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Abstract: Evapotranspiration is the sum of evaporation of water from soils and transpiration from plants.  It is a crucial part of 

the water cycle and can be measured using lysimeters.  However, lysimeters require high maintenance and operation costs; as 
such, evapotranspiration models are used for making predictions.  Thus, the aim of the present study was to calibrate the Hydrus-
1D to predict the water balance components of a thin evapotranspiration covering layer for potash tailings piles.  Further 
simulations were performed using different fine fraction proportions, soil textures and crop parameters.  A high association 
between the calibrated and observed drainage of substrates was found, with a variation of 2.9% (approximately 13.6 mm).  
Drainage estimates were lower with increasing root depth, crop height and proportion of fine particles (< 2 mm diameter) in the 
substrates.  Fine fractions in the substrates increased the water storage and the evapotranspiration capacity of the substrates and 
therefore contribute to improving the efficiency of evapotranspiration covers and can facilitate reducing brine drainage from 
potash tailings piles. 
Keywords: water fluxes, greening, mining, perennial grasses, municipal wastes, coal combustion residues  

Citation: Bilibio, C., O. Hensel, D. Uteau, and S. Peth. 2021. Simulation of evapotranspiration and drainage from potash tailings 
covers using Hydrus-1D. Agricultural Engineering International: CIGR Journal, 23(2):85-98. 

 
 1  Introduction 

Brine drainage from potash tailings piles impacts 
natural ecosystems due to the high concentration of 
sodium chloride (Cañedo-Argüelles et al., 2017). This 
drainage may be reduced using natural processes, such as 
evapotranspiration (Rauche, 2015). Evapotranspiration is 
the second major component in the water cycle, after 
precipitation (Lamb, 2015). Researchers have estimated 
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that 60% of continental precipitation is transported to the 
atmosphere by evapotranspiration (Novák, 2012). 
Evapotranspiration is the sum of evaporation of water 
from soil and transpiration from plants (Lamb, 2015). 
Evapotranspiration is important as it consumes energy 
(Novák, 2012), regulates the temperature of leaves and 
soil (Thornthwaite, 1948), determines the water 
requirements for crops and irrigation schedules (Goyal 
and Harmsen, 2014), and recharges surface and ground 
water (Tukimat et al., 2012). Additionally, the selection 
of crops and production regions are also based on 
evapotranspiration studies (Goyal and Harmsen, 2014). 

Evapotranspiration rates are governed by weather 
conditions, such as solar radiation, temperature, wind 
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speed, water vapor concentration gradients (Allen et al., 
1998), available moisture at the root zone, land 
management (Thornthwaite, 1948), plant type and growth 
stage (Doorenbos and Pruitt, 1977). Three main concepts 
describe evapotranspiration: reference evapotranspiration, 
crop evapotranspiration and actual evapotranspiration 
(Goyal and Harmsen, 2014; Allen et al., 1998). Reference 
evapotranspiration (ETo) refers to water consumption by 
a hypothetical grass, with uniform height (0.12 m) and 
not limited by water or nutrients (Allen et al., 1998). 
Crop evapotranspiration (ETc) incorporates evaporation 
and transpiration by a field crop under optimal conditions 
(Allen et al., 1998), whereas actual evapotranspiration 
(ETa) indicates the quantity of water removed from crops 
under nonstandard environments (Allen et al., 1998). 

Actual evapotranspiration can be measured using 
lysimeters (Goyal and Harmsen, 2014). Lysimeters 
evaluate evapotranspiration by measuring water balance 
components, e.g., precipitation, surface runoff, drainage 
and variation in soil-water storage (Abtew and Melesse, 
2013). Nevertheless, lysimeter measurements represent a 
specific area and have high operation and maintenance 
costs (Abtew and Melesse, 2013). Hence, observational 
data should be used to calibrate evapotranspiration 
models allowing one to make predictions (Goyal and 
Harmsen, 2014; Radcliffe and Šimůnek, 2010).  

Several studies have simulated water flow processes 
using Hydrus code (Kodešová et al., 2014; Li et al., 
2014). Hydrus is one of the most robust models for 
simulating water flow in up to three dimensions 
(Šimůnek et al., 2008). Hydrus simulates infiltration, 
evaporation, transpiration, redistribution, and discharge 
water through saturated and unsaturated media using the 
Richards equation (Šimůnek et al., 2008; Radcliffe and 
Šimůnek, 2010). Heat and solute flows within the media 
can also be studied via advection-dispersion equations 
(Radcliffe and Šimůnek, 2010; Lamb, 2015).  

