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Abstract. Surface roughness is a very important physical feature of soil, affecting various soil
processes and accuracy of remote sensing data interpretation. Thus, there is a need to describe it
quantitatively. The main aim of the paper was to show needs and benefits of collecting quantitative
information about soil surface roughness which is the most relevant parameter used as an index to
predict water and wind erosion. Surface roughness can reduce soil erosion and soil losses even by
up to 31%. Thereby, it increases the development of fauna and flora and improves the structure of
soil and its biological quality. In the first section of the paper there are presented definitions of soil
roughness proposed by different authors. The next section explains how various factors influence
soil surface roughness. Then, the categorization of soil surface roughness discussed in literature
is presented. The next part of the paper includes information about a role of soil roughness in
agricultural, soil science and a hydrology research. Moreover, soil surface roughness plays an
important role in a remote sensing of soils. The knowledge of quantitative soil surface roughness
allows more accurate interpretation of the soil properties from remote sensing data, because this
soil feature can decrease soil spectra even over 70% and makes their analysis difficult. In addition,
deepening knowledge about soil roughness will allow more precise conclusions about the amount
of reflected shortwave solar radiation indirectly shaping the Earth’s climate. In the final section,
the techniques for measuring and indices for describing soil roughness are shown. However, the
authors prefer a photogrammetry technique for collecting these data, because it is quick and easy
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to use, ensuring high resolution and accuracy of data (about 1 mm) and the image processing is
currently simplified as software to process is absolutely affordable.

Keywords: soil surface roughness, tillage treatments, soil processes, remote sensing, soil surface
roughness measuring techniques

INTRODUCTION

The land areas on the Earth are occupied by agriculture in about 38% (FAO
2011) and they are the largest land use areas on the planet (Ramankutty et al.
2008). Furthermore, these areas are still growing, but most dynamically in the
tropics (Foley ef al. 2011). These lands are the best suited for farming in terms
of terrain, weather and soil conditions (Ramankutty et al. 2002). On the whole,
the agriculture is an important part of economy in the world, but also is a dom-
inant force creating many environmental threats such as climate change (CO,
and other greenhouse gas emission increase), biodiversity loss, water and soil
degradation (Foley et al. 2005, Power 2010, Foley et al. 2011). Thus, alterna-
tive agricultural activities are taken in order to increase production, however,
without further environmental degradation. The sustainable land management
practices are necessary for humanity in terms of food security and environmen-
tal protection (Zheng et al. 2014). The agricultural activity is integrally related
with the cultivation of soil, the main purpose of which is to form appropriate
physical conditions for crop growth, development and a whole production. This
is achieved through creation of a desired soil surface shape which is optimal
for planting, irrigation and harvesting operation (Korucu et al. 2016). Tillage
practices, which directly impact on soil and water quality, are variable in space
and time and depend on the expected soil surface shape. Also specific economic
and environmental situation of a farm (agricultural region) affects a selection
of a cultivation tool (Daughtry et al. 2006). Thus, the costs of these treatments
depend on the kind of the cropping practices and soil conditions on the specific
areas. However, the same tillage practice can produce various soil conditions
depending on the soil type and weather conditions and can create even such soil
conditions that were not intended (Currence 1969).

Since tillage is a very important element of crop production and may have
the greatest impact on the environment (Lobb et al. 2007) there is a need to
evaluate the quality of conducted tillage treatments. Soils tillage is strongly
related to soil surface roughness (Garcia Moreno et al. 2011) defined as irregu-
larities occurring on the soil surface (Thomsen ef al. 2015). Therefore, soil sur-
face roughness can be used as a measure of the effectiveness of tillage practices
(Currence 1969). Monitoring of soil surface roughness is important, because it
plays a key role as an input parameter for many soil erosion models (Gilliot ef
al. 2017) such as the Sealing and Transfer by Runoff and Erosion (STREAM)
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(Cerdan et al. 2002) or the Universal Soil Loss Equation (USLE) (Wischmeier
and Smith 1978). Models for prediction of water storage and infiltration (Mold-
enhauer 1970) or for prediction of an albedo (Matthias et al. 2000) were also
created. The soil surface roughness parameter is used for a crop simulation in
the model Crop Environment Resource Synthesis (CERES) (Jones and Kiniry
1986). The Volt’Air model is for prediction of gas emissions caused by agri-
cultural treatments (Génermont and Cellier 1997). Besides, soil surface rough-
ness influences the predicting accuracy of soil properties using visible (Vis) and
near-infrared reflectance (NIRS) methods (Viscarra Rossel ef al. 2006, Vau-
dour et al. 2013), their reflectance spectra (Cierniewski and Kusnierek 2010,
Piekarczyk et al. 2016, Herodowicz 2017). Moreover, the knowledge about soil
roughness allows distinguishing cultivated and uncultivated bare surfaces using
remote sensing techniques (Cierniewski ef a/. 2004) and deeper understanding
of the mechanism of global warming (Cierniewski et al. 2015).

