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ABSTRACT

A catchment's runoff response to precipitation largely depends on the antecedent soil moisture and on the characteristics of the
precipitation event, but also on other hydro-meteorological conditions, such as evapotranspiration. Studies investigating the
effects of hydro-meteorological variables on runoff characteristics in catchments with daily temporal resolution mostly used
surrogate measures of soil moisture derived from hydrological models or remote sensing products. Here, we applied a time series-
based pattern search to up to 12years of daily in situ measured soil moisture in three depths (5, 20 and 50 cm) in three headwater
catchments, two of which are located in Germany (forest and grassland) and one in Austria (agriculture), to identify key variables
influencing runoff characteristics under analogous soil moisture patterns. After detecting groups of analogous soil moisture, we
split the corresponding runoff into similar and different patterns based on goodness-of-fit criteria and analysed their influencing
hydro-meteorological variables with descriptive statistics and Spearman rank correlation coefficients (o). Results showed that in
the forest and in the grassland catchment, the antecedent soil moisture mainly influenced runoff characteristics for analogous
soil moisture patterns. In the agricultural catchment in Austria, both the antecedent soil moisture and rainfall characteristics
had an influence on runoff characteristics. The proposed method can be used to evaluate hydro-meteorological drivers of event
runoff characteristics under analogous soil moisture. In this way, hydrological processes that dominate in either group of simi-
lar or different runoff patterns can be differentiated, providing insights into the potential predictability of the respective runoff
pattern.

1 | Introduction is the most comprehensive signature of catchment behaviour

since it integrates information about different runoff genera-
The runoff response to a rainfall event at the catchment scale tion processes (Bloschl et al. 2013). Event runoff responses are
is driven by hydro-climatic and physical catchment character- spatiotemporally variable as they depend on antecedent soil
istics (Chen et al. 2020a, 2020b; Jencso and McGlynn 2011). It moisture (ASM) (e.g., Penna et al. 2011; Saffarpour et al. 2016),
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rainfall characteristics (Blume et al. 2007), and other hydro-
meteorological drivers, for example, evapotranspiration (Guo
et al. 2017a; Rossi et al. 2016). Previous studies evaluated run-
off generation mechanisms (e.g., Gaal et al. 2012, 2015; Stein
et al. 2020; Tarasova, Basso, Poncelet, et al. 2018), runoff
prediction in ungauged basins (e.g., Parajka et al. 2007) and
nutrient transport processes (Grimaldi et al. 2009; James and
Roulet 2007). Thus, exploring drivers of event runoff charac-
teristics contributes to the understanding of catchment-scale
hydrological processes and is crucial for informed decision-
making in water resources management and hydrological
modelling (Hrachowitz et al. 2013). Furthermore, the assess-
ment of hydrological processes at the catchment scale is of
significant importance for the development of measurement
strategies and their validation (Brocca et al. 2012; Mohanty
et al. 2017).

However, studies assessing the spatiotemporal dynamics of
runoff responses and the factors that drive the fast mobili-
sation of water stored in the catchment for a long time still
remain scarce (Kirchner 2024). Although runoff dynamics
were evaluated in single (e.g., Guo et al. 2017b) and multiple
catchments with sizes ranging from approx. 5 to 20000 km?
(Gaal et al. 2012; Merz and Bloschl 2009; Tarasova, Basso,
Zink, et al. 2018; Zheng et al. 2023), only some of them an-
alysed runoff events based on a large sample of events (e.g.,
Ali et al. 2010; Tarasova, Basso, Zink, et al. 2018). At the
event scale, climatic variables, including potential evapo-
transpiration (PET) and the aridity index, were found to be
negatively correlated with the event runoff coefficient (ERC)
(ratio of runoff-to-precipitation), highlighting the role of
PET in mediating the long-term water storage in soils (Merz
and Bloschl 2009; Rossi et al. 2016; Tarasova, Basso, Zink,
et al. 2018; Zheng et al. 2023). Furthermore, ERC was posi-
tively correlated with the mean annual precipitation in catch-
ments across Austria (Merz et al. 2006; Merz and Bloschl 2009)
and with event rainfall volumes in large-scale catchments in
Germany that had limited storage capacity (Tarasova, Basso,
Poncelet, et al. 2018). On the contrary, Zheng et al. (2023)
found a weak correlation between rainfall volumes and ERC
in catchments with large storage capacity.

Besides the solely rainfall-derived variables, event runoff
variability at the daily scale may be linked to the mean an-
nual or seasonal partitioning of precipitation into evapo-
transpiration and runoff via soil moisture dynamics (Latron
and Gallart 2008; Rossi et al. 2016). In Austria (Merz and
Bloschl 2009) and the United Kingdom (Zheng et al. 2023),
ERC and soil moisture followed the same seasonality. In this
regard, ASM has been shown to strongly influence catchment-
scale runoff characteristics (e.g., Penna et al. 2011; Saffarpour
et al. 2016). A nonlinear threshold behaviour of the runoff
response has frequently been observed in catchments where
runoff significantly increased after a certain soil moisture
threshold was exceeded (Detty and McGuire 2010; Jencso
etal.2009; Pennaet al. 2011; Stockinger et al. 2014). In particu-
lar, the threshold behaviour was apparent in catchments with a
humid climate and forest cover (e.g., Detty and McGuire 2010;
Vichta et al. 2024), but also in catchments with other land use
types such as alpine grassland (Penna et al. 2011) or inten-
sively grazed pasture (Saffarpour et al. 2016).

Despite these advancements, relatively few studies used soil
moisture observations at a high spatiotemporal resolution over a
long time span to characterise the rainfall-runoff process at the
catchment scale (Singh et al. 2021; Vichta et al. 2024). Mostly,
substitute measures were used, for example, soil moisture de-
rived from hydrological models or remote sensing products,
without discretisation of different depths (e.g., Yao et al. 2020;
Zheng et al. 2023). Therefore, a better representation of soil
moisture is necessary to quantify key influencing variables
on the runoff response (Rossi et al. 2016). Furthermore, the
few field-based studies investigating rainfall-runoff processes
using in situ measured soil moisture were focused on forested
catchments and mainly conducted at one site only (e.g., Vichta
et al. 2024). However, the investigation of runoff generation
mechanisms in small-scale catchments with different land use
types offers the opportunity to assess the impact of different
land use types on rainfall-runoff processes. For example, by
clustering similar runoff responses, Hovel et al. (2024a) found
that the respective temporal pattern of soil moisture was an im-
portant indicator of similar runoff responses in two small-scale
catchments with differing land use types of forest and grassland.
However, they did not investigate temporal patterns in the en-
tire soil moisture time series itself, that is, independent of the
times of runoff responses. Examining temporal patterns in both
runoff and soil moisture at the same time could help to compre-
hensively understand catchment-scale rainfall-runoff processes
(Bloschl 2006).

