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Abstract. The spatial and temporal controls of preferential
flow (PF) during infiltration are still not fully understood. As
soil moisture sensor networks allow us to capture infiltration
responses in high temporal and spatial resolution, our study is
based on a large-scale sensor network with 135 soil moisture
profiles distributed across a complex catchment. The exper-
imental design covers three major geological regions (slate,
marl, sandstone) and two land covers (forest, grassland) in
Luxembourg. We analyzed the responses of up to 353 rain-
fall events for each of the 135 soil moisture profiles. Non-
sequential responses (NSRs) within the soil moisture depth
profiles were taken as one indication of bypass flow. For
sequential responses maximum porewater velocities (Vmax)
were determined from the observations and compared with
velocity estimates of capillary flow. A measured vpmax higher
than the capillary prediction was taken as a further indication
of PF. While PF was identified as a common process during
infiltration, it was also temporally and spatially highly vari-
able. We found a strong dependence of PF on the initial soil
water content and the maximum rainfall intensity. Whereas a
high rainfall intensity increased PF (NSR, vyax) as expected,
most geologies and land covers showed the highest PF under
dry initial conditions. Hence, we identified a strong seasonal-
ity of both NSR and vy dependent on land cover, revealing
a lower occurrence of PF during spring and increased oc-
currence during summer and early autumn, probably due to
water repellency. We observed the highest fraction of NSR in
forests on clay-rich soils (slate, marl). v,y ranged from 6 to
80640 cmd~! with a median of 120 cm d~! across all events
and soil moisture profiles. The soils in the marl geology had
the highest flow velocities, independent of land cover, espe-
cially between 30 and 50 cm depth, where the clay content in-

creased. This demonstrates the danger of treating especially
clay soils in the vadose zone as a low-conductive substrate,
as the development of soil structure can dominate over the
matrix property of the texture alone. This confirms that clay
content and land cover strongly influence infiltration and re-
inforce PF, but seasonal dynamics and flow initiation also
have an important impact on PF.

1 Introduction

Preferential flow (PF) in soils describes different flow pro-
cesses with higher flow velocities than soil matrix flow and
heterogeneous flow patterns (Hendrickx and Flury, 2001).
Many studies have shown that PF is ubiquitous (Jarvis, 2007)
and that “PF is the norm and not the exception” (Weiler,
2017). PF can affect water distribution in soil (Ritsema et
al., 1996), groundwater recharge (Ireson and Butler, 2011),
root water uptake (Schwirzel et al., 2009) and solute trans-
port (Larsbo et al., 2014). Since the early work of Beven
and Germann (1982), the importance of PF pathways such
as macropores (created by roots, earthworms), fissures or
cracks has been widely recognized. Most studies focusing
on different PF processes, such as fingered flow (Selker et
al., 1992), macropore flow (Weiler and Naef, 2003) or fun-
nel flow (Kung, 1990), were carried out at the point or plot
scale (spatial scale smaller than a few meters). Since PF in-
creases the range of flow velocities in the vadose zone by or-
ders of magnitudes (Nimmo, 2007), it is essential to include
this process when modeling water and solute transport in soil.
Given its importance, many models now account for PF pro-
cesses (see Gerke, 2006; Kohne et al., 2009; Steinbrich et
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al., 2016), but defining meaningful parameter sets for these
models is challenging (Abbaspour et al., 2004; Arora et al.,
2011; Cheng et al., 2017). Furthermore, Reck et al. (2018)
showed that macropore networks and related parameters such
as macropore distance and diameter are not constant over
time. The problem of spatial and temporal variability of PF
is also reflected in the updated paper about PF research by
Beven and Germann (2013). They stated that some funda-
mental questions are still not solved. One of the central ques-
tions raised by Beven and Germann (2013) is “When does
water flow through macropores in the soil?”’. We know about
the importance of PF, but knowledge about the spatial and
temporal properties affecting the distribution of PF across the
landscape is still lacking (Lin et al., 2006; Wiekenkamp et al.,
2016).

Many methods have been developed in the last decades to
study and quantify PF in soils (see, e.g., Allaire et al., 2009).
These methods include using X-ray tomography at the pore
to soil core scale (Larsbo et al., 2014; Naveed et al., 2016),
the analysis of (dye) tracers and breakthrough curves at the
soil core to hillslope scale (Anderson et al., 2009; Flury et al.,
1994; Koestel et al., 2013; Zehe and Fliihler, 2001) or using
geophysical methods at the plot to hillslope scale (Anger-
mann et al., 2017; Oberdorster et al., 2010). Another way to
identify the potential for PF are measurements that can be
related to the number and volume of macropores or cracks.
Watson and Luxmoore (1986) used a tension infiltrometer to
calculate the amount of infiltration that is caused by pores
of a specific equivalent pore size, a method that has been
frequently used (e.g., Buttle and McDonald, 2000). Stewart
et al. (2016a, b) measured soil crack structure and volume
and used this information to model soil water infiltration.
Nevertheless, most methods lack either spatial or temporal
resolution to quantify the frequency and properties of PF si-
multaneously for larger areas (~km?) and longer timescales
(~ years).

An alternative approach to study PF during infiltration
are soil moisture measurements at high temporal resolution
(~ minutes). While soil moisture sensors only measure at the
point or profile scale, they can be deployed widely through-
out the landscape (Zehe et al., 2014). Soil moisture sensors
can be installed at different depths and are minimally inva-
sive (Hardie et al., 2013). So far, soil moisture sensors were
used to detect PF by either using the measured response ve-
locities after a rainfall event (Blume et al., 2009; Eguchi and
Hasegawa, 2008; Germann and Hensel, 2006; Hardie et al.,
2013; Kim et al., 2007) or for analyzing the sequence of their
response with depth (Graham and Lin, 2011; Lin and Zhou,
2008; Liu and Lin, 2015; Wiekenkamp et al., 2016). Using
these methods most studies found a relationship with precip-
itation characteristics (Liu and Lin, 2015; Wiekenkamp et al.,
2016) or initial soil moisture (Blume et al., 2009; Hardie et
al., 2013; Liu and Lin, 2015; Wiekenkamp et al., 2016).

Even though some of the studies described above show
differences in PF occurrence between soils or landscape
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properties, most of them do not rigorously compare contrast-
ing landscape units at the larger scale. Zhao et al. (2012)
tested out-of-sequence responses of the soil moisture sen-
sors as an indication of PF for two contrasting land covers
and found much higher occurrence of PF in the forest sites
compared to a cropland. However, since both sites also had
different soils, it could not clearly be attributed to land cover.
Most field experiments studying the effect of soil texture and
land cover on soil water flow measured infiltration charac-
teristics or hydraulic conductivities of soil cores (Bormann
and Klaassen, 2008; Gonzalez-Sosa et al., 2010; Jarvis et al.,
2013; Zimmermann et al., 2006). In general, higher infiltra-
tion rates and hydraulic conductivities were observed at sites
with natural vegetation or forests. These higher infiltration
rates were often attributed to the presence of macropores, but
not connected to the dynamics of PF occurrence under natu-
ral field conditions. Studies linking the spatial and temporal
PF occurrence in high resolution and comparing contrasting
landscapes under natural initial and boundary conditions are
still scarce.

A correct estimation of PF occurrence is important for hy-
drological predictions (e.g., modeling) and can improve wa-
ter resource management. Therefore, the main aim of this
study is to identify and compare the temporal dynamic of PF
occurrence by using profiles of soil moisture sensors in dif-
ferent large-scale spatial units that could potentially be used
as representative units for catchment modeling. Since it can
be expected that rainfall intensity and soil moisture have a
strong influence on the initialization of PF (Beven and Ger-
mann, 1982), we will mainly focus on the temporal controls
of initial soil moisture and rainfall. More specifically, we at-
tempt to answer the following questions. Does PF occurrence
increase with rainfall intensity since higher intensity leads
more frequently to an exceedance of matrix infiltration ca-
pacity? Does PF occur more often under wet conditions since
the infiltration capacity is lower? How is the temporal PF dy-
namic influenced by spatial factors like geology/soil type and
land cover?

