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Abstract: Soil erosion is a serious problem especially on arable land in the loess areas of southern
Poland. Reliable data of soil erosion are important to propose a proper method of soil conservation.
Measurements of '*’Cs inventory allow obtaining both long-term mean value of soil erosion and spa-
tial pattern of soil erosion. To obtain quantitative results of soil erosion from '*’Cs measurements one
of the mathematical models must be used. Currently, there are many such models in circulation and
the results of calculations of soil erosion depend not only on the particular model but also on values
assumed for parameters of this model.

This paper describes some problems related to calculating soil erosion and deposition based on *’Cs
data, namely, the influence of additional parameters on calculated soil erosion is considered. In par-
ticular, we have considered the influence of values assumed for plough depth, y factor, particle size
correction factor, soil density and the contribution of the post-Chernobyl deposition to the total cae-
sium deposition on the calculated soil erosion values. The calculations of soil erosion have been done
for four, most commonly used models, using real caesium inventory data collected by the authors.
The influence of errors of model parameters on the results of soil erosion rate estimates is about 1%,
or less for 1% relative error in the parameter.
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plified mass balance model, refined mass balance model.

1. INTRODUCTION

It is widely known that soil erosion poses a serious
problem in many environments. Accelerated soil erosion
on agricultural fields, especially in loess areas, is cur-
rently an important issue and there is only limited infor-
mation about soil erosion rates. It is mainly due to that
the fact that the traditional methods of soil erosion esti-
mation are time consuming and that results obtained for
experimental plots are hardly comparable with one an-
other (Toy et al., 2002). Use of *’Cs for estimating soil
erosion helps overcoming some of the limitations of tra-
ditional methods (Ritchie and McHenry, 1990) and
makes it a valuable alternative. The spatial distribution of
soil loss and its magnitude can be obtained by the *'Cs
method. The first attempts to use >'Cs to estimate soil
erosion were undertaken in the 1960-ties (Yamagata
et al., 1963; Rogowski and Tamura, 1965) and since then
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7Cs was used in soil erosion and deposition studies.
37Cs is a fission product and a gamma emitter with en-
ergy of 661.6 keV and half-life of 30.02 years. After
deposition on the ground surface, '*’Cs becomes rapidly
and strongly adsorbed on soil particles (Sawhney, 1972;
Schultz et al., 1960; Schultz, 1965; Tamura, 1964). These
properties make the '*’Cs isotope a valuable tracer of soil
erosion in the medium term. For the last 40 years, the
fallout '*’Cs has been widely used as environmental
tracer to study soil erosion (Ritchie and McHenry, 1990;
Zapata, 2003). The simple comparison of the '*’Cs inven-
tory for the study area with the reference value of *’Cs
inventory for a non-eroded and non-deposited site allows
recognition of erosion and depositional areas. But a quan-
titative assessment of soil erosion and deposition needs a
mathematical model of the erosion process. There are
many formulae existing that may be used to convert '*'Cs
inventory measurement results into numerical estimates
of soil erosion and/or deposition. In a nutshell, all of them
may be divided into two main categories: empirical rela-
tionships and theoretical models. The empirical equations
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were established on a base of simultaneous measurements
of ’Cs and soil losses from erosion test plots (Menzel,
1960; Rogowski and Tamura, 1970; Ritchie et al., 1974).
Usually the relationship between soil loss and *’Cs loss
is exponential. More reliable results of soil erosion esti-
mation could be obtained from theoretical models, espe-
cially from Mass Balance Models (Walling and Quine,
1990; Walling and He, 1999). Unfortunately, using
mathematical models requires additional parameters
whose values, if not carefully chosen, can severely bias
the results of soil erosion calculations.

Below, we compare values of soil erosion obtained in
different models for caesium inventory data measured on
a cultivated field on loess soil in Ujazd, southern Poland
(Porgba, 2006; Poreba and Bluszcz, 2007). The models
applied were the most commonly used ones, namely the
Proportional Model (PM), Mass Balance Model (MBM),
Refined Mass Balance Model (RMBM) and Simplified
Mass Balance Model (SMBM). We also analyse sensitiv-
ity of the models to several additional parameters. In
particular, we discuss the influence of soil density (B),
plough depth (d), proportion of freshly deposited '*'Cs
removed before the first ploughing (y), particle size cor-
rector factor (P), relaxation mass depth (H) of the initial
17Cs distribution in the soil profile and the influence of
post-Chernobyl contribution to the total caesium deposi-
tion on modelled soil erosion values.

