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Wind erosion researches in Hungary — past, present and
future possibilities

GAsor NEGYESI', J6zser LOKI', Borono BURC?,
BoGLARkA BERTALAN-BALAZS! and LAszL6 PASZTOR?

Abstract

Wind erosion is one of the most important land degradation processes in Hungary in the areas with low yearly
precipitation values. The total land area suffering from wind erosion is approximately 10,000 km? 10 per cent
of the country area. Observations and discussions on wind erosion and its negative impacts in Hungary started
in the last century. Since the 1950s, scientists investigated wind erosion processes and their role in the evolution
of alluvial fans in an integrative way, including laboratory measurements and field observations with respect to
the stabilization and utilization of soils in agricultural areas. Since the late 2000s, there is an increasing demand
worldwide to characterize the role of climate change and human activities in triggering land degradation processes.
Studies have been conducted to investigate the mechanics, causes and control techniques related to wind erosion
applying laboratory and field wind tunnel simulation tests and field observations. Some encouraging achievements
have been made. In this paper we summarize the main research results of wind erosion research, and put forward
some perspectives and suggestions on the problems of wind erosion research and control practices in Hungary.
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Introduction

Wind erosion, also known as eolian erosion
is usually a natural, geological process that
forms many aeolian landforms (LANCASTER,
N. 1995), but today it is accelerated by an-
thropogenic effects (overgrazing, misman-
agement of agricultural land, intensive crop
cultivation etc.). Wind erodibility is deter-
mined by several static and dynamic factors,
such as surface roughness, topographical
surface characteristics, vegetation cover, ped-
ological properties (particle size, soil struc-
ture, aggregate stability, soil moisture, lime
and organic matter contents etc, see CHEPIL,
W.S. 1954; Snao, Y. 2008).

Wind erosion only occurs, when a thresh-
old value of the wind velocity is reached,

and this threshold value depends on soil
surface properties. Threshold velocity (u,)
or threshold shear velocity (u,,) is the mini-
mum friction velocity required to initiate the
movement of soil particles, representing the
strength of forces among soil particles and
the capacity of an aeolian surface to resist
wind erosion (Batt, R.G. and PeaBoby, S.A.
1999; Suao, Y. and Lu, H. 2000). The con-
ducted experiments also reveal the differ-
ence between static (or fluid) threshold and
dynamic (impact) threshold. Static thresh-
old indicates the moment when grains start
to move. Once transport has started, it is
bombardment that keeps the system mov-
ing and, because the descending grains
bring down energy from above, less overall
energy is required to maintain movement
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and it can continue at a lower overall wind
velocity than before. Consequently, the dy-
namic threshold, at wich grain movements
can just be maintained, is about 80 per cent
of the static threshold (Anperson, R.S. and
Harr, P.K. 1988). As predictors of the field
behaviour of soils, the threshold velocity
should be treated carefully. Surface crust,
rough surfaces, slope gradient, particles of
different shape and packing density compli-
cate the situation. The role of soil moisture
and vegetation cover is also very important
(LivingsTONE, . and WARREN, A. 1996).

Regarding soil structure, both size distri-
bution and the actual condition of the soil
aggregates are significant factors because
they determine the resistance to wind ero-
sion (Cuerir, W.S. 1942; Lorez, M.V. et al.
2000; Hevia, G.G. et al. 2007). The CaCO,
content of the soil also plays important role
in clumping of particles and in the formation
of aggregates, as well as in the formation of
a surface crust layer, which in turn protects
against wind erosion (Rajor, J.L. et al. 2003;
Goossens, D. 2004; Zrang, Y.M. et al. 2006).
Organic matter has a similar role in erodibil-
ity to that of CaCO,. High levels of organic
matter also facilitate the formation of small
soil aggregates, and therefore the extension
of wind erosion. In dry conditions the small
mass per volume of organic matter may also
lead to an increase of wind erosion (CHEPIL,
W.S. 1954; Hevia, G.G. et al. 2003; De Rouw,
A. and Rayor, J.L. 2004). Dry mechanical and
dry clod stability decreases, the dry erodible
material content increases as organic matter
content decreases in the case of organic soils
(Zoseck, T.M. et al. 2013). On the other hand,
the organic matter content also increases the
moisture retaining capacity of soils, and it
also plays an obvious role in plant growth
and development therefore —under a wet and
rainy climate — it might indirectly increase
the soil resistance towards wind erosion
(TaTarko, J. 2011).

Soil moisture influences wind velocity re-
quired for soil movement initiation. A wet soil
surface reduces wind erosion (SaLex, W. and
FryrREAR, D.W. 1995). The level of erodibility

