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Numerical simulations of soil water dynamics can be valuable tools for the assessment of different soil
and land management practices. For accurate simulations, the soil hydraulic properties (SHP), i.e. the
hydraulic conductivity and water retention function have to be properly known. They can be either esti-
mated from physical soil properties by pedotransfer functions (PTF) or measured. In most studies, soil
profiles are analyzed and sampled with respect to their pedogenic horizons. While considerable effort
has been put on horizontal spatial SHP variations, vertical changes within soil profiles have not been ana-
lyzed in detail. Therefore, the objectives of this study were (i) the SHP measurement along vertical tran-
sects within two soil profiles, (ii) to evaluate their spatial variation and correlation with physical soil
properties, and (iii) to assess the impact of the SHP determination method and its spatial discretization
on simulated soil water balance components. Two soils, an agriculturally used silty-loam Chernozem and
a forested sandy Cambisol were sampled in 0.05 m increments along vertical transects. The parameters of
a dual porosity model were derived using the evaporation method and scaling was applied to derive rep-
resentative mean SHP parameters and scaling factors as a measure of spatial variability. State-space mod-
els described spatial variations of the scaling factors by physical soil properties. Simulations with
HYDRUS 1D delivered the soil water balance for different climatic conditions with the SHP being esti-
mated from horizon-wise PTFs, or discretized either sample-wise, according to the pedogenic horizons,
or as hydrologically relevant units (hydropedological approach). Considerable SHP variations were found
for both soil profiles. In the Chernozem, variations of the hydraulic conductivity were largest within the
ploughed Ap-horizon and could be attributed to variations in soil structure (macropores). In the subsoil,
soil water retention showed a gradual decrease within each horizon. The observed water retention vari-
ations could be described by state-space models that comprised the contents of clay and total carbon,
whereas variations of the hydraulic conductivity were described by clay content and total porosity.
The hydraulic conductivity in the Cambisol was slightly undulating throughout the profile. Here, water
retention was largest in the upper part of the profile and considerably decreased within the lower part
of the Bhs-horizon. Simulated soil water balance components differed distinctly between the SHP
discretizations. Compared to observed soil water contents, the simulations where the SHP were given
by small-scale layers or hydropedological units performed best for both experimental sites. The different
SHP discretizations mainly affected the estimated drainage losses and the simulated crop transpiration
under medium to dry climatic conditions. The study confirmed the importance of an adequate spatial
SHP discretization. The results indicate that SHP estimations by PTFs or the standard horizon-mean
sampling strategy might fail to parameterize soil water simulations, especially in structured soils. The
presented hydropedological approach showed a way to receive good simulation results by reducing
the SHP observation density.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Numerical simulations of soil water dynamics can be valuable
tools for the assessment of different soil and land management
practices (Roger-Estrade et al., 2009). However for accurate
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simulations, the soil hydraulic properties (SHP) – i.e. the hydraulic
conductivity K(h) and water retention functions h(h) – have to be
properly known. These parameters can be either derived from
physical soil properties using pedotransfer functions (PTF) or from
direct or inverse measurements (Dane and Topp, 2002). PTFs allow
a cheap and fast SHP estimation for soils with an unimodal pore-
size distribution such as sandy soils. However, their applicability
for structured soils that contain macropores and other preferential
flow paths might be limited (Vereecken et al., 2010). As direct mea-
surement techniques are time-consuming and laborious, inverse
methods such as multistep-outflow or evaporation experiments
have become useful methods for the efficient and precise SHP
determination of structured soils (Hopmans et al., 2002).

A major challenge in the proper SHP description is the consider-
able variation across spatial and temporal scales. For instance, there
is extensive empirical evidence that SHP are subject to temporal
changes (Daraghmeh et al., 2008; Schwen et al., 2011a,b). It was
shown that especially the structure of soil top layers is subject to
changes during time, caused by wetting / drying cycles, biological
activity, and agricultural operations (Leij et al., 2002; Mubarak
et al., 2009). Other studies have assessed the spatial variability of
SHP, mainly with a focus on the comparison of different soil manage-
ment practices and its implications on surface soil properties (Allet-
to and Coquet, 2009; Messing and Jarvis, 1993; Ndiaye et al., 2007;
Sauer et al., 1990; Strudley et al., 2008). Recently, new technologies
such as ground-penetrating radar or electromagnetic induction
have been applied to cover variations at larger spatial scales up to
the field-scale (e.g., Jonard et al., 2013; Wang et al., 2013).

While considerable analysis effort has been put on the spatial
variation of SHP in the horizontal direction, there is a lack of de-
tailed analysis of vertical changes within soil profiles. Moreover,
since vertical variations of physical soil properties have not been
studied as a spatial process, there is no recommendation for a sam-
pling strategy that accounts for hydrologically relevant profile sec-
tions. In most hydrological studies, soil profiles are analyzed
pedogenetically, i.e. with respect to their pedogenic soil horizons
(Dyck and Kachanoski, 2011): Typically, the pedogenic horizons
(e.g. A-horizon) are identified and their hydraulic properties are
either derived from physical soil properties using PTFs or from
undisturbed samples taken in the middle of each horizon. How-
ever, this sampling strategy does not take into account changes
of physical soil properties that are a result of gradually changing
soil texture or inhomogeneities within horizons or pedons. The
method also fails to quantify the complex spatial covariance be-
tween soil physical and hydraulic properties. As stated by Dyck
and Kachanoski (2011), spatial patterns of soil physical and
hydraulic properties are a result of sedimentary, hydrological, ped-
ogenic, anthropogenic, and biological processes up to the time of
observation. Understanding the vertical variance structure of SHP
could help to understand the mechanisms of the interactions be-
tween the various processes responsible for spatial variability. It
would also allow the assessment and optimization of sampling
strategies that account for hydrologically relevant variations with-
in a soil profile, and thus contributing to a more hydropedological
understanding of soil profiles as stressed by Vogel et al. (2013). An
optimal, site-specific sampling strategy could help to parameterize
soil water simulations more precisely by means of simulated soil
water balance components.

To faciliate the analysis of spatial SHP variations, the scaling ap-
proach of Miller and Miller (1956) has been widely applied in soil
hydrological studies (Vereecken et al., 2007). This technique en-
ables the description of SHP variations by a set of scale factors,
relating the soil water retention and hydraulic conductivity data
at each location to a representative mean. By this, the obtained
scaling factors preserve the spatial variability of the individual
measurements and can be used as a measure for the spatial or tem-
poral variability of the analyzed sample series. Several methods
have been developed to derive scaling factors and the correspond-
ing representative mean parameters (Tillotson and Nielsen, 1984;
Vereecken et al., 2007).

It is well known that the considerable spatial heterogeneity of
physical soil properties can seriously hamper its analysis and
correlation (Nielsen and Wendroth, 2003). As a consequence of this
spatial variability, Pringle et al. (2007) stressed the need for
developing site-specific PTFs. Gribb et al. (2009)showed that scal-
ing PTFs using measured field soil water contents can improve
model predictions substantially. As the authors used the soil water
content distribution – which is a result of the hydraulic properties
and dynamically changes over time – it would be highly desireable
to derive correlations with physical soil properties that are inde-
pendent from the soil hydraulic properties. When analyzing spatial
heterogeneity in soils, adequate statistical methods need to be
applied. Commonly, the analysis of soil-related data is carried
out ignoring the fact that observations might be spatially or
temporally dependent (Schwen et al., 2013). Since the existence
of a spatial structure of heterogeneities has been demonstrated
by Russo and Bresler (1981), however, several studies used the
spatial covariance and cross-variance between measurements as
decision and quality criteria (Nielsen, 1987; Cassel et al., 2000).
Another method that is increasingly applied to describe spatial
and temporal variations in agronomical and hydrological studies
is state-space modeling (Nielsen and Wendroth, 2003). For in-
stance, the spatial SHP variability along a transect was subject of
a study by Wendroth et al. (2006). The authors analyzed spatial
patterns of the hydraulic conductivity and parameters of a water
retention model by a nested sampling approach combined with
geoelectrical measurements and subsequent application of state-
space models. Recently, Wendroth et al. (2011) and Schwen et al.
(2013) demonstrated that state-space models can be also used to
describe spatial variations of field-scale solute displacement depth
as affected by land use, irrigation characteristics and underlying
pedogenic properties. These studies – among others (e.g., Comegna
et al., 2010; Poulsen et al., 2003; Timm et al., 2011; Vieira et al.,
1981) – showed (i) that state-space models performed better when
correlating variables of interest along spatial or temporal transects
compared to classical regression methods and (ii) that state-space
models can be used to reduce the number of required measure-
ment points when predicting spatial fluctuations of hydrological
soil processes.