The objective of this paper was to provide a comprehensive review of
needs and benefits of monitoring soil surface roughness, resulting from tillage
practices. The outlines of the techniques that were previously used and these
which are used currently are the state-of-the-art for measuring soil roughness.
The advantages and disadvantages of these techniques were discussed. Moreo-
ver, the parameters that best describe the soil surface roughness were showed.
At the beginning of the paper, background information pertaining to soil sur-
face roughness as well as to the factors influencing soil surface states, and the
kinds of soil roughness is provided. There is underlined an important role of
soil surface roughness in agriculture, hydrology, transport processes, in reduc-
ing erosion and losses of soil and in remote sensing. Then, the different measur-
ing methods of soil surface roughness are reviewed with particular attention to
a photogrammetry technique. The authors also showed various coefficients for
quantitative description of the soil surface roughness.

SOIL SURFACE ROUGHNESS
The definitions of soil surface roughness

Each tillage tool generates a particular type of a soil surface shape under
identical soil conditions (in terms of moisture, texture, bulk density, etc.),
defined in the three-dimensional space (Korucu et al. 2016) which is called soil
surface roughness. Hauer et al. (2001) defined it as a variable feature of soil,
which influences many processes occurring at the soil surface, whereas Vidal
Vazquez et al. (2005) described it as a micro variation in the surface elevation
present on a field surface. Other authors defined it as the standard deviation of
neighbouring point elevation measurements (Vannier et al. 2006, Garcia More-
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no et al. 2008a), whereas Thomsen et al. (2015) defined soil surface roughness
simply as irregularities on its surface.

The factors affecting soil surface roughness

Soil surface roughness depends on farming practices (Baghdadi et al. 2008,
Cierniewski et al. 2015), climatic factors (Korucu et al. 2016), soil texture (Vidal
Vazquez et al. 2005) and soil properties promoting the formation of aggregates of
appropriate size and stability on the surface (Duiker et a/. 2003). The formation of
soil aggregates is particularly strongly affected by the presence of clay, iron oxide,
organic carbon, calcium carbonate and moisture in soil (Bronick and Lal 2005,
Barthes et al. 2008). Thomsen et al. (2014) added rock fragments and vegetation
cover to the above factors forming the soil surface roughness. The precipitation is
the factor that causes a progressive decrease in the soil surface roughness (Cier-
niewski 1999, Vermang et al. 2013). However, if rill erosion processes are domi-
nant in the field after rainfall, soil surface roughness can increase (Vidal Vazquez
et al. 2007). Roughness increase at rainfall was also observed by Huang and Brad-
ford (1992) but this concerned soil surfaces with small roughness state. According
to Rosa et al. (2012), an increase of the soil surface roughness can also occur,
when after rain the large soil aggregates and clods disintegrate into smaller ones.

The categorization of soil surface roughness

Considering the variability of soil surface roughness in terms of the order
of elevation magnitude variations and the spatial arrangement of surface peaks
and depressions, various roughness categories can be distinguished. A very sim-
ple division into two categories, oriented and random roughness, was proposed
by Allmaras et al. (1966). The former category includes an effect of the cul-
tivation tools on the soil surface, whereas the latter depends on the presence
of aggregates and clods on the soil surface, which form randomly distributed
elevations and depressions. Later, Romkens and Wang (1986) categorized soil
surface roughness into four groups and then, Martinez-Agirre et al. (2016) stat-
ed that these categories are still current. The first category is micro-relief var-
iations determined by individual soil grains and very small aggregates, while
the second category is a random roughness related to clods. The third catego-
ry is oriented roughness characterized by systematic elevation variations in the
topography due to e.g. tillage, if concentrated erosion occurs and gullies which
also create random roughness. The last category of soil surface roughness is
higher-order, representing elevation variations in the larger-scale (field or basin
scale) roughness. Abban et al. (2017) following Oades and Waters (1991) pro-
posed roughness classification taking into account the length scale. In the first
group are individual soil grains and aggregates forming soil roughness from
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0.053 to 2.0 mm. The next group consists of variations of soil clods on the order
0of 2—100 mm. The last group includes the soil roughness created by tillage rang-
ing between 100 and 300 mm. However, various kinds of soil surface roughness
may be superimposed onto each other and may appear together on fields (Kam-
phorst et al. 2000, Vidal Vazquez et al. 2005).

Influence of soil surface roughness on soil processes

Soil surface roughness plays a key role in agriculture, hydrology and trans-
port processes but also in remote sensing. Soil roughness determines the inten-
sity of water and wind erosion (Vidal Vazquez et al. 2005) thus, is the most
relevant parameter used as an index to predict these processes (Garcia Moreno
et al. 2008b) because it can be employed to define the potential for soil particle
saltation, emission and retention (Potter ef al. 1990).

Soil surface roughness determines the heat exchange and the development
of fauna and flora that can function in a particular ecosystem. Microbial activity
is necessary for most biogeochemical cycles and support the development of all
other living organisms (Or et al. 2007). Soil surface roughness indirectly affects
the soil surface temperature (Cruse et al. 1980) and the moisture and air content in
the soil (Vidal Vazquez et al. 2005), thus, consequently it can influence an abun-
dance and diversity of soil biota. Increasing soil surface roughness improves the
structure of soil and its biological quality (Young ef al. 2001). However, Rohrig et
al. (1998) noted that for the development of soil mesofauna (e.g. Enchytraeidae),
the most favourable conditions occur when the soil is not strongly disturbed.

