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Abstract
Preferential and lateral subsurface flow (LSF) may be responsible for the accelerated

transport of water and solutes in sloping agricultural landscapes; however, the process

is difficult to observe. One idea is to compare time series of soil moisture observations

in the field with those in lysimeters, where flow is vertically oriented. This study

aims at identifying periods of deviations in soil water contents and pressure heads

measured in the field and in a weighing lysimeter with the same soil profile. Wavelet

coherency analysis (WCA) was applied to time series of hourly soil water content and

pressure head data (15-, 32-, 60-, 80-, and 140-cm depths) from Colluvic Regosol

soil profiles. The phase shifts and periodicities indicated by the WCA plots reflected

the response times to rain events in the same depth of lysimeter and field soil. For

many rain events and depths, pressure and moisture sensors installed in the field

soil responded earlier than those in the lysimeter. This could be explained by either

vertical preferential flow or LSF from upper hillslope positions. Vice versa, a faster

response in the lysimeter soil could be indicative for vertical preferential flow effects.

Dry weather conditions and data gaps limited the number of periods with elevated soil

moisture in 2016–2018, in which LSF was likely to occur. The WCA plots comprise

all temporal patterns of time shifts and correlations between larger data time series in

a condensed form to identify potentially relevant periods for more detailed analyses

of subsurface flow dynamics.

1 INTRODUCTION

Lateral subsurface flow (LSF) or funnel flow describes the
lateral redirection and funneling of water caused by textu-
ral boundaries in the soil (Gerke, 2006; Guo & Lin, 2018;
Hendrickx & Flury, 2001). In agricultural landscapes, this
phenomenon can potentially be responsible for accelerated

Abbreviations: COI, cone of influence; FDR, frequency domain
reflectometry; LSF, lateral subsurface flow; SWC, soil water content;
Vol-%, unit of the volumetric soil water content in volume percentage;
WCA, wavelet coherency analysis; WTC, wavelet coherency spectrum.
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nutrient and pesticide transport from fields into adjacent water
bodies like streams and kettleholes leading to a pollution of
these ecosystems (Julich et al., 2017; Kahl et al., 2008). In
mountainous regions, LSF is also known to promote the devel-
opment of landslides (Wienhöfer et al., 2011). The LSF pro-
cess has been studied; for example, in the Shale Hills Catch-
ment (Guo et al., 2018) in a hummocky ground moraine in
northeast Germany (Gerke et al., 2010; Filipović et al., 2018),
in a soil cover over waste rock (Hopp et al., 2011), in forested
hillslopes (Laine-Kaulio et al., 2014), and in an alpine region
(Wienhöfer & Zehe, 2014).
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The conditions for LSF are inclined soil layers with con-
trasting hydraulic properties and water saturation in the upper,
more permeable soil layer (Laine-Kaulio et al., 2014; Liu &
Lin, 2015). Lateral subsurface flow is occurring especially
during periods of high soil moisture—for example, those
induced by snowmelt (Wilcox et al., 1997). In unsaturated
soils, water flow is mainly vertical as predicted by simula-
tions based on the Richards equation (Filipović et al., 2018).
Only if the soil water pressure head approaches a value of
zero and capillary forces become negligible—for example,
near impeding layers and less conductive soil horizons—the
gravitational-driven LSF may occur (Lu et al., 2011; Lv et al.,
2013). However, a vanishing of capillary forces does not nec-
essarily mean that all soil pores are water saturated. The rela-
tion between pressure head and water content (i.e., water
retention function) is not a unique and single function; it is
hysteretic and changing with time due to local nonequilibrium
processes (Hannes et al., 2016; Herbrich & Gerke, 2017), and
it is affected by the spatial heterogeneity of local or pore scale
and macroscopic soil properties at pedon and larger spatial
scales (Filipović et al., 2019; Guo & Lin, 2018; Lin & Zhou,
2008). These effects may also occur in combination (Das-
gupta et al., 2006); for instance, during vertical preferential
flow through macropores, local nonequilibrium conditions in
the pressure head between macropores and matrix can develop
(Gerke, 2006). In such cases, water-saturated pore regions can
occur locally where the macropore flow hits an impeding layer
and from where lateral flow can be initiated (Newman et al.,
2004). These authors also observed that LSF was starting from
root macropores in the clay-enriched illuvial subsoil horizon
after macropore-centred saturation. Earlier, Sidle et al. (2001)
suggested from observations in sloping forest soils that ver-
tical and lateral subsurface preferential flow paths are con-
nected by a network of macropores forming the basis for lat-
eral preferential flow in such sites.

In soil columns and lysimeters, lateral flow is restricted
due to the limited size and fixed boundaries at the sides such
that macroscopic flow is assumed to be predominantly vertical
(Bravo et al., 2020; Wittenberg et al., 2019, 2020). Although
macropore-centred saturation (Newman et al., 2004) due to
vertical preferential flow can also occur in an intact soil mono-
lith of a lysimeter, lateral water movement remains local
and may occasionally lead to water movement along the
interface between the soil and the sidewall of the lysimeter
(Corwin, 2000). As indicated by two-dimensional flow sim-
ulations (Filipović, et al., 2018), water dynamics in a slop-
ing field soil may be assumed to start deviating from that
in the same depth of a lysimeter if the soil is approach-
ing pore water saturation at some point in the flow domain.
It is likely to assume that with the beginning of lateral
flow in the field, the pressure head increase will be lim-
ited at uphill positions while the increase in soil water con-
tent (SWC) will continue at downhill positions during a flow

Core Ideas
∙ Soil water content time series in weighing lysime-

ters are compared with those of field soil.
∙ Identification of lateral subsurface flow in sloping

hummocky soil landscape.
∙ Deviations of lysimeter from field data depending

on infiltration events.
∙ Wavelet coherency analysis to quantitatively

describe temporal patterns of time shifts.

event. In contrast, the SWC in the lysimeter soil will increase
faster above impeding horizons than in the field, where
lateral downhill movement can reduce the pressure head
buildup.

The observation of LSF and especially the detection of the
beginning of LSF in the field soil is still a challenge (Lamb
et al., 2019; Xie et al., 2019). Preferential flow was identi-
fied by comparing soil moisture − depth differences of larger
time series according to response sequences (Graham & Lin,
2011; Wiekenkamp et al., 2016). Both vertical and lateral
preferential flow pathways have been experimentally stud-
ied by various techniques including dye staining, using com-
pounds such as uranine, brilliant blue FCF, or methylene blue
(Alaoui et al., 2011; Luo et al., 2019). The dyes can be sprin-
kled onto the soil surface (Gerke et al., 2015) or injected dur-
ing infiltration experiments (Nyquist et al., 2018). However,
an adequate observation of deep dye patterns requires sec-
tioning the soil along different vertical or horizontal planes,
which necessitates extensive effort and destroys the soil in the
process. More recently, geophysics techniques (e.g., electrical
resistivity tomography [ERT] and ground penetrating radar
[GPR]) were also adopted to investigate subsurface flow pro-
cesses (Guo et al., 2020; Lamb et al., 2019). Although most
techniques are either destructive or technically demanding,
available data from common and field measurements (Pütz
et al., 2016; Sommer et al., 2016), such as SWCs and pressure
heads, could provide information on temporal dynamics of
LSF.

Thus, we hypothesize that differences in the soil moisture
dynamics between the field soil and the soil with a similar
horizon sequence in the lysimeter will be indicative for the
beginning of deviations from vertical flow in the field. We
are aware that the possible occurrences of LSF and vertical
preferential flow can only be indirectly determined with this
approach; furthermore, data interpretation is affected by soil
spatial heterogeneity and differences in plant and root dis-
tributions (Luo et al., 2019). The data analysis requires the
evaluation and comparison of larger time series of water con-
tents and pressure heads in order to capture a wide range
of conditions that include both water saturated and unsat-
urated soil condition. In regions with relatively low annual
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precipitation, such as in northeastern Germany (Herbrich &
Gerke, 2017; Rieckh et al., 2012), transient near-saturated
soil moisture conditions in subsurface horizons occur only
infrequently.