In this study, we addressed this gap by using repeating tempo-
ral patterns in soil moisture and runoff at the catchment scale
to investigate the interaction between hydro-meteorological
variables and event runoff characteristics. To do this, we
adopted the approach suggested by Hovel et al. (2024a), but
instead of clustering similar runoff responses, we searched
for soil moisture patterns averaged over the catchment area
in three small-scale catchments with different land use types
of forest, grassland and agriculture. In each catchment, we
used high-resolution in situ soil moisture observations for the
pattern search. For each group of analogous soil moisture, we
divided the respective runoff into similar and different pat-
terns by means of goodness-of-fit criteria to investigate event
runoff characteristics and their drivers separately. Therefore,
the objectives of the present study were to (1) detect repeat-
ing temporal patterns of in situ soil moisture observations,
(2) compare the characteristics of similar and different runoff
patterns in terms of their major hydro-meteorological drivers
and (3) assess the impact of hydro-meteorological variables on
runoff characteristics under analogous soil moisture identi-
fied in the first objective.

2 | Study Area and Data
2.1 | Study Sites

Based on their spatiotemporally high-resolution data, we se-
lected three small-scale catchments in Germany and Austria
(Figure 1). The forest (38.5ha, Wiistebach) and grassland
(40ha, Rollesbroich) headwater catchments are located in the
Eifel region of western Germany and belong to the Terrestrial
Environmental Observatories network (TERENO) (Bogena
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FIGURE1 | Location and land use maps of the three study catchments in Germany and Austria indicating measurement sites with (a) Wiistebach
(partly deforested in 2013), (b) Rollesbroich (extensively managed grassland) and (c) Petzenkirchen (agriculture) (Hovel et al. 2024a).

et al. 2018). Due to their proximity, they are characterised by a
similar climate, with a mean annual precipitation of about 1224
and 970mmyr~!, mean annual temperature of 8.0°C and 8.1°C
and mean annual discharge of about 734 and 529 mmyr~! (2008~
2021) in the forest and grassland catchment, respectively. Soil
types of Cambisol and Planosol are predominant in the hillslope
zone of the forest catchment, while the riparian zone (10% of
the catchment) is characterised by Gleysols and Histosols.
Similarly, gleyic Cambisols prevail further upstream in the grass-
land catchment, while Stagnosols dominate closer to the outlet
(Bogena et al. 2018). Soil depths in the two catchments range
from less than 1 m up to a maximum of 2 and 1.5m in the forest
and grassland catchment, respectively (Gebler et al. 2019; Graf
et al. 2014). In the forest catchment, periglacial layers cover the
bedrock (Borchardt 2012), which consists of Devonian shales and
sandstone (Richter 2008), while in the grassland, the bedrock is
covered by weathered saprolite (Gebler et al. 2019). Mainly, the
riparian zone (8 ha, 21% of the area) of the forest catchment was
deforested in September 2013 (Bogena et al. 2018; Wiekenkamp
et al. 2016a). After the clear-cutting, a natural reforestation took
place. In the grassland catchment, a drainage system affecting
fast runoff processes is in the source area (Gebler et al. 2019). The
Hydrological Open Air Laboratory (HOAL) agricultural catch-
ment (66 ha, Petzenkirchen) lies in the western part of Lower

Austria and has a mean annual precipitation, temperature and
discharge of about 823mmyr~1, 9.5°C and 195mmyr~! (1990-
2014), respectively. The catchment has Gleysols in the riparian
zone, while Cambisols and Planosols predominate in most other
areas. Soils are shallow and characterised by medium to poor
infiltration capacity, with the underlying bedrock consisting of
tertiary sediments of the Molasse zone and fractured siltstone
(Bloschl et al. 2016). Tile drains are installed in around 15% of
the area, and 25% of the stream is piped, leading to complex,
area-specific flow mechanisms (Vreugdenhil et al. 2022).

2.2 | Data

We used high-resolution data on precipitation, runoff, ground-
water levels and in situ soil moisture measurements in 5, 20
and 50 cm depth. Details on the number of measurement loca-
tions for each variable and their spatial distribution are given
in the following subsections. Figure 2 displays the data for the
forest catchment, while the data for the grassland and agri-
cultural catchments are shown in Supporting Information S1.
A detailed description of the data pre-processing and quality
control can be found in sect. 3 ‘Data and methods’ in Hovel
et al. (2024a).
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FIGURE2 | Time series of observed daily precipitation (grey bars from top), runoff at the catchment's outlet (blue), volumetric soil moisture in 5,

20 and 50cm for the hillslope zone (dark grey) and the riparian zone (light grey) and groundwater level for station GWL 001 (dark grey) and GWL003

(light grey) in the forest catchment. Grey bands for soil moisture data indicate the spatially averaged soil moisture value =+ the standard deviation.

2.2.1 | Precipitation and Runoff

Daily runoff and precipitation were measured from July 2009 to
December 2021 in the forest, from January 2010 to October 2022
in the grassland and from May 2010 to December 2019 in the
agricultural catchment. In the forest and grassland catchments,
runoff was recorded with a V-notch weir for low flows and a
Parshall flume for medium to high flows (Bogena et al. 2015; Qu
et al. 2016), while in the agricultural catchment, an H-flume was
used (Bloschl et al. 2016). Daily precipitation data for the forest
catchment was provided by the Monschau-Kalterherberg meteo-
rological station (DWD, station number 3339). For the grassland
catchment, precipitation was acquired from a rain gauge (weigh-
ing OTT Pluvio) installed in July 2013 in the centre of the catch-
ment and from a Hellmann-type tipping bucket at the outlet from
January 2010 to July 2013. Due to low spatial variability between
the four available rain gauges (weighing OTT Pluvio) in the agri-
cultural catchment (Vreugdenhil et al. 2022), we calculated daily
precipitation as the arithmetic mean of the four gauges.