Water erosion

Water retention, a flow concentration and flow networking indexes can be
estimated on the basis of soil surface roughness (Vidal Vazquez et al. 2006).
Soil surface roughness can dominate the mechanism of overland water flow, its
intensity and speed of the flow surface (Kamphorst et a/. 2000), water infiltra-
tion (Magunda et al. 1997, Amoah et al. 2013), the quantity of stored water
in the soil (Vidal Vazquez et al. 2005) and, ultimately, sediment detachment
(Amoabh et al. 2013). According to Darboux et al. (2002), intensity of surface
runoff depends on its scale and on a small scale, below 10 cm, it causes slower
flow of water on the soil surface.

Wind erosion
In semi-arid regions, wind erosion dominate, which provides the loss of

organic matter and nutrient (Larney et al. 1999). Therefore, proper use of till-
age treatments, which create soil surface roughness, can decrease wind erosion
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(Larney et al. 1995, Murillo et al. 2004). Research conducted by Fryrear (1984)
and Arika et al. (1986) confirmed that if soil roughness is higher, the erosion is
lower.

Soil surface roughness created by tillage treatments reducing erosion and
soil losses

The severity of soil erosion can be reduced by the proper use of tillage prac-
tices which affect aggregate size distribution and soil surface roughness (Larney
et al. 1995, Murillo et al. 2004). Ghidey and Alberts (1998) conducted research
of rainfall erosion on 28 soil surfaces. They observed that the annual surface
runoff was decreased by 5% on a silt loam soil cultivated by chisel plowing
that increases soil surface roughness in comparison to conventional practices
which create lower soil surface roughness. Thereby, soil losses caused by leach-
ing were lowered by 31%. Soil surface roughness created by tillage practices
in addition to reduction of soil erosion also decreases the amount of the loss of
organic matter and nutrients in a soil. Ginting et al. (1998) noted higher phos-
phorus losses on the fine-loamy soil after mouldboard plough (forming lower
soil surface roughness). It was due to higher runoff and sediment losses in com-
parison to ridge tillage, which creates higher soil surface roughness.

Soil surface roughness in remote sensing

Soil surface roughness resulting from the presence of soil particles and
aggregates is one of the important factors determining its spectral properties
(Richter et al. 2009). Sometimes the effect of roughness on the spectral proper-
ties of the soil may be greater than the impact of the chemical characteristics of
the soil (Ben-Dor et al. 2003). Along with the reduction in the size of soil aggre-
gates, the amount of solar energy reflected from them is greater (Mikhajlova and
Orlov 1986). This applies both to the soil surface before and after agro-technical
operations (Sullivan et al. 2005). The authors noted that sandy soil surfaces,
which tended to be encrusted, before agro-technical treatments reflected more
radiation, than after carried out treatments. This is caused by a rainfall or an irri-
gation, which cause slow separation of small particles of silt and clay from the
quartz particles. These small, separated particles move deep into the soil pores,
leaving bright particles of quartz on a soil surface. Cierniewski et al. (2013)
observed that the same soil freshly ploughed with a very rough surface shows
a short-wave reflectance two times lower in comparison to the soil smoothed
with shaft. Soil surface roughness created after the precipitation increases the
amount of reflected energy by about 25% (Potter ef al. 1987). The amount of
reflected solar energy changes with the change in soil surface roughness. Rough
soil surfaces are darker because they create self-shadowing and, as a conse-
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quence, the solar radiation does not directly reach the surface. The shaded areas
reflect less radiation compared to directly illuminated one (Cierniewski 1999,
Matthias et al. 2000). Another reason for the low spectral reflectance from the
soil surface with large soil particles is capturing — by particles and aggregates
located on this surface — a large part of the energy (Cierniewski 1987).

Usage of remote sensing for analysing the soil surface

Diffuse and contact reflectance spectroscopy or proximal soil sensing rely
on registration of reflected radiation from an analysed surface, usually in the
wavelength range of 350-2,500 nm (Cecillon et al. 2008). This technique is
rapid, relatively inexpensive and is an effective method of reliable quantitative
assessment of soil properties such as silt, clay, sand, nitrogen, organic matter,
moisture or heavy metal contents (Ben-Dor and Banin 1995, Moron and Coz-
zolino 2003, Brunet et al. 2007). This technique can support a traditional soil
physical and chemical analysis. Especially in precision agriculture where a great
number of soil samples are needed to describe in detail the variability of the soil
in the field scale (Nanni and Dematté 2006). Soil spectral data can be acquired
not only under laboratory conditions but also from other remote sensing plat-
forms, satellites, aircraft or ground level. Soil surfaces measured under laborato-
ry conditions differ from in situ field surfaces, primarily in roughness and water
content, because samples taken in field and transferred to the laboratory are usu-
ally homogenised, e.g. dried, ground and sieved before spectral measurements.