2 Material and methods
2.1 Study sites

To test our research question we analyzed a dataset of 405
soil moisture sensors at 45 sites distributed across a complex
landscape (varying geology and land cover) but under sim-
ilar climatic conditions. The monitoring network is located
in the Attert catchment in the Grand Duchy of Luxembourg.
The climate is temperate semi-oceanic with a mean annual
rainfall of 845 mm (Pfister et al., 2006), mean monthly tem-
peratures between 0 °C (January) and 17 °C (July) and only
very few days per year with snow coverage (Wrede et al.,
2015). Elevation ranges between 265 and 480ma.s.l. and
the catchment covers three major geologies (Colbach and
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Magquil, 2003). The northwestern part of the catchment is
located at the southern edge of the Ardennes and the geol-
ogy here is dominated by Devonian Slate bedrock covered by
periglacial slope deposits mixed with eolian loess (Juilleret
et al., 2011; Moragues-Quiroga et al., 2017). The southern
part of the catchment is dominated by sedimentary rocks of
the Paris Basin (Wrede et al., 2015) with Jurassic Luxem-
bourg Sandstone at the southern catchment border and Trias-
sic Sandy Matrls in the central part of the catchment (Fig. 1).
The slate region has agriculturally used plateaus between
steep forested slopes (~ 15-25°). The sandstone hillslopes
are mostly forested with grasslands only present on the foot-
slopes (Juilleret et al., 2012; Martinez-Carreras et al., 2012).
The land cover in the Luxembourgian part of the marl re-
gion is mainly characterized by agricultural sites (30 %) and
grasslands (41 %, mainly pasture) with gentle slopes (~ 3°).

Soil types in the slate geology are Haplic Cambisols (Rup-
tic, Endosketelic, Siltic) (IUSS Working Group WRB, 2006)
with a main texture of silty clay loam (Table 1). Texture
was determined by sedimentation analysis following DIN
ISO 11277 (2002) from randomly distributed samples taken
mostly in the upper 30 cm. Coarse particle fraction (> 2 mm)
was much higher than in the other geologies and is esti-
mated between 10 % and up to 50 % volume fraction in the
Bw horizon and increases with depth. Layers of weathered
rock (C horizon) are found usually below 50 cm. Weathered
slate rocks are mostly embedded slope parallel due to so-
lifluction of the soil layers during the last ice age (Juilleret et
al.,2011). In the Luxembourg Sandstone, Colluvic Arenosols
dominate in the valley bottom and Podzols (IUSS Work-
ing Group WRB, 2006) with a sandy loam texture on the
slopes and plateaus. The depth to the unweathered bedrock
is more than 2 m (Sprenger et al., 2015) with banded Bt hori-
zons deeper than 1 m. The soils of the marl geology have a
more diverse texture (Wrede et al., 2015) but are often show-
ing a clay rich layer (> 50 % clay) starting between 20 and
50cm depth. Therefore, Stagnosols (IUSS Working Group
WRB, 2006) are very common in this region. Sandy hori-
zons can be found as well, whereas topsoils mostly exhibit a
loamy texture (Table 1). The soils show high macroporosity
documented by the excavation of horizontal soil profiles and
counting of pores > 2 mm @.

The instrumentation at each site includes air temperature,
groundwater table elevation and rainfall measurements and
three soil moisture profiles separated by 5-20 m. A soil mois-
ture profile consists of three volumetric soil moisture (6) sen-
sors at 10, 30 and 50 cm depth below the surface. In total 135
soil moisture profiles at 45 different sites were distributed
across the catchment (Fig. 1). The time series used in this
study start between March 2012 (first installed profiles) and
October 2013 (last installed profiles) and end in February
2017 (Table 1). The soil moisture sensors (STE capacitance
sensors, METER Group Inc., USA) measured at 5 min tem-
poral resolution. These sensors measure with a 70 MHz fre-
quency and have a sample volume of around 300-715mL
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(Cobos, 2015; Vaz et al., 2013), although other studies found
smaller sampling volumes in wetter soils for other sensors
of similar type (Blonquist et al., 2005). Due to sensor de-
fects, 43 sensors were replaced with SMT100 (TRUEBNER
GmbH, Neustadt, Germany) and 9 sensors with GS3 sen-
sors (METER Environment, USA) in 2016. Sensors were in-
stalled horizontally with minimum disturbance from a 30 cm
diameter hole drilled with a power auger. Each sensor was
installed slightly shifted in the horizontal direction to the
one above, to be unaffected by potential flow path changes
by the sensor above. Furthermore, sensor cables were laid
downwards in the hole first and led up on the opposite wall
to prevent artificial PF along the cables leading to the sen-
sors. In each of the three main geologies, the sensor sites
were situated in two different land cover classes, forest and
grassland. The selected forest sites were dominated by Euro-
pean beech (Fagus sylvatica) with occurrence of oak (Quer-
cus robur, Quercus petraea) and common hornbeam (Carpi-
nus betulus). Furthermore, rainfall was measured with one
tipping bucket (Davis Instruments, USA, 0.2 mm resolution,
collection area 214 cm?) at each grassland site and five ran-
domly placed tipping buckets at each forest site to account,
to at least some degree, for the spatial variability of through-
fall. We defined six different landscape units distinguishing
the three main geological formations and the two land covers
(forest, grassland) to test our research questions. The number
of soil moisture profiles for the different land cover and geo-
logical classes are summarized in Table 1. Additional infor-
mation and specific site properties are shown in Appendix A.

2.2 Data analysis
2.2.1 Event classification
Rainfall events

A full workflow of the data analysis is depicted in Fig. 2
showing the number of excluded events due to different qual-
ity criteria. Rainfall (P) events were defined using the rain-
fall data with 5 min resolution individually for each site. For
the forest sites the mean of all five tipping buckets for every
5 min time step was calculated to obtain average throughfall
for each site. Forest tipping buckets that measured no rainfall
over one hour were excluded (assuming they were clogged),
when at least three other buckets observed rainfall during the
same timeframe. If the rainfall data contained more than one
missing value in a 2h period, it was excluded from further
analysis. Following the approach of Graham and Lin (2011)
and Wiekenkamp et al. (2016), a rainfall event was defined as
rainfall with a minimum amount of 1 mm. The end was de-
fined as the last monitored response of a rain gauge followed
by a specific time period without rain (z.). The procedure of
determining this time period is described below.

Dividing soil water dynamics into single events based on
P input is always a trade-off: on the one hand, short rainfall

Hydrol. Earth Syst. Sci., 23, 4869—4889, 2019



4872

Legend A

B Soil moisture sites

P/ 7

7 ;// Alluvials deposits
Luxembourg sandstone
Marls
Sandstones

Slate

e 22y

0 25 5 7.5

D. Demand et al.: Spatio-temporal relevance and controls of preferential flow at the landscape scale

>z

[ eeeee—— — )

Figure 1. Map of the Attert catchment in Luxembourg with the three main geologies and the locations of the 45 soil moisture monitoring

sites.

Table 1. Site information of the six defined landscape units. Additional textural information can be found in the Supplement (Table S1).
Texture denoted with * was estimated with a field test by feel. Date format is mm/yyyy.