One major challenge when analysing two time series of the
SWC or the pressure head is to find possible correlations in
these often nonstationary datasets (Ritter et al., 2009). Clas-
sical correlation analyses fail for datasets that include period-
icities and trends (Biswas & Si, 2011). Temporal and scale
variabilities in the relationship between two time series can-
not be specified if an overall correlation coefficient over the
entire period is calculated (Bravo et al., 2020; Hu & Si, 2013).
Time series of soil water state variables underlie periodic fluc-
tuations like diurnal, seasonal, and annual cycles (Herbrich &
Gerke, 2017; Liu et al., 2017; Rahmati et al., 2020).

Time series analysis of periodic signals is based on wavelet
transform (Torrence & Compo, 1998; Grinsted et al., 2004).
The transfer from the time domain into the frequency domain
is achieved by comparing the original signal with a set of
template functions of known frequency (Farge, 1992). The
wavelet analysis can be used to determine the correlation
between two time series, even if they are shifted in time, by
calculating the coherency between two wavelet spectra (Grin-
sted et al., 2004). Wavelet coherence is a statistical tool to
determine the similarity between two time series. It can be
compared with Rš in regression analysis and varies between
zero and one (Si, 2008).

Wavelet coherency analysis (WCA) has been applied to
detect spatial and temporal variations of soil hydraulic prop-
erties along a transect in the loess plateau of China (Yang
et al., 2018) and differences in the moisture dynamics inside
and outside of lysimeters for volcanic ash soils in southern
Chile (Bravo et al., 2020). Earlier, Yang et al. (2016) com-
pared the temporal stability of the soil matric potential of
grassland and cropland with WCA and found stronger tem-
poral variations in shallower than in greater depths. In their
analysis of a 16-yr SWC record, Wu et al. (2002) determined
the time shift in the SWC response to precipitation with depth.
Lee and Kim (2019) used WCA for identifying vertical pref-
erential flow events from the time shift in depth-dependent
SWC responses between closer and more distant soil
horizons.

The objective of this study is to identify deviations between
field and lysimeter time series of SWC and pressure head for
the analysis of the possible occurrence of LSF. The deviations
are separately interpreted for specific rain infiltration events in
all four seasons by assuming that flow in the lysimeter soil is
forced to be vertical. For the WCA, wavelet, cross wavelet, and
wavelet coherency spectra are analyzed that are obtained from
a unique dataset of time series of SWC and pressure heads in a
colluvial soil profile of an arable soil landscape for the 2016–
2018 period.

2 MATERIALS AND METHODS

2.1 Site and soil description

The datasets are from sensors installed in an intact soil mono-
lith of a lysimeter and in the field at the monolith extraction
pit. The field site is located in a hummocky ground moraine
soil landscape at the CarboZalf-D experimental field of the
Leibniz-Centre for Agricultural Landscape Research (ZALF),
Müncheberg (Sommer et al., 2016) where the occurrence of
LSF has been assumed (Filipović et al., 2018; Gerke et al.,
2010). The site is located close to the village of Holzen-
dorf, near Dedelow, northeast Germany (53˚23′ N, 13˚47′ E;
50–60 m asl). The average annual values of precipitation
(495 mm), potential evapotranspiration (633 mm), and the
annual mean air temperature (8.6 ˚C) were recorded from
1992 to 2016 at the Lysimeter Experimental Field Station
Dedelow (53˚22′2.45 N, 13˚48′10.91 E) maintained by the
ZALF (www.zalf.de). More information on the soils and hum-
mocky arable soil landscape can be found elsewhere (Herbrich
et al., 2017; Rieckh et al., 2012; Rieckh et al., 2014).

The 2-m-deep colluvial soil profile is from a toe slope posi-
tion (Figure 1) where the slope angle was about 4%. The
intact soil monolith was extracted at the location “field” (Fig-
ure 2) of the experimental site CarboZALF-D (53˚22′43′′ N,
13˚47′01′′ E in October 2012). The soil can be classified as
Endogleyic Colluvic Regosol (IUSS, 2006) and consists of
colluvial material down to about 70-cm depth (Figure 1) cov-
ering a former Luvisol soil profile with gleyic features at the
bottom. The soil properties (Table 1) were determined from
bulk and 300-cm3 core samples taken directly at the soil pro-
file during the excavation of the soil monolith. Lateral flow
could be expected to occur in the topsoil (Ap-horizon) above
the plough pan and in the Ahb horizon above the relatively
dense Btg horizon.

The unsaturated soil hydraulic conductivity, K, was deter-
mined by throughflow experiments with tension disc infil-
trometers for core samples extracted in vertical, Kv, and hor-
izontal, Kh, direction (Table 2). The K values at a pressure
head, h, close to full water saturation (h = −1 cm) decreased
about 20-fold from Kh of about 24 cm d−1 towards a value
of 1.0 cm d−1 for the Btg-horizon. The values were higher
in horizontal as compared to vertical direction (Table 2) for
the Apb, Ahb, and Btg-horizons and the values of anisotropy
ratios Kv/Kh are ranging between 0.4 and 0.7.

The soil monolith extraction, the lysimeter setup, and the
installation of the sensors in the lysimeter soil and of the field
soil profile was carried out by the company Umwelt-Geräte-
Technik (UGT). A special soil cutting device was used that
allowed for minimal disturbance during the extraction of the
intact soil monolith and the surrounding field soil profile. The
extracted soil monolith was fitted in a stainless steel cylinder

http://www.zalf.de
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F I G U R E 1 The lysimeter-field system with soil horizons and boundary conditions for the lysimeter (left) and the field (right) situation; upper
two schemes: infiltration (I), evapotranspiration (ET), drainage (D), capillary rise from the water table (CR), dynamic pressure head control by soil
water pressure head measured in the field (DPHC), lateral subsurface flow (LSF). Bottom pictures show the Endogleyic Colluvic Regosol soil profile
after the extraction of the lysimeter and the location of the sensor installations of frequency domain reflectometry (red dots) and tensiometers (yellow
dots) in the lysimeter (left) and the field (right). Soil horizons were classified according to IUSS (2006)

of 1-mš surface and 2-m height and moved to a lysimeter sta-
tion located about 80 m northeast (53˚23′21′′ N, 13˚47′6′′ E)
of the “field” extraction site (Figure 2). Here, the soil mono-
lith lysimeter was placed in a larger polyethylene-casing box
that was recessed into the ground such that the surfaces of
the soil in the lysimeters and the surrounding soil were at the
same level. A detailed description of the lysimeter equipment
can be found elsewhere (Umwelt-Geräte-Technik, 2013). At
the lysimeter bottom, the flux out of or into the lysimeter soil
is controlled by filter panels that allow for conditions in the
lysimeter soil that correspond with pressure head values mea-
sured in the field in a depth of 190 cm. By this dynamic pres-
sure head control of the lysimeter’s bottom boundary it was

intended to match the soil water dynamics according to that
of the field soil. The idea was to mimic field conditions of
both downward flow during times with a relatively shallow
water table in the field and upward capillary water flow from
deeper soil regions to avoid drier conditions and more reac-
tive responses of the SWC on precipitation in the lysimeter as
compared to the field soil (Groh et al., 2016).