Therefore, the objectives of this study were (i) to measure the
SHPs in small spatial increments along vertical transects within
two soil profiles under contrasting land use systems (agricultural
and forest), (ii) to evaluate their spatial variation with respect to
pedogenic horizons and correlation with physical soil properties
by state-space models, and (iii) to assess the impact of the sam-
pling design and spatial SHP discretization on simulated soil water
balance components. Four different SHP parameterization and dis-
cretization methods were evaluated: In a first approach, mean SHP
properties for the pedogenic horizons were estimated from physi-
cal soil properties by a PTF. Subsequently, the small-scale SHP
determinations were either used as small-scale layers (SSL) or
merged to representative mean parameters for the pedogenic hori-
zons (PH) or a reduced number of hydrologically relevant units
(hydropedological approach, HPL).
2. Material and methods

2.1. Experimental sites and sampling strategy

Two contrasting soil profiles were sampled and analyzed in this
study. The sites were chosen since they represent typical land use
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systems where simulations of the soil water balance could be of
interest for many applied research questions (e.g. assessment of
different management techniques or climate change impact). We
acknowledge that the intention of this study was not a direct com-
parison of the two selected experimental sites or their response to
certain climatic conditions. The first profile was situated on an ara-
ble field at the agricultural research farm in Gross Enzersdorf, Low-
er Austria (experimental site ‘‘Raasdorf’’, Table 1). The soil can be
classified as Chernozem according to the WRB (IUSS, 2007) or Typic
Vermudoll according to the US Soil Taxonomy (Soil Survey Staff,
2010). A humous, ploughed Ap-horizon (0–0.35 m) is followed by
an humous Axh-horizon (0.35–0.75 m) over mature silty calcare-
ous loess sediments (C-horizon, >0.75 m, Fig. 1a). The groundwater
table was well below 5 m. Due to particle size analysis, the texture
throughout the profile can be classified as silt loam according to
the FAO (1990) classification (Schwen et al., 2011b). The site has
a dry subhumid climate with an annual average precipitation of
546 mm, and a mean temperature of 9.8 �C (Table 1). Long term cli-
matic data was recorded at a nearby weather station. The field was
in a cropping rotation and planted with winter wheat (2008),
maize (2009), spring barley (2010), rape seed (2011), and durum
wheat (2012). Volumetric soil water contents h where measured
in 0.1 m depth increments (0–0.70 m) using capacitive probes
(Diviner 2000, Sentek Sensor Technologies Inc, Stepney, Australia)
on a weekly basis from April 4, 2012 to June 27, 2012.

The second profile was situated in the forest demonstration
center in the Rosalian Mountains, Lower Austria (experimental site
‘‘Heuberg’’, Table 1). The soil can be classified as Podsolic Cambisol
according to the WRB (IUSS, 2007) or Orchrept according to the US
Soil Taxonomy (Soil Survey Staff, 2010). An organic matter O-hori-
zon (0–0.07 m) is followed by a humous, slightly eluvial
Aeh-horizon (0.07–0.25), a cambic, slightly humusosesquioxidic
Bhs-horizon (0.25–0.50 m) over weathered granitic rock debris
(C-horizon, >0.50 m, Fig. 1b). The profile was confined by imper-
meable granitic bedrock in a depth of 0.75–0.80 m. The experimen-
tal site was situated along a west-oriented forested hillslope and
planted with mature beeches (Fagus silvatica L.) and some spruces
(Picea abies L.). The site has a humid climate with an annual aver-
age precipitation of 796 mm, and a mean temperature of 6.5 �C.
Long term climatic data was recorded at a nearby weather station.
To monitor the shallow soil water content h, eight TDR probes
(ML3 ThetaProbe, Delta-T Devices Ltd., Burwell, UK) were installed
horizontally at a depth of 0.10 m in spring 2013. Continuous mea-
Table 1
Geographical, climatic, and geometric properties of the soil water simulation
simulations, the precipitation P, the potential reference evapotranspiration ET
models were assessed with water content measurements that were availab

Profile Raasdorf

Geographical and climatic site information
Position 48�1402.600N 1
Altitude (m above Adria) 156
Annual mean temperature (�C) 9.8
Annual precipitation (mm) 546
Climatic classificationa Dry subhumi

Scenario simulations: P, ET0 and DS (potential water balance) (mm)
Dry year for simulation 415 � 873 = �
Medium year 599 � 641 = �
Wet year 717 � 457 = 2
Soil moisture meas. period April 4–June

Model properties
Profile depth (m) 1.00
Upper boundary condition Atmospheric
Lower boundary condition Free drainage

a According to Middleton and Thomas (1992).
surements in intervals of 30 min were recorded from February 25,
2013 to June 30, 2013.

Both soil profiles were sampled in 0.05 m depth increments
along vertical transects (Raasdorf: 0–1.00 m, Heuberg: 0–0.75 m).
Undisturbed soil core samples (ø = 0.08 m, height = 0.05 m) were
extracted, where every other sample had a small lateral offset to
avoid disturbance or compaction due to the sampling of the pre-
ceding core.

2.2. Determination of physical and hydraulic properties

SHPs were determined by the evaporation method with
extended measurement range (Schindler et al., 2010; device:
HYPROP, UMS GmbH, Munich, Germany). After slowly saturating
the samples from the bottom in a bath of deaerated water, two ten-
siometers were installed in the upward direction at depths of
0.0125 and 0.0375 m below the core surface (Schindler et al.,
2010). The tensiometers were connected to a pressure transducer
that enabled recording of the pressure head h. The tensiometer
assembly was tightly connected to the bottom of the soil core
and placed on a balance to record the sample mass m. The hydrau-
lic gradient im was calculated on the basis of the pressure head
readings, and the flux v was derived from the soil water volume
difference DV per surface area A and time interval Dt. The hydrau-
lic conductivity K was calculated according to the Darcy-Bucking-
ham law (Schindler et al., 2010):

KðhmeanÞ ¼
DV

2ADtim
ð1Þ

where hmean is the mean pressure head averaged over both installed
tensiometers. Soil water retention data were obtained by mapping
the mean volumetric water contents hi to the corresponding mean
pressure heads hmean at each measurement time. At the end of each
measurement, the samples were oven dried at 105 �C for 24 h to de-
rive the total porosity u and the bulk density qb assuming a particle
density of 2.65 Mg m�3. After grinding, the soil samples were used
to derive the particle size distribution by a combination of sieving
and sedimentation experiments according to Gee and Or (2002).
The <2 mm fraction of grinded soil was also used to determine
the content of total carbon TC by a CN analyzer (Vario MAX CN, Ele-
mentar Analysensysteme, Hanau, Germany), and the content of
anorganic carbon AC by a Scheibler calcimeter. The content of or-
ganic carbon OC was calculated from the difference between TC
setup at the Raasdorf and Heuberg experimental sites. For the scenario
0, and the potential climatic water balance DS (= P � ET0) are given. The

le for the given time periods.