2. CULTIVATED SOIL EROSION MODELS SE-
LECTED FOR ANALYSES

As mentioned above the four models selected for de-
tail analyses were: PM, SMBM, MBM and RMBM.

The proportional models were established and used by
many authors (for example, de Jong et al., 1983; Kach-
anowski, 1987). These model have been summarised by
Walling and Quine in 1990. These models are based on
the assumption that all deposited '“’Cs is completely
mixed within the plough layer and thus the erosional soil
loss is directly proportional to the reduction of caesium
inventory in the soil profile. The model equation can be
written as follows (Walling and Quine, 1990):

o BdX

= 2.1
100T @D

A —A
where: X = —% 100 and
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R — mean soil erosion rate (kg m” yr''), B — bulk density
of the soil (kg m™), d — depth of plough layer (m),
X — percentage reduction of *’Cs inventory, A,or — local
Cs reference inventory (Bq m?), A — *’Cs inventory at
the sampling point (Bq m?), T — time elapsed since be-
ginning of *’Cs accumulation (yr).

PM model requires apart from caesium inventory data
only the bulk density of the soil and the depth of plough-
ing. The model is very easy to use but has several limita-
tions. First, the model relies on the assumption that cae-
sium is uniformly distributed within the plough layer.
This results in caesium depletion being directly propor-
tional to soil loss. It should be noted, that immediately
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after deposition, the surface contains more caesium than
lower soil layers. It means that calculated soil loss may be
overestimated (Walling and Quine, 1990). Second, due to
selective removal of fine soil particles which adsorb *’Cs
more readily than the coarse grains, soil erosion may be
again overestimated. To solve this problem the particle
size correction factor P should be incorporated into
Eq. 2.1 (Walling and He, 2001). The proportional model
does not take into account the fact that the presence of
erosion leads to dilution of the caesium concentration in
the cultivated soil in subsequent years of ploughing. The
fact limits the use of PM to low erosion rates.

To overcome the limitations of PM models, the mass
balance model was proposed (Walling and Quine, 1990;
Walling and He, 1999; Kachanowski and de Yong, 1984).
The mass balance model is described by the following
equation:

dA(?)

2.2
0 22)
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where:

A(f) — cumulative "*’Cs activity per unit area (Bq m™) at
time 7, R — soil erosion rate (kg m™ yr™), d,, — the average
plough mass depth (kg m?; d,, = d-B), A — the radioactive
decay constant for *’Cs (yr"), I(f) — annual *’Cs deposi-
tion flux (Bq m™ yr').

The model takes into account the actual atmospheric
deposition of ’Cs as well as the dilution of *'Cs by
tillage. The authors concluded that this model is probably
limited to sites where soil erosion is between 0.5 and
10 kg m™ yr'. They also suggested that outside this range
the relative errors are higher (Kachanowski and de Jong,
1984). The main reasons of incorrect estimation of soil
erosion by MBM model are selectivity of soil erosion
processes on the grain size distribution and removal of
freshly deposited caesium with the soil uppermost layer
before it is mixed into the plough layer.

To overcome problems related to selective sorption
and erosion, and to removal of freshly deposited 137Cs,
the mass balance model was improved by Walling and He
(1999) to the form:

aaw _
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where:

I' — fraction of freshly deposited *’Cs removed by ero-
sion before mixing into the plough layer, P — particle size
correction factor.

To establish the P value for the study area, informa-
tion on grain size distribution in soil and in eroded mate-
rial is required. Usually the mobilized sediment moved by
runoff is enriched in fine particles when compared to the
original soil, and thus the parameter P is not smaller than
unity (Walling and He, 1999; He and Walling, 1996).

According to He and Walling (1997), if an initial dis-
tribution of *’Cs can be assumed exponential, then T
may be expressed as:
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where:

y - proportion of annual “’Cs input susceptible to re-
moval by erosion depending on local agricultural and
rainfall conditions; H — the relaxation mass depth of the
initial exponential distribution of '*’Cs in the soil profile
(kg'm™). H parameter can be experimentally assessed for
particular location, whereas the value of y factor depends
on the timing of cultivation operations and the rainfall
time distribution (Walling and He, 1999).