However, few studies have been conducted to 
simulate water fluxes from evapotranspiration covers for 
potash tailings piles using experimental field data, 
because it is expensive to conduct lysimeter experiments 
on potash tailings piles; the steep slopes of the piles, 40o, 
make it difficult to install experiments; and the saline 

nature of the potash tailings piles, containing 
approximately 90% salt, prevent crop growth. 
Evapotranspiration covers, also known as water balance 
covers, soil-plant covers or store-and-release covers 
(Rock et al., 2012), use a precipitation soil reservoir and a 
vegetation cover to move the moisture back to the 
atmosphere (Hauser, 2009). Regarding the soil, Hauser 
(2009) suggests the use of local materials to reduce 
transport costs. The soil should have a high water 
retention capacity and fertility to guarantee the 
vegetation’s growth (Hauser, 2009). Evapotranspiration 
covers are used to reduce the water infiltration into waste 
systems, decrease the seepage from the wastes to ground 
water, control emission of gases (Hauser et al., 2001), 
decrease erosion and exposure to the wastes and restore 
the landscape (Rock et al., 2012; Hauser, 2009). The 
performance of evapotranspiration covers is generally 
evaluated by measuring or estimating the seepage (Rock 
et al., 2012). This is achieved by determining all water 
balance components (Hauser et al., 2005). Estimating 
evapotranspiration is important because it is the largest 
output term and controls the size of the other water 
balance components (Hauser et al., 2005). 

Therefore, the aim of this study was to calibrate and 
test the Hydrus-1D to make predictions using 
observational data from a lysimeter experiment. More 
specifically, this study aims to evaluate the 
meteorological conditions of the experimental site, 
drainage and evapotranspiration from substrates, 
composed of municipal solid waste incineration bottom 
ashes and coal combustion residues. This research 
additionally examines the water fluxes in Hydrus-1D 
using daily precipitation, air temperature, solar radiation, 
wind speed and relative air humidity from a weather 
station located approximately 20 km away. Last, this 
article aims to predict evapotranspiration and drainage by 
using different values of fine fraction, soil texture and 
crop parameters, such as root depth and crop height.  

2  Material and methods 

2.1  Experimental site and design 
The experiment was conducted on the potash tailings 

pile at the Wintershall potash plant, 50° 53' 160'' north 
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and 9° 59' 12'' east, on the outskirts of Heringen, 
Germany. The experiment included 4 treatments with two 
repetitions, using eight nonweighable lysimeters. The 
lysimeters were 3 m deep and each covered an area of 2 
m². The treatments comprised four substrates made of 
different proportions of municipal solid waste 
incineration bottom ashes (12-mm sieve) and coal 
combustion residues.  

Substrate 1 was composed of 80% municipal solid 
waste incineration bottom ash and 20% coal combustion 
residues. Substrate 2 was composed of 70% municipal 
solid waste incineration bottom ash and 30% coal 
combustion residues. Substrate 3 was composed of 60% 
municipal solid waste incineration bottom ash, 10% 
washed sand from gravel extraction, and 30% coal 
combustion residues. Substrate 4 was composed of 50% 
municipal solid waste incineration bottom ash, 30% coal 
combustion residues, 10% furnace bottom ash with 
particle sizes between 0.2 and 2 mm, and 10% of the 
original bottom ash with particle sizes from 0 to 6.3 mm 
(Schmeisky and Papke, 2013). 

A seed mixture containing 65% perennial ryegrass 
(Lolium perenne L.), 25% red fescue (Festuca rubra L.) 
and 10% Kentucky bluegrass (Poa pratensis L.) was 
sowed from 5 August to 26 September 2013, totaling 70 
g m-2 (Schmeisky and Papke, 2013). In addition, the 
annual quantity of fertilizer applied was 83 g m-2 in 2013, 
193 g m-2 in 2014, 94 g m-2 in 2015, and 158 g m-2 in 
2016, consisting of 61 g m-2 of nitrogen, 80 g m-2 of 
phosphorus, 79 g m-2 of potassium and 9 g m-2 of 
magnesium (Schmeisky and Papke, 2013; Papke and 
Schmeisky, 2017). 
2.2  Meteorological data 

Micrometeorological parameters were registered 
automatically by a Thies-Clima weather station, equipped 
with a Datalogger DLx-MET. Wind speed (m s-1, 3-m 
height), air temperature (2-m height), soil temperature 
(0.3-m depth), relative air humidity (2-m height) and 
solar radiation (2-m height) were recorded at 10-min 
intervals. Precipitation was assessed by the Thies weather 
station using a tipping bucket system, in addition to 4 rain 
gauges installed at ground level and 5 gauges installed at 
1-meter height (Table 1). 

Table 1 Meteorological data from the Heringen experimental field site during three hydrological years 

Note: Ø is the average value, Ʃ is the sum value, ET(H) is Haude´s potential evapotranspiration, ETo is the reference evapotranspiration, ETc is the crop 
evapotranspiration, ± refers to the standard deviation, CV is the coefficient of variation 

Table 2 Water retention curve parameters according to Van Genuchten (1980) model of the substrate 1 
Depth Bd θr θs α 

m n R2 
Ks 

m g cm
-
³ ----- cm3 cm

-3 ----- 1 cm
-1

 cm d
-1

 

0.0-0.04  1.16 0.000 0.5202 0.0728 0.1794 1.2186 0.9937 785.5 
0.20-0.24 1.17 0.000 0.5160 0.1082 0.1654 1.1982 0.9926 902.7 
0.40-0.44  1.25 0.000 0.4860 0.0745 0.1748 1.2118 0.9935 546.9 
0.60-0.64 1.23 0.000 0.4909 0.0636 0.1765 1.2144 0.9913 514.5 