Heuberg

6�35039.000E 47�42015.500N 16�17054.500E
640
6.5
796

d Humid

458 (2012) 665 � 619 = 46 (2003)
42 (2008) 728 � 571 = 157 (2006)
60 (2010) 908 � 587 = 321 (2005)

27, 2012 February 25–June 30, 2013

0.75
Atmospheric
Seepage face



Fig. 1. Profile pictures and pedogenic horizons of the analyzed soils and their physical properties. (a) Chernozem over loess sediments at the experimental site Raasdorf. (b)
Dystric Cambisol over granitic bedrock at the experimental site Heuberg. The fractions of clay, silt, and sand are given, as well as the total porosity u, the bulk density qb, and
the contents of organic carbon OC and total carbon TC as a function of profile depth.

172 A. Schwen et al. / Journal of Hydrology 516 (2014) 169–181
and AC. The physical soil properties for both analyzed profiles are
depicted in Fig. 1.

The HYPROP data evaluation software (UMS GmbH, Munich,
Germany) was used to fit the parameters of soil water retention
and hydraulic conductivity models to the evaporation experi-
ments. As a measure for the fitting quality, we used the corrected
Akaike Information Criterion AICc (Akaike, 1973; Nielsen and
Wendroth, 2003) that is based on regression residuals between
observations and estimates RSSavg:

RSSavg ¼
1
N

XN

i¼1

½yðAÞi � yðA�Þi�
2 ð2Þ

and considers the number of regression coefficients k with

AICc ¼ lnðRSSavgÞ þ
N þ k

N � k� 2
ð3Þ

Here, N is the number of observations, and y(A)i and y(A*)i are the ith
observed and predicted values, respectively. Smaller AICc values
indicate a better estimation quality of the model. As a result of
the fitting procedure, the bimodal soil water retention model of
Durner (1994) in combination with the hydraulic conductivity
model of Peters and Durner (2008) fit the experimental data best.
This was reflected by the lowest AICc values: The mean AICc values
for the unimodal van Genuchten (1980) and bimodal Durner (1994)
models where�1081 and �1756 for the Raasdorf profile and�1226
and �1627 for the Heuberg profile, respectively. According to Dur-
ner (1994), the soil water retention curve for soils with a bimodal
pore size distribution can be described by a linear superposition
of two van Genuchten (1980) type subcurves:

SðhÞ ¼ h� hr

hs � hr
¼
X2

i¼1

wiSi ð4Þ

in which the subcurves are given by
SiðhÞ ¼ ½1þ ðaihÞni ��mi ð5Þ
where h is the pressure head, S is the relative saturation with
0 < S < 1, hr and hs are the residual and saturated volumetric water
contents, respectively, wi are the weighting factors subject to
0 < wi < 1 and w1 + w2 = 1, and ai, ni, and mi are curve-shape param-
eters of the pore subsystem. In our study, the van Genuchten
parameters mi were constrained to mi = 1 � 1/ni (van Genuchten,
1980) and hr was fixed to a value of 0 (Durner, personal communi-
cation). The relative unsaturated hydraulic conductivity function
K(h) was calculated from the h(h) functions basing on the analytical
solution of Priesack and Durner (2006) for a bimodal van Genuchten
function accounting for film flow (Peters and Durner, 2008):
KðhÞ ¼ ð1�xÞ
X2

i¼1

wiSi

 !s P2
i¼1wiai 1� ðaihÞni Si

� �
P2

i¼1wiai

" #2

þx
X2

i¼1

wiS
s2
i ð6Þ
where x denotes the relative contribution of film flow, subject to
x < 1, and s and s2 are curve-shape parameters that are related to
the pore tortuosity, with s2 > 0. As s is treated as a free fitting
parameter in many studies and can become negative with a
questionable physical meaning (Peters and Durner, 2008; Schaap
and Leij, 2000), it was fixed to s = 0.5 in our study as recommended
by Mualem (1976).

To estimate the SHP from physical soil properties, the PTF Ro-
setta (Schaap et al., 2001) was used. Within Rosetta, arithmetic
mean values of the soil texture and bulk density for each pedogenic
horizon were used to estimate the parameters of the unimodal van
Genuchten (1980) models for soil water retention and unsaturated
hydraulic conductivity (Eqs. (4)–(6) with i = 1 and x = 0).
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2.3. SHP scaling and spatial data exploration by state-space models

To faciliate the analysis of spatial variations within the
measured SHPs, the scaling approach (Miller and Miller, 1956;
Vereecken et al., 2007) was applied. A conventional scaling proce-
dure was used in which scaling factors were estimated by mini-
mizing the residual sum of square differences between the data
points of the individual curves and the scaled reference curve.
The scaling factors for the water retention curve dh,i and for the
hydraulic conductivity dK,i relate the reference curves of the water
retention and hydraulic conductivity to the corresponding curve of
an individual location i by (Vogel et al., 1991):

hiðSÞ ¼ dh;i � h�ðSÞ ð7Þ

KiðhÞ ¼ dK;i � K�ðhÞ ð8Þ

The residual sum of square differences SStotal between the indi-
vidual curves and the scaled reference curves was defined as:

SStotal ¼ SSh þ SSK

¼ ws1

Xa

i¼1

Xb

j¼1

½S�j ðdh;ihjÞ � Si;j�2

þws2

Xa

i¼1

Xb

j¼1

flog½K�j ðdK;ihjÞ� � logðKi;jÞg2 ð9Þ

where i denotes an individual curve of a curves, j represents one
of b discrete data points on the curves, and ws1 and ws2 are
weighting factors. In our study, the number of curves incorporated
in the scaling procedure was a = 20 for the Raasdorf profile and
a = 14 for the Heuberg profile. The number of discrete data points
was set to a value of b = 50. These data points were lognormally
distributed covering a pressure head range of 0 < abs(h) < 400 kPa
(�pF 3.6) which coincided with the range covered by the evapora-
tion experiments. Representative mean values for the relative
saturation S* and hydraulic conductivity K* were derived by
substituting Eqs. (7) and (8) into Eqs. (4) and (6), respectively.
The parameters for the reference curves (a�;n�;w�2;a�2; n�2;
K�s ; s�; s�2, and x*) were derived by applying the fitting procedure
within the HYPROP data evaluation software to all samples of
each profile simultaneously. Subsequently, the scaling factors dh,i

and dK,i were optimized by minimizing SStotal (Eq. (9)) using a
non-linear optimization procedure (Microsoft Excel Solver). To
allow for equal weighting between retention and conductivity
data, the weighting factors ws1 and ws2 were defined by the in-
verse of the standard deviation of the observed water retention
and hydraulic conductivities, computed from all data within each
profile (Tuli et al., 2001). In addition, the geometric means of dh,i

and dK,i were fixed at unity as a normalization condition (Kosugi
and Hopmans, 1998).

In order to analyze the spatial process of the observed SHP vari-
ations and assess its correlation with physical soil properties, state-
space modeling was applied. The spatial variations of dh and dK

along the soil profiles were described by autoregressive state-space
models. The physical soil properties, i.e. the contents of sand, silt,
and clay, TC and OC contents, u, and qb were considered to be
the underlying cross-correlated processes affecting dh and dK. These
series were combined in the observation vector Yi for the joint
description of the spatial process. The autoregressive state-space
model is a combination of two systems of equations. The first is
the observation equation (Shumway, 1988):

Yi ¼ FiXi þ vYi
ð10Þ

where the state vector Xi was embedded in the observation vector
through the design matrix Fi, and an observation noise vector vYi.
The second is the state equation:
Xi ¼ UXi�1 þwXi
ð11Þ

where the non-observed state vector Xi is dynamically evolved with
the transfer matrix U consisting of autoregression coefficients and
the model error vector wXi (Shumway, 1988). From Eqs. (10) and
(11) can be seen, that the observation vector Yi is related to the state
vector Xi through the design matrix Fi and by the observation error
vYi, while the state vector Xi at position i is related to the same vec-
tor at position i � 1 through the transition matrix U and a model
error associated to the state wxi with the form of a first-order auto-
regressive model. It is assumed that both error terms vYi and wXi ex-
hibit zero mean, and are uncorrelated and normally distributed
processes. Since the above equations contain distinct perturbations
or noises that are associated with vYi and wXi, Kalman (1960) devel-
oped a recursive filter for estimations in stochastic, dynamic linear
systems, being well known as the Kalman Filter. In the Kalman Fil-
ter updating and smoothing steps are defined. The model parame-
ters of the autoregressive state-space equations were optimized
using the expectation maximization (EM) algorithm in combination
with the Kalman Filter to minimize the differences between ob-
served and predicted values of the scaling factors dh,i and dK,i (Shum-
way and Stoffer, 1982). For numerical stability, all data series were
normalized according to Eq. 10.21 in Nielsen and Wendroth (2003).
This approach enabled the autoregressive state-space or transition
coefficients within the U matrix to directly reflect their relative
influence on the estimated value of xi as part of the state vector
Xi (Wendroth et al., 2011; Schwen et al., 2013).