2.2.2 | Soil Moisture

Daily soil moisture was available in the forest catchment from July
2009 to December 2021, in the grassland catchment from March
2011 to October 2022 and in the agricultural catchment from
July 2013 to December 2019. We used soil moisture data from
the SoilNet wireless sensor network installed in the forest catch-
ment in 2009, recorded every 15min at 5, 20 and 50cm depth at
150 sites with EC-5 soil moisture sensors (METER Group GmbH,
Munich, Germany; Rosenbaum et al. 2012), of which we selected
108 for further analysis based on previous quality controls (Bogena
et al. 2010; Wiekenkamp et al. 2016a). In the grassland catchment,

soil moisture was measured from 2011 until May 2015 at 87 sites at
the same depths using a SoilNet equipped with SPADE soil mois-
ture sensors (Qu et al. 2013, 2016). Due to technical problems, the
SPADE sensors were replaced by SMT100 soil moisture sensors at
41 SoilNet sites from 2014 onwards (Bogena et al. 2017), of which
we selected 33 stations with continuous data (TERENO 2024).
In the agricultural catchment, 32 SoilNet stations equipped with
SPADE soil moisture sensors were operated from mid-2013 to late
2021, of which we selected 29 sensors after checking for continuity
and outliers. In the forest catchment, we averaged soil moisture in
the three depths separately for the riparian and hillslope zones, as
the two zones can be accurately delineated based on the predom-
inant soil types, and sensors were available in both zones. Due to
the low density of sensors near the stream in both the grassland
and agricultural catchments, we calculated spatial averages of
soil moisture in the three depths over the entire catchment area.
Additionally, we calculated a depth-weighted mean for a soil depth
of 1m assuming a depth-dependent soil moisture variability in
all catchments (following Stockinger et al. 2014), with the largest
weight of 0.7 given to the measurement at 50cm, and weights of
0.2 and 0.1 to the measurements at 20 and 5cm, respectively. Since
additional soil moisture measurements at 10cm in the agricultural
catchment were available, we included them in the depth-weighted
mean accordingly, with 5 and 10cm each receiving a weight of 0.05.

2.2.3 | Groundwater Level

In the forest catchment, we selected two groundwater level mea-
surement sites (Bogena et al. 2015) that showed the best continuity
from January 2010 to March 2021. Both stations are located in the
riparian zone of the catchment, with station GWL003 upstream
near the stream in the deforested zone and GWL001 further
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downstream in the forested area (Figure 1). In the agricultural
catchment, station HO9 recorded groundwater levels from May
2011 to December 2019 and lies in the riparian zone on a lower
slope, representing the transition between riparian and hillslope
zones (Pavlin et al. 2021; Vreugdenhil et al. 2022). We also selected
piezometer BPO1, which is situated close to the stream, with data
from December 2012 to December 2019 and minimal gaps. Other
stations in the agricultural catchment behaved similarly to either
HO09 or BPO01, so that we anticipated the two piezometers to be rep-
resentative of the catchment. As the groundwater in the grassland
catchment is confined and restricted to deep, fractured rocks, no
groundwater level observations were available.

3 | Methods

3.1 | Time Series-Based Soil Moisture
Pattern Search

We analysed the influence of hydro-meteorological variables
on event runoff characteristics on the daily time scale by imple-
menting a time series-based pattern search in each catchment
individually (Figure 3).

3.1.1 | Runoff Event Identification
We identified rainfall-runoff events (Figure 3a) by employing

the Detrending Moving-average Cross-correlation Analysis-
Event Separation Routine (DMCA-ESR; Giani et al. 2022).

Essentially, the method makes use of the centre of mass of
rainfall and runoff time series fluctuations to simultaneously
identify rainfall-runoff events. In detail, it first determines
the typical catchment response time (Giani et al. 2021), which
is used as a constraining window to calculate the time series
of rainfall and runoff fluctuations. Rainfall-runoff events are
then identified as periods where both rainfall and streamflow
exceed a pre-defined fluctuation tolerance threshold (Giani
et al. 2022). The method does not require subjective parameter
choices and has been successfully applied in other catchment-
scale studies (e.g., Zheng et al. 2023). Further, it does not re-
quire a priori base flow separation; the base flow component
is separated after identification for each event by taking the
minimum runoff before the rising limb (Giani et al. 2022).
We excluded events falling below the mean runoff, which has
been adopted by previous studies as a meaningful threshold
for runoff event identification (e.g., Hovel et al. 2024a; Zheng
et al. 2023).

3.1.2 | Similarity of Soil Moisture and Runoff Patterns

For each runoff event, we extracted the concurrent depth-
weighted mean soil moisture (Figure 3b) and used it to find
analogous soil moisture patterns at different times in the same
catchment (Figure 3c). A soil moisture pattern was therefore
defined as a segment of the soil moisture time series with a
certain duration. The term analogous was used for soil mois-
ture patterns to avoid confusion with similar runoff pat-
terns later on. We applied the Matrix Profile method, which

(a) Rainfall-runoff event identification (d) Runoff pattern extraction Runoff characteristics
o 10 5§ © 50 * Event runoff coefficient ERC
I E=a = — 9.
5o 51 5 8° | B 401 e .
SE B E B $ 22,5  Eventtimescale Ts
2e L/~ | %E|||ES 2 E
: ' ; ' 0a 5 %0 = o0 . * Recession coefficient Rc
Date
+ Number of days Number of days e Normalized peak runoff Qmax
(b) Soil moisture pattern extraction ¢
o O (e) Similar and different event runoff Hydro-meteorological variables
ZX 40 Y G S A A ) ) i
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=221 N € £ - Goodness-of-fit criteri
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FIGURE3 | Flowchartofthe time series-based pattern search in soil moisture and overview of the runoff characteristics and hydro-meteorological

variables used in the analysis.
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TABLE1 | Event runoff characteristics used as target variables.