changes in accordance with the cohesive forc-
es between the water molecules surrounding
the soil particles. Caerir, W.S. (1956) demon-
strated that the degree of soil erodibility is in
direct correlation with the soil moisture con-
tent. Bisar, F. and Hsien, J. (1966) came to a
similar conclusion. According to them, 4 per
cent water content (g/g) would be enough for
sandy texture soils to prevent wind erosion.
Nickring, W.G. (1978) studied dust storms
and the environmental conditions responsible
for wind erosion of sandy soils in Canada. He
found that the critical soil moisture content is
around 3—4 per cent. TroeH, F.R. et al. (1980)
demonstrated that in case of sand texture soils,
when the climate conditions promote quick
dehydration of the soil surface, wind ero-
sion begins as early as 15-20 minutes after a
heavy rain. LEuven, M.L. (1982) investigated
the correlation between the water content and
the time duration when the wet soil surface
was capable to resist the wind forces at 50
km/h wind velocity. He found a linear func-
tion between the two factors. Cuen, W. ef al.
(1996), based on wind tunnel experiments,
established that with the increase of the water
content the quantity of the eroded soil material
decreased exponentially. Yan, Y. et al. (2015)
pointed out that soil erodibility changes dra-
matically under small quantities of rainfall.
Another consequence of rainfall or irriga-
tion is soil surface sealing or crusting on un-
consolidated soils. Crusts have a pronounced
effect on the susceptibility of soils to wind
erosion because their properties differ from
those of unconsolidated soils (Zoseck, T.M.
1991). Soil crusts reduce the susceptibility
of the soil to erosion when exposed to wind
(CuepiL, W.S. 1956; Zoseck, T.M. 1991). Wind
tunnel and field studies have demonstrated
that crusted soils erode at a rate of one-forti-
eth (Zoseck, T.M. 1991) to one-sixth (CHEPIL,
W.S. 1958) the rate of non-crusted soils. This
fact is particular important in arid and semi-
arid regions where the vegetative cover may
not sufficiently protect soils from wind ero-
sion. Zoseck, T.M. (1991) found that crusts
formed on silt loam and clay soils can be
much more effective in reducing the total soil
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erosion under various abrasion conditions
than can those formed on a sandy loam soil. In
addition, soil crusts increase the entrainment
threshold, as has been suggested by the large
amount of work that has been conducted on
how crust disturbances increase dust emission
(BeLNAP, J. and GiLLeTTE, D.A. 1997; BADDOCK,
M.C. et al. 2011). Threshold friction velocity
increased exponentially with an increase in
crust strength and thickness for five soils com-
monly found across the Columbia Plateau
(SHARRATT, B.A. and VaADDELL4, V. 2014).
Vegetation cover also plays an important
role in preventing wind erosion (ARMBRUST,
D.W. and BiLsro, J.D. 1997). The presence
of vegetation on the surface increases the
turbulence close to the ground and there-
fore decreases wind velocity (SHao, Y. 2008).
Vegetation cover of about 20 per cent can
reduce the soil loss by half compared with a
bare surface, while soil cover greater than 10
per cent can effectively reduce wind erosion
(FRYREAR, D.W. et al. 1996). Vegetation can
also increase soil moisture content through
shading effect, but the influence of vegeta-
tion cover on soil moisture content has been
a controversial issue, because the vegetation
extracts water from soil through transpiration,
and secondly it can alter the temperature of
soil as well (Wang, T. et al. 2015). Bare soil
and arable lands are most seriously affected
by wind erosion. Because the vegetation cover
changes in space and time, it is more straight-
forward to characterise an area only with the
potential exposure, which can be character-
ised by susceptibility to wind erosion.
Tillage operations modify the surface crust,
change random (clods) and oriented (ridges
and furrows) roughness, flatten and bury crop
residues. The roughness immediately after
tillage depends upon the implement used, the
operating characteristics (depth, speed, resi-
due level, soil texture and moisture) and the
previous operation (NELsoN, R.G. et al. 1993).
Wind erosion is a serious problem all
over the World, the total area of agricultural
lands affected by wind erosion is 550 million
ha. Areas most susceptible to wind erosion
around the world are the agricultural areas

in the USA and Canada in North America;
in the drier parts of Argentina, Bolivia and
Peru in South America; the Siberian Plain
in Russia; in China, India and Pakistan and
much of the Middle East in Asia; North
and South of the equator in Africa; and in
Australia (Skipmorg, E.L. 1986). In Hungary
the proportion of agricultural land strongly
endangered by wind erosion is 26.5 per cent
of the total area, whilst the percentage of
moderately endangered areas is over 40 per
cent (Lox, J. 2003).

Nowadays, the endangered areas of
Hungary are mainly affected by human
impacts and just a little by climate. It is im-
portant to emphasize that wind erodibility
of our soils is not only a soil conservation
problem, but it also presents economic (nu-
trient loss), environmental and human health
problems.

Accelerated soil erosion by wind results in
both on-site and off-site damages. In agricul-
tural lands, wind erosion causes the removal
and transportation of the finest and biologi-
cally most active parts of the soil, which are
the richest in organic matter and nutrients
(Funk, R. and ReuTeRr, H.I. 2006). A substan-
tial consequence is the decline in the produc-
tivity of endangered areas. Furthermore, the
transport of nutrients and pre-sowing herbi-
cides by wind erosion can also be considered
as a serious environmental problem (Funk, R.
et al. 2004). In addition, wind erosion caus-
es considerable crop damage, especially to
young seedlings, and increased farm main-
tenance costs. Off-site damage includes ad-
verse health impacts caused by dust storms
over vast areas, and harm to transportation,
communication and irrigation infrastructure
(Sm1, P. et al. 2004).

Wind erosion similarly to water erosion
(KeLLER, B. et al. 2018; WALTNER, L. ef al. 2018)
is also a land degradation process. By review-
ing recent research progress, our objective is
to stimulate further advances in wind ero-
sion research. As part of this review we also
highlight research gaps and opportunities.
We conclude by outlining our views on the
future of wind erosion research in Hungary.
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Progress of wind erosion research in
Hungary

Wind erosion resaserch in Hungary made an
important progress related to the dynamic,
influencing factors, measurement, estimation
and control techniques of wind erosion. The
first studies of wind erosion were performed
in the field of aeolian geomorphology be-
cause the research topic at that time was the
morphology and evolution of sand dunes.
Studies were carried out on the formation of
different eolian forms and on the age of sand
movements in that areas. It was recognized
early, that the sandy areas are situated on al-
luvial fans built by different rivers (Figure 1).

Despite the fact that the phenomena and
consequences of wind erosion were observ-
able in Hungary year by year and discussions
on the negative effects of wind erosion have
already been known since the 18" century,
research activities on wind erosion started

almost more than a century later. An expla-
nation of this can be the underestimation of
the importance of wind erosion in a certain
extent. The harmful effects of wind were
known, so the agronomists, on the basis of
their empirical observations, were concerned
about the protection of wind-susceptible ar-
eas and not so much in understanding the
process itself. Measurements were not made,
so the characterization of the erosive activ-
ity of wind was not possible. Equipments for
measuring the amount of eroded material by
wind were not available either (L6xki, J. 2008).