2.4. Simulation of soil water dynamics

To assess the effect of different spatial SHP discretizations on
simulated soil water balance components, water flow within a
one-dimensional soil profile was simulated using HYDRUS 1D
(Šimůnek et al., 2008). The HYDRUS code uses the Richards equa-
tion, which describes the one-dimensional isothermal Darcian flow
in a variably saturated porous medium:

@h
@t
¼ @

@z
KðhÞ @h

@z
þ KðhÞ

� �
� Si ð12Þ

where t is time, z the vertical axis, and Si a sink term. Eq. (12) can be
solved numerically using Eqs. (4)–(6) defining the SHP and given
intial and boundary conditions. The upper boundary condition
was atmospheric type accounting for precipitation P and soil
evaporation E for both experimental sites (Table 1). For the Raasdorf
site, the lower boundary condition was set to a unit gradient (free
drainage) since the groundwater table was well below the depth
of the simulated profile. At the Heuberg site, a seepage face bound-
ary condition (with h = 0) was choosen to represent the imperme-
able granitic bedrock below the simulated soil profile (Nikodem
et al., 2010). The HYDRUS code solves Eq. (12) numerically by the
finite element method. The basic spatial discretization of the
element mesh was 0.01 m in both profiles. To ensure numerical
stability – especially at the occurence of considerable pressure
gradients as a result of precipitation events – we used a higher
mesh discretization close to the soil surface (0.001 m in the
0–0.01 m depth interval, 0.002 m at 0.01–0.03 m, and 0.005 m at
0.03–0.05 m).

Simulations were performed on a daily basis for 5 consecutive
years for both experimental sites. By this, the impact of different
climatic conditions (dry to wet) could be evaluated (Table 1).
Due to the availability of continuous climatic data records, simula-
tions were performed for the years 2008–2012 and 2002–2006 for
the Raasdorf and Heuberg site, respectively. The daily potential
evaporation from the soil surface Epot and plant transpiration Tpot

(and the potential evapotranspiration ETpot) were calculated using
the Penman–Monteith equation (Monteith, 1981) and the FAO 56
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dual crop coefficient method (Allen et al., 1998). At the Raasdorf
site, annual crop development and root growth was calculated
based on tabulated values for the crop coefficient Kc (Allen et al.,
1998) and observed crop development stages (data not shown).
Interception losses in the crop canopy were neglected. At the Heu-
berg site, a temporally constant rooting depth of 0.75 m (profile
depth) with a root distribution adapted from Huang et al. (2011)
was assumed. Effective precipitation Peff was calculated by sub-
tracting losses due to interception I from the gross precipitation
Pgross in the deciduous forest. I was estimated from seasonal varia-
tions of the beech canopy as reflected by a dynamic leaf area index
LAI. For this purpose, values for the maximum LAI (= 5.8) and inter-
ception capacity Ic (= 2.0 mm) were taken from tabulated values
(Breuer et al., 2003) and the seasonal LAI dynamics of the beeches
were adopted from Armbruster et al. (2004).

Simulations of the soil water balance where conducted with the
SHPs being (i) derived from horizon-mean pedotransfer functions
(PTF), or layered either (ii) according to the pedogenic horizons
(PH), (iii) sample-wise with small-scale 0.05 m increments
(small-scale layers, SSL), or (iv) basing on a reduced number of
hydrologically relevant units (hydropedological layers, HPL). For
the PTF approach, parameters for the unimodal van Genuchten
(1980) soil water retention model were used (Table 2), which
represents the most simple parameterization method. For the PH
approach, representative mean parameters of the bimodal Durner
(1994) soil water retention model (Eqs. (4)–(6)) were derived from
the three samples taken in the center of each horizon (Table 2).
This approach represents the classical sampling strategy. For the
HPL approach, representative mean parameters were derived from
all samples within the identified hydropedological units (Fig. 2).
SHP variations for the SSL simulations and within HPL 5 of the
Raasdorf profile for the HPL simulations were implemented in HY-
DRUS using the scaling factors dh,i and dK,i. To assess the accuracy of
the simulations, observed and predicted soil water contents (Oi and
Pi, respectively) were evaluated using the root mean square error
(RMSE) and the average relative error (ARE) (Popova and Pereira,
2011):

RMSE ¼ 1
N

XN

i¼1

ðPi � OiÞ2
" #1=2

ð13Þ

ARE ¼ 1
N

XN

i¼1

jOi � Pij
Oi

� �
ð14Þ
Table 2
Mean soil hydraulic properties within the Raasdorf and Heuberg profiles. Parameters of t
model (with the shape parameters aVG, nVG, and the saturated hydraulic conductivity Ks,VG

used for the pedotransfer soil horizons (PTF). Representative mean soil hydraulic parameter
of the three samples taken in the center of each horizon. The saturated water content hs, th
n2, the weighting factor w2, and the parameters of the hydraulic conductivity model of Pet
water content hr was fixed to a value of 0 m3 m�3 and the tortuosity parameter s was set to
as a measure for fitting quality of the evaporation experiments.

Depth (m) hs (m3 m�3) aVG (m�1) nVG (–) Ks,VG (m s�1) a1 (m�1) n1 (–)

Profile 1 (Raasdorf)
0.35 0.49 0.58 1.626 2.99E�06 3.06 2.525
0.75 0.51 0.48 1.689 4.97E�06 6.73 1.450
1.00 0.46 0.62 1.628 6.00E�06 0.73 2.070
Mean 0.49 – – – 2.06 1.343

Profile 2 (Heuberg)
0.05 0.60 0.44 1.693 1.95E�05 2.01 1.754
0.25 0.47 2.63 1.457 1.05E�05 13.37 1.225
0.50 0.35 3.43 1.458 5.17E�06 16.92 1.382
0.75 0.32 4.28 1.476 4.36E�06 10.70 2.596
Meana 0.37 – – – 6.84 1.391

a 0.05–0.75 m.
3. Results and discussion

3.1. Spatial variations of physical and hydraulic soil properties

The small-scale determinations of soil texture and contents of
organic and total carbon showed distinct variations within the
two analyzed soil profiles (Fig. 1). In the Raasdorf profile, where
the overall texture was classified as silty loam, the particle size dis-
tribution was uniform throughout the entire Ap-horizon. This may
be attributed to homogenization by soil tillage operations. At the
bottom of the Ap-horizon, the clay content decreased from around
0.24 to 0.05 m3 m�3 at the profile bottom (Fig. 1a). At the same
time, the sand content increased from 0.41 to 0.56 m3 m�3. The
bulk density qb – an indicator for soil structure – showed distinct
variations within the Ap-horizon with lower values of 1.12 and
1.14 mg m�3 in depths of 0–0.05 and 0.15–0.20 m, respectively.
These loosened areas may be a result of soil tillage and harrowing,
but also by intensive biological activity as reflected by an increased
abundance of earthworm burrows and plant roots. Contrarily, the
soil was more compacted below the ploughing depth with a qb

of 1.39 Mg m�3 in a depth of 0.30 m (ploughpan). In the subsoil
horizons (Axh and C), qb increased gradually from 1.18 to
1.35 Mg m�3 in depths of 0.45–0.50 and 0.95–1.00 m, respectively.
Variations in qb were inversely correlated with variations in the to-
tal porosity u. It is worth to notice that the observed variations in
soil structure were largest within the Ap horizon, whereas the sub-
soil horizons (Axh and C) were characterized by gradual changes in
soil texture and structure. The content of organic carbon OC – an
indicator for the content of organic matter – was around 2% in
the Ap-horizon and decreased gradually in the subsoil (Axh and
C horizon). The total carbon TC – an indicator for the carbonate
content – was rather constant around 4.13% throughout the Ap-
horizon. TC values directly below the Ap were distinctly larger with
a value of 5.10% in a depth of 0.45–0.50 m and decreased gradually
within the subsoil (0.50–1.00 m). The high TC values in the subsoil
can be attributed to the carbonatic parent material (loess sedi-
ments). The distinct increase of TC below the ploughed Ap-horizon
could be used as a physical proxy confirming the position of the
boundary between Ap- and Axh-horizon. As changes of physical
soil properties in the subsoil were rather gradual, none of the ob-
served physical properties was correlated with the localization of
the Axh/C boundary.