This refined mass balance model is more realistic
compared to the original mass balance model and to the
simplified mass balance model presented below. RMBM
model introduces three additional parameters: H, y and P.

The fourth model chosen for this study is a simplified
mass balance model which was published by Zhang et al.
in 1990. The authors assumed that the total *’Cs fallout
occurred in 1963, rather than in the period from 1954 to
1976. Thus, the mean annual soil loss rate is expressed as
follows:

1/(t-1963)
Y= d_B 1-11 _L (2.5)
P 100

where:

Y is the mean annual soil loss (kg m?), ¢ is the calendar
year when X was measured and other parameters are
defined as in PM and RMBM models.

To account for the effects of selective removal of fine
particles, the particle size correction factor P may be
used. Because of the assumed caesium deposition pattern,
SMBM model is applicable to calendar years distant from
1963 and to areas with no post-Chernobyl caesium depos-
ited.

3. DATA USED IN CALCULATIONS

The selected models were aplied to agricultural loess
areas near Ujazd in southern Poland, used as a farmlad
for more than 60 yeras. The detailed studies of “*’Cs
deposition as well as physical and chemical properties of
soil were a subject of a previous work presented by the
current authors (Porgba and Bluszcz, 2007). The average
altitude is about 220 m above see level and the inclination
of slopes is in the range between 4° and 10°. The average
annual rainfall in this region is 675 mm, with a minimum
of 277 mm in 1953 and maximum of 933 mm in 1981.

Table 1. Values of additional parameters taken to calculations (marked
values used to obtain simulation for Fig. 1).

Assumed values
0.20; 0.25;0.30; 0.35
1100; 1200; 1300; 1400

Name of parameter
plough depth d, (m)
soil density B, (kg/m?)

parameter H, (kg/m?) 1:2;4;6;8
parameter y 0.1;0.2;0.4;0.6;0.8; 1.0
particle size correction factor P 1.0;1.2;1.4,16

relative contribution of post-Chernobyl  40; 50; 60; 70; 80
137Cs deposition to the total 1¥7Cs

deposition, (%)

Generally, the highest precipitation is in July. The highest
daily rainfall was recorded in July 1997 — 257.8 mm. The
area is contaminated by caesium from the exploded nu-
clear reactor in Chernobyl — about 70% of the total cae-
sium deposition origins from the explosion in Chernobyl
nuclear power plant.

The loess cover in this area has the thickness up to
10 m. The loess sediment is homogenous with a typical
grain size distribution with the mean value of 32.9 pm.
The upper part of the loess profile does not contain car-
bonates.

To obtain numerical values of soil erosion, the total
caesium deposition and, for some models, annual deposi-
tions must be known. The total amount of caesium depos-
ited, i.e. the reference value, in this area is relatively
simple to assess by measuring concentrations of *’Cs in
soil in places where neither erosion nor accumulation
occur. Assessing annual depositions is more difficult,
however. There are only few sites in the world where
caesium deposition has been measured continuously since
nuclear weapon tests started. One of possible solutions is
to use the correlation between global caesium deposition
and precipitation (Porgba and Bluszcz, 2007; Walling and
He, 1999). For the purpose of this work, we use annual
caesium deposition data presented in Porgba and Bluszcz
(2007).

Calculations of soil erosion have been made for dif-
ferent values of additional parameters: d, B, H, y, P and
for different ratios of post-Chernobyl to global caesium
depositions. Ranges of values of these parameters were
set on the basis of literature survey and on authors’ previ-
ous research and are given in Table 1. Values of the
parameter d were set according to the range of ploughing
depth on the loess areas. Typically, the value of plough
depth for the loessial soils is between 25 and 30 cm. The
lowest and highest values of plough depth presented in
Table 1 are rarely seen for specific soils or tillage. Values
of soil density are typical for a loess soil. It should be
mentioned that soil density may vary during the year
more than uncertainty of the measurement of soil density.
Moreover, soil density changes in the soil profile, but
fortunately remains quite constant in the plough layer.
The parameter H usually varies between 2 and 6 kg/m’.
This value depends on the soil condition and rainfall and
can be estimated experimentally by using a rainfall simu-
lator (He and Walling, 1997). Also, establishing the value
of the parameter y is difficult. Its value depends on the
local rainfall and tillage patterns over the year (Walling
and He, 1999). For areas with one ploughing and high
rainfall just before the tillage, the value of this parameter
is 1.0. In general, this value varies from 0.2 to 1.0. It
means that, similarly to the parameter H, the influence of
this parameter on the final results of soil erosion calcula-
tion should be tested.