At the monolith extraction site (“field” in Figure 2), a cylin-
drical plastic tube was inserted in the 2-m-deep hole to stabi-
lize the profile walls and to be able to cover it later with topsoil
after the installation was completed. From the inside of this
1-m2 tube, the frequency domain reflectometry (FDR) sen-
sors and tensiometers were horizontally inserted into the
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F I G U R E 2 Aerial image (capture date range: 30 June 2010 to 19 Sept. 2016) and map of the experimental field site (CarboZalf-D) located in
northeastern Germany; the locations of the rain gauges and the “field” soil profile and “lysimeter” station. Locations of rain gauges for measuring
precipitation are numbered (1–5), and instrument types are described (Table A2)

T A B L E 1 Soil physical and chemical characteristics of the Endogleyic Colluvic Regosol (Figure 1): classification of soil horizons according to
IUSS (2006) and KA5 (Ad-hoc-Arbeitsgruppe Boden, 2006); the organic C content (Corg), and the pH value (pHCaCl2); and equivalent particle size of
organic C-free and carbonate-free sieved (<2 mm) soil for sand (2–0.063 mm), silt (0.063–0.002 mm), and clay (<0.002 mm) (Michael Sommer,
ZALF, personal communication, July 2020)

Horizon (IUSS,
2006)

Horizon
(KA5) Depth Sand Silt Clay Corg pHCaCl2

cm g kg−1

Apa Ap 0–30 630 260 100 0.90 5.05

Apba M 30–70 590 310 110 0.44 5.87

Ahbb fAh 70–88 570 280 150 0.56 6.39

AEh fAh-Al 88–105 580 260 170 0.34 6.66

Bt Bt-sGo 105–135 560 240 190 0.22 7.01

Btg Bt-sGro 135–147 570 240 190 0.12 7.27

Cmg elCc-Gor >147 580 290 140 0.01 7.69

aGray topsoil: sandy material from the eroded parts of the upper slope (E horizons).
bFormer topsoil (dark color) with light colored filled earthworm burrows.

T A B L E 2 Soil bulk density (ρb), soil hydraulic conductivity in vertical (Kv) and horizontal (Kh) direction measured at pressure head of
h = −1 cm, and anisotropy ratio (Kv/Kh). Mean values, SD, and SE from five replicates are shown

Horizon ρb Kh Kv Kv/Kh

Mean SD Mean SD SE Mean SD SE
g cm−3 cm d−1

Apb 1.65 0.06 14.94 10.96 5.48 6.59 4.39 1.97 0.44

Ahb 1.63 0.03 23.72 22.32 9.98 14.38 13.28 5.94 0.61

Btg 1.82 0.07 1.02 1.13 0.51 0.70 0.15 0.07 0.68
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surrounding soil at the same profile locations as in the lysime-
ter (Figure 1). Data from the field and the lysimeter were mon-
itored in hourly intervals by data loggers outside the managed
field plot connected with subsurface data cables. The plastic
tube at the “field” was then closed and covered by about 35 cm
of soil such that soil cultivation including plowing, seedbed
preparation, crop management, and harvesting (Table A1 in
the Appendix) could be carried out uniformly for the whole
plot. The soil and crop management of the lysimeter was car-
ried out manually, thus trying to imitate the management of
the field plot.

Both soil profiles (i.e., “field” and “lysimeter”) were
equipped with sensors for measuring SWC and soil water
pressure head (Figure 1). The SWC was measured with FDR
sensors (SM300, after August 2018: SMT-100, UGT) in up to
three replicates per depths. The soil water pressure head was
measured with tensiometers (Tensio160, UGT) and an Equi-
tensiometer (EQ15, ECOMATIK) with a measurement range
of up to −1,500 kPa and an accuracy of ±10 kPa. The sen-
sors were installed in 15-, 32-, 60-, 85-, 140-, and 190-cm
depths in the lysimeter and in 15-, 32-, 55-, 80-, 140-, and
195-cm depths in the field. In the lysimeter, two sensors of
each type were inserted down to 60-cm soil depth sensors and
a single one in the depths below. In the field soil profile, three
sensors of each type were inserted per depth level, except for
195-cm depth, where only one tensiometer and FDR-sensor
were installed and in 15-cm depth, where one Tensio160 was
replaced by the EQ15 (Figure 1). Data were recorded since
August 2013 in uniform intervals of 1 h with data logger DL-
2000 (UGT).

Precipitation was recorded by different types of rain gauges
(Appendix, Table A2) at five locations distributed at the
experimental field (Figure 2). The time-resolved precipitation
data were aggregated to hourly sums and manually corrected
for outliers. For the analysis, the arithmetic mean of corrected
data of the available sensors was used. Here, field and lysime-
ter sensor data of the relatively wet year 2017 (656 mm yr−1)
were compared with those of the relatively dry years 2016
(385 mm yr−1) and 2018 (303 mm yr−1).

2.2 Time series data gap filling procedure

The application of the WCA requires continuous time series
without data gaps of a period that covers as much of the tem-
poral variation as possible (e.g., Bravo et al., 2020, analyzed
a period of several years); however, shorter periods have also
been studied (Lee & Kim, 2019). Thus, a data gap filling pro-
cedure was used (see Appendix A3 for more details) to obtain
consistent time series of comparable quality. Still, logger fail-
ures for a period of more than one day led to missing data that
could not be reconstructed. Thus, only complete periods with-
out data gaps in the time series were selected for the present

analysis. Data processing was carried out with the software R
3.6.2 (R Core Team, 2019).

2.3 Wavelet analysis and WCA

The complex Morlet wavelet (wavenumber k0 = 6) was
applied here because it provided a balance between time and
frequency resolution (Grinsted et al., 2004) and information
about phase and amplitude of a signal (Torrence & Compo,
1998). Wavelet coherence (ρ2) was calculated (Torrence &
Webster, 1999) as

ρ2
𝑋,𝑌

=
𝑆̄2
𝑋,𝑌

𝑆̄𝑋,𝑋𝑆̄𝑌 ,𝑌

(1)

where 𝑆̄2
𝑋,𝑌

is the smoothed cross-wavelet transform of the

time series X and Y, and 𝑆̄𝑋,𝑋 and 𝑆̄𝑌 ,𝑌 are the smoothed
wavelet spectra of the time series X and Y. The cone of influ-
ence (COI) is the part of the plot of the wavelet coherency
spectrum (WTC) where edge effects due to padding of the
time series with zeroes to a length of 2n time steps can be
ignored. According to Grinsted et al. (2004), the COI is here
calculated as the area in which the wavelet power caused by
a discontinuity at the edge has dropped to e−2 of the value at
the edge.

Statistical significance was tested to detect whether the
wavelet spectra differed from a “red noise” background power
spectrum modeled by a first order autoregressive (AR1) pro-
cess. For the wavelet coherence, statistical significance was
calculated by a Monte Carlo method. A number of 300 sur-
rogate dataset pairs was used for the Monte Carlo estima-
tion of the significance level. A 5% significance level against
red noise was chosen. Further details can be found in Si and
Zeleke (2005) and Grinsted et al. (2004). Calculations of the
wavelet spectra, cross wavelet spectra, and wavelet coherency
spectra were carried out in Matlab (2019b) with the code
provided by B. Si and W. Hu. This code was based on the
Matlab-code developed by A. Grinsted that is available under
http://www.glaciology.net/wavelet-coherence.