In the drier periods of the last century
(1962, 1968, 1983, 1998), according to the
Palfai drought index (PArrar, 1. 2011), the
damages caused by wind erosion have in-
reased, due to the improper farm manage-
ment on large plots. The damage caused
by wind erosion called for the the need of
research on this topic. Boboray, I. (1965b,
1966b) was the first who dicussed the prob-
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Fig 1. Sandy areas in Hungary and the main sandy regions (by Buro, B. et al. 2018). — 1 = Inner-Somogy;
2 = Danube-Tisza Interfluve; 3 = Nyirség
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lems and processs of wind erosion on the
basis of international literature. She also
studied and measured (Bopotray, 1. 1966a)
the amount of wind-driven material on
differently cultivated (I: stubble, autumn
ploughing, II: stubble, spring ploughing,
III: disking, autumn ploughing, IV: disk-
ing, spring ploughing, V: rye) experimental
plots applying small (12,5 x 10 cm) plastic
boxes inserted into soil. The used sand traps
didn’t facilitate the qualitative measure-
ments of various forms of aeolian transport
(rolling, saltation, suspension) yet, however,
they pointed to the need of the application
of well-designed sand traps. In the Danube-
Tisza Interfluve, measurements related to the
amount of wind-driven material were also
executed by Szerrrip, E. and Kis, L. (1969)
by the application of BoporLaY’s sand trap.
Aerodinamically shaped sandtrap-boxes
were used by Borsy, Z. (1974) which were
placed at different heights above the surface
and plastic bags were also inserted into the
soil. These measurements provided useful
data with repect to the mechanical composi-
tion and distribution of soil particles mov-
ing on and above the surface at different
heights. Unfortunately, the applied traps
were not suitable for the precise measure-
ment of the total amount of wind-driven
material, because of improper aerodynamic
operation. First of all, the inlet of these traps
was made of a 5 mm wide plastic material so
some parts of the moving particles collided
with this and didn’t pass into the boxes, sec-
ondly the wind could blow out the particles
from the boxes. After that, as a result of a
co-operation with physicists, aerodinami-
cal horizontal sandtraps were constructed,
which were suitable for the identification of
the amount, mechanical composition and
distribution of wind-driven material. Borsy,
Z. studied wind erosion processes in more
detail by experiments in Nyirség and in the
Danube-Tisza Interfluve under field condi-
tions applying new horizontal and vertical
Bagnold-type sandtraps (Borsy, Z. 1972).
On the basis of his extensive field measure-
ments, he concluded that if the wind velocity

reached 5.5-6.0 m/s, the amount of sand flux
was very high (Borsy, Z. 1974).

As the result of his research activities, the
first wind tunnel of the country was built 30
years ago which is still the only wind tun-
nel applicable for wind erosion experiments
(Loxi, J. 2003). This wind tunnel was very
useful in the analyses of the principals of
wind erosion. Parallel with field measure-
ments, experiments were also conducted in
the wind tunnel. Initially, aeolian sand was
used in wind tunnel experiments where the
threshold velocity and wind profile as well as
the amount and particle size distribution of
eroded material were measured. The results
were compared with the results of field ex-
periments and also with international meas-
urement data. Thanks to the huge amount of
wind tunnel and field measurements the clar-
ification of the principles of wind erosion on
sand areas became possible (Borsy, Z. 1974).

KirArLy, M. and KarAcsony, J. (1977) also
measured the transport capacity of wind
and studied the weather factors causing
wind erosion in the Danube-Tisza Interfluve.
KarAcsony, J. (1974) developed a new type of
anemometer for the measurement of surface
wind velocity which facilitated the measure-
ment of velocity and wind turbulence.

Unfortunately, the harmful effects of wind
erosion are present on heavy textured, silty
soils, too and not only on sandy areas and
dry, peaty surfaces. The negative conse-
quence of the improper application of soil
tillage methods is the failure of soil state
which creates favourable conditions for
wind erosion. Therefore the wind erod-
ibility of other soil texture classes was also
determined. On the basis of wind tunnel ex-
periments the pricnciples of wind erosion for
heavy-textured soils were identified and the
fundamental parameters (critical threshold
velocity, soil loss rate, wind profiles) were
established and stored in a wind erosion in-
formation system (Brasko, L. et al. 1995; Lok,
J. 1994, 2000, 2003; Lok, J. et al. 2005).

In the last years, comparative analyses of
wind tunnel measurements were also con-
ducted to investigate the erodibility of differ-
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ent soil texture classes (number of samples:
sand: 19, loamy sand: 21, sandy loam: 26,
loam: 8, silt loam: 6) and the relationships
between soil properties and wind erosion. It
could be proved that the rate of soil erosion,
after having reached the threshold velocity,
suddenly increased with a further increase in
velocity. This was confirmed by the exponen-
tial relationship between wind velocity and
the weight of the eroded soil mass. Soils with
a sandy texture were an exception, since in
these cases a linear correlation between the
two factors was found. The particles of sandy
soils started to move at a relatively low (6-7
m/s) velocity, while the movement of silty
soils started at higher velocity values (10-11
m/s), and the process of erosion did not start
suddenly, but gradually.

Regarding the erodibility of soils with dif-
ferent texture classes the conclusion is that
the mass loss of sandy texture soils was ten
times higher than in the case of a silt loam
texture (NEGYEs1, G. ef al. 2016). It was proved
by statistical analysis that both the thresh-
old wind velocity and erodibility depend
primarily on the soil’s mechanical structure
and composition:

(1.) A strong negative correlation was ob-
served in the sand fraction up to 0.10-0.05
mm, and, from that point on in the case of
finer fractions the sign of the correlation
changed and there was a strong positive
relationship. Accordingly, the higher the
amount of particles 0.10-0.63 mm, the lower
the threshold wind velocity; furthermore, the
higher the amount of particles smaller than
0.1 mm, the higher the wind velocity needed
to move them. The role of soil fractions in
the erodibility of soils was also examined.
Although, each variable was found to be
significant, the most important one was the
coarse silt fraction (0.05-0.02 mm).