At the Heuberg profile, the texture was sand-dominated and
showed only small variations in the clay content throughout the
he unimodal van Genuchten (1980) soil water retention and hydraulic conductivity
) were derived by neural network prediction (Rosetta) from the soil texture and were
s for the pedogenic soil horizons (PH) were derived from the evaporation experiments
e shape parameters of the bimodal water retention model of Durner (1994), a1, n1, a2,
ers and Durner (2008), Ks,D&P, x, and s2, are given. We acknowledge that the residual
0.5 for all measurements. The AICc denotes the corrected Akaike Information Criterion

w2 (–) a2 (m�1) n2 (–) Ks,P&D (m s�1) x (–) s2 (–) AICc (–)

0.705 0.53 1.171 2.83E�07 5.00E�01 9.43 �1752
0.622 1.21 1.170 2.69E�06 5.00E�01 9.38 �1622
0.212 0.20 1.082 3.27E�04 3.80E�04 5.11 �1600
0.114 20.00 1.010 9.08E�07 2.00E�01 6.90 �1591

0.282 0.01 1.143 2.65E�05 1.13E�01 35.52 �1365
0.152 0.03 2.403 7.68E�04 0.00E + 00 2.47 �1397
0.386 0.25 2.010 7.83E�05 3.80E�04 2.73 �1344
0.863 1.34 1.252 1.96E�06 5.00E�01 9.30 �1767
0.397 0.02 1.655 1.15E�04 0.00E + 00 4.13 �1476



Fig. 2. Scaling factors for vertical variations of soil hydraulic properties. (a) Chernozem over loess sediments at the experimental site Raasdorf. (b) Dystric Cambisol over
granitic bedrock at the experimental site Heuberg. The diagnostic pedogenic soil horizons for both profiles are depicted in the pictures of the analyzed soil profiles and the
numbered yellow and green bars indicate the hydropedological layers (HPL). dh,i and dK,i are the scaling factors for the soil water retention and hydraulic conductivity
functions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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entire profile (profile mean: 0.09 m3 m�3). A distinct decrease
could be observed only for the silt content with a value of
0.52 m3 m�3 in the O-horizon (0–0.05 m depth) and values around
0.23 m3 m�3 in the rest of the profile (Fig. 1b). Values of qb were
lowest in the organic O-horizon (0.98 Mg m�3) and increased with
increasing profile depth to a maximum of 1.71 Mg m�3 in a depth
of 0.50–0.55 m. The C-horizon showed continuous densities
around 1.63 Mg m�3. Again, u was negatively correlated to qb. As
both TC and OC showed approximately the same values, anorganic
(carbonatic) carbon was virtually not abundand in the Heuberg
profile. This agrees with the fact that the parent material for ped-
ogenesis was weathered granitic bedrock and the entire profile
was characterized by pH values around 4 (data not shown). OC
was highest in the O-horizon with a value of 5.10% (0–0.05 m
depth) and decreased strongly to values around 0.01% in the
C-horizon. Compared to the well-developed and structured
Raasdorf profile, only few earthworm burrows and some plant
roots were found in the Heuberg profile. Beside the O-horizon,
the pedogenic horizons in the Heuberg profile were generally not
well developed. However, distinct changes in OC and qb confirmed
the localization of the horizon boundaries (Fig. 1b).

Variations in the hydraulic properties within the two analyzed
soil profiles are discussed by the scaling factors for the water reten-
tion curve dh,i and for the hydraulic conductivity dK,i (Fig. 2). We
note that the scaling factors given in Fig. 2 relate the hydraulic
properties of each depth to a representative mean curve with the
parameters given in Table 2 (profile mean). It is also worth to
notice that dh,i and dK,i varied across scales and are therefore given
on a log-scale in Fig. 2. Within the Raasdorf profile, considerable
variations were observed for dh,i and even more pronounced for
dK,i (Fig. 2a). Changes in dK,i were largest within the upper part of
the profile (0–0.50 m depth) with higher values directly below
the soil surface and in depths of 0.20–0.30 m and 0.45–0.50 m. This
indicates that spatial variations of dK,i were mainly a result of soil
structural changes as indicated by variations in qb or u. dh,i values
showed undulating intra-horizontal variations in the Ap-horizon
that correlated with qb variations (Fig 1b). In the subsoil
(Axh- and C-horizon), dh,i showed a gradual decrease within each
horizon. It is noticeable that the pedogenically derived horizon
boundaries correlated with distinct dh,i changes in this profile. As
a result of the above described findings, we defined hydropedolog-
ical layers (HPL). These units were characterized by similar SHPs
and limited by rather larger changes in dh,i and dK,i. They were de-
fined in the following depth increments: HPL 1: 0–0.05 m, HPL 2:
0.05–0.20 m, HPL 3: 0.20–0.30 m, HPL 4: 0.30–0.40 m, and HPL 5:
0.40–1.00 m (Fig. 2a). We accounted for the observed gradual
SHP changes within HPL 5 by a simple linear decrease of dh,i and
dK,i. Compared to the diagnostic pedogenic horizons, the hydroped-
ological units HPL 1–4 better reflected structural changes in the
upper part of the soil profile (Ap-horizon).

At the Heuberg site, the hydraulic properties of the O-horizon
differed strongly from the rest of the profile. Therefore, scaling
and subsequent analysis of the spatial variations were performed
for the Aeh-, Bhs-, and C-horizon (0.05–0.75 m depth) only
(Fig. 2b). In this profile, dK,i showed undulating values between
0.46 and 1.65 throughout the entire profile with the smallest values
close to the soil surface. dh,i values were largest in the upper part of
the profile (Aeh- and upper Bhs-horizon) with a maximum of 6.23
in a depth of 0.05–0.10 m. A considerable decrease was observed
within the lower part of the Bhs-horizon with a minimum of 0.08
in a depth of 0.35–0.40 m. In general, variations of dh,i were larger
than dK,i. This indicates that – in contrast to the Raasdorf profile –
the observed considerable soil structural variations (qb) did hardly
affect the conductivity properties of the soil (dK,i) but were more



176 A. Schwen et al. / Journal of Hydrology 516 (2014) 169–181
reflected by dh,i. As only few macropores were observed in the
O- and Aeh-horizon, this finding also implies that the pore-size
distribution at the Heuberg site was rather uniform and might be
described sufficiently by an unimodal SHP model (e.g., van Genuchten
(1980)). Despite the different properties of the O-horizon, no distinct
changes of dh,i or dK,i correlated with the boundaries of the pedogenic
horizons. Moreover, the lower dh,i values in a depth of 0.30–0.50 m
indicate that from a hydrological perspective the boundary between
Aeh- and Bhs-horizon would be in a depth of 0.30 m. Therefore, when
defining HPLs, the only difference to the pedogenic horizons was the
Aeh/Bhs-boundary. We defined four HPLs in the following depth
increments: HPL 1: 0–0.05 m, HPL 2: 0.05–0.30 m, HPL 3: 0.30–
0.45 m, and HPL 4: 0.45–0.75 m (Fig. 2b).
3.2. Correlation of physical and hydraulic soil property variations by
state-space models