2.4 Crop development in field and lysimeter

The development of plant height was observed at the field plot
from autumn 2016 to spring 2018 (Figure 3). The winter rye
(Secale cereale L.) crop was planted in autumn 2016 and 2017
and used only as a cover crop before cultivation for the sum-
mer crops maize (Zea mays L., 2017) and oat (Avena sativa
L., 2018). Crop yield was measured as dry mass of biomass
for maize and as grain yield for oat (Table 3). It was larger
for the lysimeter than for the field plot in both years. Depth of

http://www.glaciology.net/wavelet-coherence
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F I G U R E 3 Crops and height of vegetation during the investigation period. Blue arrows indicate the occurrence of the analyzed precipitation
events. Planting dates are found in Table 3. Periods of investigation with wavelet coherency analysis are marked with red braces

the rooting system was not recorded since this would lead to
distortions in the lysimeter measurements. A previous study
of Herbrich et al. (2018) suggested a maximal rooting depths
for wheat (Triticum aestivum L.) of 150 cm at this site. Aver-
age maximal rooting depth for grains like rye and oat of 150–
180 cm and 120–150 cm for maize can be assumed (Kutschera
et al., 2009).

3 RESULTS

This chapter is structured to first explain results of the WCA
and then compare lysimeter and field data for relatively wet
(2017) and relatively dry periods (autumn 2016, spring 2018).
These periods were without any frost or snow cover in winter,
such that any delay in infiltration response to precipitation due
to melting of ice snow was unlikely.

3.1 Wavelet coherence analyses of the SWC
in the wet year (2017)

The water content increased after major precipitation events
on the 19 Mar. 2017 and the 16 Apr. 2017 in a soil depth

T A B L E 3 Cropping dates and dry mass of biomass for maize
(2017) and grain yield of oat (2018) for the lysimeter (Lys) and the field
plot (Michael Sommer & Gernot Verch, ZALF, personal
communication, July 2020)

Crop Plot Planting date Harvest date Dry mass
kg m−š

Maize Lys 24 Apr. 2017 25 Sept. 2017 3.81

Field 24 Apr. 2017 25 Sept. 2017 1.98

Oat Lys 9 Apr. 2018 30 July 2018 0.37

Field 9 Apr. 2018 30 July 2018 0.30

of 15 cm of the lysimeter and field (A1 in Figure 4). Note
the different SWC levels for field and lysimeter are not arti-
facts but related to the differently compacted topsoil regions
in which sensors in the field were installed; the lysimeter soil
was less compacted due to manual cultivation. All replicate
sensors measured similar ranges of SWC values (Figure 4); in
the following figures, we therefore focus on mean values from
replicate sensors.

The response of the water content on the precipitation
events are reflected in the wavelet spectra as significant devi-
ations (i.e., marked as thick contour lines, significance level:
5%) from the background spectrum (red noise) in lysimeter
and field (A2 in Figure 4); the x axis is the time in number of
hours from the beginning of the year, and the y axis depicts
the periodicity. The periodicity is in the unit of hours and
characterizes temporal significance patterns (e.g., a signifi-
cant deviation on a daily basis is observed if the thick contour
line appears at a periodicity of 24 h). The shaded area out-
side the COI marks the part of the plot with larger edge effects
(see Section 2). The color scale indicates the magnitude of the
wavelet power. A high wavelet power (yellow color) denotes
a high similarity between the wavelet function and the time
series at this point in time and this scale. This means that at
scales where the wavelet power is high, this periodicity is also
found in the signal.

The interpretation of the wavelet spectra is explained for
the example in Figure 4. The wavelet spectrum of the SWC
(A2 in Figure 4) during precipitation event on 19 Mar. 2017
deviates significantly from the background spectrum at peri-
odicities ranging for the lysimeter from 4 to 256 h (∼11 d)
and periodicities of 4–32 h for the field. A similar pattern
but without deviations from the background spectrum at peri-
odicities from 72 to 200 h is found for the lysimeter for the
precipitation event on 16 Apr. 2017. The cross wavelet spec-
trum (A3 in Figure 4) contains additional information about
the time shift and the covariance between two time series; it
here indicates a high covariance during the two precipitation
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F I G U R E 4 (A1) Response of soil water content (SWC, θ) at 15-cm depth (spring 2017) in the lysimeter (black lines) and field (red lines)
profile on precipitation events vs. time in hours from the beginning of the year, and plots of (A2) wavelet spectra of SWC (15 cm) in the lysimeter
(top) and field (bottom), (A3) cross wavelet spectrum, and (A4) wavelet coherency spectrum (WTC). Major precipitation events that were further
analyzed are marked with a blue arrow and a date (day-month) below the plot

events mentioned before. Arrows pointing upwards indicate a
faster reaction to precipitation (i.e., a faster increase in SWC)
in the field soil as compared with the lysimeter soil, whereas
arrows turned downwards show a faster reaction in the lysime-
ter. A faster reaction to precipitation in one plot in comparison

with another plot refers to a faster increase in SWC or pres-
sure heads in response to precipitation. Since the cross wavelet
transform is the product of the two wavelet spectra of the field
and lysimeter soil, the color scale of the cross wavelet spec-
trum (A3 in Figure 4) indicates the strength of the covariance
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F I G U R E 5 Time series of the soil water content (SWC, θ) in lysimeter and field (A1, B1, and C1) and wavelet coherency spectra (WTC plots)
of SWC in lysimeter and field (A2, B2, and C2) at 15-cm, 32-cm, 60-cm, and 80-cm depth in spring, summer, and autumn of the wet year 2017.
Major precipitation events that were further analyzed are marked with a blue arrow and a date (day-month) below the plot. The x axis of the plots
denotes the time in number of hours from the start of the year; the period of the WTC plots is given in hours (more explanations of the WTC plots
can be found in the text)

between the spectra at a certain point in time and at a certain
scale. The plot of the WTC provides information about the
time shift in the correlation between two time series (A4 in
Figure 4). For the abovementioned precipitation events, high
correlations are indicated across all scales from 6 h to 2 wk.
The strength of the correlation (color scale) is here indicated
by a relative scale, with 0 indicating no correlation and 1 indi-
cating a perfect correlation. The information on phase shift
are similarly provided by the arrows as in the cross wavelet
spectrum; arrows pointing upwards indicate a faster reaction
to precipitation of SWC in the field soil as compared with the
lysimeter. Note that the wavelet spectra and the cross wavelet
spectrum of data from lysimeter and field of other depths and
seasons are presented in the Appendix (Figures A4–A6).

Selected seasonal time series in 2017 and WTC plots of
SWC dynamics in 15-, 32-, 60-, and 80-cm depths in spring,
summer, and autumn 2017 (Figure 5) differ between lysime-
ter and field soil with respect to the levels and temporal pat-

terns of the SWC. The response to precipitation is generally
decreasing with soil depth (A1, B1, and C1 in Figure 5). For
the spring period (15-cm depth: 23 Feb. until 20 Apr. 2017;
32-to-80-cm depth: 23 Feb. until 22 May 2017; unfortunately
not for all the depths time series with the same length were
available due to sensor and logger failures), the WTC plots
(A2 in Figure 5) reflect these patterns and indicate that the
response of the SWC in the field profile on precipitation is
generally faster than that of the SWC in the lysimeter soil. The
periodicity of significant relations is between 6 h to 2 wk at the
precipitation events in 15-cm depth; this periodicity increases
with soil depth to 1 d to 2 wk (32-cm depth) and 2 d to 2 wk
(60-cm depth). In 80-cm depth almost no significant correla-
tions between rain and SWC increase in lysimeter and field
are found.