(2.) Organic matter had a significant cor-
relation with the eroded mass (r = -0.57,
p<0.01); however, it did not play any role in
the regression due to its limited influence.

(3.) The same was experienced with other
variables (other fractions and CaCQO,), i.e. in
spite of their correlation with erosion their

contribution was not significant in the mul-
tivariate regression model. Maybe, it was due
to the fact that the organic matter and CaCO,
content of these soil samples were relatively
low (N£Gyest, G. ef al. 2016).

However, these results of wind tunnel
measurements are of only a theoretical im-
portance because the erodibility of soils is in-
fluenced by a number of other factors as well,
both temporally and spatially. Furthermore,
cultivation plays an especially important
role, as the different planting cultures may
influence the erosion rates in significantly
different ways (Zoseck, T.M. et al. 2000). It is
important to emphasize that when cultivated
improperly, in the long run even soils with
a finer texture are susceptible to significant
transportation because as a result of tilling/
disking the soil structure may collect dust,
and in the absence of the protecting function
of larger aggregates, the silt fraction may eas-
ily be removed by the wind.

Today the emphasis is on new topics relat-
ed to new equipments, perspectives and tech-
nologies. Since the forecasts of global warm-
ing indicate that the effects of Mediterranean
climate will be stronger (increasing summer
temperature values and a decreasing amount
of summer precipitation), it probably will en-
hance the occurrence of wind erosion on both
Arenosols and Chernozems in the Carpathian
Basin (Farsang, A. et al. 2017). Widespread
experimental researches have been conducted
in different parts of Hungary aiming at the
objective measurement of the spatial and
temporal changes of wind erosion processes
under natural field conditions, and trying
to determine the composition and nutrition
content of the eroded material. These stud-
ies focus on the identification of threshold
friction velocities on different aggregated
soils and on quantifying soil loss in different
wind erosion events with the help of a port-
able wind tunnel (Farsang, A. et al. 2013a, b).

The conclusion is that the structure, carbon-
ate and organic matter content of the studied
Chernozem soils have a strong effect on the
measured threshold friction velocities and
total soil loss. So these factors cause big dif-
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ferences in wind erosion susceptibility and
highlight the importance of suitable agrotech-
nology against wind erosion (FArRsaNG, A. et
al. 2017). Wind tunnel experiments were also
conducted to determine the nutrient content
loss of soils eroded by wind with sand traps
at different heights. On the basis of these
measurements it can be established that the
majority of the eroded material was trapped
at a height of 0-10 cm and only 20-30 per
cent at a height of 1040 cm (Farsang, A. et
al. 2011; TatArvari, K. and NEcyesi, G. 2013).
The transported material collected in the traps
had smaller nutrient content than the controll
material because of its smaller silt and clay
content. In the case of soils containing sand
between 50-90 per cent the salt concentration
of the sediment was higher than that of the
control samples. Intensive NO,-NO,-N ac-
cumulation was observed in the wind-blown
soil fractions. The NO,-NO,-N content of
the sediment may be more than double of
the original content of the soil. The enrich-
ment of phosphorus, potassium and sodium
contents was also observed in the sediment
(TaTArvAry, K. and NEgyesi, G. 2013).

On sandy soils SzaTmARy, J. (2004), Buro, B.
(2016) and Buro, B. et al. (2018) determined
the thickness and volume of the eroded and
accumulated sand on field sites with the help
of measuring pin. SzatmARry, J. (2004) studied
the amount of sand exposed to wind erosion
on a 50 x 50 m study site on a sand ridge in the
Danube-Tisza Interfluve. Sand movement was
measured at weekly and fortnightly intervals.
The most intensive sand movement could be
observed during springs, when the amount
of monthly total transported sand exceeded
50 tons for the one-quarter hectare of the lot.
The wind gusts were about 20-25 m/s several
times in the experimental period. SzaTMAR1,
J. set up a portable digital measurement sta-
tion for monitoring wind erosion on the field
(saltiphone, it can transform the impulses
from acoustic microphones that detect sand
particle impact into digital ones). The sen-
sors in this device can detect 1-3,000 particle
impacts per second, thus it can measure the
exact time when the saltating particles begin

and finish to move. Measurements and sta-
tistical analyses proved that the well known
cubic function can describe the correlation be-
tween the wind speed and the quantity of the
number of the saltated particles. These experi-
ments supported earlier results in scientific
literature that the applicability of the device
with acoustic microphone is limited to defin-
ing the quantity of the eroded material.

Buro, B. conducted his measurements in
Nyirség (see Figure 1) on a 50 x 500 m study
site on a hummocky dune. The study site con-
tained two different plots: one of them was a
bare surface without planted vegetation, the
second one was a plot site planted with rye.
He stated that the most intensive entrainment
by wind (60 tons/ha) could be observed dur-
ing early spring on the bare field. The greatest
erosion at this time was 7-8 cm while maxi-
mum accumulation varies between 0.5-2.0
cm. That can be explained by more windy
conditions in March and April (10 m/s sev-
eral times), less wet weather and the lack of
land cover or underdeveloped vegetation.
Intense entrainment was measured on the
top of the hummocky dune and accumula-
tion processes were active at the bottom of
the slope of the hummocky dune. From the
middle of May the quickly growing rye was
able to reduce wind erosion (between —0.25
and —0.80 cm) and lead to an intensive accu-
mulation reflected by the increase in the aver-
age surface change values. Measurements in
June and July hardly showed any transport
by wind from the study site, neither from the
bare, nor from the vegetated surface (Buro, B.
2016; Buro, B. et al. 2018).