Observation period 03/2012-02/2017  04/2012-02/2017

03/2013-02/2017

09/2013-02/2017 03/2013-02/2017  07/2013-02/2017

Slate ‘ Marl ‘ Sandstone
Forest Grassland ‘ Forest Grassland ‘ Forest Grassland
No. of soil moisture profiles 45 21 ‘ 15 18 ‘ 27 9
Dominant soil texture silty clay loam silty clay loam loam (topsoil) clay loam (topsoil) | sandy loam sandy loam
(USDA classification) clay* (subsoil) clay (subsoil)
Mean clay content (%) 38 40 23/ > 50* 30/48 16 19
(</>30cm) (</>30cm)

events do not allow for a clear separation of the infiltration
signals from different input pulses. On the other hand, long
rainfall that is grouped into one event can result in too much
information from several consecutive rain input pulses that
are merged into one rainfall event. Hence, different rainfall
regimes require different threshold values, i.e., hours without
rainfall (z.) for the identification of event endings. The sen-
sitivity of 7. to the number of rainfall events and their char-
acteristics in our case was investigated by testing different
values of t.: 3, 6, 12 and 24 consecutive hours without rain.
For each P event total rainfall amount (Pgyy,), the maxi-
mum P intensity in a 5 min time step (Pmax) and the event
average rainfall intensity of the entire event (Pip;) was de-
termined. Events that were not plausible were excluded
by using a threshold method for event P amount (Pgyp, >
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100 mm), average event intensity (Pjy > 15 mm h~!) and
maximum P intensity in a Smin time step (Ppax >
80mmh~!). These implausible events were observed to hap-
pen during the reconnecting of the loggers following a logger
error (no power etc.) or clogging and release of the clogged
water. To exclude snowfall or frozen soil conditions, events
with a mean air temperature below 0°C during the event
were not included in the analysis. By applying the quality cri-
teria for rainfall events using f. = 12'h, 1392 of 32 025 rain
events (sum of profile rainfall events) were excluded because
of the threshold criteria and 426 because the mean tempera-
ture was below 0 °C during the event.

The rainfall event separation method is sensitive to the
required number of consecutive hours without rain (f.) be-
tween the events. Table 2 shows 7. values with the result-
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Figure 2. Workflow for the estimation of spatial and temporal PF
occurrence from soil moisture data with the number of included and
excluded events. Event numbers refer to the sum of the events on a
profile base (since this number is the resulting number of data points
used for each analysis).
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Table 2. Rainfall event characteristics over all 135 profiles depend-
ing on minimum hours without rain (f¢) required between consecu-
tive rainfall events.

hours without rain (%)

3 6 12 24
Sum of profile rainfall events 45681 39018 30207 18546
Mean duration (h) 11.3 18.7 33.8 76.0
Mean Pgyy, (mm) 5.4 6.4 8.1 11.9
Mean Pj,¢ (mm hfl) 0.88 0.65 0.48 0.33
o
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Figure 3. Density distribution of maximum rainfall intensity for the
six landscape units.

ing number of events, mean event duration, rainfall amount
(Psum) and event average rainfall intensity (Pin). Shorter
t. results in more events and decreasing mean event dura-
tion. Mean Py is gradually decreasing with longer 7. due
to longer event durations while mean Py, is increasing. We
considered 7, = 12 h to be sufficient to ensure event separa-
tion yielding an appropriate event length and to avoid pos-
sible superimposition of soil water flow signals from differ-
ent input pulses. Therefore, the following analyses are per-
formed with the event definition based on ¢, = 12 h. This re-
sults in total rainfall event numbers between 144 and 353 per
profile. 54.2 % of all analyzed rainfall events had sums lower
than 5 mm and 77.7 % lower than 10 mm. The distribution of
rainfall intensities (Py,¢) shows that 69.2 % of all events had
a Py < 0.4mmh~!. The density distributions show slightly
higher Ppax for grassland sites but no difference among the
geologies (Fig. 3).

Soil moisture and infiltration events

Signal spikes (strong increase in soil moisture within a 5 min
time step and a decrease to the initial value) in the measured
soil moisture time series were removed and data were visu-
ally checked for plausibility and long-term consistency. In
addition, sensor readings were validated against those of the
other sensors at the same depth for each site. No site-specific
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calibration of the soil moisture sensors was conducted and
soil moisture values were obtained by the sensor-internal 6-
permittivity relationship following Topp et al. (1980). For the
STE sensors the manufacturer gives an absolute sensor accu-
racy of volumetric water content of +3 vol % (DecagonDe-
vices, 2016). For a relative change of 1vol % a maximum
sensor-to-sensor difference of £0.25 vol % can be found in
the very dry range (6 ~ 10 vol %) (Rosenbaum et al., 2010).
Since Rosenbaum et al. (2011, 2012) showed that tempera-
ture effects on the sensors and on soil dielectric properties
can cancel each other out, permittivity was not corrected for
soil temperature. Furthermore, electrical conductivity effects
of soil water on permittivity were neglected as bulk electrical
conductivity was low (< 0.1dSm™!) for most profiles. Al-
though some marl profiles show higher bulk electrical con-
ductivities, results of soil water content change should not be
affected since these profiles do not reveal fast bulk electrical
conductivity fluctuations on the event scale.

For each defined rainfall event the soil moisture time series
of all sensors in a profile was checked for their response. In-
filtration events were defined as a 6 increase of > 1 vol % of
at least one sensor in the soil profile. This threshold was cho-
sen to avoid diurnal fluctuation, caused by, e.g., soil temper-
ature, being classified as infiltration events (Graham and Lin,
2011; Wiekenkamp et al., 2016). If a soil moisture event was
identified, the timing of the first response of every sensor was
determined. The first response is defined as the point in time
when the 6 change is higher than the instrument noise (Lin
and Zhou, 2008) that was found to be 0.4 vol % for the STE
sensors (Rosenbaum et al., 2010; Wiekenkamp et al., 2016).
Linear interpolation was used to calculate the time between
two 5 min readings to increase the temporal resolution. The
soil moisture response was tracked for up to 48 h after the
end of a rainfall event or until the time a new rainfall event
starts.

The chosen rainfall event separation based on . = 12 h al-
ready avoids superimposition of consecutive rainfall input
signals on the soil water content. However, to have clearly
separated soil water flow events that are uninfluenced by a
new rainfall event for at least 24 h, both consecutive infil-
tration events were excluded if the second rainfall event oc-
curred within 24 h after the first rainfall event end. In the
case of a response later than 24 h we assumed that the fol-
lowing infiltration event is likely to be triggered by the new
rainfall event (Hardie et al., 2013). Only if more than 99 %
of the data points for all profile sensors during an infiltra-
tion event were usable were they considered for further anal-
ysis (termed completeness criterion). Furthermore, infiltra-
tion events that showed an increase in soil moisture but were
caused by an oscillating signal (not more than four different 6
values during one event) were excluded (termed consistency
criterion).

From the total of 30207 rainfall events, 15 645 could be
used for the analysis of the soil moisture, since they allowed
for a clear separation of soil water flow by more than 24 h
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without a new rainfall input; 7395 of these events did not
meet the quality criteria of completeness and consistency of
the soil moisture time series; hence, 8250 infiltration events
(the sum of soil moisture event observations at all 135 pro-
files) could be used for the analysis. Changing the complete-
ness criterion from 99 % usable soil moisture data points dur-
ing an event to, e.g., 95 % only slightly affects the number of
infiltration events (e.g., 8353 events usable in the analysis).
This is due to the fact that most exclusions result from long-
term failure of one sensor of a profile that leads to a com-
plete exclusion of the entire profile. A diagram showing the
portion of active (all quality criteria met) profiles on a daily
basis can be found in the Supplement (Fig. S1).

Various soil moisture and rainfall characteristics were de-
termined for each event. Initial volumetric water content
(Bini) was defined as the water content before the rainfall
event starts. Furthermore, change of 6;,; to the peak wa-
ter content (Afpax) of every event and sensor response was
calculated. We grouped soil moisture into dry and wet ini-
tial conditions using € quartiles of each profile. Addition-
ally, rainfall amounts and intensities were calculated for the
time before the first soil moisture sensor response (A6 =
0.4 vol %) of any profile (tPsym, rPint, 1Pmax). This was done
since our infiltration event classification described in the next
section is partly based on the first sensor response and later
rainfall input is not further influencing the classification.