During the summer period (1 June until 31 July 2017), the
moisture dynamics (drying–wetting) increased in comparison
with spring (B1 in Figure 5). However, the WTC plots (B2 in
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F I G U R E 6 Time series of the pressure head values in lysimeter and field (A1, B1, C1, and D1) and wavelet coherency spectra (WTC plots) of
pressure head values in lysimeter and field (A2, B2, C2, and D2) at 15-cm (summer 2017), 60-cm (spring 2017), 80-cm (summer 2017), and 140-cm
depth (spring 2017). Major precipitation events are marked with a blue arrow and a date (day-month) below the plots; the time is given in hours since
the beginning of the year; the period of the WTC plots is given in hours (more explanations of the WTC plots can be found in the text)

Figure 5) indicate fewer significant periods at higher period-
icities (2 d to 2 wk) as compared with the spring. High corre-
lations at smaller periodicities (6 h to 1 d) are only found in
15 cm at times of precipitation. More significant correlations
at precipitation events at 80-cm depth are found in summer
than in spring. The field plot moisture sensor at 32-cm depth
showed almost no response to precipitation resulting in only
a few short correlations at the periodicity of 1 d in the WTC
plot (B2 in Figure 5). For the summer season, arrows indicat-
ing the phase shift throughout the precipitation events are in
phase or point upwards in the shallower depths (15- and 32-
cm depth). This marks a simultaneous water content increase
in lysimeter and field or a faster water content increase in the
field as compared with the lysimeter soil, respectively, similar
to the patterns found in spring. In contrast, in the deeper hori-
zons (60- and 80-cm depth) arrows indicating the phase shift
point downwards (B2 in Figure 5), denoting a faster response
in the lysimeter soil than in the field soil at the corresponding
precipitation events.

During the autumn and winter period (32-to-80-cm depth:
10 Oct. until 30 Nov. 2017; 15-cm depth: 1 Dec. until 31
Dec. 2017), the lysimeter and field plot moisture dynamics
was mostly uncorrelated and without response to precipitation
(C1 and C2 in Figure 5) except perhaps for 32-cm and 60-cm

depth, where the WTC plot is significant at periodicities from
6 h to 3 d from 2 until 5 Nov. 2017. Phase shift arrows indicate
a faster response of SWC to precipitation in the field soil as
compared with the lysimeter soil, similar to the patterns found
in spring.

Note that the relatively small SWC values in the lysime-
ter soil (Figure 5) of about 10 Vol-% (unit of the volumetric
soil water content in volume percentage) during summer (all
depths) and spring (topsoil) are well above a residual SWC
determined earlier of about 3.5 Vol-% at 15-cm depth and
4 Vol-% at 80-cm depth (Rieckh et al., 2012).

3.2 Pressure head values in wet year 2017

Pressure head values increased in the wet year 2017 after pre-
cipitation events (A1 to D1 in Figure 6), which is reflected by
significant correlations between lysimeter and field soil across
all scales from 6 h to 2 wk in the WTC plots (A2 to D2 in
Figure 6).

At 15-cm depth, lysimeter and field reacted simultaneously
to precipitation on 6 June 2017, whereas for the later events,
pressure head values increased faster in the field than in the
lysimeter (A2 in Figure 6), similar to the patterns found for
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T A B L E 4 Characterization of major precipitation events in autumn 2016, 2017, and spring 2018 and sequence of soil water content (SWC)
response to precipitation

Season Start Dur Ra Ri_av Ri_max

First reaction
15 32 60 80 140

date (h:min) h mm mm h−1 cm

Autumn/winter 1 Dec. 2016 07:00 6 6 1 1 L L F / n.d.

11 Dec. 2016 04:00 8 9 1.1 2 L F F F F
25 Dec. 2016 01:00 1 3 3 3 F F F S F

Spring 19 Mar. 2017 15:00 9 11 1.2 2 F S F L n.d.

16 Apr. 2017 06:00 3 5 1.7 3 F F F F n.d.

4 May 17 08:00 12 21 1.8 3 n.d. S F F n.d.

Summer 6 June 2017 17:00 4 31 7.8 22 S L L L n.d.

29 June 2017 09:00 6 11 1.8 7 S L L L n.d.

12 July 2017 13:00 9 12 1.3 2 F F L S n.d.

22 July 2017 17:00 3 8 2.7 4 F L L L n.d.

Autumn/winter 2 Nov. 2017 00:00 8 20 2.5 4 n.d. F F F n.d.

5 Nov. 2017 18:00 6 8 1.3 2 n.d. F F F n.d.

14 Dec. 2017 04:00 4 4 1 1 L n.d. n.d. n.d. n.d.

Spring 29 Mar. 2018 01:00 5 3 0.6 1 F F F F F
31 Mar. 2018 14:00 3 2 0.7 1 F F F F F
31 Mar. 2018 20:00 2 2 1 1 F F F F F
1 Apr. 2018 02:00 7 5 0.7 1 F F F F F

Note. L, lysimeter reacts first; F, field reacts first; S, simultaneous reaction; /, no reaction observed; n.d., no data; numbers and letters in italic indicate precipitation events
in Figures 8 and 9; other events are depicted in Appendix Figure A7. Dur, duration; Ra, precipitation amount; Ri_av, average intensity; Ri_max, maximum precipitation
intensity.

the water content in the corresponding depth and season (B2
in Figure 5). At 60-cm depth, the pressure heads increased
faster in the field than in the lysimeter soil for all major precip-
itation events in spring (B2 in Figure 6). Increase in pressure
heads in the lysimeter as compared with the field was faster
at 80-cm depth in summer (C2 in Figure 6). At 140-cm depth,
the lysimeter showed a faster reaction to precipitation than the
field in spring 2017 (D2 in Figure 6).

3.3 SWC values in relatively dry years 2016
and 2018

Selected time series of SWC in lysimeter and field of the dry
years 2016 and 2018 show a general increase of water content
in autumn and winter 2016 and a decrease in spring 2018 (A1
and B1 in Figure 7). Note that there were no data available dur-
ing the summer periods. Impacts on SWC increase due to pre-
cipitation diminish with depth. The corresponding WTC plots
also show a decrease of correlations between SWC changes in
lysimeter and field with depth (A2 and B2 in Figure 7). Signif-
icant correlations are generally found in connection with pre-
cipitation events. The smallest periodicities with significant
correlations increase from 6 h at 15-cm depth to 1 d at 60-to-
140-cm depth. Arrows representing the phase shift indicate a

faster increase in water content in the field soil as compared
with the lysimeter soil at almost all precipitation events. Only
on 1 Dec. 2016, the lysimeter soil shows a faster increase in
water content than the field at 15- and 32-cm depth at period-
icities from 2 d to 1 wk (A2 in Figure 7). Note that at 15-cm
depth (A2 in Figure 7), the phase shifts on 1 Dec. 2016 are
contradictory because they are indicating a faster reaction in
the field soil than in the lysimeter at periodicities of 2 d and a
slower response at periodicities of 1 wk.

3.4 Response time for SWC to precipitation

The distribution of the precipitation at the site is typically
characterized by lower intensity rain and a few higher inten-
sity summer events (Herbrich et al., 2017), as for the selected
period, in which precipitation events with higher amount and
rate occurred during summer and those with less intensity
and lower amounts in spring, autumn, and winter (Table 4).
The response time between the start of the rain and the first
SWC reaction seasonally differed when plotted with respect
to the maximal rain intensity (Figure 8). Below 32-cm soil
depth, the field SWC reacted earlier to precipitation in spring
and in autumn, whereas during summer, the SWC in the
lysimeter reacted faster than that in the field soil (Figure 8)
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F I G U R E 7 Time series of the soil water content (SWC) in lysimeter and field (A1 and B1) and wavelet coherency spectra (WTC plots) of
SWC in lysimeter and field (A2 and B2) at 15-, 32-, 60-, 80-, and 140-cm depth in autumn 2016 (dry year) and spring 2018 (dry year). Major
precipitation events are marked with a blue arrow and a date (day-month) below the plot. The x axis of the plots is time in number of hours from the
beginning of the year; the period of the WTC plots is given in hours (more explanations of the WTC plots can be found in the text)
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F I G U R E 8 Response time difference (i.e.,
difference in reaction time in hours between lysimeter
and field) of soil water content (SWC) increase in
lysimeter and field related to maximal precipitation
intensity for the four soil depths and the season. If the
reaction time is positive, the field soil reacted faster
than the lysimeter soil in that same depth. If the
reaction time is negative, the field SWC increased later
than the lysimeter SWC in response to the rain event

F I G U R E 9 Soil water content (SWC, θ) change (increase) in response to selected precipitation events in lysimeter and field at the 15-, 32-, 60-,
80-, and 140-cm depths in 2016, 2017, and 2018

regardless of the antecedent moisture condition (i.e., for wet
and dry years).