Variable Abbreviation Definition Equation References
Event runoff coefficient ERC [-] Ratio of the event runoff ERC = %o Merz et al. (2006),
volume [mm] to the event P Sherman (1932)
rainfall volume [mm]
Event timescale T, [days] Ratio of event runoff T, = Q. Gaal et al. (2012)
volume [mm] to the daily Qpea
peak runoff [mm d—]
Recession coefficient R [-] Exponent b in the power €Q_ g0 Brutsaert and Nieber (1977),
law recession model a@ Dralle et al. (2015, 2017)
Normalised peak runoff Q ax [-] Maximum daily peak Q. = Qpeak Tarasova, Basso,
-1 . max Q .
runoff [mm d~!] normalised Zink, et al. (2018)
by the long-term mean
runoff [mm d~1]
was developed to robustly identify all patterns that match a NVE = NSE — x|VE| 3)

specific pattern in the time series (Madrid et al. 2019; Yeh
et al. 2016). We defined two criteria to assess the similarity
of soil moisture patterns: (1) they exceeded a Spearman rank
correlation coefficient threshold of 0.76, 0.74 and 0.53 in the
forest, grassland and agricultural catchments, respectively
(adapted from Hovel et al. 2024a), and (2) the Euclidean dis-
tance between them was lower than 5 vol% to account for ab-
solute deviations between patterns. The correlation coefficient
thresholds represent the mean correlation between soil mois-
ture patterns of similar runoff events (Hdovel et al. 2024a) and
were therefore used as a threshold. To assess how the results
obtained changed with variations in the two similarity crite-
ria, we conducted a (one-at-a-time) sensitivity analysis given
in Supporting Information S2. Consequently, groups of anal-
ogous soil moisture patterns were derived. Since the groups
were based on the depth-weighted mean soil moisture, we
additionally assessed the relationship between soil moisture
patterns in the three measurement depths of 5, 20 and 50cm
by calculating the Pearson correlation coefficient () and eval-
uating its significance on a 95% confidence level (p <0.05).

For each group of analogous soil moisture patterns, we extracted
the respective runoff patterns from the time series. An event
runoff pattern was therefore defined as a segment of the runoff
time series with a certain duration and at least one runoff peak
on a given day. Based on goodness-of-fit criteria, one group of
similar and one group of different runoff patterns were derived
for each group of analogous soil moisture (Figure 3e). We com-
bined the Nash-Sutcliffe Efficiency (NSE; Equation (1)), with a
volume error (VE; Equation (2)) to form the NVE as suggested
by Lindstrém (1997):

Y(Q-Q,)°
NSE=1-— )
2(@-e)
Sl -0l
VE= ——— @

M=

Q,

i=1

Q, and Q, represent the respective event runoff patterns, with
0 denoting the mean over the pattern duration (n days). The
parameter y serves as a weighting factor for the VE set to 0.1,
according to Lindstrom (1997). We defined patterns to be sim-
ilar if the NVE exceeded a threshold of 0.65. As this threshold
is widely considered a ‘satisfactory’ or ‘good’ fit between runoff
time series for the NSE (Moriasi et al. 2007; Saleh et al. 2000;
Singh et al. 2005), we assumed it to be applicable to the NVE as
well. At the same time, event runoff patterns were classified as
different if they did not fulfil the similarity criterion. For exam-
ple, they were not similar to any other runoff pattern extracted
for the respective soil moisture group (Figure 3e). An example of
the derived groups of runoff patterns can be found in Supporting
Information S3. In the subsequent analysis, we focused only on
groups of soil moisture patterns for which both similar and dif-
ferent runoff patterns could be identified.

3.2 | Runoff Characteristics

For all runoff patterns, we assessed four descriptive character-
istics (Table 1): the ERC, the daily peak runoff normalised by
the long-term mean runoff (Q,, ), the ratio of runoff volume
to the daily peak runoff (T,) and the recession coefficient (R).
Further details on the estimation of the recession coefficient
R_ are given in Supporting Information S4. We calculated the
four runoff characteristics for each runoff pattern individu-
ally and then averaged them over each group of analogous soil
moisture patterns (Figure 3d). We allocated the meteorological
seasons of spring (March, April and May), summer (June, July
and August), autumn (September, October and November) and
winter (December, January and February) to all patterns based
on their first day of occurrence. To test for differences in run-
off characteristics between seasons, we conducted a Kruskal-
Wallis test followed by Dunn's post hoc test. Furthermore, we
calculated the mean runoff characteristics of similar and differ-
ent runoff patterns separately and indicated the coefficient of
variation (CV) for all respective mean characteristics. To test
for differences between the two groups, we applied a Wilcoxon
rank-sum test. The statistical test results were evaluated using a
95% confidence level (p <0.05).
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3.3 | Hydro-Meteorological Variables

Rainfall-derived variables included the event rainfall sum
P, [mm], the maximum event rainfall intensity P_, [mm
d™'] and the event mean rainfall intensity P, , [mm d~'].
Furthermore, we calculated the event mean PET [mm d™]
with the Penman-Monteith equation. In terms of wetness-
derived variables, we assessed the impact of ASM 1 day before
the event ASM5, ASM20 and ASMS50 [vol. %] in measurement
depths of 5, 20 and 50 cm, respectively. Additionally, we cal-
culated the groundwater level 1 day before the event GWLpre
[cm bgs] in the forest and agricultural catchments. To anal-
yse how hydro-meteorological variables influenced the runoff
patterns in respective seasons, we used the Spearman rank
correlation coefficient (o) and evaluated its significance based
on a 95% confidence level (p <0.05).

4 | Results

4.1 | Time Series-Based Soil Moisture
Pattern Search

A total of 100, 95 and 120 runoff events and concurrent soil
moisture patterns (Figure 3b) were extracted in the forest,
grassland and agricultural catchments, respectively. Only
considering soil moisture patterns for which similar and dif-
ferent runoff patterns were identified (Figure 3e), 62, 16 and
55 groups of analogous soil moisture patterns were formed in
the three catchments, respectively. Particularly in the forest
catchment, we observed a high average number of matches for
one soil moisture pattern (Supporting Information S5). Thus,
soil moisture patterns were not restricted to times when run-
off events were identified but were distributed across the en-
tire time series. While in the forest and grassland catchments,
most groups consisted of wetting and subsequent drying pat-
terns, soil moisture patterns in the agricultural catchment
mainly comprised wetting-up patterns with higher variability
within a group than in the other catchments, as shown by the
broad confidence intervals (Supporting Information S6). In
the grassland catchment, we particularly observed consistent
wetting-up and drying patterns of soil moisture with one dis-
tinct peak for most groups (Figure 4). Although in the forest
catchment, most groups showed a similar pattern to the grass-
land catchment; there were also patterns with slower drying
after the peak compared to the rest of the groups (Supporting
Information S6).