Mean 1.20 0.000 0.5038 0.0777 0.1737 1.2103 0.9933 687.4 

Note: Bd is the bulk density; θr is the residual water content; θs is the saturation water content; α, m, n are empirical shape parameters; R² (R squared) is the coefficient of 
determination; Ks is the saturated hydraulic conductivity 

  

Parameter Unity 2014 2015 2016 Mean ± CV 
Precipitation ground-level gauges (Ʃ) mm 788.3 543.8 683.9 672.0 122.7 18.3 
Precipitation Thies weather station (Ʃ) mm 778.8 508.1 - - - - 

Precipitation 1-m high gauges(Ʃ) mm 710.0 484.9 603.4 599.4 112.6 18.8 
Minimum air temperature (Ø) oC 6.8 5.8 6.7 6.4 0.6 8.6 
Maximum air temperature (Ø) oC 13.8 13.0 13.7 13.5 0.4 3.2 

Mean air temperature (Ø) oC 10.0 9.2 10.0 9.7 0.5 4.7 
Mean substrate temperature (Ø) oC 11.0 10.2 10.7 10.6 0.4 3.8 

Relative air humidity (Ø) % 82.4 80.0 81.6 81.3 1.2 1.5 
Wind speed / 2-m height (Ø) m s-1 2.5 2.9 2.7 2.7 0.2 7.4 

Solar radiation (Ø) W m-1 118.9 127.0 122.9 122.9 4.1 3.3 
ET(H) (Ʃ) mm 508.9 571.7 503.2 527.9 38.0 7.2 

ETo-n/ref (Ʃ daily) mm 647.5 721.4 675.8 681.6 37.3 5.5 
ETc (Ʃ) mm 670.8 750.9 703.1 708.3 40.3 5.7 
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2.3  Drainage and evapotranspiration assessment  
The drainage from the lysimeters was collected using 

discharge lines, and the actual evapotranspiration was 
determined using the simplified water balance expression: 

  𝐸𝑇𝑎 = 𝑃 − 𝐷                                  (1) 
Where ETa is the actual evapotranspiration (mm), P is 

the ground-level precipitation (mm), and D is the 
lysimeters’ drainage (mm). 

2.4 Simulations and calibration of Hydrus-1D 
The forward simulation of the water fluxes from 

substrates 1-4 was performed with the experimental 
observations from 2014 to 2015. The hydrological year 
2016 was not considered due to the lack of precipitation 
data from the Thies weather station (Table 1). Four 
materials were used to simulate water flow within the 
lysimeters, because 4 sets of hydraulic properties per 
substrate were measured (Table 2). 

The potential evapotranspiration was estimated using 
the Penman-Monteith equation according to the 
formulation of Šimůnek et al. (2013), using the 
meteorological parameters measured by the Thies 
weather station. Moreover, the potential 

evapotranspiration considered a root depth of 0.10 m in 
October 2014 and 0.18 m in October 2015 (Papke and 
Schmeisky, 2017). The crop height was set to 0.30 m 
during the two hydrological years. Leaf area index was 
estimated in Hydrus-1D from the crop height of alfalfa 
and other field crops, since it is recommended in the 
Hydrus-1D manual for crop height to be between 0.10-
0.50 m (Šimůnek et al., 2013).  

The Feddes root uptake reduction model for grasses 
was used to simulate the actual root water uptake 
(Radcliffe and Šimůnek, 2010). The relative root 
distribution was distributed linearly from 1 at the 
substrate surface (0.01 m depth) to zero at the lower 
profile of the root depth (0.18 m depth). Initial pressure 
head increased linearly from -100 hPa at the substrate 
surface to zero at the bottom of the substrates. This initial 
pressure was set because the general field capacity of 
coarse soils is -100 hPa (Radcliffe and Šimůnek, 2010). 
Observed points were placed at 0.05, 0.10, 0.20, 0.40, 
0.60, 1.20, 2.00, 2.40 and 2.60 m depth, where drainage 
occurs (Figure 1). 

 
Figure 1 (a) Material distribution; (b) root distribution; (c) initial pressure head; (d) observation points for the forward simulation using 

Hydrus-1D  
Table 3 Inverse solution data for the Hydrus 1-D calibration 

Parameters Drainage Water content ψm
1(Ɵ) Total number (N) of 

observations Nr. Weight Nr. Weight Nr. Weight 
Inverse 1 104 1 1 1 0 - 105 
Inverse 2 4 1 1 1 0 - 5 
Inverse 3 - - 19 1 1 10 20 
Inverse 4 4 10 19 1 0 - 23 
Inverse 5 24 10 19 1 0 - 43 

Note: 1 ψm at 30 hPa 

The atmospheric boundary was selected as the upper 
boundary condition, and the seepage face as the lower 
boundary condition. For Hydrus-1D calibration by the 
inverse solution, five different input data were used to 

optimize the hydraulic parameters of the substrates 
(Šimůnek et al., 2008). Moreover, following the 
recommendation of Rassam et al. (2003), more than one 
data set was used to calibrate the Hydrus-1D (Table 3). 
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The first calibration was performed using 104 weekly 
observations of the drainage and 1 water content 
measurement, evaluated on 25.06.2015 from 0.0 – 0.06 
m depth. The second optimization was made using 1 
water content measurement and the seasonal cumulated 
drainage of the substrates (winter and summer 2014, 
winter and summer 2015). The third calibration 
considered 19 weekly observed water content (from 
25.06.2015 to 29.10.2015), and one retention curve 
measurement, ψm(Ɵ), weight 10. The fourth included 19 
water content measurements and 4 seasonal cumulated 
drainage measurements, weight 10. The fifth calibration 
type consisted of using 24 monthly observations of the 
drainage (weight 10), and 19 weekly measurements of 
water content. The weight for each measurement 
represents the importance of the data for the calibration 
(Radcliffe and Šimůnek, 2010). 