2.2.2 Soil moisture sensor response by infiltration
events

For all soil moisture profiles and rainfall events which met
the described quality criteria, the sequence of the first sensor
response was classified similarly to Liu and Lin (2015) into

i. not classifiable (NC): none of the sensors in the profile
showed a response (> 1vol %) or only a 10 cm sensor
response was observed;

ii. non-sequential response (NSR): events where the first
response did not progress in a sequence starting from
the surface (e.g., the 30 cm sensor showed a response
before the 10 cm sensor); and

iii. sequential response (SR): the sensors in the profile
showed a response in the sequence from the uppermost
sensor downwards (e.g., 10 to 30 to 50cm or 10 to
30cm).

The potential for using these different infiltration responses
(SR, NSR) and related parameters as a proxy for PF is de-
scribed in the following sections. All statistical analysis were
performed using Dunn’s rank sum test (Dinno, 2017).
Additionally, we estimated how often PF should have to
be observed based on the classical assumption that rainfall
intensity exceeded matrix infiltration capacity (Beven and
Germann, 1982). We used matrix-saturated hydraulic con-
ductivity (Kpna) as the minimum infiltration capacity and

www.hydrol-earth-syst-sci.net/23/4869/2019/
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tested how often maximum 5 min rainfall intensity exceeded
this threshold (Pmax > Kmat; the measurements of K, are
described at the end of the “Sequential response” section).
Furthermore, comparison of maximum water content change
during an event (A6fpn,x) between the infiltration response
types can give information on PF processes by showing dif-
fering water content depth distributions and can help to esti-
mate the relevance of the different flow processes in terms of
transported water quantity.

Non-sequential response (NSR)

The NSR classification indicates non-uniform flow that can
be a result of various PF processes (e.g., bypass flow); hence,
it is taken as a proxy for PF. NSR could also be a result of
subsurface lateral flow or groundwater rise before the verti-
cally downward progressing wetting front reaches that depth
(Lin and Zhou, 2008). But even in these cases, such re-
sponses describe water flow that shows either non-uniform
flow or surroundings that infiltrate water faster than the pro-
file. Both can be seen as an indication of PF. None of the pro-
files showed a permanent water table smaller than 50 cm be-
low ground level; nevertheless, some profiles are influenced
by groundwater fluctuations and are temporarily waterlogged
at 50 cm, especially during winter. The length of the time se-
ries is adequate for detecting patterns of NSR, as Liu and
Lin (2015) showed in their analysis that overall sensor re-
sponse patterns show stable results using > 3 years of soil
moisture data. The occurrence frequency of NSR was ana-
lyzed with respect to initial soil moisture and rainfall char-
acteristics for the landscape units. All NSR analyses were
done with pre-response rainfall characteristics (tPsym, rPint,
rPmax). Calculated portions of NSR for the landscape units,
geologies or land covers for different rPpyax, fini or months
are always calculated as the sum of NSR responses of the in-
dicated class divided by the total number of infiltration events
in the same class.

Sequential response (SR)

A sequential response of the sensors in the profile does not
necessarily mean that no PF occurred. To get an estimate
for the frequency of SR events showing PF, one method is
to compare soil matrix (capillary) flow velocities to mea-
sured in situ flow velocities (Germann and Hensel, 2006;
Wiekenkamp et al., 2016). A measured flow velocity that
is faster than the soil matrix flow velocity can be expected
to be influenced by PF. Matrix flow velocity can either be
obtained by modeling or with measurements. To determine
the in situ flow velocities, we used the approach of Germann
and Hensel (2006), where the maximum porewater velocity
(Vmax) 1s determined from the first responses of two sensors
(often called the wetting front velocity). The upper sensor
allows for the definition of a clear starting time of the wa-
ter flow. Hence, vertical maximum porewater velocities were
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calculated from the SR for two distinct flow depths: 10 to 30
and 30 to 50 cm. It is important to note that vyax represents
only the fastest flow components in the sphere of influence
around the soil moisture sensor (Hardie et al., 2011).

To model matrix flow velocity (vmat), the 1-D steady-state
flow equation according to Darcy’s law for unsaturated con-
ditions was used (Hillel, 1998):

q=—KYm)dH/oz, 6]

with ¢ being the vertical volume flux (cmd~!), K the hy-
draulic conductivity (cm d=1), ¥m the matric potential (cm),
H the hydraulic potential () and z the depth (cm). For the
vertical 1-D case, matrix flow velocity (or piston flow ve-
locity) can be calculated by dividing the volume flux by the
volumetric water content 9 (—) (Gerke, 2006):

Umat = ¢ /0. (@)

The hydraulic gradient was calculated between two sensors
using the matric and gravitation potential (H = ¥y + V).
The maximum gradient between the 6 peak of the upper
sensor and O;,; of the lower sensor is calculated to obtain
maximum v This is a conservative approach since steady-
state assumptions are used to calculate flow velocity. To ob-
tain the matric potential, the van Genuchten retention curves
(van Genuchten, 1980) were parameterized using the param-
eter sets of Sprenger et al. (2016) (Supplement Table S2).
The van Genuchten parameters of Sprenger et al. (2016) do
not need further corrections to match 8 with absolute val-
ues of, e.g., soil core data since these parameters were cali-
brated for a shorter period of the same dataset. For those 10
sites where no parameters were determined by Sprenger et
al. (2016), we simply used the mean for the respective ge-
ology. Although these retention parameters were inversely
fitted and should therefore account for fast flow components,
they more closely represent matrix flow due to the single-
domain Richards equation and the unimodal nature of the van
Genuchten retention function that was used (Durner, 1994).
In addition, the fit on a daily basis does not allow for fast pro-
cesses other than matrix flow. A geometric mean hydraulic
conductivity was calculated between two sensors located at
different depths (Zhu, 2008) to obtain the effective unsatu-
rated hydraulic conductivity of the vertical layered soil pro-
file. To again provide a conservative estimation of PF and
rather overestimate vpy,¢, the moisture content used to cal-
culate this unsaturated hydraulic conductivity was the maxi-
mum event water content, determined for both sensor depths
individually. The mean of these two maximum event water
contents was also used to calculate the matrix flow velocity
(vVmat) from the volume flux (¢) (Eq. 2). Events that showed
an upward hydraulic gradient based on this calculation were
excluded from further comparisons.

To directly measure matrix flow velocity we assumed that
saturated matrix hydraulic conductivity at the surface is an
appropriate threshold for dividing flow into matrix flow and
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PF (Wiekenkamp et al., 2016). Tension infiltrometer mea-
surements were used to obtain saturated matrix hydraulic
conductivity in the field. The tension infiltrometer used in
this study is a special type called a “hood infiltrometer”.
The advantage of the hood infiltrometer is that it can be
placed directly on the soil surface without need for any con-
tact material (Schwarzel and Punzel, 2007). The derivation
of matrix-saturated hydraulic conductivity (Kp;y) from mea-
sured infiltration rates accounts for the 3-D nature of flow
using the solution of Wooding (1968) (steady-state infiltra-
tion from a circular source). Measurements were carried out
either in the direct vicinity of our sensor sites or within the
same geology and land cover class (Appendix A). All val-
ues of matrix surface hydraulic conductivity consist of at
least three measurement locations (median), except for two
sites where the infiltration rate was too high and the hood
could not be filled. Hood infiltrometer measurements were
not available for grassland sites in the sandstone, and hence
observed flow velocities of this landscape unit were not com-
pared with measured matrix flow velocities. In total mea-
surements from 66 locations were used to determine Kt
for the different landscape units. For every measurement lo-
cation infiltration rates with at least three tensions between
0.4 and 5.9 hPa were recorded to be able to fit an exponen-
tial function to calculate surface hydraulic conductivity at a
tension of 6 hPa (Gardner, 1958). At this tension, pores with
a diameter > 0.5 mm are excluded from flow and measured
hydraulic conductivities represent matrix infiltration capaci-
ties (Jarvis, 2007; Schwirzel and Punzel, 2007). Due to the
high macroporosity at many forest locations pressure in the
hood was difficult to adjust and measurements could only
be conducted for maximum tensions of 1-3 hPa. Hence, for
some sites matrix-saturated hydraulic conductivity is just an
extrapolation of the Gardner fit to a tension of 6 hPa.