Regarding the different soil moisture measurement depths
for the identified patterns, we found a strong significant
correlation between the soil moisture in 5 and 20cm depth
in the forest (r=0.83) and agricultural (r=0.72) catchments,
but not in the grassland catchment (r=0.31). While cor-
relation coefficients remained low between soil moisture in
5 and 50cm in the grassland and agricultural catchments
(Supporting Information S7), soil moisture in the two layers
was significantly correlated in the forest catchment at 0.61.
The percentages of the runoff patterns attributed to either the
group of similar or different runoff for each group of analo-
gous soil moisture patterns differed between the catchments.
In the agricultural catchment, the average number of similar

runoff patterns for one soil moisture pattern was higher than
the number of different patterns, in contrast to the other two
catchments (Supporting Information S5).

4.2 | Runoff Characteristics and Their Seasonality

The forest and grassland catchment had overall comparable
runoff characteristics under analogous soil moisture patterns,
particularly in terms of mean ERC (0.25 and 0.27, respectively)
and timescales T, (5.08 and 4.42days, respectively) (Table 2).
In contrast, the agricultural catchment showed lower mean
ERC and shorter T, compared to the other two catchments,
with 0.09 and 2.38days, respectively, with ERC having the
largest CV of all runoff characteristics in the catchment at
0.73. In the forest catchment, we observed the highest CV for
the recession coefficient R, with 1.20, while in the grassland
catchment, CV was largest for the normalised peak runoff
Qax 2t 0.80 (Table 2).

The runoff characteristics in the three catchments var-
ied throughout the year: ERC in the forest and agricultural
catchment followed a seasonal pattern, as for the differentia-
tion between similar and different runoff patterns, with ERC
being highest in winter and lowest in summer (Figure 5). In
both catchments, ERC differed significantly between almost
all seasons, except between spring and summer in the for-
est catchment. In contrast, ERC in the grassland catchment
did not vary considerably between the two seasons of sum-
mer and autumn as well as spring and winter (Supporting
Information S8).

T, in the forest and grassland catchments followed the same sea-
sonality as ERC, with longer T in spring and winter compared to
the rest of the year (Supporting Information S8 and S9). In con-
trast, T in the agricultural catchment showed no major seasonal
variations (CV =0.32) and was, on average, shorter (~2 days) than
in the forest (~5days) and grassland (~4.5days) catchments. On
average, we found the largest Rc in the agricultural catchment in
winter, whereas in the forest and grassland catchments, R, was
highest in the summer (Supporting Information S9).

4.3 | Linking Hydro-Meteorological Variables
and Their Seasonal Dynamics With Runoff
Characteristics

4.3.1 | Similar Runoff Patterns

For similar runoff patterns, all runoff characteristics were, on
average, significantly correlated with wetness-derived variables
in the forest (ASM50) and grassland catchments (ASM5), while
in the agricultural catchment, only ERC and R_ were primar-
ily correlated with these. Figure 6 displays the Spearman rank
correlation coefficients (p) between runoff characteristics and
hydro-meteorological variables in the three catchments, differ-
entiated between similar and different runoff.

ERC was significantly correlated with ASM in 50cm in both
the riparian (p=0.58) and hillslope (p=0.58) zones in the for-
est catchment and in the agricultural catchment (0 =0.56). In
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FIGURE4 | Groups of analogous soil moisture patterns in the grassland catchment, indicating the mean soil moisture in each group and the cor-

responding 95% confidence interval.

TABLE 2 | Descriptive statistics of runoff characteristics averaged over all runoff patterns in the respective groups of analogous soil moisture

patterns detected in the three catchments, including their mean and coefficient of variation (CV).

Forest catchment

Grassland catchment Agricultural catchment

ERC [-] Mean 0.25
Cv 0.88
T, [days] Mean 5.08
Ccv 0.49
R [-] Mean 0.75
Ccv 1.20
Qax -] Mean 4.71
Ccv 1.08

0.27 0.09
0.72 0.73
4.42 2.38
0.46 0.32
0.98 1.02
0.76 0.41
6.37 18.61
0.80 0.56

comparison, in the grassland catchment, it was correlated with
ASM in 5cm (p =0.52). In all catchments, we observed a thresh-
old relationship of ERC with ASM in the respective depths,
with ERC and ASM being seasonally related for similar runoff
patterns: Soil moisture in summer rarely reached a threshold
after which ERC substantially increased, so that ERC generally
remained low. In contrast, the largest ranges of ERC with val-
ues from 0 to 1 occurred in winter (Figure 7). The thresholds
in ASM, determined with a segmented linear regression, were
approx. 46.8 and 32.0 vol% in 50cm soil depth in the riparian

and hillslope zones of the forest catchment, respectively, and
48.2 vol% in 5cm and 37.4 vol% in 50cm in the grassland and
agricultural catchment, respectively (Figure 7).