Different arrangements of fixed and optimized Van 
Genuchten hydraulic parameters were evaluated; 
however, the Hydrus-1D converged for all substrates 
when the volumetric water content at saturation (θs), the 
saturated hydraulic conductivity (Ks) and the fitted 
parameters of the water retention curve (n, α) were 
optimized. The residual water content (θr), was fixed to 
0.001 cm³ cm-³, and the pore connectivity to 0.5. After 
running the calibration, the coefficient of determination 
(R-squared) was observed, as well as the mass balance 
error, iteration number and calculation time, root-mean-
square error (RMSE), and absolute differences between 
measured and estimated values of drainage, actual 
evapotranspiration and water content of the substrates.  

The coefficient of determination, R-squared, shows 
how well the optimized model replicates the observed 
values (Šimůnek et al., 2013). Mass balance error (%) is 
the relative error of the water balance fluxes. The number 
of iterations represents the number of solutions of the 
global matrix equations to converge the model (Šimůnek 
et al., 2013). The root-mean-square error (RMSE) 
estimates the differences between observed and predicted 
values (Schaap et al., 2001).  

𝑅𝑀𝑆𝐸 =  �1
𝑁

 ∑ (𝑂𝑖 −  𝑃𝑖)2𝑁
𝑖=1                          (2) 

Where O and P are the observed and predicted 

values, referring to the cumulated seepage (mm) or water 
content (cm³ cm-³); and N is the number of observations. 

The calibrated Hydrus-1D that exhibited the best 
agreement with the observed values was then used to 
simulate the water fluxes for tested substrates over 27 
hydrological years, from 1 November 1989 to 31 October 
2016 using daily weather data from Bad Hersfeld 
(Deutsche Wetterdienst, 2017).  
2.5  Evapotranspiration and drainage under differing 
fine fractions and soil textures 

Water fluxes were studied using 60%, 80% and 100% 
fine fractions (particles < 2 mm). For this, the field 
disturbed samples of the substrates from 0.40 to 0.64 m 
depth were air dried in the laboratory for approximately 
10 days. Then the substrates were sieved to obtain fine, < 
2 mm of diameter, and coarse fractions, > 2 mm of 
diameter. In this sequence, 100 g of substrates were 
packed in stainless cylinders according to the different 
fine fractions based on the oven dried weight. After 
shaking the cylinders 100 times to settle the substrates, 
the height covered by the substrates was measured and 
the substrate´s volume was estimated. Later the samples 
were saturated for 48 h and oven dried at 105oC up to a 
constant weight. Three repetitions were performed, 
resulting in 36 samples. With the determined bulk 
densities and the particle size distribution previously 
estimated with the disturbed samples from the field, the 
hydraulic parameters of the substrates were found using 
the Rosetta pedotransfer function (Radcliffe and 
Šimůnek, 2010; Schaap et al., 2001), which is 
implemented in the Hydrus-1D Software, version 
4.16.0110 (Šimůnek et al., 2014; Rassam et al., 2003). 
The Rosetta-based pedo-transfer function was also used 
to determine the hydraulic parameters of different soil 
textures, such as clay loam, silt loam and sandy loam 
soils.  

Further simulations were conducted following the 
approach suggested by Brakensiek et al. (1986), who 
state that the saturated hydraulic conductivity decreases 
according to the relative stone content (stoniness).  

𝐾𝑟 =  𝐾𝑠𝑒
𝐾𝑠

 =  1 −  𝑅𝑤                 (3) 

Where Kr is the relative hydraulic conductivity, Kse is 
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the effective saturated hydraulic conductivity of stony 
soils (cm d-1), Ks is the saturated hydraulic conductivity 
of fine earth (cm d-1), and Rw is the relative stone content 
in mass units. In contrast, the fitted parameters of the 
Van Genuchten model, i.e., α, m and n, are assumed to 
be constant (Beckers et al., 2016). 
2.6  Statistical analysis 

An evaluation of the meteorological data and water 
balance components was conducted for three 
hydrological years, 2014, 2015 and 2016. Descriptive 
statistics were used to summarize the data set from the 
measurements. The central tendency of the data was 
determined using mean values, whereas the variability of 
the mean was determined as standard deviation and the 
coefficient of variation. 

Correlation studies were conducted using the  

Spearman and Pearson correlation coefficients, based on 
the Shapiro-Wilk normality test (Field, 2013). The 
correlation and normality tests were performed using 
RStudio, version 0.99.491 (RStudio Team, 2015).  