3 Results
3.1 Infiltration events

The number and proportions of classified infiltration event
responses (NC, SR, NSR) of the six defined landscape units
are shown in Table 3. The absolute number of events in a cer-
tain landscape unit and response class, which were included
in the different analysis, can be found in the Supplement (Ta-
ble S3). Between 63.2 % and 79.5 % of the infiltration events
per landscape units were not classifiable (NC) in their infil-
tration response, with the marl forest sites having the low-
est amount of NC. 49.6 % of all NC events resulted from
events with a Py, of 3mm or less. Approximately a third
of all infiltration events showed a change in soil moisture
deeper than 10 cm. Most classifiable infiltration events were
of type SR. Under sandstone forest sites they accounted for
24.6 %, whereas under marl grassland sites they accounted
for only 13.6 % of all events. Within the group of SR, 47.4 %
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were observed at a depth of 30 cm, whereas sequential flow
to sensors at 50 cm depth was found for 52.6 % of the SR.
NSR events occurred in 5.3 % to 16.1 % of all events depend-
ing on the landscape unit. The slate and marl forest regions
showed the highest proportion (13.3 % and 16.1 %, respec-
tively). In total 48.7 % of the NSR events showed a response
in 30 cm first and 23.9 % in 50 cm; 27.4 % of the NSR events
reacted in 10 cm first and then in 50 cm without a 30 cm reac-
tion in between. The NSR variability between the single pro-
files within a landscape unit was found to be high (Table 3).
The site-internal variability of NSR (profiles within the same
sites) measured as the median standard deviation was high-
est in marl (forest: 7.5 %, grassland 6.4 %), followed by slate
(forest: 4.2 %, grassland 6.1 %) and sandstone (forest: 1.9 %,
grassland 3.0 %).

To estimate how often PF should have to be observed
based on the classical assumption that rainfall intensity ex-
ceeded matrix infiltration capacity in the different landscape
units, we calculated the portion of rainfall events with a
Prax exceeding Ky With the exception of marl grassland
(13.8 % Pmax > Kmat), all other landscape units only showed
an exceedance rate lower than 2 % (Table 3).

To test how much P characteristics and 6;,; influence the
different response behaviors, we calculated the median of
each parameter for all infiltration events of a certain response
type and their corresponding depth (Table 4). We included
pre-response P characteristics (rP) to show their differences
between NSR and SR events. High Py, mainly affect the
depth of the soil moisture front during SR. In addition, Ppyax
also increases with depth of response, which could partly be
due to a correlation of Ppax and Pgym (Spearman R = 0.54).
SR events show similar median 6;,; values for both infiltra-
tion depths, which suggests no effect of 6;,; on the flow depth.
The rPgyp, is similar for SR and NSR 30 and 50 cm events,
while rPpax is higher for NSR events. NSR10-50, with a re-
sponse in 10 cm first followed by a 50 cm reaction, shows a
different pattern than the other NSR reactions with the lowest
rP intensities, but the highest 6p; and rPgyy,. In contrast to SR
the median 6;,; of the NSR events is lower and also decreases
with increasing depth of the first response (30, 50 cm), which
indicates that this infiltration response type is sensitive to dry
soil moisture conditions.

Water content change

To estimate the relevance of the different response types in
terms of the transported water quantity through the soil, the
maximum change in water content for every event (A6max)
has been taken as a proxy which can further indicate differ-
ences in response properties. The patterns of Afpax in each
geology were compared among response type and depth. Fig-
ure 4 shows violin plots with Afpax at the two individual
depths during SR. For SR the plots include all events that
show a response at the respective depth, independent of the
maximum response depth. For NSR 30 and 50cm events
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Table 3. Number of events, infiltration responses and standard deviation (SD) of the six landscape units, showing a not classifiable response

(NC), sequential response (SR) and non-sequential response (NSR).

Slate ‘ Marl ‘ Sandstone
Forest  Grassland ‘ Forest  Grassland ‘ Forest Grassland
No. of infiltration events 2975 1121 733 852 1871 698
NC (%) 65.0 75.0 63.2 79.5 70.1 72.8
SR (%) 21.7 18.3 20.7 13.6 24.6 21.9
NSR (%) 133 6.7 16.1 6.9 53 53
Min.—max. NSR of single profiles (%) 0-46.2 0-22.7 | 0-37.6 0-17.4 | 0-31.8 0-15.6
SD NSR (variability between single 9.4 7.5 11.8 54 8.6 4.8
profiles) (%)
Pmax > Kmat (%) 0.9 1.8 0.0 13.8 0.2 no Kmat
measurement
Table 4. Rainfall characteristics of the different infiltration types § T T
and their corresponding depths (median values of all profiles and ! !

. . . ! ! wn
events). Sequential response (SR) with maximum response depth o| | | =
(cm) and non-sequential response (NSR) with depth of first out- S | | T
of-sequence response (cm). Rainfall variables were calculated for 1pat b el fla jla jib

o
the entire event (P) and also for the time prior the first (out-of- SRS A i S SED S
sequence) sensor response (rP). 10.30 50:30 50 10-50
NC/SR SR NSR
o
Response type NC ‘ SR ‘ NSR - S ; ;
Depth (cm) | 30 501050 30 50 '_(:é o |1 | =
S I 1 Y]
Pgym (mm) 3.1 94  18.0 - - - o | Ao Al Ao Moo Qab Bl =
Pyt mmh~1) 023 | 027 030 - - - | o ;
P h~! 34| 48 6.6 - - - ST Y Y NN
max (mm b7 10 430 50.30 50 10-50
rPsym (mm) - 2.5 2.6 32 24 2.8 NC/SR SR NSR
tPip¢ (mmh~1) -] 039 039| 032 049 055 8, : :
Prmax (mmh~1) - 2.4 2.4 29 48 4.8 © I I g’
] | la,b,c -]
Oini (=) 0.212 | 0218 0221 | 0224 0207 0.177 2] I I Q
© ! ! b,c Eﬁ_
i al [Ib fcy a g o
-
8 )
S — —t T U
only A6fmax of the first response depth was considered at 10:30 50.30 50 10-50
. NC/SR SR NSR
the respective depth. For NSR10-50 only the water content
change in 50cm (first out-of-sequence reaction) was taken Depth [cm]

into account. Observed median A6,y values range between
1.8 vol % and 4.3 vol %. For the SR events, a significant de-
crease in Afp,x with depth was observed for slate and sand-
stone sites. Marl sites did not show this damping of the water
content signal with depth and exhibited a significant increase
in Afmax at 50 cm depth (SR). For the NSR events no damp-
ing of Abfmax with depth was observed. In contrast, NSR in
sandstone and marls both had higher Afy,x at 50 cm depth
compared to 30 cm. Furthermore, for all geologies AfGmax at
NSR 50cm was similar or even stronger than for NC/SR
10 cm or SR 30 cm responses.

3.2 Non-sequential response (NSR)

The fraction of NSR events in dependence of 6;,; and P char-
acteristics was analyzed to reveal the spatial and temporal
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Figure 4. Violin plots of maximum volumetric soil moisture change
(AbBmax) per depth for the three geologies and differentiated by infil-
tration response. Afpax at 10 cm could result from a NC response
(10cm only) or a SR that ends at a deeper sensor (30 or 50 cm).
Horizontal lines in the plot indicate the median Afpax. Same letters
symbolize no significant difference between the response classes of
the same geology (Dunn test, two-sided, Benjamini—Hochberg cor-
rection, p > 0.025).

patterns and possible controls of PF. Ppax and 6ip; of each
profile are only weakly correlated (median profile Spearman
R: —0.19). An increase in NSR with increasing rPpax was
observed (Fig. 5). Especially forested sites in the slate and
marl region showed a strong increase in NSR above a thresh-
old of rPpax = 10mmh~!. This pattern was only weakly
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pronounced for the grassland sites. More NSR with higher
rPmax in the forests was also found when using maximum
rainfall intensity for the whole event (P) instead of the pre-
response characteristics (rP).