To combine the above described findings, the observed varia-
tions of dh,i and dK,i were described as spatial processes by state-
space models that considered the physical soil properties (texture,
bulk density, carbon content) as the underlying controlling factors
(Fig. 3). In the following section, we tested different combinations
of physical soil properties in the state equations to identify the
optimal parameter combinations that describe the spatial pro-
cesses of dh,i and dK,i. The quality of the state-space model estima-
tion was assessed by the AICc and the best modeling results be
means of the lowest AICc values are presented here (Table 3). For
both profiles (Raasdorf and Heuberg), the complete series of ob-
Fig. 3. Autoregressive state-space models describing vertical changes in soil
hydraulic properties as reflected by the scaling factors for soil water retention dh,i

(a, b, e, f) and hydraulic conductivity dK,i (c, d, g, h). The upper part (a–d) shows the
Raasdorf profile, and the lower part (e–h) shows the Heuberg profile. The shaded
area denotes the 95% confidence range of the model estimation. State-space models
were derived either from all data points with a spatial depth increment of 0.05 m (a,
c, e, g), or considering every other data point only (b, d, f, h). The state equations
corresponding to the shown models are given in Eqs. (15a)–(15d) for the Raasdorf
profile, and Eqs. (16a)–(16d) for the Heuberg profile, respectively.
served dh,i and dK,i values with a vertical distance of 0.05 m was
incorporated in the modeling process. In a second step, the poten-
tial to reduce the density of known dh,i and dK,i observations was
assessed.

For the Raasdorf profile, spatial variations of dh,i were described
by Eq. (15a) (Table 3). This equation comprised the previous values
of dh,i�1 to an extent of 0.492, the clay content clayi�1 by 0.604, and
the total organic carbon content TCi�1 by�0.163. These coefficients
were obtained from the first line of the transition matrix U (Eq.
(11)). The AICc for Eq. (15a) was �7.62 with the number of data
points and the regression coefficients being N = 20 and k = 3 (Eq.
(3)), respectively. As stated by Schwen et al. (2013), the coefficients
in the autoregressive equation directly reflect their relative contri-
bution to the estimation of dh,i. Eq. (15a) allowed a precise descrip-
tion of the spatial variations of dh,i as reflected by the small AICc
value and the tight confidence interval (Fig. 3a). When considering
every other dh,i data point only, the resulting state equation (Eq.
(15b)) could still describe the spatial process of dh,i reasonably well
with all observed data points being within the confidence range of
the model estimation (Fig. 3b). The coefficients used in Eqs. (15a)
and (15b) confirmed the finding that soil texture and total carbon
correlated with variations of dh,i (cp. Section 3.1). Since dK,i varied
considerably within the Raasdorf profile, the data series was log-
transformed prior to state-space modeling. This data series could
be described best by Eq. (15c) which comprised the previous val-
ues of log10(dK,i�1) to an extent of 0.300, the clay content clayi�1

by �0.041, and the total porosity ui�1 by 0.653. As for the water
retention (Eq. (15a)), this state equation described the observed
spatial variations of log10(dK,i) very well as reflected by an AICc of
�6.90 and narrow confidence intervals (Fig. 3c). The considerable
regression coefficient for ui�1 indicated the importance of soil
structural variations for log10(dK,i). However, when reducing the
number of considered observation points (every other only), the
above used combination was not capable to reasonably describe
the variations of log10(dK,i) (not shown). Here, the best state equa-
tion (Eq. (15d)) comprised textural information (contents of clay
and sand) only. This equation could describe the basic variations
of log10(dK,i) sufficiently (Fig. 3d). We also tested to further reduce
the number of considered data points (every third) for both dh,i and
log10(dK,i). However, no combination of the physical soil parame-
ters was capable to describe the spatial processes in a reasonable
manner.

At the Heuberg profile, variations of dh,i varied considerably and
were logtransformed prior to state-space modeling. Considering all
observations (N = 14), this data series could be described best by
Eq. (16a) which comprised the previous values of log10(dh,i�1) to
an extent of 0.695, the clay content clayi�1 by 0.043, and the bulk
density qb,i�1 by 0.160. Eq. (16a) could describe the spatial process
of log10(dh,i) reasonably well with nearly all observations being
within the confidence intervals of the model estimation (Fig. 3e).
When considering every other observation of log10(dh,i) only, the
combination of clay content and bulk density could not satisfacto-
rily describe the spatial variation. The state equation that described
the process best (Eq. (16b)) comprised a combination of textural
information (clay content) and total carbon content. However,
we acknowledge that the influence of the clay content with a
regression coefficient of 0.002 was almost negligible. The spatial
variation of dK,i in the Heuberg profile was challenging to describe
properly by a state-space model. This is mainly due to the undulat-
ing observations of dK,i that were hardly reflected by any physical
soil property. The state equation with the best AICc (�1.50) was
Eq. (16c). Although this was the best model estimation, not all of
the observations were within the confidence range (Fig. 3g). As
concluded in Section 3.1, soil texture and carbon content were
the main physical properties that correlated with spatial variations
of dK,i. This finding is confirmed by Eq. (16c). When considering



Table 3
Results of the state-space modeling. For both analyzed soil profiles, the scaling factors for soil water retention dh,i and unsaturated hydraulic conductivity dK,i were described by
state-space models. Modeling was performed using either all observations or every other hydraulic property observation only. The corrected Akaike Information Criterion AICc
denotes the quality of the model estimation.

Scaling factor Data density State equation AICc Eqs.

Profile 1 (Raasdorf)
dh,i All dh,i = 0.492 dh,i�1 + 0.604 clayi�1 � 0.163 TCi�1 + xi �7.62 (15a)

Every other dh,i = 0.511 dh,i�1 + 0.407 clayi�1 + 0.030 TCi�1 + xi �2.27 (15b)

dK,i All log10(dK,i) = 0.300 log10(dK,i�1) � 0.041 clayi�1 + 0.653 ui�1 + xi �6.90 (15c)
Every other log10(dK,i) = 0.260 log10(dK,i�1) + 0.309 clayi�1 + 0.444 sandi�1 + xi �2.13 (15d)

Profile 2 (Heuberg)
dh,i All log10(dh,i) = 0.695 log10(dh,i�1) + 0.043 clayi�1 + 0.160 qb,i�1 + xi �2.14 (16a)

Every other log10(dh,i) = 0.402 log10(dh,i�1) + 0.002 clayi�1 + 0.479 TCi�1 + xi �1.86 (16b)

dK,i All dK,i = 0.501 dK,i�1 + 0.373 clayi�1 + 0.176 OCi�1 + xi �1.50 (16c)
Every other dK,i = 0.340 dK,i�1 + 0.108 clayi�1 + 0.504 OCi�1 + xi �0.76 (16d)
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every other observation only (Eq. (16d)), the relative influence of
OC was more pronounced than when considering all observations.
However, this state equation was hardly able to describe the spa-
tial process of dK,i reasonably well as indicated by an AICc of
�0.76 and most of the not-considered observation points being
out of the confidence range of the model (Fig. 3h). As mentioned
above, this could be explained by the fact that the undulating
small-scale variations of dK,i were not correlated with any of the
physical soil properties. However, as the hydraulic conductivity
function is known to vary across scales, the variations observed
within this profile were in a normal range with the saturated
hydraulic conductivity being 7.79 � 10�6 m s�1 < Ks < 5.96 � 10�3 -
m s�1. It should be also noted that the soil profile – compared to
the deeper and more differentiated Raasdorf profile – was rather
short with a limited number of observation points for the spatial
analysis (N = 14). As for the Raasdorf profile, no combination of
the physical soil parameters was capable to describe the spatial
processes of log10(dh,i) or dK,i in the Heuberg profile in a reasonable
manner when further reducing the observation density.