The wind-erodible fraction (EF) of soil ag-
gregates (<0.84 mm dry soil aggregates) is
also an important parameter for estimating
wind erosion. Measurements were also con-
ducted on 150 soil samples from the Nyirség
(the second large sandy area in Hungary, see
Figure 1) to reveal the relationship between
EF and the physical properties of soils. The
examined soil samples belong to sand (22),
loamy sand (32), sandy loam (68), loam
(18) and silty loam texture (10). The results
showed that all the examined soil properties
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(organic material-, CaCO, content, sand, silt
and clay content) were significantly correlat-
ed with EF. The strongest relationships were
found between EF and textural fractions, be-
ing positive for the sand content and nega-
tive for the silt and clay contents. Although
weaker than the relationship between EF and
texture, a significant negative correlation
was also observed between EF, soil organic
matter and CaCO, contents. The equation
proposed by FrRYREAR, D.V. et al. (1996) for
estimating EF was also tested and it was not
suitable for predicting the EF of soils in the
Nyirség region (NEcyesi, G. 2018a, b).

Research of wind erosion control methods
in Hungary

The inhabitants of the areas susceptible for
wind erosion have long recognized the im-
portance of wind erosion control. Many stud-
ies dealt with with the methods of fixing of
sand. The territories covered by loose sand
were surveyed and plans were prepared
for reforestation. This process strengthened
in the second part of the 19* century. It is
important to mention research activities of
Westsik, V. (1922, 1951) and EGerszgeg, S.
(1961, 1962), who dedicated a lot of time to
improve the productivity of sandy soils and
to decrease harmful effects of wind erosion.
They used the laminated sand cultivation
method, i.e.the allotment of different materi-
als (farmyard manure mixed with clay, with
bug, or with lignite) into the soils at a depth
of 80-90 cm. This method resulted a 40-60
per cent increase of crop production.

The protection effects of irrigation on
sandy soils was examined by Boporay, L.
(1965a) in June, on six plots, 2,000 m? each
which with spray irrigation received the fol-
lowing amount of water: treatment 1: non-
irrigated, treatment 2: 10 x 5 mm each third
day, treatment 3: 1 x 50 mm. In the course
of treatment 4 windy periods occurred with
a wind velocity of 7.0, 6.0, 5.0 and 5.7 m/s.
The time period of the wind events was: 32,
8, 16 and 32 minutes each. The experiments

revealed that the moisture content of the
surface becoming frequent irrigations with
5 mm water effectively hindered wind ero-
sion. Non-irrigated plots and those irrigated
with 1 x 50 mm were 10 to 20 times more
erodible than the plot irrigated with 10 x 5
mm. The safety of the effect of erosion was
enhanced by the crust developed on the sur-
face, which enhanced the resistance of the
soil drying before irrigation. This mode of
irrigation, however, is also advantageous
for the emerging plants, since in this case
the moisture is stored in the upper soil layer
most available for the plants.

Boporay, I. also studied (1966b) the effect
of various soil cultivation methods on wind
erosion on 20 plots (the size of one plot was
100 m?). The used soil cultivation methods
were as follows: stubble, spring ploughing;
rye; stubble, autumn ploughing; disking,
autumn ploughing) Most conspicuous was
the high erodibility of loose sandy soils after
rolling. On 28 windy days on the rolled plots
of smooth surface 11.5 times as high soil
erosion was observed as on the (ploughed,
disked) plots free of vegetation on 32 windy
days (mean velocity 6.3 m/s). Resistence to
wind erosion of the rough (plough, disked)
soil surface was connected with the degree of
roughness or cloudiness. Freshly ploughed
soil surface afforded good protection. With
her co-workers successfull field experiments
were performed with different soil covering
polimers and latex-emulsions (Boporay, I.
and Puszrtai, A. 1968; Boporay, L. et al. 1971)
and they found that these materials offer
good protection against wind erosion.

In the middle of the 1970’s a country-wide
collaboration evolved between soil scien-
tist experts working on wind ersion control
methods. GArL, J. (1966, 1974) offered wind
shelterbelts and forests as wind erosion con-
trol methods. He pointed out that in the case
of peat soils on an occassion of a stronger
wind erosion event such a large amount of
dust (340-1,100 tons/km?/year) is emitted
into the atmosphere which is harmful for the
human respiratory system. His experimental
data obviously proved that with the reduc-
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tion of the force of the wind the shelterbelts
sieve out a significantly great part of the vitia-
tion of the air and prohibit the formation of
dust storms. On the area examined behind
the shelterbelt at the point of minimum dust
content a value of 340 tons/km?*/year and at
the furthest maximum point of the belt 1,102
tons/km?/year were measured. Comparison
of the upper horizon of soil profiles exam-
ined at the points of maximum and minimum
protection on the basis of the data of 57 soil
profiles clearly indicated that at the protected
points the organic matter content of the soil,
percentual ratio of the clay and silt fractions
were substantially higher than at the points
in the middle of the field because of the wind
velocity reducing effect of the shelterbelts.
Among geographers, research activities
of Borsy, Z. (1974) should be mentioned. On
the basis of the results of field experiments in
Nyirség and and also in the wind tunnel he
verified that trye stripes perpendicular to the
prevailing winds can decrease the wind ve-
locity significantly. According to his measure-
ments, 15 cm height and 1.5-2.0 m wide rye
stripes provided protection against a 9.7 m/s
wind event so no soil entrainment was observ-
able at a 3-4 m distance from the last rye stripe.
When the height of rye stripes was 120 cm, the
protected area reached a 25-30 m width zone.
From the 1980s wind erosion protection
experiments were extended to the measure-
ments conducted not only on sandy soils, but
also on the heavy textured soils of Alfold.
The protection effects of different amount
of irrigation, vegetation and crust forming
materials decreasing the effects of wind ero-
sion were also studied (Loki, J. 1994, 2003;
Loxki, J. and Szago, J. 1997). Attention has been
paid on the elaboration of environmentally
sound technologies offering sufficient pro-
tection against wind erosion (Loki, J. 2004).
Vegetation reduces wind velocity at the soil
surface and also decreases soil erodibility. The
effect of vegetation on wind erosion was stud-
ied in wind tunnel with the help of wheat, and
corn (Loki, J. 2004). The wheat was sowed into
rectangular sample holding trays in a way
that the rows were 10 cm away from each oth-