3  Results and discussions 

3.1  Observed substrate water fluxes  
The actual evapotranspiration and the drainage of the 

different substrates during 2014, 2015 and 2016 are 
shown in Figure 2. The mean drainage of substrates 1-4 
was 271.2 mm in 2014, 192.1 mm in 2015 and 231.1 mm 
in 2016. A low coefficient of variation among the 
substrates was observed for drainage, which was 3.6% in 
2014, 6.4% in 2015 and 5.5% in 2016. The ratio between 
drainage and ground-level precipitation (D/P) averaged 
34.4% in 2014, 35.3% in 2015 and 33.8% in 2016. 

 

 
Figure 2 Observed water fluxes of substrates 1-4 during 2014, 2015 and 2016 (± standard deviation) 
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Following the trend of the drainage, the actual 

evapotranspiration was 517.1 mm in 2014, 351.7 mm in 
2015 and 452.8 mm in 2016. The actual 
evapotranspiration registered low variation among the 
substrates in 2014 (1.9%), 2015 (3.5%) and 2016 (2.8%). 
The ratio between actual evapotranspiration and 
precipitation averaged 65.6% in 2014, 64.7% in 2015 and 
66.2% in 2016. These results were discussed by Bilibio 
et al. (2017), Bilibio (2018) and Bilibio et al. (2021). 
Care must be taken to extrapolate the results of the actual 
evapotranspiration because the water storage change was 
not considered in the simplified water balance equation 
(Equation 1). 
3.2  Forward simulation, calibration and examination 
of the Hydrus-1D  

Forward simulation of water fluxes was performed 
with Hydrus-1D, using hydraulic properties from the 
substrates and weather data from 2014-2015. The 
simulations revealed a high coefficient of determination 
(R²) for the observed drainage and moderate coefficient 
of determination for the water content values (Table 4). 
However, the absolute differences between measured and 
predicted drainage were found to be high. For instance, 
substrate 1 registered 23.0 mm less than the total 
observed drainage; substrate 2, -93.7 mm; substrate 3, -
94.3 mm; and substrate 4, -90.5 mm, comprising a mean 
variation of -16%. The highest RMSE (52.2 mm) was 
found for substrate 3, and the lowest (34.8 mm) for 
substrate 1 (Table 4). 

Table 4 Root-mean-square error (RMSE) and correlation coefficients between observed and forward simulations of drainage and 
water content using Hydrus-1D with substrates 1-4 

 Drainage  Water content  
Substrates RMSE Correlation  RMSE Correlation  

 mm coefficient p-value R2 cm³ cm
-
³ coefficient p-value R2 

Substrate 1 34.8 0.99 <0.001 0.98 0.063 0.80 <0.001 0.64 
Substrate 2 49.9 1.0 <0.001 1.0 0.086 0.71 <0.001 0.50 
Substrate 3 52.2 0.98 <0.001 0.96 0.064 0.74 <0.001 0.55 
Substrate 4 49.4 1.0 <0.001 1.0 0.068 0.73 <0.001 0.53 

Considering these results, the Hydrus-1D was 
calibrated according to different inverse solution data 
(Table 3). A high association between calibrated and 
measured values (R² > 0.9) was observed for all 
calibration methods, except when using the water content 
and retention curve measurements (0.8 ≤ R² ≤ 0.92). 
Further analyses revealed the number of iterations were 
within the initial configuration of the Hydrus-1D, up to 
20 iterations. The calculation time of the inverse solution 
ranged from 19 to 53.9 seconds, which is considered low. 
In addition, the water mass balance errors were lower 
than 1%, which is the upper limit for water balance 
assessments (Radcliffe and Šimůnek, 2010). 

The highest estimate of root-mean-square error 
(RMSE) was registered for the calibration using water 
content and retention curve values (inverse solution 3), 
with 75.9 mm for substrate 1, 163.1 mm for substrate 2, 
51.5 mm for substrate 3, and 35.1 mm for substrate 4. 
When the drainage observations were used in the inverse 
simulation, the RMSE was similar among the models. 
However, the inverse simulation using 104 

measurements of drainage and one reading of water 
content exhibited the lowest RMSE for water content, 
with 0.065 cm³ cm-³ in substrate 1, 0.058 cm³ cm-³ in 
substrate 2, 0.079 cm³ cm-³ in substrate 3, and 0.091 cm³ 
cm-³ in substrate 4. 

The absolute differences between predicted and 
observed values of the cumulated drainage and actual 
evapotranspiration were also examined. The highest 
differences were observed when using water content and 
retention curve measurements (calibration type number 
3, Table 3). Lower differences between predicted and 
observed drainage were estimated when the inverse 
simulation was performed using drainage measurements. 
For instance, by using 104 drainage measurements in the 
Hydrus inverse solution, the differences between 
observed and predicted values ranged from -1.3% in 
substrate 1 to -5.1% in substrate 4 (mean -2.9%, -13.6 
mm). Nevertheless, the inverse simulations using 104 
drainage measurements predicted higher total actual 
evapotranspiration, approximately 7.3% (63.3 mm), than 
in the observed measurements. These differences can be 
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related to salt stress (Šimůnek et al., 2013), nutrient 
availability (Blume et al., 2016) or any change in the 
grass cover in the field (Allen et al., 1998), i.e., natural 
integration of native crops (Papke and Schmeisky, 2013). 