The above derived state equations described the spatial SHP vari-
ations within the two analyzed soil profiles by considering varia-
tions of physical soil properties at the same spatial scale. The state
equations that considered every other data point of dh,i or dK,i only
(Eqs. (15b), (15d), (16b), (16d)) described the hydraulic property
variations at the omitted spatial positions on the basis of known
variations in the physical soil properties at this position. Thus, these
state-space model equations allow the description of the detailed
spatial SHP variation by a reduced number of measurements when
knowing the small-scale variations of the correlated physical soil
properties (e.g., clay content, carbon content). From a practical point
of view, this finding offers the opportunity to use these state-space
models as site-specific pedotransfer functions. As pointed out by
Wendroth et al. (2006), existing pedotransfer functions do not in-
clude spatial covariance structures of observations. Since SHP mea-
surements are laborious and time-consuming, the approach
presented here shows a new way to derive detailed informations
about the hydraulic properties in soil profiles. By a combination
with large-scale non-invasive methods such as ground-penetrating
radar, geoelectrical resistivity, or electromagnetic induction mea-
surements, this approach could be also extended to the transect or
field scale as demonstrated by Wendroth et al. (2006).

3.3. Impact of SHP variations and determination method on soil water
simulations

In the following section, we discuss the impact of the different
sampling strategies on simulated soil water balance components.
Four different methods for the spatial discretization of hydraulic
properties within the numerical simulations were assessed (PTF,
PH, SSL, HPL). As discussed in the previous section, considerable
SHP variations were found in both analyzed soil profiles. Moreover,
by using estimations from simple PTFs to detailed evaporation
experiments, we tested different ways of SHP determination and
spatial discretization. As the PTF approach used the unimodal van
Genuchten (1980) model, it neglected preferential flow paths and
macropores. Contrarily, the PH, SSL, and HPL approaches used the
bimodal Durner (1994) model, and might better describe the flow
properties in structured soils. Simulation results were evaluated in
terms of the volumetric water contents h in different depths (Fig. 4)
and the components of the soil water balance (Table 4). As a gen-
eral hypothesis, we assumed that simulations with a fine SHP dis-
cretization resulted in h values that are closest to reality. In the
Raasdorf profile, this assumption was confirmed by a good agree-
ment between observed and predicted h values for the SSL discret-
ization in all analyzed depths (Fig. 4a) and reflected by an RMSE of
0.0145 m3 m�3 and an ARE of 0.076 (Table 5). We acknowledge
that the period of available measured soil moisture data was rather
short and the number of observations was N = 27. However, it en-
abled a sufficient assessment of the simulation quality in terms of
absolute h values and their dynamic behavior. Generally, h varied
over the simulated time period as a result of climatic dynamics
with the highest observed amplitudes close to the soil surface
(Fig. 4a). Beside the topsoil (depth: 0.15 m), h differences between
the small-scale layered SHP discretization (SSL) and the hydroped-
ological layers (HPL) were smallest. The HPL discretization also re-
sulted in low RMSE and ARE values of 0.0123 m3 m�3 and 0.078,
respectively. Contrarily, considerable differences were found be-
tween the SSL and PTF approaches in all depths. The PTF approach
resulted in systematically lower water contents for the years
2008–2011 and showed higher RMSE and ARE values (Table 5). Dif-
ferences between the SSL and PH approaches were slightly smaller.
However, also this approach resulted in systematically lower h val-
ues in the subsoil (depth: 0.45 and 0.75 m) and showed the highest
RMSE and ARE values (Table 5). Both the PTF and PH discretizations
resulted in the following differences to SSL: In a depth of 0.15 m,
systematically higher values were obtained from August 2011 until
December 2012. This period was characterized by rather dry cli-
matic conditions with low precipitation amounts (Table 4). During
this period, small differences in the deeper soil horizons (depths of
0.45 and 0.75 m) were observed for the PTF and PH approach,
whereas the HPL nicely agreed with the SSL results. As a result of
the above described findings, the SSL and HPL discretizations re-
sulted in the best simulation accuracy. It is noticeable that the
good agreement between observed and predicted h values confirm
the applicability of the evaporation method (HYPROP device) to
derive SHPs for soil water simulations.



Fig. 4. Results of the soil water simulations at the experimental sites (a) Raasdorf and (b) Heuberg. Simulations were performed with the following spatial discretizations of
the soil hydraulic properties: Pedotransfer horizons PTF, pedogenic horizons PH, small-scale layers SSL, and hydrologically relevant units (hydropedological layers) HPL.
Volumetric soil water contents are shown for three depths in the upper part of each plot. Simulated soil water balance components are shown in the bottom section of each
plot with ETcum and Dcum being the annual cumulative actual evapotranspiration and drainage below the soil profile (the latter given for the free-drainage profile in Raasdorf
only), respectively. P denotes the observed daily precipitation, and Pcum and Icum the annual cumulative precipitation and interception (given for the forested Heuberg site
only), respectively.
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Regarding the soil water balance components, we found a good
agreement between the SSL and HPL discretizations for all years
with medium to dry climatic conditions (Table 4). In the rather
wet year 2010, however, a distinctly larger drainage loss of
D = 340.1 mm was estimated by the HPL simulation. This resulted
in a smaller amount of water stored in the soil profile
(DS = 41.4 mm). Larger differences compared to the SSL approach,
however, were found for the PTF and PH discretizations for all sim-
ulated years. These differences were mainly a result of the simu-
lated crop transpiration and surface evaporation. The cumulative
annual actual transpiration Tact for the SSL and PH discretizations
were 292.0 and 242.5 mm in the year 2008 and 101.5 and
86.2 mm in the year 2012, respectively (Table 4). PTF and PH also
resulted in significantly larger simulated drainage losses D in the
years 2008 and 2010. The results indicated that differences in the
simulated evapotranspiration ETact were more pronounced under
medium to dry climatic conditions. This finding agrees with Sch-
wen et al. (2011b), who reported an increased sensitivity for tem-
poral SHP variations under dryer climatic conditions. The
calculation of Tact depends on the plant available water that is
stored in the profile which is controlled by the water retention
properties. Therefore, we conclude that the horizon-mean SHP of
the Ap-horizon (PTF and PH) might not adequately account for den-
ser areas with an increased water retention within this horizon.
Under drier conditions (2008), precipitation events resulted in a
stronger drainage loss using the PTF discretization. This might be
due to the fact that gradual SHP variations in the subsoil were
not adequately covered when using horizon-mean parameters.
Thus, SSL and HPL discretizations performed best under medium
to dry as well as wet climatic conditions at the Raasdorf site.

Compared to the Raasdorf site, the simulations at the Heuberg
site resulted in smaller differences between all SHP discretizations
as reflected by the h values (Fig. 4b) and the water balance compo-
nents (Table 4). Also, differences between observed and predicted h
Table 4
Simulated soil water balance for the Raasdorf and Heuberg experimental sites. Pgross denote
and ETpot the potential evapotranspiration. Simulations were performed with the followin
pedogenic horizons PH, Small-scale layers SSL, and reduced layers using hydrologically rel
and transpiration Tact, losses of drainage D, and the change in water stored in the soil pro

Simulated year (climatic condition) Pgross (mm) I (mm) ETpot (mm) Sim

Profile: Raasdorf
2008 (normal) 599 n.d. 641 PTF

PH
SSL
HPL

2010 (wet) 717 n.d. 457 PTF
PH
SSL
HPL

2012 (dry) 415 n.d. 873 PTF
PH
SSL
HPL

Profile: Heuberg
2003 (dry) 656 245 619 PTF

PH
SSL
HPL

2005 (wet) 908 268 587 PTF
PH
SSL
HPL

2006 (normal) 728 261 571 PTF
PH
SSL
HPL
values were hardly affected by the SHP discretization as reflected
by the RMSE and ARE values (Table 5). RMSE values of
0.0384 and 0.0413 m3 m�3 indicated a slightly better simulation
performance when using the SSL or HPL approaches. Compared to
the Raasdorf profile, the RMSE and ARE values of the Heuberg sim-
ulations were larger. This was possibly due to the fact that only h
values in the highly dynamic shallow soil (0.10 m) were available.
Since the number of observations was rather large (N = 190) and all
RMSEs were below 0.05, the performance of the Heuberg simula-
tions were still good. The PTF approach resulted in systematically
lower h values in the topsoil (depth: 0.15 m) and subsoil (depth:
0.55 m). The PH discretization performed better, but also resulted
in slightly lower water contents in the subsoil (0.55 m depth) com-
pared to the SSL discretization. Both, the PH and HPL discretization
showed slightly lower h values in the topsoil (depth: 0.15 m and
0.35 m).