Influence of soil surface roughness on its spectra

Soil surface roughness strongly affects its reflectance spectra measured
under field conditions (Croft ef al. 2012, Piekarczyk et al. 2016) and under labo-
ratory conditions (Richter ez al. 2005, Piekarczyk et al. 2016, Herodowicz 2017).
Homogenised, fine-grained soils have a smoother surface and their brightness is
higher compared to coarse-grained soils which have more cavities and gaps,
which are trap for incident radiation and reflect less energy over the whole VIS/
NIR range (Mikhajlova and Orlov 1986, Van der Meer 1995, Cierniewski and
Kusnierek 2010, Herodowicz 2017). However, there was noted that on surfaces
of soils with higher clay contents, sieved through a 2 mm and more sieve, can
be created small agregatess. These soil surfaces seem darker in comparison with
soils with higher sand contens, sieved through the same sieve (Ben-Dor et al.
1999). The soil with the highest roughness state can be darker even over 70%
then the same soil but with minimum roughness state, characterized by diffused
reflectance spectra. Such high differences of reflectance were observed for spe-
cific soil properies (e.g. for content of sand, silt, clay of 15, 70, 15%, respec-
tively, SOC contents about 3%), as well as for specific zenith position of light
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source (60°) and the zenith position of the sensor which observed soil samples
from a distance of 10 cm (Herodowicz 2017) (Fig. 1). Since roughness strongly
affects spectral measurements, information about the soil micro-relief is neces-
sary that its impact can be corrected (Gilliot ef al. 2017).

R1 R2 R3
0.7
06
205
5 04
B 0. 4% 49% 7%
203
£ 02
0.1 /__f__——-v———
0.0
500 1000 1600 2000 500 1000 1500 2000 500 1000 1500 2000
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Fig. 1. The reflectance spectra of the dark soil samples in the lowest (R1), the medium (R2) and
the highest (R3) surface roughness observed at the sensor height of 10 cm (black lines) and the
reflectance spectrum of the soil sample with minimum roughness state, diffused reflectance spec-
tra (gray lines) illuminated at light source zenith angle equal to 60° (Herodowicz 2017)

Influence of soil surface roughness on the prediction of soil properties

Reflectance spectroscopy is used for the analysis of many soil properties
(Viscarra Rossel et al. 2006) but it is an indirect technique. The soil inference
is due to creating empirical models, which describe relation between spectral
data and soil properties (Steinberg et al. 2016), especially based on laboratory
spectra (Stevens et al. 2008). However, the research conducted by Piekarczyk
et al. (2016) on 20 soil samples with various properties and surface roughness
shows that in order to assess soil properties, it is necessary to take into account
soil surface roughness. The soil spectra obtained in the VNIR range (400-1,360
nm) and the SWIR range (1,490-2,300 nm) showed certain patterns. The
authors noted that with the increasing soil surface roughness, the level of spec-
tra decreased in relation to soil samples with minimum roughness state, up to
60%. The authors pointed out that developing correction methods or taking into
account soil surface roughness will allow the full use of spectra collected for the
prediction of soil properties.

Sullivan et al. (2005) noted that the relationship between clay content
in soil and image data from IKONOS satellite was similar. The images were
recorded before and after agro-technical operations and value of determination
coefficients, with clay content in soil, R? equalled 0.61 and 0.58, respectively. In
the case of the relationship between image data and the carbon content in soil,
greater similarity was observed for the soil surface with higher roughness lev-
el (after cultivation). The dependences between these soil parameters described
above were weaker in the soil with a clay texture and rougher after a treatment
than in the sandy soil. The sandy soil after the same treatment is smoother than
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the clay soil. The authors claim that the high roughness of the soil surface is the
main factor limiting the accuracy of the estimation of carbon content when its
concentration is small (<1%).

Scientists make an attempt to predict quantitative soil surface properties for
large scales (Grunwald ef al. 2011, Arrouays et al. 2014). Huge opportunity to
reach this aim is remote sensing, and more specifically, imaging spectroscopy
(Ben-Dor et al. 2009, Stevens et al. 2010, Bayer et al. 2012). Therefore, in the
near future, there will be available hyperspectral sensor like EnMAP (Environ-
mental Mapping and Analysis Program) from Germany (Guanter ef al. 2015)
or HISUI (Hyperspectral Imager Suite) from Japan. These instruments could
provide data for quantitative assessment of soil properties at large scale, quickly,
at low costs and with high accuracy of data. However, alongside many advan-
tages, there also exist some limitations such as the need for manual fine-tuning
or occurrence of noises in image caused by moisture, vegetation or soil surface
roughness, etc. (Steinberg et al. 2016). They conducted research which aimed
at an assessment of potential of the EnMAP sensor for collecting information
about quantitative soil surface properties. The sensor was equipped with more
than 240 spectral bands and had the spatial resolution of 30 m. The authors
pointed to the high potential of this instrument for predicting quantitative sur-
face soil properties. However, they stressed that a soil surface roughness influ-
ence the accuracy of prediction and this factor has to be considered. The accura-
cy and reliability of these data will depend on taking into account an impact of
soil surface roughness during pre-processing and interpretation of image data.

Based on aerial or satellite images, estimation of spatial diversity of soil
properties for determination of homogeneous zones in a field for precision agri-
culture, requires the knowledge of soil surface roughness occurring during the
images registration. Spatial diversity of soils properties may be presented by
means of detailed digital soil maps created by multivariate clustering algorithms
such the fuzzy c-means. This method was used for clustering IKONOS images
by Sullivan et al. (2005). Clustering carried out with this method on images
with the field with a light soil on which surface crusting occurred, gave a dif-
ferent number of clusters depending on whether the surface was smooth (before
tillage with crust) or rough (after tillage). In the image acquired before the till-
age treatment only two homogeneous soil zones have been delineated, while in
the post-tillage image the field surface variation was larger and four such zones
were identified.