While assessing the hydraulic parameters of the 
substrates, the inverse simulation increased the values of 
the fitted parameters from the Van Genuchten (1980) 
model, α and n, causing the water retention curves to 
shift to the left. This means that for the same matric 
potential, the substrates retain less moisture. Figure 3a 
shows examples for substrate 1. Substrates 2-4 showed a 
similar trend. These differences between observed and 
optimized fitted parameters of the water retention curve 
may be related to the use of fine fractions on the edges of 
the cylinders in the field to improve contact with the 
suction ceramic plates in the laboratory. An increasing 
trend of the fitted parameters of the water retention curve 
is expected when using coarser materials (Rassam et al., 
2003; Schaap et al., 2001). Moreover, the differences in 
size of the flow domain (cylinder samples and 2.6 m 
depth lysimeters) and the wetting and drying processes in 
the field – hysteresis (Hopmans, 2010) – can also 
contribute to differences between measured and 
optimized fitted parameters of the water retention curve 
(Kodešová et al., 2014). 

For saturated hydraulic conductivity, the inverse 
simulations provided lower values than the ones 
measured in the laboratory. For example, the mean 
saturated hydraulic conductivity of substrate 1 from 0.0 
to 0.64 m depth was 687.4 cm d-1, whereas the optimized 
parameter was 182.14 cm d-1. This may be due to errors 
in the laboratory measurements, such as water flow in the 
internal walls of the cylinders, and sample size (Shukla, 
2014).  

Considering the differences between observed and 
predicted drainage, actual evapotranspiration and water 
content, the inverse simulation conducted with 104 
observations of drainage and one measurement of water 
content was used to carry out further studies.  

Figure 3b shows the observed versus predicted 
cumulated drainage values from substrate 1 using the 
mentioned inverse simulation. Differences between 
predicted and observed drainage can be attributed to 

macropores, cracks and lateral flow on the lysimeter 
walls (Li et al., 2014), which are not considered in the 
Richards equation (Van Genuchten, 1992). 

 (a) 

(b) 

 
Figure 3 (a) Observed and optimized water retention curve from 

substrate 1. (b) Observed versus predicted cumulative drainage of 
substrate 1 using 104 observations of drainage and one 

measurement of water content in the inverse solution of Hydrus-
1D during two hydrological years 

Note: The solid line is the observed model from 0.0 to 0.64 m depth, and the 
dashed line is the optimized model from 0.0 to 2.60 m depth in (a). The solid 
line is the observed drainage and the dashed line is the predicted cumulative 
drainage in (b). 

Figure 4 shows the cumulative and daily potential 
and actual root water uptake from substrate 1, whereas 
Figure 5 highlights the predicted daily water content in 
substrate 1 at different observation points. Substrates 2-4 
showed similar values. Figure 6 illustrates the water 
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storage change of substrates 1-4 in the entire flow domains of the lysimeters from 0.0 to 2.6 m depth. 

 

 

Figure 4 Predicted potential and actual root water uptake (cumulative - mm, and daily values – mm day-1) of substrate 1 using 104 
observations of drainage and one measurement of water content in the inverse solution of Hydrus-1D over two hydrological years 

The cumulative and daily actual root water uptake 
(means for S1-S4: 932.4 mm, 1.3 mm d-1) of the 
substrates were generally lower than the potential root 
water uptake (means for S1-S4: 1766.7 mm, 2.4 mm d-
1), Figure 4. This is because the potential root water 
uptake considers no limitation of water or nutrients 
(Allen et al., 1998). Additionally, higher daily values of 
potential root water uptake and actual root water uptake 
were observed in summer months (from May to 
October), which registered higher radiation and 
temperature levels. The mean potential root water uptake 
in the summer was 3.14 mm d-1, and the actual root 
water uptake was 1.58 mm d-1. On the other hand, in 
winter (from November to April) the mean potential root 

water uptake was 1.69 mm d-1, and the actual root water 
uptake was 0.95 mm d-1 for substrates 1-4. 

The predicted daily water content levels at different 
observation points (Figure 5) show that the water content 
oscillates at 0.6 m depth and above. In deeper layers, the 
water content is more constant. The substrate surface is 
more exposed to meteorological conditions, such as 
precipitation, wind and temperature (Kodešová et al., 
2014). In addition, root water uptake takes place near the 
surface, which contributes to the variability of the water 
status in this region (Radcliffe and Šimůnek, 2010; Lal 
and Shukla, 2004). 

From the predicted daily water storage of substrates 
1-4, Figure 6, it is possible to observe that water storage 
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in the substrates increases in winter and decreases in 
summer, following the pattern of root water uptake. The 
greater increase in water storage in July 2014 may be due 
to the rain cumulated during this month. Ground-level 
gauges registered 237.6 mm and the Thies weather 
station 221.6 mm in July 2014. During this period, the 
stored water increased 113.2 mm in substrate 1, 110.7 
mm in substrate 2, 115.2 mm in substrate 3 and 117.0 
mm in substrate 4.  