The simulated soil water balance at the Heuberg site was not
strongly affected by the SHP discretizations. However, the esti-
mated actual transpiration was higher for the PTF discretization
under dry climatic conditions with Tact sums of 322.9 and
252.2 mm in 2003 for the SSL and PTF discretizations, respectively
(Table 4). Differences were also found for estimated drainage
losses with D being significantly lower for PTF and PH compared
to SSL or HPL.

The above described findings suggest that the impact of the spa-
tial SHP discretization scheme influenced the results of simulated
soil water balance components differently. The impact was much
more pronounced at the Raasdorf site, where considerable SHP
variations were observed within the entire soil profile and also
within the pedogenic horizons (esp. Ap-horizon). In this well-
structured soil profile, the SSL and HPL approaches resulted in a
significantly better simulation performance. As the pedotransfer-
derived SHP estimation (PTF) and the standard sampling strategy
(PH) was shown to result in distinctly different simulation results,
s the gross precipitation, I interception losses in the forest canopy at the Heuberg site,
g spatial discretizations of the soil hydraulic properties: Pedotransfer horizons PTF,

evant units HPL. Simulated water balance components are the actual evaporation Eact

file DS. Results are given for normal, dry, and wet climatic conditions.

ulation type Eact (mm) Tact (mm) ETact (mm) D (mm) DS (mm)

171.3 265.7 437.0 151.9 10.07
199.3 242.5 441.8 153.1 4.07
201.0 292.0 493.0 76.6 29.44
200.4 279.9 480.3 75.1 43.58

184.9 135.8 320.7 339.2 57.1
190.5 133.6 324.1 336.9 56.1
189.9 140.1 330.0 317.7 69.3
190.5 145.1 335.5 340.1 41.4

236.3 140.6 376.8 10.0 28.2
305.2 86.2 391.3 0.5 23.1
302.8 101.5 404.3 1.0 9.7
299.0 104.4 403.4 0.3 11.3

159.2 322.9 482.0 0.0 �71.1
198.2 253.6 451.8 0.0 �40.9
201.6 252.2 453.8 0.0 �42.9
197.4 253.2 450.6 0.0 �39.7

216.6 308.8 525.4 0.0 114.6
194.8 342.6 537.4 0.0 102.6
197.6 326.7 524.3 8.9 106.8
194.6 340.9 535.5 5.4 99.1

216.1 376.7 592.8 0.0 �125.8
196.5 372.4 568.9 25.3 �127.2
197.6 350.5 548.1 42.4 �123.5
195.1 362.4 557.5 40.5 �130.9



Table 5
Performance of the soil water simulations for the Raasdorf and Heuberg experimental
sites. Root mean square errors RMSE (Eq. (13)) and average relative errors ARE (Eq.
(14)) were calculated from observed and predicted volumetric water contents. The
time periods with available water contents for both sites are given in Table 1.
Simulations were performed with the following spatial discretizations of the soil
hydraulic properties: Pedotransfer horizons PTF, pedogenic horizons PH, Small-scale
layers SSL, and reduced layers using hydrologically relevant units HPL.

Profile Simulation type RMSE (m3 m�3) ARE

Raasdorf PTF 0.0261 0.141
PH 0.0342 0.205
SSL 0.0145 0.076
HPL 0.0123 0.078

Heuberg PTF 0.0465 0.251
PH 0.0465 0.251
SSL 0.0384 0.217
HPL 0.0413 0.222
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the importance of a suitable sampling strategy and the use of suit-
able hydraulic property models (bimodal) were confirmed. To
avoid the laborious detailed SHP determination that would be re-
quired for the SSL approach and to reduce the observation density,
the presented hydropedological layers performed well to describe
the hydrologically relevant properties of both soil profiles. How-
ever, this approach requires knowledge of the underlying physical
controlling factors.
4. Conclusion

In the present study, spatial SHP variations within two soil pro-
files were analyzed on the basis of a small-scale sampling approach
(vertical transect) and correlated to underlying physical soil prop-
erties. The profiles differed distinctly in their physical properties
and represented typical land use systems where simulating the soil
water balance could be of interest. Both, the agriculturally used
Chernozem soil in Raasdorf and the forested Cambisol in Heuberg
inhibited considerable SHP variations as reflected by the scaling
factors dh,i and dK,i. In Raasdorf, variations in dK,i were largest within
the ploughed Ap-horizon and were attributed to soil structural
changes as indicated by qb variations. These variations were a re-
sult of soil management and biological activities (abundance of
earthworm burrows), dh,i values showed undulating intra-horizon-
tal variations. In the subsoil (Axh- and C-horizon), dh,i showed a
gradual decrease within each horizon. The observed dh,i variations
could be described by state-space models that comprised informa-
tions about the soil texture (clay content) and the total carbon con-
tent TC. Variations of dK,i were described by a state equation basing
on the clay content and total porosity u. At the Heuberg site, the
hydraulic properties of the O-horizon differed strongly from the
rest of the profile and dK,i was undulating throughout the profile.
dh,i values were largest in the upper part of the profile (Aeh- and
upper Bhs-horizon) and considerably decreased within the lower
part of the Bhs-horizon. As variations of dh,i were larger than dK,i

in this profile, observed soil structural variations (qb) did hardly af-
fect the conductivity properties of the soil (dK,i) but were more re-
flected by dh,i. While the Raasdorf profile was well developed with
pronounced variations in the structural domain (macropores), the
sandy soil profile at the Heuberg site was characterized by smaller
variations in the physical and hydraulic properties.

The impact of different methods for the determination and spa-
tial discretization of SHP within numerical simulations (PTF, PH,
SSL, HPL) was assessed for varying climatic conditions by means
of the volumetric water content h and components of the soil water
balance. When comparing observed and predicted h values, simu-
lations with the small-scale layered SHP discretization (SSL) per-
formed best for both experimental sites. For the Raasdorf site, h
differences between the SSL and the hydropedological layers
(HPL) were smallest. Contrarily, simulations with pedotransfer-de-
rived SHP (PTF) and the pedogenic horizon approach (PH) resulted
in less accurate soil water predictions – especially for the Raasdorf
profile. Since the Ap-horizon of the Raasdorf profile was character-
ized by considerable variations in the structural pore domain, the
unimodal van Genuchten (1980) SHP description – derived by
pedotransfer functions from physical soil properties – could not
describe the soil water dynamics well. Here, simulations that used
the bimodal Durner (1994) SHP description performed better. The
simulated soil water balance components showed a good agree-
ment between the SSL and HPL discretizations, but the PTF and
PH discretization resulted in differing estimations of the transpira-
tion and drainage losses. At the Raasdorf site, these differences
were more pronounced under medium to dry climatic conditions.
Simulations at the Heuberg site resulted in smaller differences
between all SHP discretizations. The simulation results at both
experimental sites confirmed the importance of an adequate
sampling design and spatial SHP discretization. The standard
sampling strategy with mean SHP for pedogenic horizons (PH) or
pedotransfer-derived SHP estimations (PTF) compromised simula-
tion performance for the Raasdorf profile. The hydropedological
layer discretization (HPL) performed well and showed a way to
reducing the SHP observation density by considering the underlying
physical controlling factors.
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