In addition to ASM, we found a significant correlation be-
tween ERC and pre-event groundwater levels (GWLpre) at
both piezometers in the forest catchment (p=0.49 and p=0.53
at GWL001 and GWLO003, respectively). Similarly, ERC and
GWLpre at H09 and BP01 were significantly correlated in the
agricultural catchment (p=0.33 and p=0.34, respectively) with
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seasonal differences of higher groundwater levels and ERC in
the winter season compared to the other seasons. Furthermore,
the nonlinearity of recession, R, had the highest correlations
with wetness-derived variables compared to the other hydro-
meteorological variables in the forest and agricultural catch-
ments for similar runoff patterns. In the forest catchment,
ASMS50 in the hillslope zone was significantly correlated with

(a) 1.00 71— ; !
0751 1T, \
0 0.50 - l . R
5 H Y
0.25 ] ; i&l
0.00 = . ] | : . :
(b) 1.00
]
0.75
0 0.50 |
o . .
w
e I T
0.00 —= : . . = , :
(c) 1.00
0.75 1
0 0.50
o
w i [
0.25 1 ; ] i
0.00 = - = = FE o =% ;
O & & & O & & &
N N
N & & & & & &
£ & &S £ & & &

FIGURE 5 | Event runoff coefficient (ERC) for spring, summer, au-
tumn and winter, including all runoff patterns in the left column and
separated between similar (grey) and different (light grey) runoff pat-
terns in the right column for the (a) forest, (b) grassland and (c) agricul-
tural catchments, respectively.
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Rc (p=-0.47). In addition, Rc was correlated with the pre-event
GWL at piezometer H09 in the agricultural catchment. In the
forest catchment, groundwater levels and ASM in deep layers
were additionally correlated with Q .. and T,. In the grassland
catchment, ASM in 5cm showed the highest significant correla-
tion with Q_, (0=0.53). In both the forest and grassland catch-
ments, we found T of similar runoff patterns to be positively
correlated with rainfall sums P . Furthermore, rainfall char-
acteristics were the only variables correlated with Q_, in the
agricultural catchment and showed a positive correlation with
Q... in the forest catchment.

4.3.2 | Different Runoff Patterns

In the forest and grassland catchments, correlation coefficients
were in most cases lower in the group of different runoff pat-
terns compared to the similar ones. If not, differences were
marginal (e.g., p=0.15 and p=0.20 between ERC and P_, in
the forest catchment for similar and different runoff patterns,
respectively). Meanwhile, we found a significant positive cor-
relation between Q. and rainfall volumes P, and intensities
P . for different runoff patterns, with values of 0.58 and 0.56 for
P ., and 0.58 and 0.53 for P, in the forest and grassland catch-
ments, respectively (Figure 6). Furthermore, the threshold rela-
tionship between ERC and ASM observed in both catchments
was not as pronounced for different runoff patterns (Supporting
Information S10) as for similar patterns. For instance, we ob-
served an increased ERC of 0.6 for low ASM in the hillslope
zone (ASM50 around 33 vol%) in the forest catchment. On the
contrary, the agricultural catchment also showed a pronounced
threshold relationship between ERC and ASM50 for different
runoff patterns (Supporting Information S10). In general, we
found higher correlation coefficients for different rather than
similar runoff patterns more frequently in the agricultural catch-
ment than in the other two catchments. This was particularly
evident for the runoff characteristics of ERC, R and Q cor-

max

relation coefficients were larger between ERC and groundwater
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FIGUREG6 | HeatmapshowingSpearman rank correlation coefficients (o) between event runoff characteristics and selected hydro-meteorological

variables (p <0.05), separated between groups of similar (e.g., ERC.sim) and different (e.g., ERC.dif) runoff patterns in the (a) forest, (b) grassland and

(c) agricultural catchments, respectively. The size and colour of the dots both indicate the value of the correlation coefficient for better visualisation.
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FIGURE 7 | Relationship between antecedent soil moisture (ASM)
and event runoff coefficient (ERC) in (a) the riparian zone and (b) the
hillslope zone of the forest catchment in 50cm (ASM50), (c) in the grass-
land catchment in 5cm (ASMS5) and (d) in the agricultural catchment in
50cm (ASM50), for similar runoff patterns. The vertical dashed lines in
each panel indicate the threshold in ASM determined with a two-step
segmented linear regression.

levels in the agricultural catchment for different runoff patterns
compared to similar ones. Likewise, we observed higher cor-
relations between R and wetness-derived variables for different
runoff patterns than similar ones, with ASM20 having the high-
est correlation with R (0=0.54). In addition to rainfall-derived
variables, wetness-derived variables showed increased correla-
tions with Q__for different runoff patterns compared to similar
ones in the agricultural catchment (Figure 6). In contrast, in the
other two catchments, particularly in the grassland, wetness-
derived variables did not show any significant correlation with
Q. for different runoff patterns.

5 | Discussion

5.1 | Temporal Patterns in Soil Moisture and Their
Linkage to Respective Runoff Patterns

Different analogous soil moisture patterns were found during
runoff events and during dry conditions because not only
rainfall-driven wetting but also radiation-driven drying in-
fluences soil moisture dynamics (Liu et al. 2024; Milicke
et al. 2020). The largest number of analogous soil moisture pat-
terns was in the forest catchment, indicating low variability and
therefore high recurrence of the wetting and subsequent drying
cycles. Although soil moisture patterns in the grassland catch-
ment showed similar wetting-up and drying cycles (Figure 4),
comparatively few repeating ones were found. As soil moisture
patterns in 5cm were not well correlated with those in 20cm
(r=0.31) or 50cm depth (r=0.39), the large weights of both 20

and 50 cm soil moisture in the depth-weighted mean might have
resulted in fewer recurrent soil moisture patterns in the grass-
land catchment. In contrast to the other two catchments, pat-
terns of analogous soil moisture in the agricultural catchment
were more variable, as indicated by the broad confidence inter-
vals within the groups (Supporting Information S6). The large
variability of soil moisture patterns within one group may also
result from the comparably low correlation coefficient we set
as a similarity criterion for the soil moisture patterns to match
(p=0.53). Most patterns did not follow a clear wetting and dry-
ing, but rather a continuous wetting-up, with the soil moisture
peak following the runoff peak (Supporting Information S6),
as also reported by Pavlin et al. (2021) for the agricultural
catchment.

As for the respective runoff patterns, the majority of run-
off under analogous soil moisture patterns in the forest and
grassland catchments was classified as different (Supporting
Information S5), showing that runoff patterns were variable
over time. In contrast, in the agricultural catchment, although
analogous soil moisture patterns showed high variability, the
group of similar runoff was on average larger than the one of
different patterns. This suggests an increased number of simi-
lar runoff patterns in the catchment compared to the forest and
grassland catchments, as also indicated by the high number of
clusters containing similar runoff events (Hovel et al. 2024a).
Even though runoff mechanisms in different sub-parts of the
agricultural catchment are complex (Vreugdenhil et al. 2022),
our study demonstrated that the catchment average runoff
response at the outlet shows a high degree of repeatability
over time.