Water storage capacity values of the substrates 
expressed through the field capacity, i.e., hydraulic 

conductivity close to 0.01 cm d-1 (Šimůnek et al., 2014), 
at 2.6 m depth, were: 721.8 mm for substrate 1 (277.6 
mm m-1); 647.73 mm for substrate 2 (249.1 mm m-1); 
589.1 mm for substrate 3 (226.6 mm m-1); and 555.7 
mm for substrate 4 (213.7 mm m-1) according to the 
calibrated Hydrus-1D. In evapotranspiration covers the 
water storage capacity represents the rain moisture that 
can be stored in the substrate layer (Hauser, 2009). Part 
of this moisture is subsequently transported by the 
vegetation cover to the atmosphere (Hauser, 2009). 

 

Figure 5 Predicted water content levels at different observation points for substrate 1 using 104 observations of drainage and one 
measurement of water content in the inverse solution of Hydrus-1D during two hydrological years 

 

Figure 6 Predicted water storage of substrates 1-4 in the entire flow domains of the lysimeters, from 0.0 to 2.6 m depth 
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3.3  Examination of the calibrated Hydrus-1D and 
predictions 

Due to the lack of precipitation measurements from 
the Thies weather station in 2016, the daily weather data 
available for Bad Hersfeld was used to examine the 
calibrated Hydrus-1D. Twenty-seven hydrological years, 
from 1990 to 2016, were studied. For this simulation, a 
constant root depth of 0.18 m and a crop height of 0.30 m 
were used. An cumulated precipitation of 1809.9 cm 
(mean 67 cm yr-1) was observed. The potential root water 
uptake was 2004.3 cm (mean 74.2 cm yr-1), actual root 
water uptake 1360.8 cm (mean 50.4 cm yr-1, and 
cumulated drainage 429.4 cm (mean 15.9 cm yr-1). 
Moreover, the total evaporation was 14.9 cm over 27 
years (mean 0.6 cm yr-1). Considering the ratio between 
drainage and precipitation (D/P), a drainage rate of 
23.7% was estimated using the hydraulic parameters of 
substrate 1, 23.7% for substrate 2; 25.3% for substrate 3; 
and 26.1% for substrate 4. These results agree with those 
of Hermsmeyer (2001), who found a drainage rate of 
24.4% from a technogenic substrate made of aluminum 
recycling by-products (70%) and flue gas desulfurization 
by-product (30%), covering a potash tailings pile located 

near Hannover, Germany. However, if the crop height is 
decreased from 0.30 to 0.20 m, a mean drainage rate of 
27.3% is obtained. In addition, if the root depth is 
increased to 0.28 m, and crop height maintained at 0.30 
m, the calibrated Hydrus-1D predicts a mean drainage 
rate of 22.2%, which is slightly lower than the inverse 
simulations using a root depth of 0.18 m (mean of S1-S4: 
24.7%). This shows that the water fluxes of the 
evapotranspiration covers are affected by any change in 
crop status. The crop height is used to estimate leaf area 
index, crop canopy and aerodynamic resistances in the 
Penman-Monteith equation (Šimůnek et al., 2013). The 
root depth represents the substrate area explored by the 
roots, from which water is transported to the atmosphere 
(Radcliffe and Šimůnek, 2010). However, long-term 
predictions in the future should consider effects of 
structure formation, pore changes and biopore 
development (Blume et al., 2016) on the substrates. The 
values for drainage for different root depths and crop 
heights for 27 water-years for Bad Hersfeld using 
optimized hydraulic parameters from substrate 1 are 
shown in Figure 7. 

(a)   (b)  

Figure 7: Drainage precipitation ratio for different root depths (a) and crop heights (b) for 27 hydrological years for Bad Hersfeld, using 
optimized hydraulic parameters from substrate 1  

Examining the hydrological years more closely, one 
observes a variation of approximately 38.9% for drainage 
and 20.5% for actual evapotranspiration. This variation is 
higher than values observed during the three hydrological 

years in Heringen, 17.1% for drainage and 18.9% for 
actual evapotranspiration among the hydrological years 
from 2014 to 2016 (Figure 2). However, this may be 
expected due to the variation in precipitation, solar 
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radiation, temperature and cloudiness during the growing 
season of the perennial grasses. 
3.4  Water fluxes considering different fine fractions 
and soil textures 

The water fluxes were simulated using 60%, 80% and 
100% fine particles. For the drainage, a cumulative 
predicted drainage rate of 332.7 mm was observed using 

60% fine particles, 291.0 mm using 80% fine particles, 
and 259.6 mm using 100% fine particles in Heringen 
from 2014 to 2015. A similar pattern was found for the 
simulated water fluxes using different soil textures. Clay 
loam registered the lowest total drainage (391.9 mm), 
whereas the highest (520.4 mm) was found using sandy 
loam (Table 5). 