Influence of soil surface roughness on the shortwave solar radiation
Soil surface roughness plays a key role in a deeper understanding of the

mechanism of global warming which is one of the most important scientif-
ic problems. Shortwave solar radiation reflected from the soil surface affects
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the temperature of the soil surface and decides about the climate on the Earth
(Cierniewski et al. 2015). However, [ziomon and Mayer (2002) claimed that the
precise analysis of the energy balance of the Earth due to the presence of soil
surface roughness has been difficult, whereas Cierniewski et al. (2015) noted
that the smoother soil reflects more of the radiation and it absorbs heat to a less-
er extent as compared to the coarse soils. A deeper understanding of how the soil
surface roughness affects the amount of reflected shortwave solar radiation, per-
haps in the future, it will allow to influence the amount of reflected shortwave
solar radiation by changing the soil surface roughness on a global scale.

Measuring methods of soil surface roughness and parameters describing its state

Adequate methods and instruments should be chosen to quickly measure
a state of soil roughness because soil surface roughness, along with its moisture,
is the soil feature which is the most variable in time (Bielders et al. 1996) and
is susceptible to change due to the action of meteorological factors, e.g. precip-
itation (Rosa et al. 2012), wind and temperature changes in the low atmosphere
(Pardini 2003) or even animal activity. Also spatial variability of roughness,
even within small fields, can be high due to the variability of soil properties.
Since soil surface roughness is a soil feature highly variable in time and also in
space, the most suitable measurement method of soil surface roughness depend
on the adopted scale (Zhixiong et al. 2005, Verhoest et al. 2008, Alvarez-Mozos
et al. 2011). Acquisition of quantitative data describing soil surface roughness
requires high accuracy since sometimes the differences in a field, after specified
tillage practices, are very subtle. Measurement instruments used for this purpose
should allow the registration of the smallest details of the soil surface (Garcia
Moreno et al. 2008a).

There are many tools for collecting these data and they differ from each oth-
er with respect to accuracy, resolution, the required size of the measured surface
and also in terms of costs or workability in the field (Table 1). Tools for meas-
uring soil surface roughness have accuracy from about 1 mm (e.g. camera for
stereo-photography or laser scanner) to about 1 cm (pin meter). The researchers
claim that for many applications, the soil surface area limited to about 1 m?
should be sufficient (Hansen et al. 1999, Kamphorst et al. 2000, Vidal Vazquez
et al. 2006) and the use of only one measurement method within one study is
recommended (Thomsen et al. 2015).

Soil surface roughness measurement techniques can be divided into two
groups, two dimensional (2D) profile measurements and three dimensional (3D)
measurements (Korucu et al. 2016). The second division include contact (inva-
sive) and non-contact (non-invasive) methods (Bretar e a/. 2013). In the 2D
measurements, contact techniques are used with pin and profile meters or a roll-
er chain.
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Table 1. Summary of measuring methods of soil surface roughness

B:::;J;‘;g References ?noeltllt::)cdt Advantages Disadvantages
Pin and Romkens et al. Yes  Quite a simple tool; easy  Destructive effects on
profile 1986; Wagner workability; inexpensive; a soil surface; no pos-
metres and Yiming 1991; good for comparison of  sibility of carrying out
Garcia Moreno different roughness states measurements on the same
2006; Garcia surface; recording equip-
Moreno et al. ment is required; it has
2008b; Thomsen limited applicability; it is
et al. 2015 time-consuming; impracti-
cal in the field, low spatial
resolution
Roller Saleh 1993; Yes  Quite a simple tool; inex- Destructive effects on
chain Skidmore 1997; pensive; quite reasonable  a soil surface; no possibili-
Thomsen et al. results ty of carrying out measure-
2015 ments on the same surface;
has limited applicability; is
time-consuming; impracti-
cal in the field, low spatial
resolution
Shadow  Garcia Morenoet  No  Non-destructive effects on Recording equipment is
analysis al. 2008a, 2011 a soil surface; possibility  required; it has limited
of carrying out measure-  applicability; kind of soils
ments on the same surface and lighting conditions
simpler and faster than have a high impact on the
in the above-mentioned ~ accuracy of measurement;
methods; inexpensive low spatial resolution
Ste- Kamphorst et al. No  Non-destructive effects on Quite expensive equip-
reo-pho-  2000; Zribi et a soil surface; possibility — ment; appropriate meas-
tography  al. 2000; Jester of carrying out meas- urement methodology is
and Klik 2005; urements on the same required (e.g. obtained
Aguilar et al. surface; no limits in the REA); a measurement
2009; Nouwak- field; high resolution data  for limited area; worse
po et al. 2010; and accuracy; fast data results in case of rougher
Cierniewski et al. acquisition surface; create DEMs; it is
2015 time-consuming
Laser Romkens and No  Non-destructive effects on Quite expensive equip-
scanning ~ Wang 1987, a soil surface; possibility ~ ment; create DEMs; it is

Flanagan et al.

1995; Kamphorst
et al. 2000; Dar-
boux and Huang
2003; Lichti and

Jamtsho 2006;
Aguilar et al.