er along the length of the tray. Following the
sowing, the plants developed to a height of
10-15 cm in 2-3 weeks. Wind-blown sand, hu-
mic sand and Chernozem soils were used in
the experiments. The experiments were con-
ducted at different wind velocities (7.2 m/s,
9.2 m/s, 9.4 m/s and 15 m/s) in two ways: the
rows of plants were either perpendicular to or
parallel to wind direction. In the case of the
experiments with corn, stem distance between
the plants was 12-15 cm and the distance be-
tween the rows was 38—42 cm. Wind velocity
measured at 10 cm height in front of the rows
was always higher because the effect of the
vegetation could not be felt yet. The veloci-
ty values measured between the second and
third wheat rows which ran perpendicularly
to wind direction were always considerably
lower. The values measured behind the third
row were especially impressive since they did
not even reach the critical threshold velocity.
A smaller scale of decrease may be experi-
enced when increasing the wind velocity to a
higher velocity value. This can be explained
by the fact that the strong winds have beat-
en the weak plants and thus the height of the
wheat rows flattened by the wind did not ex-
ceed 5 cm. In the heights of 20-30 cm above
the surface the wind could flow freely and
therefore no considerable decrease could be
detected in wind speed values.

When placing the rows of wheat parallel
with the wind direction the movement of the
air was less impeded by vegetation and thus
wind velocity values did not decrease signifi-
cantly between the rows between the front
and the end of the sample-holding tray. In the
case of the experiments with corn wind ve-
locity did not decrease to that extent between
and behind the corn rows as it did in the case
of the wheat. This can be explained by the fact
that the stalks of the densely sown wheat pro-
vided greater resistance against the air than
the sparsely sown corn-stalks. The “flapping”
movement of the corn-blades at some places
resulted in whirling air flow.When studying
the protective effect of the vegetation, the
erodibility of the soils covered and not cov-
ered by vegetation was also measured.
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In the case of wheat erosion was much
more intensive at the two edges of the tun-
nel where the surface was not covered by
vegetation than it was in the protected zone.
The weakened wind mainly transported finer
granules between the rows of plants there-
fore the surface in front of the sample-holding
tray was covered by rough sand by the end
of the experiment. A considerable part of the
eroded material moved ahead with a saltat-
ing movement close to the surface. The sedi-
ment amount at the heights of 1040 cm never
reached 10 per cent of the eroded soil (Loki,
J. and NEgcyes1, G. 2004) and was always
less when trays were placed perpendicular
to wind direction. The corn decreased the
amount of erodible material to almost zero.

It was verified by the field and wind tun-
nel measurements that with the application
of some chemical bonding agents (treace)
on sandy soils a non-erodible crust will be
formed on the soil surface providing proper
wind erosion control. Because of their high
cost and detrimental effect on the environ-
ment, the use of sand-fixing chemicals has
been limited to small areas (Loxi, J. 1994).
It was demonstrated that watering (irriga-
tion) may offer a quick and effective pro-
tection against wind erosion. Watering with
an amount equal to 5 mm rainfall efficiently
reduced the erosive effect of even a strong
(15.5 m/s) wind for 4-6 hours, depending
on the soil texture. In areas covered by shift-
ing sand wind erosion may quickly begin in
stronger (10-11 m/s) winds, even in the case
of intensive, high volume and frequent irri-
gation because after the quick infiltration of
water to the top layer it becomes dry very
rapidly, even if the lower layers still remain
wet (Loki, J. and NeEcyesi, G. 2003; NEGYEsI,
G. 2007, 2008).

In the last years a remarkable attention
was paid to studying the protection effects
of shelterbelts in Nyirség (see Figure 1). A
digital database of windbreaks was created
on the basis of topographical maps and or-
tophotos. The effects of vegetation on wind
velocity were measured with anemometers
installed on the two sides of shelterbelts. The

typifying of shelterbelts was prepared on the
basis of main properties of shelterbelts (num-
ber of rows, porosity, orientation, functional
type) and the measured data (L6, J. and
NEcyes1, G. 2006, 2009). The results pointed
to the fact that there are big differencies be-
tween the forest cover and the length of shel-
terbelt systems as well as in the tendency of
changes in different parts of the Nyirség. On
the one hand all the forests and shelterbelts
are situated on the two sides of the Nyirség
watershed: the dominance of shelterbelts on
the northern side and forests on the south-
ern side is in relation with soil properties.
Nevertheless, the increase of forest area is
continuous but the length of shelterbelts has
decreased since the change of regime. In con-
nection with wind shelterbelts we concluded
that one third of the shelterbelts is planted
improperly in the two study areas (Western
and Southern Nyirség). It can be explained
by the high rate of one-row shelterbelts, the
discontinuity of shelterbelts and the improp-
er direction of planting (N£cyes1, G. 2009).

Nowadays GIS applications play an impor-
tant role in the study of shelterbelts as wind
erosion control measures. Bartus, M. et al.
(2017) proved by using the WEPS windbreak
subroutine and the TEAM length factor func-
tion that shelterbelts were able to decrease
the erosive capacity of the wind and in the
case of winds blowing at 15 m/s velocity it
turned out that the most efficient protecting
function is planting shelterbelts perpendicu-
larly to prevailing winds.

Spatial extent of wind erosion

In Hungary wind erosion intensity depends
on the conditions of climate, geomorphol-
ogy, soil, vegetation and land use. Various
attempts have been made to classify areas
of wind erosion into categories based on the
upper criteria.