Figure 6 shows the portion of NSR response for the six
different landscape depending on individual 6;,; quartiles for
every profile to account for the differences in absolute 6;y;
values among landscape units. We observed that the drier the
forested sites were, the higher the measured NSR occurrence
was. Especially slate and marl sites showed a strong increase
in NSR occurrence (up to ~ 25 % of events) for the driest 6;y;
quartile. At slate grassland sites observed NSR occurrence
was not responding to drier conditions in the same way as
for the forested sites. The fraction of NSR events at the marl
grassland sites did not change with initial conditions and at
sandstone grassland sites NSR occurrence increased only un-
der wetter conditions.

To test for a seasonal effect on the NSR occurrence we
also analyzed the frequency of NSR on a monthly basis.
Since land cover seems to play an important role for NSR
occurrence (Figs. 5 and 6) the NSR portion for all infil-
tration events of the two land covers was calculated sepa-
rately. Forests show a distinct seasonal dynamics (Fig. 7):
from March to June NSR showed a constant value slightly
higher than 5 % which increases to 13 %—20 % from July un-
til October and decreases again towards winter. In the same
time period 6yy; dropped to its lowest annual values and rPp,x
also had its maximum in the summer months. For grasslands
this dynamic was less pronounced, with the highest value in
September.

3.3 Sequential responses (SR) and flow velocities

3.3.1 Estimating PF by comparison with modeled and
measured matrix flow

To identify PF from SR, we further compared measured max-
imum porewater velocities (vpmax ) against measured (hood in-
filtrometer, Ky,¢) and modeled matrix flow velocities (Vmat).
Table 5 indicates the percentage of observed vpmax that ex-
ceeds either the measured infiltrometer or modeled values.
Both comparisons indicate that observed water flow is in
most of the cases faster than water that is flowing in the
soil matrix only. Between 72.9 % and 89.0 % of the observed
SR responses are faster than the modeled matrix flow veloc-
ities. The median difference in flow velocity for the events
With Vmax > Umat is 114 cmd~!. The model matches the ex-
ceedance obtained by the hood infiltrometer, except for marl
and sandstone forest sites, with an exceedance rate of the in-
filtrometer being only 48.7 % and 44.0 %, respectively. This
is due to the high surface K, values that were measured
with the hood infiltrometer for these two landscape units.
The high conductive parameters of these two landscape units
were not distinct higher in the set of hydraulic parameters
used for modeling.
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Table 5. Percentage of event with measured vmax exceeding the
infiltrometer (Kmgat) or modeled matrix flow velocities (vmat).

Infiltrometer Modeled

Forest Slate 80.0 78.0
Marl 48.7 88.1

Sandstone 44.0 77.2

Grassland  Slate 74.1 72.9
Marl 79.2 87.7

Sandstone - 89.0

3.3.2 Observed maximum porewater velocities

Since the vyax observed from soil moisture responses (SR)
exceeded the modeled or measured matrix values most of
the time we examined vpm,x in more detail. The measured
Umax ranged from 6 to 80640cmd™! with a median of
120cmd~!. Only a weak correlation was found between
vmax Of the shallow versus the deeper depths (10-30 to 30—
50 cm; Spearman-R: 0.36). Median observed vy,x values per
group ranged between 72 cm d~! for forested sandstone sites
(for the shallow depth 10-30 cm) and 274 cm d~! for forested
marl sites (for the depth 30-50 cm) (Fig. 8). Comparing vmax
for all landscape units the marl soils showed more variable
flow velocities and higher median values, especially between
30 and 50 cm soil depth. Slate soils do not show a significant
difference between the two depths or the land covers. Sand-
stone exhibited highest flow velocities under grassland sites.
Forested sandstone soils had a significant lower SR flow ve-
locity than all other soils.

To further evaluate the variability of vp,x with respect to
Oini and Ppax for all observed events, 2-D kernel density es-
timations (KDEs) (Venables and Ripley, 2002) are shown
in Fig. 9, with higher KDE values indicating more events.
There is no clear relationship of vp,x With 6ipj or Ppax, and
high maximum porewater velocities can be found over the
full range of 6ip; and Ppax.

Analyzing the median response of vyax t0 Gini and Ppyax for
the different landscape units, we can see an increase in me-
dian vpax for high Ppax for most landscape units (Fig. 10).
Furthermore, the median v,y is increasing under dry condi-
tions for marl independent of land cover and for slate grass-
land (Fig. 11). The other landscape units do not show a clear
pattern between vmax and Gip;.

Although the relationship of vax With Ppax and 6y is not
as clear as with NSR, the seasonal dynamics of median vy,
shows an increase during the summer months, with the high-
est flow velocities during times with low 6;,; and high Ppax.
In contrast to NSR, grasslands showed a stronger increase
than forests with a maximum between June and August and
a median vy, between 225 and 325cmd ™. For forests a
weaker increase in the time between July and August and
a stable median vpgy of around 200cmd~! were seen. The
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Figure 6. Relationship of NSR with 6;,; for each landscape unit.
Every point represents % NSR for all events which fall in the four
different quartiles of initial soil moisture (the plotting position of
Bini value represents a quartile median). Number of events observed
in the different classes can be found in the Supplement (Table S4).

number of observed events furthermore indicates that most
SR events are not observed during the times of high vpax,
but rather during the wet winter month.

4 Discussion
4.1 General relevance of PF

PF as either non-uniform flow (NSR) or as fast sequential
flow was observed in all landscape units and under all event
conditions (Ppax, 6ini)- The importance of PF during infil-
tration was highlighted by the fact that observed SR flow
velocity (vmax) was most of the time faster than pure soil
matrix flow and depended on the landscape unit NSR ac-
counted for 18 %—44 % of the responses deeper than 10 cm.
The variability of response types within the landscape units
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and even within some sites was high, which highlights soil
heterogeneity on such larger scales and shows the influence
of small-scale soil properties on soil water flow. However,
despite the strong variability we found that PF occurrence
was dependent on some spatial and temporal factors which
are discussed in Sects. 4.4 and 4.5.

PF is important not only in terms of its occurrence fre-
quency, but is also relevant for the quantity of transported
water as indicated by the observed water content changes
(A6max)- Especially during NSR the A6« is higher than
Abmax for SR at the same depth, which implies fast flow
of large amounts of water into deeper zones. Furthermore,
the marl sites with their high velocities at 50cm depth
also showed the strongest Afp,x increase at this depth, un-
like the other geologies. Similar observations were made by
Hardie et al. (2013), who found higher Afn,x at greater
depth during NSR or events with high vmax, and Eguchi
and Hasegawa (2008) calculated that high amounts (16 % to
27 %) of the total annual drainage were produced by PF.

4.2 Observed non-uniform flow (NSR)

In our study, occurrence of NSR for single soil moisture
profiles (0 %—46.2 %) was similar to other studies. Liu and
Lin (2015) found profile NSR occurrence varying between
< 1% and 72.4 % for single years, Graham and Lin (2011)
found 18 % to 54 % for a 3-year period and Wiekenkamp et
al. (2016) found 7 %-51 % also using a 3-year time series.
However, we found a lower average NSR occurrence (mean
of the profiles within one landscape unit) of 5.9 %—14.6 %
for the landscape units in our study (data not shown) com-
pared to 26 % in the Shale Hills catchment of Graham and
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Lin (2011). Until now, most studies on NSR events from soil
moisture time series focused on a relatively similar substrate
(shale), land cover (forest) and a temperate climate (Gra-
ham and Lin, 2011; Lin and Zhou, 2008; Liu and Lin, 2015;
Wiekenkamp et al., 2016). The slate forest of our study is the
landscape unit most comparable to the studies cited above. It
shows a comparable range of NSR occurrence (0 %—46.2 %
for a single profile). As our experimental design targeted not
one but six different landscape units, we were able to com-
pare responses observed in the shale forest to other environ-
ments. Sandstone grassland showed a maximum NSR at a
single profile of only 15.6 % of the events. Soil profiles un-
der forest on clayey soils (slate and marl) had a higher oc-

Hydrol. Earth Syst. Sci., 23, 4869-4889, 2019

currence of NSR (based on the landscape units) and a higher
maximum NSR occurrence for single profiles within these
landscape units compared to sandstone or grassland sites.
Zhao et al. (2012) also found that a difference in land cover
(forest vs. cropland) and soil characteristics affects NSR oc-
currence. They found lower values with 5.8 %-32.4 % NSR
in the croplands compared to the nearby Shale Hills forest,
but as the geology differs between the sites, the lower NSR
cannot be unequivocally attributed to land cover.