The particle size correction factor for soils ranges
from 1.2 to 1.6. The value of this parameter was observed
to exceed 2.0 but not for dust material. The detailed de-
scription of how to estimate P were presented by He and
Walling (1996). The particle size correction factor is
defined as a ratio between specific surface area of mobi-
lized sediment and of original soil.
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The specific surface area could be obtained from grain
size distribution assuming spherical shape of particles.
Compared to parameters H and y, this parameter is well
defined and could be measured with high confidence.

4. RESULTS AND DISCUSSION

Calculations of soil erosion were performed applying
the four models using the same values of model parame-
ters. The results are presented in Fig. 1. Generally, the
estimated values of soil erosion and deposition depend on
the model used. The soil erosion values obtained by
SMBM simplified mass balance model are higher than
those obtained by RMBM. Moreover, the results of esti-
mated soil erosion by MBM are even higher than results
obtained by SMBM. The results of soil erosion obtained
by the PM, RMBM and SMBM are similar, whereas the
results of soil erosion estimation obtained by the MBM
are substantially higher. In Fig. 2, the results of three
models are presented as relative deviations from RMBM
results. It may be seen again that MBM provides esti-
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soil erosion rate (Mg ha™a™)
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Fig. 1. Results of soil erosion calculations based on Cs inventory
data. Calculations performed for four models: PM, MBM, SMBM and
RMBM (description of the models in the text).
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Fig. 2. Relative differences in calculated soil erosion between PM,
MBM., SMBM and RMBM.

mates of soil erosion different from the other three mod-
els. Moreover, the difference between the RMBM and
PM is the smallest. It is surprising, because PM is a
model with the assumption, which is sometimes consid-
ered problematic. However, above 70% loss of cesium
inventory the difference between PM and RMBM are
became higher than observed for SMBM and RMBM. To
recognize the sensitivity of soil erosion estimates to
changes of additional parameters another calculations
were performed for ranges of values of model parameters.
The values of model parameters taken to calculations are
presented in Table 1.

PM model uses two parameters: the plough depth (d)
and the soil density (B). Changing the plough depth from
30 cm to 35 cm changes the calculated soil erosion by
about 16.7%, whereas changing the soil density of
1300 kg/m® by 100 kg/m® changes the soil erosion calcu-
lation by 7.7%. In other words, the sensitivity of PM to
changes of parameters d and B is 1%/%. This directly
results from the mathematical form of this model.

Mass balance models, especially RMBM, include
more parameters. The simplest case is SMBM. The sim-
plified model does not require annual caesium deposition
values; it makes an assumption that all caesium deposi-
tion took place in 1963. This assumption certainly does
not hold true in the areas contaminated by the Chernobyl
caesium. Nevertheless, SMBM calculations were done
for the ranges of parameter values presented in Table 1.
Annual soil erosion is proportional to the value of pa-
rameters d and B, so the sensitivities are 1%/% for both.

For MBM, calculations of the soil erosion were car-
ried out for plough depths and soil densities given in
Table 1. Results of soil erosion calculations for different
plough depths are shown in Fig. 3, whereas results for
different soil densities are shown in Fig. 4. It is visible,
that the influence of the plough depth on the soil erosion
estimation does not depend on the depletion of the *’Cs
from the soil profile. The sensitivities of MBM to
changes of parameters d and B are 1%/% for both.

In case of RMBM the influence of the parameters P, y
and H on the calculated soil erosion was studied. The
influences of the plough depth and soil density on the
results of soil erosion calculation are the same as in
MBM.

Results of calculations of soil erosion values are pre-
sented in Figs 5-7. It is clear that the calculated soil ero-
sion increases with the parameter H, while it decreases
with parameters y and P. To measure the influence of
these parameters on calculated erosion rates three sensi-
tivities were defined:

S, = AR% 5, = AR% ,
AP%|p_, AV 4
H= AR% , 4.1
AH% H=4
where:

AR% is a relative change of the soil erosion rate caused
by a relative change AP%, Ay% or AH% of the respective
parameter.
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Fig. 3. The influence of the plough depth p on calculated values of
soil erosion in MBM. Lines plotted for different values of *37Cs inven-
tory depletion.
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Fig. 4. The influence of soil density B on calculated values of soil
erosion in MBM. Lines plotted for four different values of soil density.