The sequence of the SWC response to precipitation in field
and lysimeter that was found in the WTC plots is also visible
in the plots of the single precipitation events (Figure 9 and

Appendix Figure A7). From the top to the bottom of the pro-
file, the sensors responded sequentially to precipitation events
(i.e., the upper horizons increase in water content before the
lower horizons). However, in the field (Figure 9, A–C), a
simultaneous reaction to precipitation is found in 32-cm and
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60-cm depth. In addition, for at least two events, vertical pref-
erential flow occurred in the soil profile of the lysimeter, as
the response of the SWC on the precipitation event at 60-cm
depth was faster than the SWC response at 32-cm depth (Fig-
ure 9, C and D). On 2 Nov. 2017 (Figure 9, E), we can see a
sequential vertical response in the lysimeter, but the increase
of SWC in 60 cm was larger and continued longer than the
SWC at 32-cm soil depth.

4 DISCUSSION

For identification of LSF based on discrepancies in water
dynamics between lysimeter and field, one has to consider that
the position of the soil profile in the field is at the toe slope
close to the kettlehole depression (Figures 1 and 2). A faster
and more intensive water content increase in the field in com-
parison with the lysimeter could indicate lateral flow from the
upper slope, if at the same time the SWC of the soil profile
in the lysimeter responds sequentially in a vertical direction
on infiltration. If the field reacts slower and less intensively
to precipitation than the lysimeter, this could be attributed
to lateral drainage downslope, whereas in the lysimeter soil,
the infiltrating water moves vertically and leads to sequential
SWC increase. Under these standard multidimensional flow
presumptions (Filipović et al., 2018) and considering com-
binations with spatial heterogeneity (Guo & Lin, 2018; Lin
& Zhou, 2008) and vertical preferential flow effects due to
macropore-centred saturation (Newman et al., 2004), we will
discuss the WCA results for time series of lysimeter and field
state variables to identify periods of deviations that might be
interpreted as vertical preferential flow or LSF.

4.1 Verification of WCA-derived deviations
in time series

Correlations in water dynamics between field and lysimeter
were observed across all scales in response to precipitation
events (Figures 4–7). These correlations occurred regardless
of the season or the antecedent SWC conditions. The time lag
between SWC increase in the field and in the lysimeter after
precipitation indicated by phase shift arrows could be verified
when analyzing the water content increase for each single pre-
cipitation event (Figure 9). In spring and autumn, the WTC
plots (Figures 5 and 7) indicated an earlier response in the
field as compared with the lysimeter as observed in the time
series directly (Figure 9). In summer 2017, the WTC plots
showed a faster reaction in SWC increase in response to pre-
cipitation in the lysimeter than in the field (Figure 5). Again,
this response pattern was found in the plots (Figure 9).

Similar to results reported by Bravo et al. (2020), correla-
tions between water dynamics inside and outside the lysime-

ter occurred especially in response to heavy precipitation
events. This was explained by the decrease in variability of
soil hydraulic properties at higher SWC during rain events
due to more water connecting pores between the soil inside
and outside the lysimeter as compared with times of less
precipitation. Unlike our findings, correlations in the study
of Bravo et al. (2020) were mostly in phase, indicating a
simultaneous increase in water content or pressure heads in
response to precipitation. However, the soil profiles in the
study of Bravo et al. (2020) were not extracted at a hillslope
and had no compacted soil horizons. In our study, LSF was
expected because of contrasting hydraulic properties (Laine-
Kaulio et al., 2014; Liu & Lin, 2015) with more over less
permeable horizons (Table 2). The soil of the Ahb horizon
was characterized by hydraulic anisotropy with a higher hor-
izontal (23.7 cm d−1) than vertical hydraulic conductivity
(14.4 cm d−1) at the 70-to-88-cm depth. The more compact
(bulk density of 1.82 g cm-3) subsoil horizon below at the
135-to-147-cm depth had more than 20 times lower hydraulic
conductivity values (Table 2) at the same pressure head of
−1 hPa for the vertical (0.7 cm d−1) and horizontal direc-
tion (1.0 cm d-1). This supports the presumption that LSF
could occur in the field while pressure buildup would occur
in the lysimeter, which could lead to differences in soil water
dynamics between lysimeter and field.

Bravo et al. (2020) related short-term temporal correlations
to rather extreme conditions like heavy precipitation, whereas
long-term patterns of periodicities between 1 and 2 mo were
ascribed to slower hydraulic processes during continuous dry-
ing or wetting periods. In our study, such continuous wetting
and drying periods were observed in autumn 2016 and in the
spring seasons, which was reflected in the WTC plots by pos-
itive correlations between lysimeter and field at higher scales
of 2–3 wk (Figures 4–7). Thus, similar overall trends in the
different seasons in drying and wetting of the soil can be iden-
tified by WCA. The coherence at high-frequency periodicities
between precipitation and soil moisture also decreases with
depth (Liu et al., 2017), which was here more pronounced for
the lysimeter than the field soil because of the SWC increase
caused by restricted LSF (Figures 5 and 7).

4.2 Causes for deviations between lysimeter
and field data

Although lysimeter and field soil profile were equipped with
the same sensors in the diagnostic horizons with similar soil
physical properties, the sensors monitor the soil water dynam-
ics of only a small region of the soil. Thus, observed devi-
ations in the SWC and soil water pressure head response
between field and lysimeter soil (Figure 4) may be caused
by small-scale spatial heterogeneity (Guo & Lin, 2018; Lin
& Zhou, 2008) or differences induced during horizontal
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insertion of sensors. Bravo et al. (2020) attributed periods
without correlation between lysimeter and field to effects
of small-scale spatial heterogeneity. Here, correlations could
be interpreted similarly by heterogeneity effects except that
correlations between field and lysimeter were shifted in time
(Figures 4–7).

The observed time lags between the increase in water con-
tent in the lysimeter and field (for example, in Figures 5–9)
might be explained by differences in the plant development.
The lysimeter soil produced almost twice the biomass yield
than that of the field in 2017 (Table 3). This larger yield may
be attributed to LSF when assuming that more water can be
stored in the lysimeter that could laterally move downwards
in the field soil (Newman et al., 2004). However, the SWC in
the lysimeter soil was lower than in the field, which is con-
sistent with a larger crop water use by a more intense plant
growth at the lysimeter. Also, especially in winter and early
spring (Figures 4–7), the field soil could have received addi-
tional water by LSF from uphill positions, such that crop and
root growth was limited during periods of higher pore water
saturation (Herbrich et al., 2018).

The onset of the SWC increase after precipitation could also
differ between field and lysimeter soil because of different
initial SWC at the beginning of an event (e.g., Figure 4, A1,
spring 2017, 15-cm depth). Thus, the hydraulic conductivity
of the field soil is initially higher than that of the lysimeter
soil, possibly inducing a faster vertical movement as response
to precipitation as compared with the lysimeter soil. In fact,
the conditions for the onset of LSF, although requiring rela-
tively high water saturation of the soil pore system, are mainly
depending on the hydraulic potential gradients as the driving
force for water movement is soils. Furthermore and also con-
sidering measurement uncertainty of the sensors, the absolute
values of the SWC do not inform about pore water saturation
(compare 15 and 80 cm in Figure 5, B1, and Figure 6, A1 and
C1). Nevertheless, by applying WCA, it is possible to identify
the timing of changes in the SWC (Liu et al., 2017), and dif-
ferences in the flow dynamics between lysimeter and field. A
more detailed quantitative analysis (Guo et al., 2018) requires
soil water balance calculations considering the nonlinear soil
hydraulic properties. The present analysis could help select-
ing out of long-term time series, the most appropriate periods
for the follow-up detailed analysis (Lin & Zhou, 2008).