2009: Mirzaei et
al. 2012; Bretar

etal. 2013

of carrying out measure-
ments on the same sur-
face; high resolution data
and accuracy; register is
more detailed than in case
of stereo-photography

time-consuming; difficult
workability; calibration
and configuration device
is required; processing is
time-consuming and an ex-
tensive knowledge and ex-
pert software are required,
limitation is the tendency
for roughness overestima-
tion; worse results in case
of rougher surface
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hﬁ::;i;gg References lcn(:tllt::;t Advantages Disadvantages
Radar  Santanello et al. No  Non-destructive effects ~ Limitation is the tendency

2007; Loew and on a soil surface; pos- for roughness overesti-
Mauser 2008; sibility of carrying out mation
Marzahn and measurements on the
Ludwig 2009; same surface; registration
Wegmuller et al. of large area; high data
2011 accuracy; fast data acqui-

sition

The pin and profile metres are simple tools, consisting of many parallel-
ly arranged needles, lowered to the ground at regular, predetermined intervals.
The height of the needles, relative to the level of the soil surface, is recorded
electronically or photographically and later digitalized (Romkens et al. 1986,
Wagner and Yiming 1991). The advantage of using such measuring equipment
is its simplicity, easy workability and low cost, whereas the disadvantage is its
destructive effect on the analysed soil surface and, therefore, no possibility of
carrying out further measurements on the same surface (Garcia Moreno et al.
2008b). According to Garcia Moreno (2006), this tool is good for comparison of
soil surface roughness in different management conditions in the field.

The roller chain was introduced by Saleh (1993), and in this method soil
surface roughness is described by the degree of shortening of a roller chain laid
on the soil surface. It is calculated as a ratio of the horizontal distance between
chain ends placed on the soil surface to the full length of the chain. It is a very
simple tool, inexpensive and giving reasonable results (Skidmore 1997). How-
ever, Thomsen et al. (2015) compared five different techniques to measure soil
surface roughness expressed by random roughness (RR) and they claimed that
nowadays the two contact methods mentioned above (the pin and profiles meter
and the roller chain) have limited applicability, are time-consuming, impractical
in the field and their precision as well as spatial resolution were much lower
than non-contact methods.

Non-contact (non-invasive) techniques include a shadow analysis, a ste-
reo-photography, a laser method and a synthetic-aperture radar (SAR). Garcia
Moreno et al. (2008a) proposed a shadow analysis technique based on the
assumption that the shadows cast by the angle illumination are proportional to
the size of the irregularities on the soil surface. The method based on the photo
analysis is simpler and faster compared to the contact methods described above.
The main disadvantage of the shadow analysis method is the high impact of soil
colour and the content of organic matter and water in the soil on the accuracy of
measurements (Garcia Moreno et al. 2011). Therefore, the authors of this meth-
od emphasize that it is particularly effective for soils in central Spain, character-
ized by low moisture and organic matter content, and because of advantageous
lighting conditions dominant in this region.
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The stereo-photography and the laser scanning techniques are characterized
by a high resolution data created with the aid of three-dimensional models (3D)
(Kamphorst et al. 2000). However, the laser technique is quite expensive due to
the high cost of equipment and covers a rather small area at a time (Romkens
and Wang 1987, Flanagan et al. 1995), whereas the calibration and configura-
tion of the device is complicated (Bretar et al. 2013), processing is time-con-
suming and needs an extensive knowledge about image processing (Mirzaei et
al. 2012). This method involves the formation of clouds of points with the spa-
tial resolution from a few millimetres to a few centimetres, depending on the
distance of the laser to the test object (Lichti and Jamtsho 2006). The laser scan-
ners work in two modes, a single point in a time unit (point scanning) or a stud-
ied surface can be scanned at many points along the line per unit of time (scan
lines). Therefore, laser (LIDAR) techniques require the use of expert software
to process such obtained data (point clouds) (Thomsen et al. 2015). The results
of the laser technique under laboratory conditions are more accurate than under
field conditions during the day, since in the second case, the use of laser tech-
nology is limited due to interference with sunlight (Darboux and Huang 2003).

Zribi et al. (2000), Jester and Klik (2005) and Cierniewski et al. (2015)
proposed various photogrammetry techniques to obtain data on the soil surface
roughness both under laboratory and field conditions. This technique involves
taking photos of a soil surface from different directions. Within these pictures,
the reference targets have to be denoted on the soil surface in order to scale
and register each created DEM. Optimal data acquisition conditions for outdoor
measurements are cloudy weather because there are no shadows on the studied
surface and changes in light conditions are limited. The altitude at which the
pictures are taken should be within a range of 1 to 4 m above the sampled soil
surface (Mirzaei et al. 2012) and for many applications, its area of about 1 m?
should be sufficient (Hansen et al. 1999, Kamphorst et al. 2000, Vidal Vazquez
et al. 2006, Thomsen et al. 2015). Nouwakpo et al. (2010) conducted research at
the plots of 2 x 2 m and they suggested using photogrammetry technique for rel-
atively small plots (area up to 3 x 3 m) since larger area can deform the geomet-
ric model. However, the plot of a given size must be large enough to obtain
a representative elementary area (REA). This area is defined as the minimum
area of the soil surface necessary to conduct reliable measurements. When the
REA will be achieved a soil parameter becomes independent of the sample size
(VandenBygaart and Protz 1998). One field should consist of several small plots
whose number depends on the spatial variability of soil properties. According to
Rieke-Zapp and Nearing (2005) and Linder (2006), for soil surface roughness
measurements the image overlap of 65% is appropriate. Roughness indices are
calculated from the acquired images. Gilliot ef al. (2017) measured soil sur-
face roughness on the basis of 13 images taken with a simple digital camera
from various directions. Position and height accuracy of measurements (about
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1.5 mm) were determined using artificial, polystyrene models of soil surface,
and the error of surface area estimation was less than 0.76%. This method of
measurement was applied on four cultivated fields where performed farming
treatments caused different soil surface roughness levels. The roughness level
in these fields was identified by means of roughness indices calculated from the
images with an accuracy of 96%.