The sensitivities were calculated for three different
137Cs depletions and are presented in Table 2. It occurs
that RMRM is more sensitive to the parameter P than to
parameters H or y. Fortunately, the value of the parameter
P may be established with a good accuracy by measuring
grain size distributions for soil and for transported sedi-
ment. The values of parameters y and H are difficult to
establish with good accuracy (Walling and He, 1999).
The accident in Chernobyl nuclear power plant in 1986
presents another problem for the soil erosion determina-
tion by a *’Cs method because a large part of Europe was
contaminated by the caesium released during this event.
In case of SMBM or PM, this additional deposition can
not be accounted for and makes the calculation of soil
erosion rates incorrect. MBM and RMBM require annual
values of *’Cs deposition and correct values of post-
Chernobyl caesium fallout are essential for them. In the
short period directly after the Chernobyl accident, it was
possible to calculate the share of the Chernobyl caesium
in the total caesium by measuring another caesium iso-
tope — **Cs. This isotope has a short half-life time (about
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soil erosion rate (Mg-ha™-a™)
s
o
;

20

loss of "*’Cs relative to reference inventory (%)

Fig. 5. The influence of parameter H on calculated values of soil
erosion in RMBM. Lines plotted for five different values of the pa-
rameter.
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Fig. 6. The influence of parameter y on calculated values of soil
erosion in RMBM. Lines plotted for different values of the parameter.
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Fig. 7. The influence of the parameter P on calculated values of soil
erosion in RMBM. Lines plotted for four different values of the parame-
ter.
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2 years) and had been once used as a tracer of the post-
Chernobyl deposition. But now, about 20 years later, this
possibility is no longer available. Another solution of this
problem is to use the local rainfall record and its correla-
tion with the global Cs fallout (Por¢ba and Bluszcz,
2007). This procedure introduces additional uncertainties
and to estimate their importance additional calculations
were performed. Results of calculations for varying post-
Chernobyl caesium contributions are presented in Fig. 8.
They show that soil erosion rates calculated in RMBM
depend on Ch parameter defined as:

Ch= ﬂloo (4.2)

tot

where:
Acy and A4, are post-Chernobyl and total ¥7Cs invento-
ries respectively.

The relationship between the soil erosion rate and the
contribution of post-Chernobyl caesium is non-linear. To
illustrate the fact a sensitivity Scy was defined:

_ AR%

S - 43
O ACH |0 *2

where:
ACh% — is a relative change of the relative contribution
of post-Chernobyl caesium in the total caesium deposi-

Table 2. The obtained values of sensitivities of the RMBM to the
parameters P, y and H.

The loss of 1¥7Cs inventory (X), (%)

20 40 60
Parameter Sensitivity
H 0.56 0.50 0.37
y -0.71 -0.74 -0.77
P -0.88 -0.95 -1.14
Ch 0.14 0.16 0.19
250
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Fig. 8. The influence of post-Chernobyl *37Cs deposition on calculated
values of soil erosion in RMBM. Lines plotted for five different values of
the contribution of post-Chernobyl deposition to the total 137Cs deposi-
tion.

tion and calculated for different X values. The calculated
sensitivities are given in Table 2 and they show that
RMBM is quite resistant to possible errors in estimating
post-Chernobyl deposition of *’Cs.

5. CONCLUSIONS

We have shown how the calculated values of soil ero-
sion rates depend on the model and on the values of its
parameters for given experimental data. Among the four
analyzed models, MBM yields results that are signifi-
cantly larger than results of RMBM, SMBM and PM.
However, for data without post-Chernobyl caesium con-
tribution MBM and SMBM yield closer results — the
difference is around 10% only.

PM produces results that are significantly higher than
RMBM results for X below 40% and lower than RMBM
results for X above 70%. SMBM basically could not be
used for a studied area produces much higher figures of
erosion rates than RMBM does. For X below 40%,
SMBM erosion rates are about twice as big as RMBM
ones.

The influence of errors in model parameters on results
of soil erosion rate estimates is acceptable (about 1%, or
less, for 1% relative error) and is comparable with uncer-
tainties of measurements.
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