Despite limitations, the observed differences in soil water
dynamics between lysimeter and field soil profile (Figure 5)
in the Ahb horizon (sensor in 80-cm depth) and in the collu-
vic soil horizon above (sensor in 60-cm depth) might be inter-
preted as LSF in the following way: a faster increase in SWC
in the field than in the lysimeter soil in spring and autumn
could be caused by water flowing from uphill positions when
SWC in the profile increased sequentially. For example, dur-
ing the event on 2 Nov. 2017, the SWC in 32- and 60-cm depth
increased faster in the field as compared with the lysimeter

(Figure 5, C2, Table 4, and Figure 8). For the values at the 60-
cm depth, however, the response time between lysimeter and
field was greater than at the 32-cm depth (Figure 5, C2), indi-
cated by the stronger deviation from the eastward direction
(perfect correlation) of the time gap arrows at 60-cm depth
as compared with the 32-cm depth. Since the FDR sensors
at the 32- and 60-cm depth in the field responded sequen-
tially, no vertical preferential flow did occur but the water
must have entered the subsoil laterally (Lee & Kim, 2019; Xie
et al., 2019). Also, the SWC increase at the 60-cm depth was
more intense in the lysimeter than in the field (Figure 5 C1,
Figure 9, E). Because of the lysimeter construction, infiltrat-
ing water could only move vertically downwards to the 60-cm
depth, whereas in the field, the smaller increase in SWC could
be explained by lateral water movement away from the sensor.

The assumption of LSF occurrence is also supported by
analyzing the occurrence of response sequences (Graham &
Lin, 2011; Wiekenkamp et al., 2016) in different depths for
single precipitation events (Table 4, Figure 8). On 1 Dec.
2016, the lysimeter increases faster in water content at the 15-
and 32-cm depth than in the field, whereas in the deeper hori-
zons, the SWC of field reacts earlier than SWC in the lysime-
ter (Figure 7, A2). On 12 July 2017 and on 22 July 2017, the
field soil reacted earlier than the lysimeter in the upper soil
horizons in contrast with the lower horizons, where the SWC
and soil water pressure head in the lysimeter increased faster
than in the field (Figures 5, 6 and 8; Table 4). This indicates
that in each horizon, different processes influence soil water
dynamics such as swelling and shrinking in the upper two soil
horizons (15- and 32-cm soil depth). Also, effects of different
plant and root developments between the lysimeter and field
are more pronounced in the upper soil horizons. A higher root
density might favor the development of macropores for ver-
tical preferential flow (Mitchell et al., 1995). The response
sequences during the precipitation events (Table 4, Figures 8
and 9), in deeper soil horizons were different from those of
the upper ones, which could also be attributed to either LSF
or vertical preferential flow.

In summer 2017, vertical preferential flow was also
observed in the lysimeter and field soil profile throughout
heavy precipitation events (Figure 9, c and d) as in Fil-
ipović et al. (2018). It may be assumed that due to shrinkage
during summer, the infiltrating water could move vertically
through cracks (Greve et al., 2010) or along the cylinder walls
(Corwin, 2000), leading to a faster increase in SWC and soil
water pressure head in the lysimeter than in the field. The
SWC in the field soil increased simultaneously at the 32- and
60-cm depth (Figure 9, c and d). In the lysimeter, the FDR sen-
sor at the 60-cm depth responded earlier than the FDR sensor
at the 32-cm depth, indicating nonsequential preferential flow
(Graham & Lin, 2011; Wiekenkamp et al., 2016). Since the
SWC increase in the lysimeter at both depths was more intense
(despite the generally lower total amount of SWC) than in the
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field, LSF may be assumed in combination with vertical pref-
erential flow (Dasgupta et al., 2006; Xie et al., 2019). In their
study on vertical preferential flow in the Wüstebach catch-
ment (Eifel, Germany), Wiekenkamp et al. (2016) observed an
increase in the nonsequential SWC responses with the amount
of precipitation. Lin and Zhou (2008) could also relate verti-
cal preferential flow to rain intensities in the Shale Hills catch-
ment (Pennsylvania, USA).

The position of the observed soil profile at the hillslope
was proposed as yet another factor contributing to the occur-
rence of lateral flow. Lee and Kim (2019) observed in a hill-
slope in Korea that vertical preferential flow was dominant
in soils at uphill positions, whereas LSF occurred in soils at
the lower slope positions. These authors identified LSF by the
wavelet coherency of the SWC between uphill and downhill
positions; their coherence spectra revealed stronger relation-
ships between greater than smaller distances and depths to
be indicative for either bypass flow or boundary flows along
bedrock. Liu and Lin (2015) also identified hilltops and val-
ley floors as topographic controls enhancing preferential flow;
here, the SWC time series at slope foot position could be
affected by an increased water table (Figure 7, A1, 80- and
140-cm depth).

One major disadvantage of the proposed method to iden-
tify LSF is that it is an indirect approach that does not show
the soil water flow as for instance when using water trac-
ers (Gerke et al., 2015; Laine-Kaulio et al., 2014; Wienhöfer
& Zehe, 2014). Additionally, the analysis was impeded by
a rather short time of a few months, where data were avail-
able due to sensor and logger failures. A longer uninterrupted
time series could have given more insight in the occurrence of
LSF on higher scales. Also, deviations in vegetation dynam-
ics in lysimeter and field and differing absolute SWC val-
ues restricted the interpretation of the results. The SWC val-
ues alone may not be sufficient to conclude whether the con-
ditions of SLF occurrence are met. Nevertheless, the WCA
could be for hillslope hydrology (Lee & Kim, 2019) also a tool
for soil hydrology applications to identify the timing of SWC
changes providing qualitative information about changes in
flux dynamics. The advantage is that the approach is nonde-
structive and applicable to already available larger data series
that capture changes in water content and pressure heads,
which is not possible if destructive techniques including tracer
applications are used for the detection of LSF.

5 CONCLUSIONS

The aim of this study was to test whether the WCA is able to
capture temporal shifts in the correlation between lysimeter
and field data in the reaction of soil water state variables to
precipitation and to analyze whether these deviations can be
attributed to LSF.

The results based on correlation patterns between soil
water dynamics in the lysimeter and field after precipitation
events indicate that lysimeter and field soil did not react syn-
chronously to precipitation. Thus, it seems possible to identify
distinct periods of deviations from a long time series of water
content or pressure heads to identify differences in the soil
water dynamics with this setup.