4.3 Observed maximum porewater velocities

Maximum porewater velocities (vmax) in this study (6-
80640cmd~!) are in the same range as observed in other
studies; however, we measured slightly lower median vmax
(120cmd~1) than other studies (e.g., Germann and Hensel,
2006; Hardie et al., 2013; Nimmo, 2007). In addition, stud-
ies that measured vpax in single sprinkling experiments in
the slate forest region of the Attert catchment observed
a Umax of 864-19000cmd~! using GPR and TDR dur-
ing a hillslope irrigation experiment with an intensity of
30.8 mmh~! (Angermann et al., 2017). Jackisch et al. (2017)
observed vertical transport velocities of bromide in the
range of 2732cmd~! with sprinkling intensities of 30 and
50mmh~!. The highest vmax of the slate forest landscape
unit measured in our study was with 14662 cmd~! in a sim-
ilar range.

Most of the studies mentioned above are sprinkling exper-
iments which apply high P intensities (> 10mmh~') and
high Pgym and thus do not provide information on the re-
sponse to low-intensity events that make up a large por-
tion of the annual rainfall events (see Fig. 3). In his review,
Jarvis (2007) found that solute transport studies were either
carried out at (near-)saturated conditions or with high irri-
gation rates (> 10 mm h=1). Langhans et al. (2011) found
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an increase in infiltration capacity with higher rainfall inten-
sity, probably due to the initiation of more macropore flow.
This could be an explanation for the higher velocities found
by high-intensity sprinkling experiments. Therefore, a rea-
son for the partly lower vy, observed in this study might be
that we are also accounting for low P intensity events due to
our focus on natural rainfall events. This assumption is sup-
ported by the fact that Hardie et al. (2013) measured a vmax
of 24-960 cm d~! under natural rainfall conditions, which is
more in the range of most velocities observed in our study. In
summary, it is remarkable that no clear differences in flow ve-
locities between different soil types could be identified (nei-
ther in our study nor across all previous studies). Instead, all
soil types showed a similarly large range of velocities (10—
10° cm d_l). Furthermore, one can see orders of magnitude

www.hydrol-earth-syst-sci.net/23/4869/2019/

difference in vy between different events, but not among
the landscape units. A clear reduction of maximum porewater
velocity with decreasing 6 (dry soils) as predicted by conven-
tional unsaturated hydraulic conductivity relationships (e.g.,
van Genuchten, 1980) was not observed under field condi-
tions. In contrast, higher flow velocities during the driest con-
ditions were observed for most profiles in our study.

4.4 Temporal controls of PF

We found that both, a low initial soil moisture (6y,;) and
a high maximum rainfall intensity (Ppax) affect the occur-
rence of PF. This results in a higher occurrence of PF during
summer time. Increased PF (NSR, vpax) during low Oy is
in contrast to the classical assumption of PF, which should

Hydrol. Earth Syst. Sci., 23, 4869—4889, 2019
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Figure 11. Relationship of median vmax with 6y,; for each land-
scape unit. Each point represents median vpax for all events which
fall in the four different quartiles of initial soil moisture (the plot-
ting position of 6;,; value represents a quartile median). Number of
events observed in the different classes can be found in the Supple-
ment (Table S6).

be initiated more often under wet initial conditions with a
lower infiltrability. Furthermore, the mismatch of measured
PF occurrence (NSR, fast vpmax) compared to the prediction
based on Ppux exceeding Kmqc indicates that initiation pro-
cesses such as hydrophobicity/water repellency, local micro-
topographic depressions or channeling of water by vegetation
could be the reason of the frequent occurrence of PF (Blume
et al., 2008; Doerr et al., 2000; Schwirzel et al., 2012; Weiler
and Naef, 2003). Locally, these processes can lead to higher
water contents and thereby pressures at the soil surface close
to atmospheric pressure which in turn trigger PF. The higher
probability of NSR under dryer conditions and with higher
P intensities was also found by Wiekenkamp et al. (2016),
Hardie et al. (2013) and Liu and Lin (2015). Also, Hardie
et al. (2011) found faster flow velocities under dry condi-
tions, which they concluded was due to hydrophobicity and
resulting finger flow, and Blume et al. (2009) found the re-
sponse time of soil moisture and thereby flow velocity to be
much faster during summer time. However, Buttle and Tur-
cotte (1999) did not find a relationship of PF with initial soil
water content, but with throughfall intensity.

Due to the strong seasonal variation with a PF maximum
in summer and early autumn (Figs. 7 and 12), the most prob-
able explanation is the influence of water repellency that has
frequently been observed on natural surfaces in summer (Do-
err et al., 2006; Tdumer et al., 2006). Water repellency hin-
ders infiltration and ensures a pressure buildup at the soil
surface until pressure reaches a positive water entry potential
(Bauters et al., 2000). Gimbel et al. (2016) observed that their
clayey and loamy plots developed strong water repellency
during a simulated drought field experiment with a 40-year
return period and that infiltration patterns changed from ho-
mogeneous to preferential flow. Also, sandy soils were found
to be strongly affected by water repellency (e.g., Ritsema et
al., 1997). Wessolek et al. (2008) found from 1-year TDR
measurements on a pine stand that PF is minor from Febru-
ary to April since the soil was not water repellent. They found
a maximum of PF from May to September which matches in
general with our observations, just that our observed maxi-
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mum starts and ends approximately 1 month later. Further-
more, Tdumer et al. (2006) observed a similar seasonal pat-
tern over a 3-year period with a maximum of PF in sum-
mer and early autumn, and Rye and Smettem (2015) also ob-
served a similar seasonality in Australia. That during these
dry and water-repellent conditions the P intensity is highest
further supports the initialization of PF. In general higher P
intensities can lead to water pressures at the soil surface close
to the water entry potential (Gjettermann et al., 1997; Jarvis,
2007; Weiler and Naef, 2003).

4.5 Spatial controls of PF
4.5.1 Clay content

Examining the temporal effects of 6;,; and Ppax between the
landscape units in detail, PF dynamics were not the same
throughout all landscape units in our study. Especially PF
occurrence on clayey soils seems to be strongly influenced
by low 6y, and a higher clay content enhances NSR oc-
currence and vpax. Many studies showed that the clay con-
tent increases macroporosity under dry conditions through
shrinkage and the subsequent cracking of the soil (e.g., Li
and Zhang, 2011; Novdk, 1999; Stewart et al., 2016a). Das
Gupta et al. (2006) measured high infiltration capacity for
the macropore domain of clay soils using a tension infiltrom-
eter. The higher macroporosity of the clay soil can then fur-
ther enhance the occurrence of PF, initialized by higher Ppax
and hydrophobic condition in summer as observed by (dye)
tracers, infiltration and soil moisture measurements (Dekker
and Ritsema, 1996; Hardie et al., 2011; Jarvis et al., 2008).
Liu and Lin (2015) found clay content to be an important
predictor of NSR in the Shale Hills catchment and we also
measured higher NSR in clayey landscape units (slate, marl).
Furthermore, we found high maximum pore water velocities
in the clay rich subsoil of the marl sites. High vpax in the
marl topsoil (lower clay content) is probably more attributed
to the high abundance of biopores observed in the topsoil of
this region. The high flow velocities in the subsoil are in ac-
cordance to other studies that showed fastest velocities due
to structure development in unsaturated clay soils (Baram et
al., 2012; Hardie et al., 2011; Tiktak et al., 2012). Probably
ponding of water on top of the clay layer and subsurface ini-
tiation of macropore flow could be a reason of higher flow
velocities in the subsoil (Weiler and Naef, 2003). Such a pro-
cess was observed in the field by Hardie et al. (2011). This
demonstrates that in the unsaturated zone close to the surface,
clay should not be treated as a low conductivity but rather as
a high conductivity material.