Table 5 Mean hydraulic parameters and cumulated drainage using 60%, 80% and 100% fine fraction of substrates 1-4 and soil 
textures from 2014 to 2015 in Heringen 

Fine earth θr θs α n Ks Volume¹ Total drainage Differences 
cm³ cm-³ cm³ cm-³ 1 cm-1  cm d-1 mm mm % mm % 

100% 0.0373 0.4066 0.0115 1.5014 101.2 459.6 259.6 20.2   
80% 0.0362 0.3934 0.0126 1.4923 81.3 458.3 291.0 22.6 31.5 12.1 
60% 0.0352 0.3820 0.0141 1.4815 65.7 459.5 332.7 25.9 73.1 28.2 

Clay loam 0.095 0.41 0.019 1.31 6.24 768.3 391.9 30.5   
Silt loam 0.067 0.45 0.02 1.41 10.8 708.5 421.8 32.8 29.9 7.6 

Sandy loam 0.065 0.41 0.075 1.89 106.1 362.7 520.4 40.4 128.5 32.8 

Note: Soil water storage at field capacity in 2.6 m deep 

When applying the approach of relative stone content 
for the water retention curve parameters (Beckers et al., 
2016) of the calibrated Hydrus-1D from substrate 1, a 
decreasing trend of 7.8% was found for drainage when 

increasing the percentage of fine fraction from 60% to 
80%, in Bad Hersfeld over 27 years of historical weather 
data (Table 6). 

Table 6 Cumulated drainage using the relative stone content approach for substrate 1 from 1990 to 2016 in Bad Hersfeld 
Fine earth θr θs α n Ks Volume1 Total drainage Differences 

cm³ cm-³ cm³ cm-³ 1 cm-1  cm d-1 cm cm % mm % 
80% 0.0 0.600 0.0893 1.2597 218.6 85.68 396.1 22.0 -33.3 -7.8 
60%2  0.0 0.500 0.0893 1.2597 182.1 72.18 429.4 23.8 - - 
40%  0.0 0.400 0.0893 1.2597 145.7 58.47 470.6 26.1 41.2 9.6 

Clay loam 0.095 0.41 0.019 1.31 6.24 76.83 442.9 24.6 - - 
Silt loam 0.067 0.45 0.02 1.41 10.8 70.85 398.5 22.1 -44.4 -10.0 

Loam 0.078 0.43 0.036 1.56 24.96 57.42 479.9 26.6 37.0 8.4 

Note: 
Soil water storage at field capacity in 2.6 m deep. 2 Substrate 1 - calibrated model 

The various approaches used to study the use of fine 
fractions, including bulk densities, soil textures and 
relative stone content, indicated that lower drainage rates 
of evapotranspiration covers may be obtained by 
increasing either the proportion of fine particles (< 2 
mm) or the clay and silt size particles in the technogenic 
substrates. Root development, i.e., root length and root 
depth, is also expected to improve by increasing the fine 
fraction (Babalola and Lal, 1977) and lead to further 
reduction in drainage. Fine particles can additionally be 
used as interlayers in evapotranspiration covers, as is 
recommended in capillary barriers (Radcliffe and 
Šimůnek, 2010).  

4  Conclusions 

The present study calibrated the Hydrus-1D to make 

predictions about evapotranspiration and drainage from 
potash tailings covers. The observed hydraulic 
properties, drainage and water content of four different 
technogenic substrates provided the inputs to optimize 
the Van Genuchten water retention parameters.  

The inverse simulation using weekly measurements 
of the drainage provided lower differences between 
predicted and measured drainage and water content 
values. The calibrated Hydrus-1D showed a mean 
variation between the observed and predicted values of 
2.9% (approximately 13.6 mm) for the cumulated 
drainage of substrates 1-4 from 2014 to 2015, which is 
lower than the direct simulation (approximately 16% or 
75.4 mm). 

The inverse simulation using surface water content 
and water retention curve measurements deviated from 
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the observed drainage. This result indicates the need for 
lysimeter outflow measurements to calibrate the Hydrus-
1D to simulate water fluxes in evapotranspiration covers. 

Examination of the Hydrus-1D indicated a drainage 
rate of 24.7% and a rate of 75.3% for evapotranspiration 
for a historical 27-year daily data set, which agree with 
the measurements and simulations reported in the 
literature. Lower drainage was estimated when increasing 
the root depth and crop height. The drainage ranged from 
20.7% to 9.9% when using 0.30 and 1.0 m root depth and 
from 23.7% to 12.9% of the precipitation when the crop 
height varied from 0.30 to 1.0 m. Likewise, an increase 
in fine particles, < 2 mm diameter, in the substrates may 
provide further drainage reduction. 

Overall, this study showed that the calibrated 
Hydrus-1D reproduced consistent drainage and 
evapotranspiration values for potash tailings covers. 
Future studies can consider the temporal settling and 
compaction of the substrates due to the saturation and 
desaturation processes. These phenomena may provide 
distinct values for the hydraulic parameters from the 
technogenic substrates and drainage rates. 

Further research can also determine the water fluxes 
of evapotranspiration covers under different slopes by 
using two- or three-dimensional models. Moreover, a 
longer-term observation of drainage from substrates 
would allow for the validation of the calibrated Hydrus-
1D with the experimental data. 
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