obtained by Qi et al.
(2010), Funk et al. (2011) and Yuan et al. (2008) using **’Cs showed a good consistency.
However, any empirical, physical or statistical models used to assess erosion processes, es-
pecially those relying on remotely sensed data and techniques, should take account of the
fact that all derivations of remotely sensed images are hypothetical. In this respect, field
level monitoring using methods such as dust sampling and isotope screening should be used
to complement this kind of research.
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