Aguilar et al. (2009) compared photogrammetry and the laser scanning
technique in terms of data acquisition, accuracy, resolution and indices com-
puting capability of soil surface roughness. The research was based on gener-
ated DEMs for smooth and rough soil surfaces within the plot of 0.2 m*located
on two agricultural fields. The authors noted that both techniques create DEMs
with very high resolution (about 1 and 0.4 mm for photogrammetric and laser
scanner technique, respectively) and accuracy (standard deviations about 0.467
and 0.121 mm for photogrammetric and laser scanner technique, respectively).
However, the both techniques have worse performance on rougher soil surfaces.
The next similarities between both techniques are time of DEM’s development
(less than 2 hours) and a price of used devices, which were not too expensive.
However, they claimed that the laser scanning technique can register a more
detailed soil surface roughness model than the photogrammetric technique,
whereas the digital photogrammetry allows data acquisition in a faster way.

Another non-contact sensor which can be used to assess soil surface rough-
ness is a radar, due to the strong impact of soil surface roughness on the backs-
cattered signal. However, in addition to soil surface roughness, its orientation
also influences the backscattered signal (Wegmuller et al. 2011). The advantage
of this technique is registration of larger areas, not limited to plots (Santanello
et al. 2007, Loew and Mauser 2008). Marzahn and Ludwig (2009) tested multi
temporal polarimetric synthetic-aperture radar (PolSAR) data to describe soil
surface roughness and compared this technique with a photogrammetry method.
They used microwave data in hydrological modelling. The test site had a size
of 3 x 8 km? and was characterized by smooth topography and it was used for
agricultural production. Soil surface roughness was measured by microwave
backscatter recording imagery in X-, C- and L-band, during 11 E-SAR flights on
a weekly basis. The authors consider this technique as very promising, because
the results were sufficiently accurate (RMSE = 0.1). However, they noted that
presence of vegetation lead to overestimation of roughness and is not suitable
for an operational use. Such an area covered partially with vegetation can be
masked out during data processing and an applied operation would allow to
slightly increase the roughness assessment accuracy. However, in the future it
requires some enhancement, e.g. by solving the problem of mismatch between
adjacent pixels caused by strong height and illumination differences.

Depending on the accepted measuring method of soil surface roughness,
the spatial scale of the analysed surface and the amount of acquired data, vari-
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ous coefficients can be used to quantify soil surface roughness (Garcia Moreno
et al. 2008b). Martinez-Agirre et al. (2016), similarly to Smith (2014), divided
these coefficients into four groups and in the first group there are parameters
measuring the vertical dimension of soil surface roughness or the magnitude of
the elevation variations of the points on the soil surface (vertical parameters).
In the second group there are parameters measuring the horizontal dimension
of soil surface roughness or the relation between the height of a point and that
of its neighbours (horizontal parameters). In the next group there are parame-
ters combining both dimensions (combined parameters). The last are parameters
based on the fractal theory, which measure self-affinity between height varia-
tions at different spatial scales (fractal parameters). There are many statistical
and geostatistical indices which have been proposed and tested for their ability
to describe soil surface roughness (Allmaras et al. 1966, Linden and Van Dor-
en 1986, Hansen et al. 1999). Random roughness (RR) is the most common-
ly used index in the studies described in literature. This index determines the
standard deviation of heights to a reference plane and is transformed to natural
logarithms. Besides, it is calculated after eliminating oriented roughness, deter-
mined by tillage tools from the analysed data (Allmaras et al. 1966). Currence
and Lovely (1970) removed logarithmic transformation and calculated only the
standard deviation of heights. After that this index was more sensitive and then
used by most authors (Bertuzzi et al. 1990, Hansen et al. 1999, Kamphorst et
al. 2000). However, the researchers noted some inaccuracies as regards using
this parameter, because two the same hypothetical soil surfaces having the same
roughness may have other RR values resulting from different field topographies
(Merrill et al. 2001).