In addition to possible LSF events vertical preferential
flow could be observed as indicated by an earlier response
in the lysimeter as compared with the field on rare events in
summer. The phase shifts and periodicities indicated by the
wavelet coherency spectra reflected the response times to rain
events in the same depth of lysimeter and field soil. In the
3 yr (2016–2018), only a few periods could be identified, in
which LSF was likely to occur because of dry weather condi-
tions and limited data. The condensed information in wavelet
coherency spectra are providing an overview of the temporal
patterns of time shifts and correlations for data time series,
and identifying potentially relevant periods for more detailed
analyses.
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APPENDIX

A3 Gap-filling procedure
The data time series of the pressure head and volumetric
SWC were quality controlled by an automatic and by a man-
ual “flagging” procedure to remove sensor errors (Hans-Jörg
Vogel and Ralf Gründling, UFZ, Halle, personal communi-
cation, 2019). In this procedure, all values outside measure-
ment ranges (i.e., +200 to −850 hPa for pressure heads, 5 to
60 Vol-% for volumetric SWC) and errors indicated by “999”
or negative SWC readings were automatically removed. Iso-
lated spikes or noise was identified and removed by calcu-
lating the moving median of 13 values and defining a toler-
ance interval of ±20 hPa for pressure heads. For the SWC the
moving medians of 5, 7, and 25 values were computed and
tolerance intervals of ±1, ±3, and ±5 Vol-% were chosen to
remove sharp, medium, and coarse spikes (sudden, implau-
sible changes in SWC), respectively. Residual data steps such
as short-term offsets in the level of measured SWC values due
to automatic signal interpretation were identified by calculat-
ing the absolute change between two consecutive values and
limiting this difference to +15 and −5 Vol-%. For the pres-
sure heads also, shorter measurement periods were removed,
if there were data gaps of 1 d and the number of values was
smaller than 342 in 3 d. These short measurement periods
occurred sometimes in summer between intermittent sensor
failures.

Gaps in the time series of the two soil moisture state vari-
ables, pressure head and SWC, were filled according to Groh
et al. (2020) by calculating linear models of the time series
of parallel measurements (Villazón & Willems, 2010), if only
one sensor failed. If the gaps could not be filled by using data
from similar lysimeter or field measurements that were oper-
ating in parallel and the missing period was shorter than 1 d,
a linear interpolation procedure between the last and the first
correct data points was applied (Falge et al., 2001).
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T A B L E A 1 Dates of cultivation and cropping from autumn 2016 to spring 2018 (Gernot Verch, ZALF, personal communication, November
2019)

Date Measurement
19 Sept. 2016 Seed furrow for winter rye (breed: SU Performer)

7 Oct. 2016 Sowing winter rye

14 Mar. 2017 Herbicide application (4.5 L ha−1 Round up)

20 Apr. 2017 Fertilization (110 kg ha−1 P2O5, 300 kg ha−1 K2O)

21 Apr. 2017 Heavy grubber (Incorporation of liquid manure)

24 Apr. 2017 Heavy grubber (treatment dead winter rye), seedbed preparation with circular grubber, sowing maize (breed: Zoey)

2 May 2017 Fertilization (160 kg N ha−1)

22 May 2017 Herbicide application (1.2 L ha−1 Calaris + 1.25 L ha−1 Dual Gold + 16 g ha−1 Peak)

25 Sept. 2017 Manual harvest lysimeters

26 Sept. 2017 Harvest field

27 Sept. 2017 Incorporation of maize stubbles with mulcher

28 Sept. 2017 Seed furrow for winter rye (breed: SU Cossanni)

13 Oct. 2017 Sowing winter rye

19 Mar. 2018 Herbicide application (3.0 L ha−1 Round up)

27 Mar. 2018 Fertilization (50 kg ha−1 P2O5)

09 Apr. 2018 Soil cultivation with heavy grubber and circular grubber, sowing oat (breed: Apollon)

19–20 Apr. 2018 Fertilization (1 dt ha−1 Kieserit, 100 kg N ha−1)

4 May 2018 Herbicide application (70 g ha−1 Biathlon + 1.0 L ha−1 Dash)

30 Aug. 2018 Harvest

T A B L E A 2 Precipitation measurement equipment at the experimental field site “Holzendorf” CarboZalf-D; see Figure 2 for the location of
sensors of numbers 1–5

No. RS Type Product Manufacturer Start date
min

1 1 Usc WXT520 Vaisala (Finland) 11 June 2009

TP_h 52202 Young (USA)

2 30 TP_nh RG50 Seba (Germany) 18 Sept. 2009

3 10 Usc WXT520 Vaisala 25 Sept. 2014

4 30 TP_h SBS500H Campbell (USA) 07 Nov. 2014 to Sept. 2015

5 30 TP_h SBS500H Campbell 3 Nov. 2011

Note. RS, recording sequence. Types: Usc (ultrasonic), TP (tipping bucket), TP_h (tipping bucket heatable), TP_nh (tipping bucket not heatable).
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F I G U R E A 4 Wavelet spectra in lysimeter and field (A1, B1, C1) and cross-wavelet spectra of soil water content (SWC) in lysimeter and field
(A2, B2, and C2) at 15-, 32-, 60-, and 80-cm depth in spring, summer, and autumn of the wet year 2017. Major precipitation events that were further
analyzed are marked with a blue arrow and a date below the plot. Time is given at the x axis in the number of hours from the start of the year. The
period of the spectra is given in hours. The area outside the cone of influence (COI) is shaded and mark the part of the plot where edge effects
influence the data. Areas in the wavelet and cross wavelet spectra that differ significantly (significance level = 5%) from a background power
spectrum are shown as thick contour lines. Arrows in the cross wavelet spectrum illustrate the time shifts of the water content in response to
precipitation between lysimeter and field. Arrows that are turned right (east) indicate a perfect correlation. If they are turned left (west), the time
series show anti-correlation. Arrows pointing upwards indicate a faster reaction to precipitation in the field soil as compared with the lysimeter soil,
whereas arrows turned downwards show a faster reaction in the lysimeter
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F I G U R E A 5 Wavelet spectra of lysimeter and field (A1, B1, C1, and D1) and cross wavelet spectra of pressure head values in lysimeter and
field (A2, B2, C2, and D2) at 15-cm (summer 2017), 60-cm (spring 2017), 80-cm (summer 2017) and 140-cm depth (spring 2017). Major
precipitation events that were further analyzed are marked with a blue arrow and a date below the plot. Time is given at the x axis in the number of
hours from the start of the year. The period of the spectra is given in hours. The area outside the cone of influence (COI) is shaded and mark the part
of the plot where edge effects influence the data. Areas in the wavelet and cross wavelet spectra that differ significantly (significance level = 5%)
from a background power spectrum are shown as thick contour lines. Arrows in the cross wavelet spectrum illustrate the time shifts of the water
content in response to precipitation between lysimeter and field. Arrows that are turned right (east) indicate a perfect correlation. If they are turned
left (west), the time series show anti-correlation. Arrows pointing upwards indicate a faster reaction to precipitation in the field soil as compared with
the lysimeter soil, whereas arrows turned downwards show a faster reaction in the lysimeter



EHRHARDT ET AL. 23 of 24Vadose Zone Journal

F I G U R E A 6 Wavelet spectra of lysimeter and field (A1, B1) and cross wavelet spectra of soil water content (SWC) in lysimeter and field (A2,
B2) in 15-cm, 32-cm, 60-cm, 80-cm, and 140-cm depth in autumn 2016 (dry year) and spring 2018 (dry year). Major precipitation events that were
further analyzed are marked with a blue arrow and a date below the plot. Time is given at the x axis in the number of hours from the start of the year.
The period of the spectra is given in hours. The area outside the cone of influence (COI) is shaded and mark the part of the plot where edge effects
influence the data. Areas in the wavelet and cross wavelet spectra that differ significantly (significance level = 5%) from a background power
spectrum are shown as thick contour lines. Arrows in the cross wavelet spectrum illustrate the time shifts of the water content in response to
precipitation between lysimeter and field. Arrows that are turned right (east) indicate a perfect correlation. If they are turned left (west) the time
series show anti-correlation. Arrows pointing upwards indicate a faster reaction to precipitation in the field soil as compared with the lysimeter soil,
whereas arrows turned downwards show a faster reaction in the lysimeter
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F I G U R E A 7 Soil water content (SWC) increase
in response to additional precipitation events from
Table 4 in lysimeter and field at 15-cm, 32-cm, 60-cm,
80-cm, and 140-cm depth in 2016, 2017, and 2018
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