5.2 | Hydro-Meteorological Drivers of Event
Runoff Characteristics and Their Linkage to
Catchment Wetness States

5.2.1 | Influence of Rainfall-Derived Variables on
Runoff Characteristics

Rainfall characteristics, particularly P and P likely im-
pacted runoff characteristics of ERC, T, and Q. in the catch-
ments studied. In the forest and grassland catchments, rainfall
sums P showed a positive correlation with T of similar runoff
patterns, suggesting a potential influence on the runoff response
shape, with a higher P leading toalonger T,. In addition, Q
for different runoff patterns showed a significant positive cor-
relation with P, and P, . A strong positive correlation between
rainfall volumes and Q,_, was also found by Tarasova, Basso,
Zink, et al. (2018), possibly hinting at a wet catchment state lead-
ing to an increase in ERC (Berghuijs et al. 2016). Conversely,
we observed a significant negative correlation between rainfall
and ERC in the agricultural catchment, where even low P
led to high ERC, which was possibly triggered by long, consis-
tent, low-intensity rainfall events in winter times (Supporting
Information S10). This somewhat counterintuitive observation
is supported by the findings of Merz and Bloschl (2009) in other
Austrian catchments, for which low maximum rainfall intensi-
ties also led to high ERC. They attributed this phenomenon to
the rainfall characteristics in Austria, with rainfall events of lon-
ger duration leading to higher runoff coefficients than shorter,
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more intensive rainfall events. Furthermore, P, and P,  were
equally correlated with Q__ of similar and different runoff pat-
terns in the agricultural catchment, indicating a potential con-
trol of the two rainfall characteristics on the normalised peak
runoff regardless of the observed hydrograph shape. Still, simi-
lar shapes of the runoff response at the catchment's outlet were
also influenced by the temporal precipitation pattern (Hovel
et al. 2024a). The potentially dominant control of rainfall char-
acteristics on the runoff response in the agricultural catchment
is further supported by Szeles et al. (2024), who found a high
contribution of new water (~50%) during peak flows, suggesting
a rapid contribution of precipitation to the stream via surface
runoff. Surface runoff in the catchment may occur for various
reasons, with agricultural land use and soil compaction being
one of the major influencing factors (Szeles et al. 2024).

5.2.2 | Influence of Wetness-Derived Variables on
Runoff Characteristics

In the forest catchment, ASM50 and GWLpre likely influenced
runoff characteristics of similar runoff patterns. GWLpre at
both stations showed similar correlations with runoff charac-
teristics, although only GWLO003 was influenced by deforesta-
tion. Previous studies indicated that the catchment response
to vegetation alterations is highly variable over time (e.g.,
Hornbeck et al. 1993; Andréassian 2004). In the catchment
studied, deforestation caused a decrease in evapotranspiration
and an increase in soil water storage in the deforested area
(Wiekenkamp et al. 2016a), possibly leading to a higher per-
colation. Furthermore, the strong correlation of ASM in deep
soil layers may be explained by macropores allowing deeper
infiltration in forest soils compared to grasslands (e.g., Alaoui
et al. 2011). Thus, precipitation reaching deeper soil layers
might have contributed to the catchment's runoff as subsurface
stormflow. Wiekenkamp et al. (2016b) observed catchment-
wide preferential flow during both relatively dry and extremely
wet conditions in the forest catchment. Similar results have
been reported by Vichta et al. (2024) in a forested headwater
catchment, highlighting the role of trees in transporting water
to deeper soil layers via preferential flow paths. Our results in
the forest catchment, therefore, suggest an overall fast pres-
sure response between soil moisture, groundwater level, and
the stream due to potentially high hydraulic conductivity and
preferential flow paths in the subsurface, resulting in similar
runoff patterns at the catchment's outlet. Isotope data anal-
ysed in the catchment further support this observation, where
streamflow was found to substantially consist of groundwater,
and the fraction of water younger than 3 months was generally
low at approx. 10% (Stockinger et al. 2019). Furthermore, run-
off generation often depends on a threshold in ASM (e.g., Detty
and McGuire 2010; VanTromp-Meerveld and McDonnell 2006);
this was also found in the forest catchment, where the hillslope
zone contributes to runoff only above a soil moisture thresh-
old (Stockinger et al. 2014). An increase in ERC was only ap-
parent after a certain soil moisture threshold was reached,
predominantly in spring and winter (Figure 7), and below this
threshold, no runoff event was triggered, indicating significant
subsurface storage capacity. This storage capacity is confirmed
by model results of Hrachowitz et al. (2021) in the forest catch-
ment; they suggest a storage volume of at least ~8000 mm in the

layered and fractured Devonian shale bedrock. However, the
high storage capacity may also be due to the subsurface being
connected to surrounding areas outside the boundaries of the
surface catchment area. In addition to the potentially large
storage capacity, the threshold relationship between ERC and
ASM may also be reinforced by water losses due to evapotrans-
piration during periods when hydrological connectivity was not
established. This is further corroborated by the results of our
correlation analysis, which showed that an increase in PET led
to a decrease in ERC.

The potential dominant role of ASM in the grassland catchment
in the topsoil rather than the deep layer may be due to increased
bulk density and reduced percolation of water (Alaoui et al. 2011;
Li and Shao 2006). In this regard, Alaoui et al. (2011) suggested
that the limited vertical water transport in grasslands may partly
be due to the finer and denser soil structure in the topsoil as a
result of the prevalent land use. In the grassland catchment, Qu
et al. (2016) showed that bulk density increased with soil depth
based on 273 soil samples. The strong correlations between ASM5
and ERC, T and Q. might therefore be due to fast interflow
close to the surface resulting from higher hydraulic conductivity
in the upper soil layer compared to the deeper layers.