Two another indices for describing soil surface roughness are, the Height
Standard Deviation (HSD) expressing a shape of soil surface within its deline-
ated basic DEM unit (Marzahn et al. 2012) and T, expressing the ratio of the
actual value of the DEM unit to a flat horizontal surface (Taconet and Ciarletti
2007). Soil surface roughness may also be described by the Root Mean Square
(RMS) index (Allmaras et al. 1966) which was used in many studies (Malin-
verno 1990, Gallant et al. 1994, Vidal Vazquez et al. 2005). The index allows
to evaluate the root mean square variation of elevation values at increasing lag
distances (Vidal Vazquez et al. 2005). Vidal Vazquez et al. (2006) claimed that
variational techniques, which include the RMS index, more precisely describe
soil surface roughness in comparison to non-variational methods, includ-
ing e.g. tortuosity or box counting. They obtained results with the respective
coefficient of determination in the range of 0.972—-1.000. Garcia Moreno et
al. (2008b) analysed soil surface roughness created by three different types of
tillage tools on three different soils. To describe soil surface roughness, they
used the Standard Deviation (SD) parameter, which calculate values between
all the data points within an area of about 1 m?. They also used the Coefficient
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of Variation (CV) representing the standard deviation based on the average
value. The authors selected these parameters because they have more global
representation compared to the RR and RMSH indexes. The authors obtained
very similar results using both indices with the correlation of 99.9%. Linden
and Van Doren (1986) proposed two indices accounting for the spatial scale,
based on the first order semivariogram, i.e. elevation difference measure, lim-
iting elevation difference (LD) and limiting slope (LS). They are based on the
average relief (elevation diversity) and the slope of clods occurring on a soil
surface. The LD and LS indices describe the vertical component and also the
interval length scale within soil surface roughness, respectively. Both indices
are strongly related to the configuration of soil surface roughness and sensitive
to diversity of soil roughness.

The mean upslope depression index (MUD) was developed by Hansen
et al. (1999) to predict soil surface depression storage capacity. This index
is based on the elevation differences between a reference point and another
point placed on a line segment but above the reference point. Within each line,
the calculations are conducted, taking into account a new reference point. The
authors recommended segment length of 30 cm. Martinez-Agirre ef al. (2016)
evaluated and selected the soil surface parameters, among 21 roughness param-
eters (divided into 4 groups), which best characterized soil surface roughness
caused by tillage practices. The authors indicated LD and MUD, as the best
parameters for differentiating various soil surface roughness caused by differ-
ent tillage practices. However, the most sensitive parameters to rainfall action
were LS and two fractal parameters: the crossover lengths 1 . (fitted to the
first stretch of the semivariogram and the intercept of the linear trend) and I,
(crossover length). The researchers noted that the RR index is better for gentle
sloping surfaces, whereas the MUD index better suits for steeper slopes. All
the vertical parameters or the combined parameters, e.g. the standard deviation
of heights or MUD, were highly correlated with each other, so the recommen-
dation was to select the simplest parameters, which are mentioned above. The
authors also presented the parameters which showed low correlation with the
rest, e.g. 1, and LS.

CONCLUSIONS

1. Each tillage treatment creates a specified shape on the soil surface called
soil surface roughness. A size of soil surface roughness and its stability depends
on farming practices, weather conditions occurring during and after tillage treat-
ments and soil properties. The presence of clay, organic carbon, iron oxide, cal-
cium carbonate and moisture in soil promote creating larger and more stable
surface roughness.
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2. Monitoring and systematically collected information about soil surface
roughness is very important, because it plays a key role in agriculture, soil sci-
ence, hydrology and remote sensing. Deepening the knowledge on the quan-
titative characterization of soil surface roughness formed by tillage tools can
be used in the issues described above. The knowledge of soil surface rough-
ness could allow to predict soil erosion intensity, determine amount and speed
of flow surface and infiltration, predict the amount of water stored in the soil,
thereby, it increases development of fauna and flora and improves the structure
of soil and its biological quality. Furthermore, knowledge of quantitative soil
surface roughness will allow more accuracy of interpretation of the soil proper-
ties using remote sensing techniques. The problem of disruptions of reflectance
spectra caused by soil surface roughness is well known but is still not solved.
The situation is similar to the issue of imaging spectroscopy data, which are
used for prediction of quantitative surface soil properties.

3. In order to solve the above-mentioned issues, there is the necessity for
a quantitative description of soil surface roughness. So far, many techniques
for measuring and indices for estimation of soil surface roughness were devel-
oped and in this paper only some of them were presented. Each of the meth-
od or index have some advantages such as ease of use, low cost or high res-
olution of registered data. But these techniques have also some disadvantages
such as a destructive effect on analysed soil surface and difficult workability or
processing requirements. However, from various techniques, the authors rec-
ommend remote sensing methods which are non-contact, fast and can provide
detailed data from large areas for estimation of soil surface roughness. Among
the remote sensing sensors, SAR is very promising, since it can work in cloudy
weather conditions and allow to register larger area compared to other detec-
tors. The laser technique is quite expensive due to the high cost of equipment
and covers a rather small area at a time. The calibration and configuration of
the device is complicated, data processing is time-consuming and it requires
extensive knowledge about image processing. Taking all this into account, the
photogrammetry technique is better than laser scanning for registering soil sur-
face roughness, because it is a faster technique. It also registers data with high
accuracy, it is important because soil surface roughness may differ even within
one field but these changes can be very subtle. A camera for stereo-photography
is easy to use in the field, the image processing is simplified and software to pro-
cess is absolutely clear (comprehensible to the user). However, when using this
technique, there are some aspects that should be borne in mind, i.e. the altitude
at which photographs are taken, the size of a plot in photos, reference target
placed on registered soil surface. Also, the area of each photo has to partial-
ly coincide with the area of the photo taken from the neighbouring direction,
creating a stereoscopic photo of analysed plots. Additionally, a photo of a few
plots within one field should be taken. Further development of photogrammetric
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methods is associated with the possibility of using unmanned aerial vehicles
(UAV) to carry the camera. The use of such a platform will allow even faster
acquisition of variable resolution data depending on the altitude at which the
images will be taken.
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