4.5.2 Land cover
The question arises why NSR is much more often observed

in forests during summer compared to grassland and why
Umax 18 higher in grassland. In general, forests tend to have
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highly connected macroporosity caused by roots (Alaoui et
al., 2011; Gonzalez-Sosa et al., 2010; Lange et al., 2009).
Furthermore, higher soil organic carbon content in forest can
enhance aggregate stability and hence interaggregate poros-
ity in clayey soil (Lado et al., 2004; Six et al., 2002). How-
ever, the sole presence of a higher macroporosity in forests
does not explain the higher NSR occurrence. That higher
macroporosity results in more NSR could also be caused by
more laterally directed pathways in forests created by roots
as observed by Bachmair et al. (2009). Funneling of rainfall
by stemflow (not measured in this study) may support this
mechanism (Schwirzel et al., 2012). In contrast, the stronger
increase in vmax in grasslands during summer could be an
indication of a seasonally changing macroporosity due to
high temporal variation of biopores created by the soil fauna
(e.g., earthworms), as observed in our study region (Schnei-
der et al., 2016). Biopores such as earthworm burrows were
frequently found to enhance vertical PF (Reck et al., 2018;
Weiler and Fliihler, 2004; Zehe and Fliihler, 2001).

5 Conclusions

Our results demonstrate that infiltration is strongly controlled
by PF phenomena. As expected a higher maximum rain-
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fall intensity increases the occurrence of PF, but different
from common theory a higher soil moisture decreases the
PF occurrence. However, the here studied landscape units
show a high spatial heterogeneity and high temporal varia-
tion with different PF processes involved, such as more fast
PF in grasslands and more non-uniform flow (NSR) in for-
est. Clay-rich soils showed to increase both, non-uniform PF
(NSR) and fast PF (high vmax). By systematically compar-
ing the dynamics of different landscape units we were able
to identify that beside the amount of connected macropores
such as cracks (influenced by a high clay content and low soil
moisture) or biotic macropores (roots channels, earthworm
borrows), PF strongly depends on initiation processes (wa-
ter repellency, rain intensity). This leads to a strong seasonal
dynamics with more non-uniform flow and highest flow ve-
locities in summer and early autumn due to dry soils, high
rainfall intensities and hydrophobic soil surfaces. Further-
more, the amounts of transported water are higher during
non-uniform flow. This can have a potential impact on solute
transport during summer months and should be considered in
water management.

We were able to show that soil texture is not the main
driver of water flow velocity during infiltration in the vadose
zone as we typically assume. We suggest including dynamic
flow processes, dynamic initialization processes and vary-
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ing macroporosity in physically based hydrological models
rather than static hydraulic conductivities derived from soil
cores or soil maps. Therefore it needs easily transferable re-
lationships or pedotransfer functions, which can help to find
structure-related PF parameters similar to retention param-
eters. More effort is necessary to find or adapt already ex-
isting approaches to measuring and monitoring PF in di-
verse landscapes. We further suggest implementing large-
scale sensor networks under different climatic settings, sub-
strates, topographies, and land covers worldwide and cre-
ating standardized approaches for analyzing soil moisture
datasets. Our approach can be expanded by combining it with
groundwater response time series and stable isotope methods
to identify and understand flow patterns in the vadose zone
at the landscape scale.

Hydrol. Earth Syst. Sci., 23, 4869-4889, 2019

Code and data availability. Data and the analysis code are avail-
able from the authors upon request.
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Appendix A: Site characteristics

Table A1. S: slate; M: marl; Sa: sandstone. * indicates grassland sites. SD: standard deviation.

Site ID  Elevation Slope  Aspect Kmat SD Kmat median 6 median 6 median 0

(ma.s.l.) ®) °) (cm dfl) (cm dfl) profile 1 (-) profile 2 (=)  profile 3 (-)
M_A 358.2 4.3 26 174 46 0.269 0.232 0.28
M_B 361.6 43 208 371 203 0.36 0.336 0.354
M_C* 326.0 3.0 61 30 287 0.28 0.241 0.226
M_D* 295.0 2.4 260 30 287 0.331 0.37 0.303
M_E* 277.9 1.9 182 11 38 0.344 0.292 0.398
M_F* 265.2 3.3 176 11 38 0.303 0.359 0.336
M_G* 285.1 4.5 7 262 89 0.364 0.377 0.337
M_H* 271.3 34 3 23 29 0.284 0.29 0.268
M_I 291.6 1.3 265 462 230 0.308 0.291 0.266
M) 282.6 4.6 244 499  only 1 meas. 0.355 0.381 0.275
M_K 282.2 2.9 173 462 230 0.31 0.291 0.338
S_A 451.0 14.7 131 50 110 0.234 0.254 0.183
S_B 462.4 20.0 132 50 110 0.234 0.179 0.225
S_C 464.8 224 24 50 110 0.21 0.229 0.125
S_D 452.8 14.5 34 50 110 0.226 0.218 0.271
S_E 442.9 19.1 26 50 110 0.211 0.234 0.207
S_F 434.7 7.6 172 50 110 0.17 0.154 0.275
S_G 458.5 26.2 178 50 110 0.191 0.199 0.193
S_H 478.0 10.2 180 50 110 0.202 0.167 0.193
S_I* 479.2 6.9 126 57 79 0.218 0.21 0.189
S_J* 412.7 5.0 240 57 79 0.378 0.514 0.229
S_K* 448.3 18.2 212 57 79 0.208 0.228 0.194
S_L* 428.0 7.5 186 57 79 0.229 0.349 0.333
S_M 470.6 25.8 166 50 110 0.208 0.18 0.199
S_O 464.6 17.4 338 50 110 0.201 0.241 0.208
S_P* 481.0 4.6 326 57 79 0.203 0.168 0.203
S_Q* 453.0 16.8 183 57 79 0.196 0.2 0.24
S_R* 446.4 13.5 166 57 79 0.174 0.21 0.229
S_S 4333 25.6 181 50 110 0.2 0.167 0.213
S_T 409.2 28.4 188 50 110 0.18 0.163 0.162
S_U 393.6 33.1 185 50 110 0.208 0.177 0.154
S_V 429.0 174 3 50 110 0.203 0.157 0.192
S_ W 443.3 23.6 0 50 110 0.19 0.165 0.178
Sa_A 374.1 9.5 142 77 8 0.151 0.155 0.142
Sa_B 314.2 8.9 325 510 227 0.28 0.247 0.239
Sa_C 363.8 11.3 333 77 8 0.198 0.171 0.194
Sa_D 353.6 19.5 149 77 8 0.177 0.165 0.198
Sa_E 347.0 12.5 13 31 31 0.201 0.227 0.258
Sa_F 367.5 10.3 4 77 8 0.174 0.165 0.213
Sa_G 323.1 6.8 54 510 227 0.244 0.228 0.201
Sa_H 338.5 13.9 106 77 8 0.197 0.185 0.191
Sa_I 326.2 20.5 329 77 8 0.182 0.179 0.184
Sa_J* 297.4 3.7 323 - - 0.224 0.258 0.257
Sa_K* 304.9 10.0 100 - - 0.198 0.233 0.214
Sa_L* 297.7 6.8 300 - - 0.202 0.201 0.194
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