According to the “Map of potential wind
erosion of Hungary” by Lok, J. (2003), 26.5
per cent of agricultural land in Hungary is
strongly affected by wind erosion, where the
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critical threshold velocity of erosive winds
is lower than 8.5 m/s (Figure 2). However,
this map is based only on a simplified soil
texture classification and critical threshold
velocity, whereas other factors (wind veloc-
ity, land use, climate) were not taken into
account. Altough this map does not provide
a full picture of the hazard but established a
standard for classification of wind erosion, in
which the magnitude of wind erosion was di-
vided into five categories: no erosion, slight,
moderate, high, very high erosion. Another
important novelty of this map is that it was
created on the basis of wind tunnel measure-
ments. Erodibility categories were set based
on the data measured in wind tunnel in an
empirical way and these were associated
with soil texture classes (Table 1).

Wind erosion is not only a landscape form-
ing process but also a kind of natural haz-
ard. Szago, J. et al. (2007) created a four-scale
category system to evaluate wind erosion
hazard in Hungary and they concluded that

about 18 per cent of the country is strongly
endangered by this process.

Mez6s1, G. et al. (2015) integrated climate,
vegetation and soil erodibility factors with
fuzzy logic to create a wind erosion map
of Hungary based on soil texture, climato-
logical and land use data, and they verified
their results by field investigations. Their
verification included three test sites and did
not contain comprehensive wind erodibility
measurements. They took into consideration
wind velocity above 9 m/s to represent ero-
sive wind; however, this value differs in the
case of different soils.

PAszroRr, L. et al. (2016) provide a nation-
wide, spatially detailed assessment of the
susceptibility of the land of Hungary to wind
erosion integrating actual and representative
wind tunnel measurements, the latest prod-
ucts provided by both digital soil mapping
and digital climate characteristics mapping,
furthermore the most recent land cover map
provided by remote sensing. Threshold wind

I Very high erodibility
I High erodibility
E] Moderate erodibility
] siight erodibility
- No erosion

I:l Budapest

- Lakes

100 km

Fig. 2. Map of potential wind erosion of Hungary. Source: Lok, J. (2003).
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Table 1. The main properties of erodibility categories®

Erodibility Critical threshold Amount of eroded Soil texture

categories velocity, m/s material, g/5 minutes types
Slightly sensitive >12.0 <500 clay loam, clay
Less sensitive 10.0-12.0 500-1,000 silt loam
Moderately sensitive 8.0-10.0 1,000-1,500 loam
Sensitive 6.5-8.0 1,500-3,000 sandy loam
Highly sensitive <6.5 >3,000 sand, loamy sand

*After Lok, J. (2003).

velocity data were evaluated according to the
texture classification of the samples (Table 2),
the results were applied in the parametriza-
tion of the countrywide soil texture map
compiled for the uppermost (0-5 cm) soil
layer. Wind speed data were provided and
processed by the Hungarian Meteorological
Service. The aim was to determine how fre-
quently wind speed exceeds a certain critical
speed value at each grid point of a dense,
0.5" spatial resolution grid.The outcome of
wind speed exceedance calculations was the
probability value of wind velocity exceeding
critical values on hourly level.

The final map (Figure 3) was produced by
masking out areas, which cannot be exposed
to wind erosion due to their land use/land
cover characteristics. According to the com-
piled map roughly 10 per cent of the country
is affected by high risk of wind erosion. This
is the consequence of the vegetation cover
mainly and the occurrence of erosive winds,
i.e. wind with velocity exceeding the local
critical threshold value is only the second
main factor. In the major part of the country
the winds do not exceed the critical veloc-

ity during the year, so even if soil and land
use/land cover conditions promoted wind
erosion, wind erosion damages would occur
very rarely. It can be expected only in the
case of strong cold fronts. In general, arable
lands situated on lowlands and covered by
sandy soils are the most endangered by wind
erosion because they are featured by relative-
ly small critical threshold velocity values (6-7
m/s), consequently, the winds having even
gentle energy are capable to transport the
upper soil layer.

Comparing the results of wind sensitivity
mapping cunducted in Hungary to those of
other authors (Funk, R. and ReuTEer, H.I. 2006;
BorreLi, P. et al. 2014), we could conclude that
the regional distribution of areas that feature
a higher risk of wind erosion is in good agree-
ment with our results. Table 1 compares the
extent of wind erosion susceptible areas in
Hungary according to our classification with
that of BorreLLi, P. et al. (2014).

In spite of the methodological differences,
the figures are quite similar. Szaso, L. et al.
(1994) evaluated the extent of wind erosion
based on the costs payed by insurance com-

Table 2. The extent of wind-susceptible areas in Hungary

Spatial distribution* Spatial distribution**
Erodibility categories

km? % km? %
Non-erodible 29,052.0 31.2 41,707.5 44.8
Slight erodibility 54,436.0 58.5 46,375.0 49.8
Moderate erodibility 5,208.0 5.6 4,384.6 4.7
High erodibility 4,333.0 4.7 562.9 0.6
Total 93,030.0 100.0 93,030.0 100.0

* Based on PAszToR, L. et al. (2016). **Based on BoreLLi, P. ef al. (2014).
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- Non-erodible
[ slight erodibility
[ Moderate erodibility
Bl High erodibility

Fig. 3. Categorized wind erosion susceptibility map of Hungarian soils. The five distinct areas with typically
higher wind erosion risk are numbered: Nyirség (1), Danube-Tisza Interfluve (2), Glacis in the foreground of
the Transdanubian Mountains (3), Inner-Somogy (4), Transdanubian loess region (5).

Source: PAszToR, L. et al. (2016).

panies for wind erosion harms and their re-
sults coincide very well with our findings.
MEz6s1, G. et al. (2015) also got similar re-
sults based on less detailed input data. The
main pattern of former approaches is reflect-
ed with reliable accuracy, nevertheless the
recent map can be considered as a specific
zooming into the spatial behaviour of wind
erosion due to the application of significantly
more detailed input data.