In the agricultural catchment, the threshold relationship be-
tween ERC and ASM50 held for both similar and different run-
off patterns, indicating that this relationship likely controlled
ERC of all runoff patterns. Still, ERC and Q_, for different run-
off patterns may additionally be influenced by water bypassing
the soil or preferential flow through the installed tile drains in
the catchment. In terms of seasonality, small rainfall sums com-
bined with high ASM leading to high ERC also hint at consis-
tent subsurface connectivity during wet winter months, as also
indicated by Széles et al. (2018) and Vreugdenhil et al. (2022).
However, the catchment's overall shorter Ts and therefore flash-
ier response (2.4days) compared to the other two catchments
indicate a decreased soil storage capacity due to shallow soils
with medium to poor infiltration capacities (Bloschl et al. 2016;
Gaal et al. 2012; Vreugdenhil et al. 2022). In addition, the ear-
lier response of the stream compared to the soil moisture might
indicate overland flow processes. Similar observations were re-
ported by Beiter et al. (2020) in an agricultural catchment lo-
cated in central Europe. The significant correlations between
Qax @nd P, for both similar and different runoff patterns fur-
ther support the presence of infiltration-excess overland flow.
Furthermore, we found significant correlations between runoff
characteristics, particularly ERC, and GWLpre at HO9 and BP01
(p=0.59 and p=0.40, respectively) for different runoff patterns,
suggesting that groundwater contributes to the stream most
times of the year (Eder et al. 2022; Exner-Kittridge et al. 2016).
Our results, therefore, indicate that both overland flow and
subsurface flow may potentially occur at different times in the
catchment. Similarly, Vreugdenhil et al. (2022) suggested that
in winter and spring, shallow flow paths such as overland flow
may dominate in the catchment, while in summer, contributions
from deeper flow paths to the stream may be more likely.

R, and ASM20 in the agricultural catchment were signifi-
cantly correlated for different runoff patterns (0=0.54). The
non-linearity in recession increased from dry to wet catchment
states, that is, when riparian-hillslope connectivity was reached,
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which was also found in mountainous catchments (Harman
et al. 2009; Lee et al. 2023). However, in the forest and grass-
land catchments, we observed the opposite relationship with
a significant negative correlation between R, and ASM50 for
similar runoff patterns. Saffarpour et al. (2016) also suggested
that recession is slower the wetter the catchment, and vice versa,
leading to the observed shorter timescale during dry conditions,
which was additionally found by Latron and Gallart (2008).
Furthermore, Gadl et al. (2012) suggested that a short timescale
in dry conditions may be due to more efficient drainage com-
pared to wet catchment conditions, even for high rainfall sums.
The increased recession non-linearity and shorter timescales
in the forest catchment in dry conditions may additionally be
amplified by evapotranspiration effects (o =0.35). Yet, we found
that PET generally played only a minor role in influencing run-
off characteristics in the three catchments studied, potentially
due to the short-term temporal scales analysed. Thus, the use of
long-term predictors such as the aridity index in addition to the
short-term, pattern-based PET in our analysis could potentially
provide further insights into the role of PET.

5.3 | Limitations and Possible Future Applications

In the past, most studies analysing catchment-scale temporal
patterns either focused on soil moisture without considering
respective event runoff characteristics (Korres et al. 2015;
Liu et al. 2024; Milicke et al. 2020; Rosenbaum et al. 2012)
or only investigated runoff patterns (e.g., Gadal et al. 2016).
Here, we directly linked runoff and soil moisture through the
pattern search, with the soil moisture patterns based on the
times when runoff events were identified. Similarly, Araki
et al. (2022) linked soil moisture to runoff and suggested that
particularly event-based soil moisture signatures, for exam-
ple, the event rise time, could potentially provide inference
about the dominant runoff response type (Araki et al. 2022).
In our study, dividing corresponding runoff patterns into
similar and different ones under analogous soil moisture pro-
vided insights into the recurrence of runoff patterns and their
hydro-meteorological drivers. However, our approach also
has limitations. Since the pattern search was based on depth-
weighted mean soil moisture, with the largest weight assigned
to the deep soil layer, short-term dynamics in the topsoil may
have been improperly accounted for. Furthermore, to obtain
more robust thresholds for determining the similarity of soil
moisture patterns, further catchments with a broad range of
soil types should be considered. The sensitivity analysis related
to the similarity criteria showed that results were most stable
in the agricultural catchment, followed by the grassland and
forest catchment, respectively (Supporting Information S1).
As we conducted our study in three small-scale headwater
catchments located in Central Europe, it remains uncertain
whether our findings are transferable to more heterogeneous
catchments with differing characteristics. Therefore, the time
series-based pattern search could also be expanded to other
catchments with a large variety of physical and climatic con-
ditions where soil moisture data is available to evaluate influ-
encing factors on event runoff characteristics. In this way, the
method may be used to distinguish between runoff processes
dominating in groups of similar and different runoff patterns
based on a large sample of catchments.

6 | Summary and Conclusions

We detected repeating temporal patterns in soil moisture and
analysed the influence of hydro-meteorological variables on
the corresponding runoff characteristics. Repeating soil mois-
ture patterns occurred in all three catchments, with more
groups of patterns formed in the forest and agricultural catch-
ments compared to the grassland catchment. Splitting respec-
tive runoff patterns into similar and different, we found that
while the wetness-derived variables of ASM and groundwater
levels were significantly correlated with event characteristics
for similar runoff patterns, correlation coefficients mainly de-
creased for different runoff patterns in the forest and grassland
catchments. Our results, therefore, demonstrated that wetness-
derived variables were likely decisive for generating a similar
runoff response during analogous soil moisture conditions in
two of the three catchments tested. In the forest catchment,
the strong influence of soil moisture and groundwater levels
implied a fast pressure response between the wetness-derived
variables and the stream. In the grassland catchment, the dom-
inant role of soil moisture in the topsoil suggested a substan-
tial contribution of interflow to the stream. In the agricultural
catchment, runoff characteristics of similar runoff patterns
showed a strong correlation with rainfall-derived variables in
addition to soil moisture. Furthermore, rainfall characteristics
impacted the normalised peak runoff, irrespective of the shape
of the observed hydrograph. Together with the observed earlier
peak of the hydrograph compared to soil moisture for identified
patterns, our results emphasise the importance of overland flow
processes in the catchment.

The time series-based pattern search thus provides a novel
framework for analysing runoff characteristics and their driv-
ers, helping to evaluate the dominant hydrological processes in
small-scale catchments. Extending the proposed approach to a
large sample of catchments has the potential to improve our un-
derstanding of the recurrence and thus the possible predictabil-
ity of runoff patterns and their drivers.
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(Python), including the Matrix Profile algorithm (Yeh et al. 2016), used
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