It is important to emphasise that the de-
rived wind erosion map displays the cur-
rent actual static state. The factors causing
and affecting wind erosion (land cover and/
or land use, soil moisture content, manage-
ment technology) vary both spatially and
temporally. Aside from soil moisture content,
the applied management technology plays
an important role since the structure of soils
even with identical texture categories may be

differently damaged due to improper man-
agement techniques. Information on this fac-
tor could be collected by field observations
and/or by large scale mapping. However,
detailed and timely data, which could be
used for nationwide mapping, are not cur-
rently available and cannot even be expected
in the near future. A suitable solution could
be the proper implication of these factors into
process models and scenario-based runs of
the developed models. The compiled maps
in the present form provide a solid basis for
the regional characterisation of wind erosion
risk. They can be used for rational planning
of protection concerning both soil conserva-
tion and environmental risk management.
We see some further possibilities for the
improvement of the presented approach. It
would be a major step forward to function-
ally relate the resistance of soils to wind ero-
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sion with their erodibility factor (EF), which
can be calculated from basic soil properties
(sand, silt, clay, organic matter and carbon-
ate content), instead of texture classes. In
this case critical threshold values could be
estimated directly by EF and also indirectly
by widely used soil data. Since nationwide
soil property maps of these parameters have
been very recently compiled, they could
support a new approximation for mapping
wind erosion susceptibility at national level.
Eliminating the application of average values
for each class, the expected accuracy of both
thematic and spatial prediction is suggested
to be improved.

Wind erosion estimation models

In order to obtain an accurate wind erosion
rate and to evaluate different control meas-
ures, scientists from many countries have
developed various kinds of wind erosion
models. Fundamental models used today
include the Wind Erosion Equation (WEQ)
(Woobrurr, N.P. and Sibboway, F.H. 1965),
Simulation Model of Daily Wind Erosion
Loss (Core, G.W. et al. 1983), the Wind Ero-
sion Prediction System (WEPS) (Hacen, L.J.
1991), the Revised Wind Erosion Equation
(RWEQ) (FrYrear, D.W. ef al. 2000), and
the Texas Erosion Analysis Model (TEAM)
(GREGORY, ].M. et al. 2004).

There has been relatively little research
conducted on wind erosion models in
Hungary, and at present no comprehen-
sive model exists that could be used across
Hungary to estimate wind erosion. At a small
sample site, only the RWEQ and WEPS were
tested. Mez6s1, G. and SzatMARrj, J. (1998)
elaborated a wind erosion model of the
Danube-Tisza Interfluve to delineate the ar-
eas endangered by wind erosion and to de-
fine the size of these areas and the mass of
sandy soils removed by the wind in a short
time. As SzaTMmARy, J. (2006) stated, the main
problem with the application of these models
in Hungary is that it needs a meteorological

data base which is diffucult to obtain and no
long-term verification statements could be
made regarding the model as we have only
dealt with data for a single event and a single
area so far. WEPS could deal with the de-
tailed estimations in two dimensions. For a
certain plot it proved to be a more reliable,
controllable and suitable device than RWEQ.
In our opinion, may be these models should
be adopted carefully for Hungary because
these are prepared on the basis of plot size
measurements.

Future possibilities in wind erosion
research and control

According to regional climate models of
global climate change, the climate of Hunga-
ry is also becoming warmer and drier. In the
next 50 years, the average annual tempera-
ture will increase by 1.0-1.9 C°, while precip-
itation will decrease (BArRTHOLY, J. et al. 2011),
resulting in a reduction of soil moisture
during the winter and spring. The increased
intensity of human activities in association
with climate change, has caused the expan-
sion of wind affected land (Mgz6st1, G. ef al.
2016). For these reasons wind erosion con-
trol will continue to be a large problem for
Hungary in the next century. In the future,
a national strategy of wind erosion control
must be put in place using prevention as the
dominant factor. Areas with good water and
soil conditions, where sustainable produc-
tion can be maintained, must be identified
and managed to maintain production with
sufficient protection against wind erosion.
A key question in the study of wind ero-
sion is quantitative assessment. Accurate
wind erosion estimates and their regional
distributions constitute critical informa-
tion necessary for prevention and control,
and they are important for related fields
of study such as aeolian geomorphology,
loess deposition and land degradation. The
main scientific problems include: (1) a need
for precise and standardized methods for
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measuring wind erosion; (2) comprehensive,
reliable data on wind erosion for the whole
country; and (3) a wind erosion prediction
model or models applicable to the whole area
of Hungary.

Hungary should also recognize that chang-
es in land management practices are neces-
sary to decrease the rate of wind erosion.
There are two aspects of land management
practice that Hungary is following, or needs
to follow to control wind erosion. First, the
applied land use practices should be adjust-
ed and optimized. Secondly, improve the
application of farmland, land management
practices to reduce wind erosion including
strip cropping, rotations, crop residue man-
agement, deep and zero tillage.

Conclusions

Hungarian wind erosion research has made
a considerable progress, including the com-
pilation of a wind erosion map of Hungary;
developments in measurement techniques
and the application of adequate methods of
wind erosion control. Nevertheless, the po-
tential problems of wind erosion in the fu-
ture remain enormous.

The future of wind erosion control in
Hungary must concentrate on the strategy
of using prevention as the dominant meas-
ure combined with land management and
engineering control practices involving the
adjustment of land use patterns. Hungary
should also increase international coopera-
tion on wind erosion research and control.
Furthermore, Hungary has a relatively large
agricultural area where wind erosion pro-
cesses interact with water erosion, displaying
a complexity of fluvio-aeolian processes. It is
important that wind erosion research should
be extended in order to solve wind erosion
problems of Hungary.
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